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Abstract

Neutron science is faced with the challenge of finding alternative technologies to

3He as a thermal neutron detector with a rate capability matching the high flux as

expected at the European Spallation Source (ESS).

Aim of this PhD thesis is the development of a 3He-free high-rate thermal neutron

gaseous detector based on the Gas Electron Multiplier (GEM) technology for appli-

cations at spallation sources. A key role in thermal neutron detectors is played by

the ”converter” material, which allows for the conversion of neutrons into secondary

charged particles via nuclear reactions such as 10B(n, αq7Li.

During the project four detector prototypes were developed, assembled and tested

at spallation sources (such as the ISIS facility, Didcot, UK) and nuclear reactors

(such as the ORPHEE reactor, Saclay, France and the JEEP II reactor, Kjeller,

Norway) and this thesis is focused on optimisation calculations prior the detector

assembly, experimental tests and data analysis. The detectors had different converter

geometries ranging from a GEM detector coupled to a planar B4C converter to

the BAND (Boron Array Neutron Detector)-GEM technology provided with a 3D

converter structure. Along with the evolution of the converter technology goes the

improvement of detector performance: the latest BAND-GEM prototype has an

efficiency of « 40% at λ “ 4 Å and spatial resolution of « 6 mm.

These and other features obtained with this new technology, make it an attractive

candidate for installation - after further optimisation - on LoKI, a Small Angle Neu-
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tron Scattering (SANS) instrument and one of the first ones under construction at

the ESS. The optimisation will make use of the Geant4-based simulation framework

already developed in this thesis to study the detector spatial and time resolution,

detection efficiency and other detector features such as multiple hits on readout pads.

More generally the results presented in this thesis demonstrate that the BAND-GEM

technology can contribute to the replacement of 3He-based detectors in applications

where high count rates are expected over areas of the order « 1 m2 and the spa-

tial resolution along the neutron flight path (that reflects into the Time-of-Fligth

resolution) is not too demanding.
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Introduction

Neutron scattering science allows to investigate atomic-scale structure and dynamics

of materials providing information highly complementary to that from photon or

electron scattering techniques. The core activity of present spallation neutron sources

is represented by neutron spectroscopy and diffraction experiments using neutron

beams of thermal energies, i.e. Eth “ 25 meV, corresponding to a wavelength of

λ “ 1.8 Å. Nowadays most neutron beam lines use 3He detectors that have an

excellent intrinsic efficiency (ą 80% for thermal neutrons) and can cover large areas

(several m2). However in recent years the production of 3He from tritium decay has

declined with the reduction of the nuclear weapons stockpile [1] [2]. This has led

to a substantial increase of the 3He price preventing its extensive use for research

applications including future neutron sources such as the European Spallation Source

(ESS) [3][4]. Besides the need for replacing 3He [5], it is essential to develop high-rate

neutron detectors that can fully exploit the increase of neutron flux of ESS compared

to present-day sources [6] [7] [8] [9]. Thus, it is necessary to develop a large area and

high-rate neutron detector that does not use 3He but has a comparable detection

efficiency, an affordable price and a space resolution of 100µm´ 100 mm depending
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on the applications.

Gas Electron Multiplier (GEM) [10] detectors are good candidates for this aim.

These detectors are generally used in high-energy physics for tracking and triggering

signals [11] [12] [13] thanks to their good spatial resolution (from 80µm up to a

few mm) and timing properties. Moreover they have an excellent rate capability

(MHz/mm2) and can cover large areas (« 1 m2) at low cost [14]. Although GEM-

based detectors are mainly used with charged particles, they can be adapted to

detect neutrons [15] [16] [17]. This is achieved by adding a geometrically optimised

”converter”, as for instance boron carbide (B4C) layers, in order to detect thermal

neutrons through the 10B(n, αq7Li reaction. An early example of these detectors is

CASCADE [18] made of borated GEM foils. This detector has limited global rate

capability due to the signal read-out based on strips, therefore it is of limited interest

for use at ESS.

This thesis presents the development of a new detector with high rate capability

and good spatial resolution based on the GEM technology. In this project four de-

tector prototypes with different converter geometries were developed, assembled and

tested. With the evolution of the converter technology comes the improvement of

detector performance such as efficiency and spatial resolution. This technology rep-

resents an interesting alternative to 3He-based detectors with promising applications

at ESS.

1.1 Outline of the thesis

This thesis is devoted to the development of a 3He-free high-rate thermal neutron

gaseous detector based on the Gas Electron Multiplier (GEM) technology for appli-

cations at spallation sources.

The first part of the presented work provides a brief description of the state of the

art of neutron scattering science, including the features of the new ESS facility, and
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the historical and economical context that motivates the development of detectors

alternative to 3He-based ones.

Chapter 2 reports a theoretical introduction about thermal neutron interaction

with matter and 3He properties relevant for gaseous detectors are also discussed.

Two planar converter GEM detector prototypes assembled during this thesis are

described in Chapter 3 along with the results of characterisation and diffraction

experiments carried out at the ISIS spallation source. The excellent results reached in

terms of counting rate at the ORPHEE facility are presented, showing improvements

of several orders of magnitude relative to the 3He detectors, well in excess of count

rate requirements for use at ESS. The main limitation of the GEM technology is the

detection efficiency, which depends on the geometry and composition of the neutron

converter.

The evolution of the GEM-based detector from a planar to a 3D converter lead to

the BAND-GEM detector technology. Two different BAND-GEM prototypes were

assembled and tested during the project as described in Chapter 4 (BAND-GEM

with lamellas) and 5 (BAND-GEM with grids). In particular, the latter provided

encouraging results in terms of efficiency (ε « 40% at λ “ 4 Å).

Chapter 6 reports a study performed within a Geant4-based simulation framework

aiming at the optimisation of the BAND-GEM technology for the LoKI instrument

at ESS.

The main findings of this thesis project are summarised in Chapter 7.

1.2 Neutron scattering science

Neutron scattering science investigates the atomic-scale structure and dynamics of

materials using neutrons [19]. In particular, thermal neutrons have wavelengths

similar to the spacing between atoms (« 1 Å) so they are well suited to study

the structure of matter with atomic resolution; they have energies similar to those of
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atom vibrations in materials (« 1 meV) to study their dynamics. The neutral electric

charge allows these particles to penetrate deeply into materials and perform non-

destructive measurements in bulk. Neutron scattering provides information that is

highly complementary to that from photon or electron scattering techniques. Indeed,

whereas the X-ray atomic scattering factor increases linearly with atomic number the

neutron cross section can vary greatly between elements of similar atomic number and

even between isotopes of the same element. As a consequence hydrogen nuclei, for

instance, are almost invisible to X-rays while they scatter neutrons strongly and their

presence and motion can be easily found in a neutron scattering experiment making

this technique very useful to study organic sample. All these properties make the

neutron scattering technique applicable to many fields of study including Chemistry,

Biophysics, Condensed Matter science, Engineering and Cultural Heritage.

Many different techniques that profit from the neutron scattering properties in

material are exploited. For instance neutron diffraction (ND) [20] provides informa-

tion on the structure of a material, i.e. location of atoms within a sample, which

may be a single crystal, a polycrystalline powder. Small Angle Neutron Scattering

(SANS) [21] is generally used to study the bulk properties of a material (such as

size, structure and particle interaction) otherwise neutron reflection (NR) is used to

characterise thin film systems in the direction perpendicular to the surface to give

information such as layer thickness and orientation. The length scales probed by

SANS and NR techniques range from tens to hundreds of nanometers which make

them ideal for studying material such as surfactants, colloids and polymers.

The measurement principle of ND is based on Bragg diffraction (Fig. 1.1). When

electromagnetic radiation or subatomic particle beams are incident on a crystalline

lattice with wavelength comparable to atomic spacings („ Å), constructive interfer-

ence is observed due to waves reflection by parallel crystalline planes in accordance
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Figure 1.1: Representation of Bragg diffraction on a crystalline lattice. It can be
noticed that the difference in the the path between two waves undergoing interference
is given by 2d sin θ.

to Bragg’s law:

2d sin θ “ nλ (1.1)

where d is the distance between two parallel planes, θ is the beam incidence angle, n

is an integer determined by the diffraction order, and λ is the beam wavelength. In

a typical diffraction experiment the number of scattered neutrons in function of 2θ

and λ is measured where λ depends on neutron energy and 2θ depends on detector

position. Since a nuclear reactor is a continuos source of neutron with different

energies [22], a diffraction experiment can be performed settling a specific λ with

a monochromator and measuring different 2θ with a movable detector. Conversely

in a pulsed source such as a spallation source the diffraction experiment can be

performed using the Time-of-Flight (ToF) technique [22] in which a fixed detector

system defines 2θ and a white (i.e. not monochromatic) neutron beam is used.

The extreme limits of extensions of the Bragg law is SANS [21] that is generally

used by biophysics and soft-matter users to study materials such as colloids, polymers

or solution structures of proteins on the micrometer to nanometer scale length. A

description of this technique is reported in Sec. 6.1.1.

Inelastic neutron scattering [23] is widely used to study molecular oscillations

like vibrations and rotovibrations. In fact neutrons may be inelastically scattered
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Figure 1.2: ESS pulses compared to the pulses of present-day spallation sources or
reactors.

by exciting (or absorbing) a vibrational state in a molecule, much like in infrared

spectroscopy with the advantage of absence of selection rules.

1.3 European Spallation Source

The European Spallation Source in Lund, Sweden, will offer neutron beams of unpar-

alleled brightness (about 7 ˆ 1014 n{s{cm2{sr{Å) for cold neutrons and with higher

peak intensity than any other spallation source [3][4] (Fig. 1.2). The neutron pulse

will be « 2.86 ms long with a repetition rate of 14 Hz [4]. Investigations of structures

and dynamics over several length- and time-scales will be possible. By the end of its

construction in 2025, a suite of sixteen neutron scattering instruments will be avail-

able to the user community. A new generation of detection system will be developed

for the ESS instruments [7].
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1.4 The 3He crisis

1.4.1 The 3He shortage

3He is a rare (natural abundance: 1.37 parts per million) isotope of helium; it is

nontoxic and absorbs neutrons with a large cross section. For these reasons it plays

a key role in neutron detection for applications in homeland security, industry and

science. By far the most common source of 3He in the United States is the U.S.

nuclear weapons program [1], of which it is a byproduct. In fact 3He is produced by

tritium decay:

3H pt1{2 “ 12.3 yq Ñ 3He` e´ ` ν̄e. (1.2)

For many years the 3He demand was small enough that a significant stockpile accu-

mulated. After the terrorist attacks of September 11, 2001, the federal government

began using neutron detectors at the U.S. border to avoid the introduction of smug-

gled nuclear and radiological material, enhancing the 3He demand. Moreover the use

of this isotope increased in medical imaging techniques. As a consequence, the size of

the stockpile was significantly reduced causing the current worldwide 3He-shortage

[1] [2]. Potential sources of 3He beyond the nuclear weapons program, include tritium

produced as a byproduct in commercial heavy-water nuclear reactors, extraction of

3He from natural gas or the atmosphere and production using particle accelerators

[1]. These alternative sources were not considered economic until the 3He supply

was available, so at present 3He is only produced as a byproduct of the manufacture

and purification of tritium for use in nuclear weapons. This means that the tritium

needs of the nuclear weapons program, not the demand for 3He itself, determine the

amount of 3He produced. Policymakers have to decide about how or whether to in-

crease 3He supply or reduce 3He demand and about possible alternative mechanisms

for allocating supply. It is likely that a combination of policy approaches will be

fundamental. In Fig. 1.3 the 3He production, demand and supply from 1999 to 2010
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Figure 1.3: The 3He stockpile grew from roughly 140000 litres in 1990 to roughly
235000 litres in 2001. Nevertheless, since 2000 3He demand has exceeded production.
By 2010, the increased demand had reduced the stockpile to roughly 50000 litres.

are shown in black, blue and red respectively.

1.4.2 Alternatives to 3He in neutron detection

Detectors based on lithium or boron for thermal neutron detection represent nowa-

days the most promising candidates to solve the 3He problem. A first technique is

based on ZnS/LiF scintillator [24] coupled to a 2D system of wavelength shifting

fibres used to cover large areas and to measure the interaction point. This technique

offers a high spatial resolution but is rather expensive. Another example of neutron

detector is the proportional counter with a gas mixture containing BF3 [24]. This

has the same geometry of 3He counter but has a lower detection efficiency due to

BF3 pressure limitations. In addition BF3 is highly toxic thus implying serious safety

issues. Another class of detectors alternative to 3He is represented by detectors based

on solid state boron layers. For instance the Multi-Blade detector [25] [26] uses solid

10B films in a proportional gas chamber. Although this detector has high spatial

resolution and good performances in high rate environments, it is rather compact
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in size and so suitable for reflectometry but it cannot be used in applications where

large-area detectors are required, such as SANS. Another example of boron-based

detectors is the CASCADE detector [18]. It is made of borated GEM foils and cou-

pled to a read-out anode based on strips that limits the rate capability with respect

to the ESS requirements.
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2

Gaseous Neutron detectors

2.1 Thermal neutron interaction with matter

Neutrons carry no electric charge, thus the interaction with matter is mainly with

nuclei by means of the strong force [27]. After the interaction neutrons can change

their direction and energy or be captured and replaced by byproducts (generally

heavy charged particles). These two processes are named scattering (that can be

elastic or inelastic) and absorption, respectively [24]. The probabilities of the various

type of neutron interactions change significantly with neutron energy so neutrons may

be divided in two main categories: fast (En ą 0.5 eV) and slow (En ă 0.5 eV) where

0.5 eV is a conventional boundary corresponding to the cadmium cutoff energy.

Therefore detector systems for neutrons are usually optimised for a specific energy

range. We often refer to thermal neutrons that, at room temperature, have an average

energy of about Eth “ 25 meV and they identify an energy range within the slow

neutrons. This thesis project addresses the development of a detector for thermal

neutrons.

Thermal neutrons have a high probability to interact by elastic scattering (i.e.
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A(n,n)A) and neutron induced nuclear reactions. Since low energy neutrons transfer

very little energy to the nuclei in the elastic scattering, it is impossible to detect

thermal neutrons based on this reaction.

The thermal neutron interaction of real importance are neutron-induced reactions

that can create secondary radiations of sufficient energy to be detected directly. Since

the incoming neutron energy is very low, all such reactions must have a positive Q-

value (i.e. the amount of energy released by the reaction and defined as Q “ Kf´Ki)

to be energetically possible. Thus nuclear reactions such as (n,α), (n,p), (n,fission)

are good candidates for thermal neutron detection.

2.1.1 Nuclear reactions for thermal neutron detection

A typical neutron detector is composed of a target material designed to convert the

primary neutron radiation in secondary charged radiations together with a conven-

tional charged particle detector. The ideal nuclear reaction useful to detect ther-

mal neutrons should have very high cross section (for an high detector efficiency).

The target material should be of high natural isotopic abundance or alternatively

an economical artificial source and the reaction should be suitable to discriminate

gamma-rays (an ubiquitous background radiation in neutron measurements). The

higher the Q-value, the greater is the energy transfer to byproducts and the easier

is the γ-ray discrimination. Typical reactions used to convert thermal neutrons into

directly detectable particles are:

• 10Bpn, αq7Li reaction.

10B` n Ñ

#

7Li` α, Q “ 2.792 MeV (ground state, 6%)
7Li˚ ` α, Q “ 2.310 MeV (excited state, 94%)

(2.1)

Since the neutron momentum is several orders of magnitude smaller than the

momentum of the byproducts, it is possible to assume that they are directed
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back-to-back. In the excited state (94% branching ratio) their energy values

are:

ELi “ 0.84 MeV and Eα “ 1.47 MeV (2.2)

The cross section for thermal neutrons is 3840 barns. 10B is readily available

and its natural isotopic abundance is 19.8%.

• 6Lipn, αq3H reaction.

6Li` n Ñ3 H` α Q “ 4.78 MeV (2.3)

Also here the reaction products are assumed to be emitted back to back and

the energies are:

E3H “ 2.73 MeV and Eα “ 2.05 MeV (2.4)

The thermal neutron cross section for this reaction is 940 barns, the natural

isotopic abundance of 6Li is 7.40%.

• 3Hepn, pq3H reaction.

3He` n Ñ3 H` p Q “ 0.764 MeV (2.5)

For reactions induced by slow neutrons the byproducts are assumed to be

emitted back to back with energies:

Ep “ 0.573 MeV and E3H “ 0.191 MeV (2.6)

The thermal neutron cross section for this reaction is 5330 barns, significantly

higher than that of 10B.

Although the cross section of the thermal neutron capture reaction in 10B is lower

than that of 3He, the Q-value of the former is about 3 times the latter, in principle

allowing a better discrimination with low energy γ events. However, since the 10B
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Figure 2.1: Cross section versus neutron energy for some reactions of interest in
neutron detection

.

converter is generally used in solid layers, the energy loss in the solid causes a mix

up with the lower part of the spectrum and even loss of the reaction byproducts (see

Chapter 3).

In Fig. 2.1 the cross sections vs neutron energy for the discussed reactions are

shown [28]: it can be seen that the cross sections scale as 1{v, where v is the neutron

velocity. In thermal neutron detectors the information on the neutron energy is

completely lost in the conversion process of a neutron into charged particles, and so

thermal neutron detector cannot give information about the initial neutron energy,

they detect only the neutron passage in the material.

2.2 Thermal neutron gaseous detectors

Thermal neutron detection can be achieved either with gas detectors containing 3He

or 10B or scintillators containing 10B or 6Li. Since this thesis aims to develop a

thermal neutron gaseous detector alternative to 3He the focus is on this kind of

technology.
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When a charged particle passes through a gas, ionisation and excitation of gas

molecules occur along the particle track. Most gas filled detectors are based on

the collection of all the charges created by ionisation within the gas through the

application of an electric field. In the following section the operation mode of the

most used gas detectors are shown.

2.2.1 Modes of gas detector operation

Gaseous detectors have three main regions of operation [24]:

• ionisation mode;

• proportional mode;

• Geiger-Muller mode;

and they are defined by the detector geometry, the field configuration and the am-

plification process. Fig. 2.2 shows the different operating regions as function of the

applied voltage. Based on these features, gaseous detectors may be divided in three

categories: ionisation chambers, proportional chambers and Geiger-Mueller detec-

tors.

Ionization Mode

A gaseous detector working in ionisation mode is called ionisation chamber. After

ionisation by the charged particles the most important electron interactions that

normally occur are:

• charge transfer: an electron is transferred from a neutral molecule to an ion,

reversing the two initial states;

• electron attachment: a free electron is kept by a neutral molecule, which be-

comes a negative ion;
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Figure 2.2: Number of ions (α or β particles) collected in a gas detectors as a
function of the applied voltage.

• recombination: in which an electron is absorbed by a positive ion, giving rise

to a neutral molecule.

Diffusion also takes place due to collision between electrons and atoms.

In ionisation chambers a potential difference is applied between anode and cath-

ode. If a sufficiently high electric field is generated, electrons drift towards the anode

and ions towards the cathode avoiding recombination. The signal is generated by the

movement of the primary charges inside the gas volume towards the two electrodes.

Highly ionising particles, such as α-particles or heavy ions, are more easily detectable

with ionisation chambers since their energy loss is large and so the generated signal

is high enough to overcome the noise usually present in the read-out electronics.

Proportional Multiplication Mode

Gas multiplication occurs when the applied electric field is sufficiently high so that

free electrons are accelerated to an energy that can be greater than the ionisation
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energy of the neutral gas molecules. In this case an additional electron-ion pair

may be created in the collision. Since the average electron energy increases with

an increasing electric field, there is a threshold value for the field above which this

secondary ionisation occurs. In typical gases at atmospheric pressure, the threshold

field is „ 106 V{m. These secondary electrons are then accelerated by the electric

field and can ionise the gas further. This kind of cascade gas multiplication process

is known as the Townsend Avalanche. The increase in the number of the electrons

per unit path length is described by the corresponding Townsend Equation [24]:

dn “ nαdx (2.7)

where n is the number of electrons, dn is the new created number and α is the First

Townsend Coefficient for the gas, i.e. the inverse of the mean free path for ionisation.

Its value is zero for below-threshold field and increases with the electric field. α is

constant for a uniform field and the solution of the Townsend Equation predicts the

electron density grows exponentially with distance during the avalanche:

npxq “ np0qeαx (2.8)

In the cylindrical geometry the electric field increases in the same direction as the

avalanche. When all free electrons are collected at the anode the avalanche ends.

Under suitable conditions the number of secondary ionisation events may be kept

proportional to the number of primary ion pairs formed.

The proportional chambers takes advantage of the charge multiplication in order

to detect X-Rays or of the so-called Minimum Ionising Particles (MIPs) that produce

a small amount of ion pairs. The initial energy of the ionising particle can be mea-

sured because the amount of charges produced in the avalanche is still proportional

to the number of pairs created by the radiation and, therefore, to the energy loss in

the gas.
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Figure 2.3: Cross section of a Geiger counter and description of the mechanism by
which additional avalanches are triggered in a Geiger discharge.

Geiger-Mueller Multiplication Mode

If the value of the electric field is sufficiently high, the charge created by the positive

ions may become completely dominant in determining the subsequent history of the

pulse. Under this condition, an avalanche is able to trigger a second avalanche in

a different position in the chamber through the emission of a UV photon. This

Geiger Discharge continues until a sufficient number of ion pairs have been created

in order to reduce the electric field below the threshold at which additional gas

multiplication can take place. The process is then self-limiting and terminates when

the same number of positive ions are formed regardless of the number of initial ion-

pairs created by the incident radiation. Each output pulse from a detector operating

in this mode is of the same amplitude and no longer reflects any property of the

incident radiation. In Fig. 2.3 the operation of a Geiger-Mueller counter is shown

[24]. The detector consists of a central anode wire inserted into a cylindrical metallic

envelope that encloses the gas volume. Noble gases are usually employed in a Geiger

Counter.
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Figure 2.4: Differential pulse-height spectrum for thermal neutrons detected by a
3He-filled gas counter.

2.2.2 Pulse Height Spectrum (PHS) and counting plateaus

In thermal neutron detectors the information on the neutron energy is completely

lost in the conversion process of a neutron into charged particles. On the other hand

the energy of capture byproducts can be measured. When a detector is operated

in pulse mode, each individual pulse amplitude provides information on the energy

deposited in the gas volume. Pulse amplitude information may be deduced by the

differential pulse height distribution (PHS or Pulse Height Spectrum) [24]. Fig. 2.4

is a typical PHS from a 3He proportional counter. The abscissa is a linear pulse

amplitude scale that runs from zero to a value larger than the amplitude of any

pulse observed and its unit is V. The ordinate is the differential number dN of pulses

observed with an amplitude within the differential amplitude increment dH, divided

by that increment, or dN/dH and it has units of inverse amplitude (V´1). The shape

of the PHS in Fig. 2.4 is due to the kinematics of the conversion process and the choice

of amplifier time constants. The full energy peak represents the 764 keV released in

the reaction. In the ideal case of a very large tube, the byproducts release all their

energy inside the gas volume, thus generating pulses of the same amplitude. However

19



if a neutron is converted very close to the detector wall one of the two fragments may

hit the wall without releasing its energy into the gas and the related output pulse

will have a smaller amplitude. The cumulative effect of this kind of process is the

wall effect and the result on the PHS is shown in Fig. 2.4 where a tail in the energy

distribution toward smaller energies from the full energy peak is visible. Since the

byproducts are emitted back-to-back, at least one of them is detected. Thus, there

is a minimum collection energy, with a wide valley below, and then a low energy

increase due to the noise and piled-up γ-ray events.

The degree of charge collection from the tube is determined by the choice of the

amplifier time constant. Time constants of 2µs or greater result in nearly complete

charge collection leading to the spectrum in Fig. 2.4 with a 10% resolution (FWHM)

of the full energy peak. A 0.5µs time constant is a commonly used compromise

between good resolution and high-rate capability [28].

In performing a pulse counting measurement, it is important to establish an

operating point that will provide maximum stability over long period of time. Such

a point lies in correspondence of the valley in the differential pulse height spectrum,

indeed small changes in the discrimination level (i.e. the level Hd that a signal

pulse must exceed in order to be registered) will have a minimum impact on the

total number of pulses recorded. In general these operation areas are called counting

plateaus and they can also be found varying the gain (or directly the applied voltage

to the detector) [24]. A typical counting plateau curve is shown in Fig. 2.5 [28].
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Figure 2.5: Typical counting plateau curve for a gas-filled 3He counter.
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3

bGEM neutron detector

The bGEM [16] is the first thermal neutron detector tested during this PhD project.

The bGEM detector is based on the Gas Electron Multiplier (GEM) technology,

which is a charge amplification technique invented by Fabio Sauli in 1997 [10] and

used in position sensitive detectors for ionising radiation.

The bGEM foils were produced at CERN [29] and the assembly was made at the

”Instituto di Fisica del Plasma Piero Caldirola” (IFP) at CNR in Milan, Italy.

In this Chapter the GEM technology and the bGEM detector are described in

Sec. 3.1 and in Sec. 3.2. In Sec. 3.3 the results of the first application of the bGEM

in diffraction measurements are presented. Further results concerning the detector

counting rate capability are shown in Sec. 3.4.

3.1 GEM detectors

Since the GEM detectors are based on gas ionisation by charged particles, they

are not directly sensitive to neutrons, thus they need to be coupled to a suitable

converter. A GEM consist of a very thin (« 50µm) insulating foil, generally a

polyimide (kapton) [30], coated on both sides by a conductive material, usually
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Figure 3.1: Microscopic view of a Gas Electron Multiplier foil.

Figure 3.2: Drift field lines (red) and equipotential lines (green) in the holes of a
GEM foil.

copper, perforated by a high density regular matrix of micro holes with a diameter

d « 70µm and a pitch of « 140µm created with the pholitographic method [31].

A picture of a GEM foil is shown in Fig. 3.1. If a potential difference is applied at

the boundary of the foils, an intense dipole electric field ( « 60 kV{cm) is created

inside the holes (Fig. 3.2). This field allows for the ionisation electrons to drift in

the holes, multiply and transfer to a collection region. Three regions are defined

in a single GEM detector as shown in Fig. 3.3. The drift gap is the region between

the cathode and the GEM foil where the primary ionisation charge is created. This

region represents the sensitive volume of the detector and the length of the gap must

be chosen taking into account the range of the ionising particles. The multiplication

region is composed by the holes in the GEM foils. The electronic charge is amplified
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Figure 3.3: Sketch of a single GEM detector.

by a factor that depends on the field intensity and the thickness of the foil. By using

a cascade of several GEM foils (typically three) lower voltages are needed on each

GEM foil to achieve high gains, thus reducing the discharge probability. Finally, the

induction gap is the region between the GEM foil and the anode where the multiplied

charge induces a signal that can be amplified and collected. The signal of a GEM

detector is completely generated by electrons. Indeed the electrons move along the

field lines from the drift region across the GEM foil towards the induction gap, where

an induced current can be measured as soon as the electrons move. On the contrary

the positive ions are directed from the drift region to the cathode and the signal

induced by the movement of the positive charges is completely shielded by the GEM

foil. Thus the accumulation of positive ions from gas ionisation does not modify

the induction field and consequently the gain. This property allows for the GEM to

reach rate capabilities much higher than standard 3He tubes where the space charge

of positive ions makes the shaping time of signals longer. The gain is changed by

acting on the drift field Edrift and on the induction field Eind. Two different gains
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can be defined in the detector:

Greal “
n. of multiplied e´

n. of primary e´
(3.1a)

Geff “
n. of detected e´

n. of primary e´
(3.1b)

Since a fraction of the multiplying electrons, dependent on the field, is lost on the

bottom of the GEM foil, the effective gain is always lower than the real gain [11].

The charge collection in the drift gap towards the multiplication region depends on

a correct tuning of Edrift. In fact low values of Edrift can cause a gain loss due to

recombination of electrons; on the other hand, if the field is too high the electrons

knock into the top of the GEM foil. Typical values for this kind of detector are

Edrift « 1.8 kV{cm. The effective gain depends on the induction field. The number

of electrons that reach the anode is enhanced if the induction field increases, but also

the discharge probability increases. The effective gain raises exponentially with the

potential applied to the GEM foils. The induction field is about Eind « 2.5 kV{cm.

The detector is filled with a continuous gas flow of a Ar/CO2 p70%´30%qmixture

and it is not sealed.

The advantages of this technology are several. Firstly the gas mixture is safe

and non explosive, it has a low cost compared to other technologies such as solid

state detectors and it can be operated in a harsh radiation environment with a very

high γ-rays background such as reactors and spallation sources. Moreover they can

praise high count rate capability („ MHz{mm2) and good resolution both in time

(few ns) and in space (from 80µm up to few mm). Finally the multiplication region

is independent from the read-out; this means that the electronics can be optimised

for specific applications and possible discharges do not affect the read-out.

The GEM technology has many applications both in high energy physics [32] and

in plasma diagnostics [17] [33] where a very high rate capability is needed. Another

26



Table 3.1: Current specifications of the GEM technology [31].

Physical quantity Values

Maximum active area 200 cm x 50 cm
Flux rate 1 MHz{mm2

Spatial resolution 40µm
Achievable gain 105

Energy resolution 15´ 20%
Holes pitch 140µm
Holes diameter in copper 70µm˘ 5µm
Maximum leakage current 10 nA at 600 V

field where the application of GEM detectors is growing is medical imaging.

In Table 3.1 the current specifications of the GEM technology are reported [31].

The rate capability reported in Table 3.1 refers to [34], where it is shown that the

proportional gain, measured on a single GEM exposed to X-rays, is constant up to a

flux of « 1 MHz{mm2. A difference in the rate capability of GEMs is expected if they

are exposed to neutrons instead of X-rays. Indeed, in the case of X-rays less primary

charge is generated: for instance, in the same gas mixture, a 6.6 keV X-ray produces

about 250 primary pairs whereas the α of the neutron capture in 10B generates

about 50000 pairs. For this reason with X-rays a higher gain operation is usually

used with respect to neutrons. Some publications [35] [36] suggests that in presence

of α particles the rate capability of GEMs tested with X or γ-rays may decrease

and this would pose a potential problem. In this thesis the first measurement of

the rate capability of GEMs using a neutron flux (and thus directly measuring the

energy deposit from α particles) was carried out and the results are presented in the

following sections.
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Figure 3.4: bGEM scheme.

3.2 bGEM description

Our bGEM is a triple GEM detector with an aluminium cathode 400µm thick coated

with a 1µm thick film of natural boron carbide B4C (20% of 10B and 80% of 11B)

as neutron converter where charged byproducts are emitted through the capture

reaction in 10B. The gas mixture is composed by Ar/CO2 p70%{30%q: argon is a

noble gas that is ionised by the charge particles and carbon dioxide is a quenching

gas able to absorb photons emitted by the de-excitation of argon molecules excited

by charge particles avoiding the creation of unwanted electronic avalanches. To

guarantee a clean gas environment and prevent ageing and consequently discharges

the flux is continuos, at a rate of about 5 l{h. The characterisation of our bGEM

detector has been made at the VESUVIO [37] beam line at ISIS [38]. The working

point, i.e. the optimum value of the voltage applied on the GEM foils to make the

detector efficient and stable at the same time, is found by making a voltage scan

and choosing a point lying in the plateau. For the bGEM this point is found to be

at ∆VGEM “ 870 V [16] where the gain is G « 100 and the detector sensitivity to

γ-ray background is « 10´7 [39]. A bGEM detector scheme is shown in Fig. 3.4 and

a summary of its characteristics is reported in Table 3.2.
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Table 3.2: bGEM specifications

Specifications

Cathode Al 400µm
Converter B4C 1µm
∆VGEM 870 V
Gain 102

Gas mixture Ar/CO2 70%30%
Gas flux 5 l{h
Drift/T1/T2/Ind 13{2{3{1 mm

3.2.1 Boron-based planar converter

In the bGEM detector the converting stage of thermal neutrons into charged particles

is a 1µm thick layer of natural boron carbide deposited on the aluminium cathode.

The converter layer has been deposited with a PVD DC Magnetron Sputtering Tech-

nique at the Institute of material research at the Helmholtz-Zentrum Geesthacht [40].

The converter is based on the 10Bpn, αq7Li reaction. The thickness of the converter

is chosen to be the optimum between two competing processes: efficiency of neutron

conversion in α and 7Li and the escape probability of the byproducts from the boron

carbide layer.

In [41] and [26] analytical counts and simulations were made to determine the

thickness of the boron layer that maximises the detector efficiency keeping into

accounts different parameters, such as neutron wavelength, beam incidence angle,

number of layers, etc. For thermal neutrons of 2.5 Å and multiple crossed layers (as

expected in our detector geometry) the best compromise is topt « 1µm.

Since the tolerance of the deposition technique is« 0.1µm (and thus it is expected

to have layers between 0.9µm and 1.1µm) the thickness of 1.1µm was chosen for the

following analytical calculations because it represents the worst case for the escape

probability of α and 7Li inside B4C. Such calculations were made as follows: the
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Figure 3.5: Range vs ion energy for the byproducts of the excited state (94%
probability occurrence) of the neutron capture in boron carbide.

projected range, calculated with SRIM [42], of α in B4C is rα “ 3.7µm and the

range of 7Li is rα “ 1.9µm as shown in Fig. 3.5. A density of ρ “ 2, 275 g{cm3 was

used. Consider the sphere of radius equal to the range of the byproducts (Fig. 3.6):

the escape probability of α/7Li is the ratio of the spherical cap volume C and the

semisphere volume S. Particles emitted towards the Al substrate are considered lost.

The spherical cap volume, and so the escape probability, depends on the depths of

the conversion d as shown in Fig. 3.7 . The ratio between the area under the escape

probability curve and the entire area is the escape probability of α/7Li keeping into

account all possible conversion depths. The resulting escape probability is 77% and

63% for α and 7Li respectively is for a 1µm thick boron layer. This value represents

a lower limit because it does not take into account the attenuation of the neutron

beam inside the boron carbide layer: the complete calculation can be found in [43].
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Figure 3.6: The sphere or radius R (R = range) represents the volume where α or
7Li can be emitted after the neutron capture reaction. The shaded part represents
the aluminium substrate of the cathode and d represents the depth in the thickness
of the boron carbide where the capture takes place.

Figure 3.7: Analytical calculation of the escape probability of α (light blue) and
7Li (black) at different depth of the B4C converter layer.
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Figure 3.8: A CARIOCA-GEM digital chips

Figure 3.9: FPGA mother board.

3.2.2 Electronics read-out

The bGEM anode is a copper electrode with a padded readout structure with 132

pads of 8ˆ8 mm2 made of gold-plated few microns thick copper plus 4 L-shaped pads

with area of 192 mm2. The total active area of the detector is 10ˆ10 cm2. A picture

showing the padded anode is reported in Fig.1 of Paper I. The substrate of the anode

is made of fiberglass which is few mm thick. The read-out electronics is composed by

CARIOCA-GEM digital chips [44] (Fig. 3.8) and an FPGA mother board (Fig. 3.9)

that analyses the LVDS (Low Voltage Differential Signal) signals coming from the

chips. The CARIOCAs are 8 channel amplifier shaper discriminator chips designed

for the LHCb experiment and later adapted for the bGEM technology [33]. The

charge sensitivity of each channel is 2-3 fC and the output are time-over-threshold

LVDS signals with a typical width of 10-30 ns.
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3.3 Diffraction measurements

A diffraction test measurement on the INES beamline [45] at ISIS [38] was chosen,

as a suitable benchmark for the GEM, for two main reasons: first of all diffraction is

one of the most flexible measurements that can be performed with thermal neutrons

to check the detector properties; in fact diffraction peaks are a feature easily used to

study efficiency and ToF and spatial resolution. Moreover the INES instrument is

especially convenient for detector tests because of the presence of a dedicated bank

where detectors could be positioned and used along with 3He detectors (used for

comparison).

3.3.1 The INES instrument at ISIS

Two different experiments with the bGEM detector were performed on the INES

diffractometer at ISIS. The first experiment was performed in April 2014 to test the

performance of the detector in a diffraction experiments in term of efficiency, timing

resolution and signal-to-background ratio (S/B). The second one was performed with

a bGEM fitted with a more efficient converter and was performed in July 2014. These

two experiments led to the publication of Paper II and Paper V attached to this

thesis.

The ISIS neutron spallation source

The ISIS source in Didcot, UK produces neutron beams through the spallation pro-

cess: an 800 MeV proton accelerator produces intense pulses of protons 50 times

a second directed on a tungsten target. The proton energy is enough to disinte-

grate the heavy nuclei of the target producing neutrons, charged particles, γ-rays

and heavier fragments. This technique results in an extremely intense neutron pulse

(1.4 ˆ 1016 n{s) with a neutron production yield of about 25 n/p. After produc-

tion neutrons are slown down to thermal speeds by a set of hydrogenous moderators
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around the target. The moderators are viewed by different neutron instruments,

each optimised to explore different properties of materials.

The INES instrument

INES is a diffractometer based on the Time-of-Flight (ToF ) technique with neutron

wavelengths that range between 0.17 Å and 3.24 Å. The INES detector system is

equipped with 144 high-pressure (20 bar) squashed 3He tubes with an effective sen-

sitive area 100.0 mm ˆ 12.5 mm and 2.5 mm depth. The detectors are placed along

a circle of 1000 mm radius centred on the sample position. The 3He detectors are

numbered starting from the highest scattering angle to the lowest one and they are

estimated to have efficiency between 60% and 70% for neutrons in the thermal en-

ergy range [45]. A bank dedicated to detector tests is positioned at a scattering angle

θ “ 90˝, symmetrically to 3He tube No. 74.

3.3.2 Experimental set-up

Two different experiments were performed on the INES instrument. The first one

(Exp.1 ) was carried out with the bGEM detector provided with a natural boron

carbide converter (bGEM-1) and the second one (Exp.2 ) was performed with the

bGEM detector equipped with a 10B enriched boron carbide converter (bGEM-2). In

Exp.1 the bGEM-1 was positioned on the INES dedicated support with a scattering

angle with respect to the beam equal to θ “ 90˝ as shown in Fig. 3.10. Only

half of the detector area (64 pads out of 128) was connected and read through

the standard ISIS Data Acquisition Electronics (DAE ) known as DAE2 [46] that

measures the time interval ∆t “ ToF´t0 between the time in which a neutron signal

is generated in the detector and the time in which the pulse starts. This choice was

forced by two main reasons: first of all the detector configuration parameters such

as the ∆VGEM , the CARIOCAs’ thresholds and the starting and switching off are
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Figure 3.10: bGEM-1 position during the Exp.1 and bGEM-2 position during the
Exp.2.

managed by a Labview interface installed on a laptop, so it is necessary to have part

of the bGEM-1 linked to the configuration interface. Moreover the DAE2 allows for

each pad to be connected to a different acquisition channel, but the number of free

channels is limited by the availability of the instrument. The bGEM-1 active area

was 8 mm ˆ 8 mm ˆ 36 pads = 2304 mm2 split in three columns, in order to better

match the active area of two reference 3He detectors, that is 2ˆ 100 mmˆ 12.5 mm

= 2500 mm2). The chosen sample was representative for a diffraction measurement

and it was a bronze parallelepiped of dimensions 20 mmˆ 50 mmˆ 5 mm.

In Exp.2 the bGEM-2 was positioned on a proper support in the backscattering

area, i.e. with a scattering angle θ ą 90˝ as shown in Fig. 3.10. The configuration

parameters and the connection with the DAE2 were the same as Exp.1. This time the

diffraction sample was a bronze parallelepiped of dimensions 10 mmˆ60 mmˆ60 mm.

The copper sample was chosen because it is a good compromise between scattering

intensity (to have a high counting rate) and well defined and separated diffraction

peaks distributed all the way long the accessible ToF interval (0-20 ms).
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Figure 3.11: ToF diffractogram recorded by the bGEM-1 detector. The visible
peaks represent different families planes of the crystalline solid satisfying the Bragg
conditions.

The connection to the DAE2 in both the experiments was made with a FPGA

mother board that analyses the LVDS signals from the CARIOCAs. Further de-

tails about the FPGA board operation are described in Paper II. The lower level

discriminator (LLD) thresholds in the CARIOCA chips were set at 1200 mV. This

value had been determined in previous tests [16] to be adequate to safely remove the

electronic noise; such tests also showed that with the applied voltage used in the two

experiments (∆VGEM “ 870 V) the detector sensitivity to gamma-ray background is

negligible, « 10´7 compared to a detector efficiency for thermal neutrons of « 10´2

[47].

3.3.3 Results and Performances

The bGEM-1 and bGEM-2 diffractograms are shown in Fig. 3.11 and in Fig. 3.12

respectively. These plots were obtained starting from the raw data collected by the
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(a)

(b)

Figure 3.12: ToF diffractogram detected by the bGEM-2 detector without (a) and
with (b) the focussing procedure.
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DAE2 during the two experiments and using a series of algorithms inside the Man-

tidPlot Package [48] [49] interfaced with the INES instrument. Since each bGEM

pad is coupled to a separate DAE2 channel, the relevant ToF spectra, each corre-

sponding to a pad, have been summed, rebinned and normalised by the integrated

current of the measurement (i.e. the total proton charge on the target). The data

are thus presented in the form of counts{µAh vs time (µs). Each figure represents a

ToF diffractogram of the sample: the visible peaks are the Bragg peaks due to the

different Miller planes of the sample phase (i.e. copper). Identification of observed

peaks can be found in Table 1 of Paper II. In Fig.2 of Paper II the comparison with

the corresponding 3He reference detectors is shown.

Efficiency

Since the flux of the beam scattered on the sample is not known a priori, it is not

possible to perform an absolute efficiency measurement. Moreover the differences in

setup of the two experiments may cause discrepancies in the measured efficiency (for

instance, due to different background conditions and/or textured samples). For this

reason a comparison was made of the bGEM and 3He counting rate. The neutron

efficiency to thermal neutrons (1.8 Å) increased by a factor 4 for bGEM-2 relative

to bGEM-1. Setup uncertainties may easily be responsible for the small discrepancy

regarding the expected increase in efficiency due to the use of an enriched cathode.

In Table 5 of Paper V the expected ratios of bGEMs count rates with respect to an

ideal 3He tube with a 65% efficiency and the ratios of measured count rates of the

bGEM detectors with respect to the respective 3He tubes on INES are reported in

greater detail as resulting from a quantitative analysis of the data in Fig. 3.11 and

Fig. 3.12(b).
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Figure 3.13: Representation of Debye-Scherrer cones due to neutron diffraction on
a randomly oriented polycrystalline sample.

Timing resolution and Signal-to-background ratio

In Table 2 and 3 of Paper V we report the FWHM values of relevant peaks in the

time diffractograms collected in Exp.1 and Exp.2, respectively, and the comparison

with the corresponding values for 3He tubes.

The difference in timing resolution between the bGEM-1 and the 3He detectors

is dominated by the wider angular extension of the bGEM. Indeed the full sensible

area used in the measurement spanned about 2.6˝ compared to about 1˝ for the two

adjacent 3He tubes, thus causing a loss of angular resolution. The plot referring to

the Exp.2 in Fig. 3.12 is the result of the focusing procedure. A randomly oriented

polycrystalline sample (e.g. a powder) contains a very large number of crystallites.

A beam impinging on the sample will find a representative number of crystallites

in the right orientation for diffraction. Diffraction occurs only at specific angles,

those where Bragg’s law (Eq. 1.1) is satisfied as explained in Sec. 1.2. At each angle

of diffraction correspond a Debye-Scherrer cone [19], as shown in Fig. 3.13. The

focusing technique has the aim of summing spectra of pads that lie on the same

Debye-Scherrer cone, i.e. summing pads that have a constant Lsinθ where L is the

neutron flight path and θ is the angle of the reflected radiation from the sample.
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Figure 3.14: Comparison of a diffraction peak detected by the 3He (black line), the
bGEM-2 without focussing (blue line) and the bGEM-2 with focussing (red line).
The FWHMs of the peaks represent the resolution of the detection system. Using
the focussing technique the FWHM is reduced from FWHM=235 ˘ 2µs (blue line)
to FWHM=94 ˘ 5µs (red line) to be compared with FWHM=80.1 ˘ 0.5µs for the
3He.

When the detector is positioned at θ “ 90˝, as in the case of Exp.1, pads of a single

column well approximate a single Debye-Scherrer cone, as shown in Fig. 2b in Paper

V. The focusing technique leads to a significant improvement in S/B with respect

to straight pads columns only when the detection position is θ ‰ 90˝. In Fig. 3.14

the peaks of the bGEM-2 with and without focussing and the comparison with the

3He tube are shown and they evidence that the timing resolutions of bGEM-2 is

reduced by roughly a factor 2 and it is comparable to the 3He resolution. The

focussing procedure also improves the Signal-to-background ratio (S/B): if focusing

is not applied, then S/B ratio of the bGEM is 2.8 times lower than S/B of the 3He.

After the focusing the S/B ratio of the bGEM becomes only 1.9 times lower than
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the 3He (see Paper V for details). The S/B improvement is visible by eye when

comparing Fig. 3.11 and Fig. 3.12(b).

3.4 High-rate measurements

In order to fully profit from the unprecedented intensity of ESS neutron beam, with

a brightness of about 7ˆ1014 n{s{cm2{sr{Å, an optimised detector should have high-

rate capability while preserving good linearity. For X-rays GEM-based detector have

very high-rate capabilities, up to 1 MHz{mm2 [29]. A real detector at some point

always reaches a saturation preceded by a region of limited proportionality. The

results of the experiment described in this paragraph aim to show that the bGEM

can reach very high rate capability and that it has slight deviation from linearity in

high radiation environment.

3.4.1 ORPHEE reactor and G3-2 irradiation station

The ORPHEE reactor [50] located in Saclay, France is a 14 MW reactor with a

core of very small size, highly enriched in 235U which provides a thermal flux of

3 ˆ 1014 n{cm2s with a nearly Maxwellian shape peaking at a wavelength of 1.7 Å,

corresponding to a neutron kinetic energy of 30 meV.

The G3-2 irradiation station is suitable for testing the high rate capability and ra-

diation hardness of a detector. It stands 20 m from the reactor core and provides a

white neutron beam peaked at 3.5 meV with a rectangular spot of 25ˆ 50 mm2.

3.4.2 Experimental set-up

The detector used in this experiment is the bGEM-1 described in Section 3.3. The

parameters of the detector are the same used in the diffraction experiment (Exp.1 )

presented in the same section. The detector was positioned on a dedicated bank in

the beam. The expected neutron flux on the detector is 7.88ˆ 108 n{cm2s. Since the
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detector efficiency is estimated to be ε « 5% the expected count rate is „ MHz{cm2.

As a reference for linearity tests, a fission chamber (FC) is added in the experimental

setup in front of the detector, so that the neutron flux hitting the two devices is the

same.

3.4.3 Results

To study the detector linearity two options can be considered: in the ideal case of

a sufficiently accurate knowledge of the absolute neutron flux, the counts acquired

by a linear detector plotted versus flux must lie on a straight line passing through

the origin. On the other hand, if the flux is not exactly known, a reference detector,

supposed to be perfectly linear, could be used as reference and a comparison between

them gives information on the linearity deviation of the bGEM-1 provided the ref-

erence detector is operated in a linear regime. In this case the second experimental

option was chosen. To tune the flux a series of 1.8 mm thick plastic absorbers that

are credited to reduce the flux of about a factor 2 for every 1 mm were used. The non

linearity results to be « 20% where no absorbers are used and « 9% with one plastic

slab. For details please refer to Fig. 2 in Paper III. The maximum rate capability

was found by carrying out a series of count rate measurements varying the applied

voltages on the three GEM foils. A plateau is reached at V ą 850V . At this point

with a LLD threshold of 1300 mV a count rate of 40 MHz{cm2 is reached. Lowering

the LLD threshold to 900 mV the counting rate is enhanced to 50 MHz{cm2. For

details please refer to Fig. 3 in Paper III. A stability test was also performed to

demonstrate that the bGEM can work reliably for many hours in a high neutron

flux. The bGEM-1 was inserted in the full beam for 9 consecutive hours and it was

found to be stable at the 0.5% level.
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3.5 Conclusions

This chapter shows that the GEM technology has a good potential for thermal neu-

tron detection. In particular excellent results are reached in terms of counting rate

showing improvements of several orders of magnitude relative to 3He detectors, well

in excess of count rate requirements for use at ESS. The main limitation of the GEM

technology is the detection efficiency, which depends on the geometry and composi-

tion of the neutron converter.
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4

BAND-GEM neutron detector: first prototype

The Boron-Array Neutron Detector (BAND-GEM) is the first prototype of a GEM-

based detector with a 3D converter (3D-C) developed during this thesis project.

Different tests carried out both at reactors and spallation sources to perform a com-

plete characterisation of the BAND-GEM and test its performance in real diffraction

experiments are reported in this chapter.

4.1 From planar to 3D converters

As shown in Chapter 3, the limit of the GEM technology in thermal neutron detection

does not lie in the operation principles; in fact GEMs can reach very high rate

capability (MHz{mm2), can cover large areas („ m2) and can reach good resolution

both in time (few ns) and in space (from 80µm up to few mm). However, limits

are present in the neutron converter that is the responsible for the relatively low

efficiency (ă 5%). The detector efficiency is the result of two competing processes:

the neutron capture efficiency and the escape probability of the α and 7Li byproducts

from the boron carbide layer. Therefore, to enhance the efficiency it is necessary to
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increase the quantity of 10B crossed by neutrons and, at the same time, keep the

boron layer thin enough to allow for the reaction byproducts to reach and ionise the

gas. Thus, a 3D-C has been realised to be coupled to a standard GEM detector.

The BAND-GEM design and its performance compared to standard 3He tubes are

described in this chapter and in Paper IV and V.

4.2 The BAND-GEM detector design

A sketch of the BAND-GEM detector is shown in Fig. 4.1. Starting from the bottom

it is composed by a 400µm thick aluminium 10 ˆ 10 cm2 cathode. The converter is

composed of forty-eight 10ˆ 6 cm2 lamellas (Fig. 4.2 ), each composed of 15 2 mm-

wide strips of 250µm thick alumina (Al2O3), coated on both sides with a 1µm thick

10B4C layer. The lamellas are stacked orthogonally to the GEM foils one next to the

other with a 2 mm gap. The converter lamellas and the GEM foils are sealed in a

gas box where a constant flow of Ar/CO2 (70% ´ 30%) at room temperature and

pressure is caused to flow. The lamellas are electrically biased at different voltages so

that the electric field across the whole 3D-C is tunable. With a proper regulation of

the field, the charged particles produced by the 10Bpn, αq7Li nuclear reaction ionise

the gas and a fraction of the ionisation electrons reaches the GEM foils.

A feature of the 3D-C is that, if the whole detector is tilted by an angle φ with

respect to the sample-detector direction, the thickness of each 10B4C layer crossed

by the neutrons path is increased by a factor 1{sinpφq and the neutron conversion

probability is enhanced accordingly (see Fig. 4.3). Moreover the absorption locations

of the neutrons happen closer to the surface and consequently also the escape prob-

ability improves with the angle. The padded anode coupled to the GEM is in this

case composed of 128 6ˆ 12 mm2 pads.
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Figure 4.1: Global sketch of the BAND-GEM detector. After 10Bpn, αq7Li nuclear
reaction if one of the two byproducts can reach the gas it ionises the mixture and
a primary electronic charge is created. The drift field along the 6cm 3D-C is kept
uniform by the voltage divider on the strips and it leads the electrons towards the
GEM foils.

Figure 4.2: Photo of an Al2O3 lamella (10 ˆ 6 cm2), coated on both sides with a
1µm thick 10B4C layer. The lamella is composed by 15 2 mm-wide strips. The space
between the strips is 2 mm.
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Figure 4.3: 4 strips belonging to 2 different lamellas are shown. φ is the tilt angle
of the detector in the neutron beam. α and 7Li produced in the 10Bpn, αq7Li nuclear
reaction are emitted back-to-back. The electric field due to the voltage divider on
the strips directs electrons from ionisation towards the GEM foils.

4.3 Neutron radiography analysis

In order to estimate the detector performance, it is necessary to carry out a complete

characterisation of the converter deposition on lamellas, i.e. measure the converter

thickness, the deposition uniformity and the atomic composition. During this PhD

project a non-destructive method for diagnosing the neutron converters was devel-

oped using the advantages of the neutron radiography (or neutrography). The devel-

opment of the diagnostic method required a set of destructive measurements, such as

the Scanning Electron Microscopy (SEM), the Energy Dispersive X-ray Spectroscopy
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Table 4.1: 10B4C coating characterisation results obtained with a set of destructive
measurements on a limited number of lamellas.

Measurements Results

SEM z “ 0.90µm ˘ 0.05µm
EDS B, C, Fe, Cr, Ni, Cu
ERDA B, C, O, Mg, Al
XPS B (68%), C (28%), O (7%), Fe (2%)

(EDX), the Elastic Recoil Detection Analysis (ERDA) and the X-ray photoelectron

spectroscopy (XPS), on a limited number of samples to complement and make a

comparison with the neutrography results obtained on the ROTAX beam line at

ISIS [51] [52]. In the next sections all the steps done to develop the above-mentioned

method are described. For the sake of simplicity the elaborated method presented

here is relative to a single lamella. In order to use this procedure for a large-scale

production it is necessary to automate the images analysis and then use an iterative

method to perform a statistic calculation of the results. This work is presented in

Paper IV.

4.3.1 Destructive measurements

Destructive measurements are necessary to characterise with high precision a limited

number of lamellas. Indeed the SEM measurement gives informations about the

thickness of the 10B4C coating on alumina and the uniformity of the coating. An

estimation of the impurities contained in the coating was studied with the EDS and

ERDA analysis. The point-like results of these measurements are completed with

the XPS analysis that shows that the atomic composition of the coating is constant

all along its thickness. The destructive measurements are more deeply described in

Paper IV and the results are summarised in Tab. 4.1.
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4.3.2 Theoretical calculations

Non-destructive measurements can be performed using the technique of the neutron

radiography that allows to reproduce an image of the sample using the attenuation

properties of the imaged object. A neutron beam is used to irradiate a sample, the

attenuation of the beam crossing the object is due to neutron capture and/or neutron

scattering whose cross sections are different depending on the isotopes composing the

sample materials. To reconstruct the image of the neutron beam attenuation after

the sample, a system composed of a scintillator screen, a mirror and some lenses is

used to generate a photon signal that is registered by a CCD camera. The physical

law describing the attenuation of a neutron beam crossing a material is:

IpEq “ I0pEqe
´ΣtotpEqz (4.1)

where I0 is the intensity of the incoming radiation, IpEq is the intensity of the

attenuated neutron beam after crossing the sample as a function of the neutron

energy E, in this case a lamella, and z is the thickness of the crossed material. Σtot is

the inverse attenuation length, i.e. the probability per unit path length that any type

of interaction will occur. It is defined as Σtot “ Σcapture`Σscatter. The absorption and

the scattering in the alumina substrate and other impurities in the 10B4C coating

are one order of magnitude lower compared with the one of the boron carbide, so for

simplicity only the borated film is taken into account in the beam attenuation. The

inverse attenuation length can be expressed as:

Σtot „
ρσpEqNAv

P
(4.2)

where ρ “ 2.275 g{cm3 is the density of the 10B4C coating, σpEq is the 10B cross

section of the neutron capture, NAv is the Avogadro number and P is the molecular

weight. If the neutron beam used to carry out the radiography is white (i.e. not
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monochromatic) the transmitted radiation can be written in the following form:

ˆ

I

I0

˙expected

“

Emax
ş

Emin

I0pEqe
´σpEqNAvt

expected
dE

Emax
ş

Emin

I0pEq dE

(4.3)

where texpected is defined as the equivalent thickness:

texpected “
ρz

P
(4.4)

that represents the number of 10B4C moles per unit area and can be calculated using

the thickness resulting from the SEM analysis (z “ 0.9µm) and the molecular weight

obtained considering all the impurities found in the XDS analysis.

The analysis for the characterisation of the film uniformity is done by comparing

the expected transmitted radiation (Eq. 4.3) and the measured one, the latter di-

rectly accessible from the image analysis. The equivalent thickness tmeasured can be

extracted from the measured transmitted radiation as shown by the following calcu-

lations. Starting from the Eq. 4.1 it is possible to define the absorption probability:

PcaptpEq “ 1´ e´σpEqNAvt. (4.5)

In the wavelength region of interest, the energy dependence for the 10B cross section

of the neutron capture σpEq can be written as:

σpEq “ σpEthq

c

Eth
E

(4.6)

and consequently the measured transmitted radiation can be written as:

ˆ

I

I0

˙measured

“ p1´ PcaptpEthqq

Emax
ż

Emin

e´
?
Eth{E dE. (4.7)
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Figure 4.4: Measured neutron beam spectrum in the ROTAX beam line used for
the neutrography.

By further developing this equation the following expression for the measured equiv-

alent thickness is obtained:

tmeasured “ ´
1

σpEthqNAv

ln

¨

˚

˚

˚

˝

pI{I0q
measured

Emax
ş

Emin

e´
?
Eth{E dE

˛

‹

‹

‹

‚

(4.8)

where pI{I0q
measured is directly accessible from the image analysis, and the integral in

the denominator can be determined from the measured neutron spectrum (Fig. 4.4).

4.3.3 Experimental set-up and image analysis

Neutron radiography measurements were performed at the ROTAX beam line at

ISIS using an existing radiography-tomography system. Lamellas are irradiated with

the neutron beam (40 ˆ 35 mm2) in different positions and at different angles and

the transmitted beam is collected with a scintillator screen which ”converts” the

incoming neutrons into photons, that are detected through a mirror by a digital
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Figure 4.5: CCD acquisition images. (a) represents the reconstructed image of the
lamella when it is inserted orthogonally with respect to the beam. The dark bands
represent the absorption volume of the lamella, i.e. the physical strips, and the light
lines are the empty spaces between strips where the beam is not attenuated. In (b)
the image of the open beam (without the lamella) is shown.

camera (CCD), producing a file containing a matrix of 512 ˆ 512 16-bit pixels. A

typical lamella neutrography is shown in Fig. 4.5(a) while in Fig. 4.5(b) the image

of the open beam, i.e. the ROTAX neutron beam with no sample, is shown. The

analysis of the images is made with the ImageJ software [53] that allows us to do

operations, such as sum, subtraction and division, on the images. To avoid the

gamma-ray background due to the activation of the surrounding materials in the

ROTAX block-house, a so called ”dark signal” (i.e. the image registered when the

beam shutter is closed and no sample is inside the sight view of the beam) is measured

and subtracted from both images in Fig. 4.5. The resulting image intensity profiles

are shown in Fig. 4.6. The data are then filtered to reduce the noise, normalised

to the open beam intensity I0 and averaged along the y axis. An example of how

such data appear before and after this operation is shown in Fig.7 of Paper IV. From

this plot profiles an average of the height of the peaks gives the measure of Imeasured0

while averaging the holes’ values the quantity Imeasured is obtained. Once a single

value of the quantity pI{I0q
measured has been measured for each lamella the equivalent

thickness tmeasured can be extracted using the Eq. 4.8. The analysis procedure for a
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Figure 4.6: Image intensity profile of the intensity of the transmitted neutron beam
when the sample is inserted orthogonally with respect to beam (a) and in the case
of the open beam shot (b). In (a) the holes represent the strips of the lamella where
the beam is absorbed, and the peaks represent the empty spaces between the strips.
In (b) the intensity is higher in the centre due to neutron scattering.

single imaged lamella described in this section can be automated using an IDL code

as described in Paper IV. This characterisation method was used to select 48 borated

lamellas among all the available samples. A lamella is accepted if the tmeasured value

differs at maximum from the 10% with respect to the texpected “ 7.7ˆ 1010 mol{µm2.

In Fig.10 of Paper IV a sample of accepted lamellas with their tmeasured values is

shown. In order to test the technique, some lamellas were by purpose coated with

1.1µm of 10B4C instead of 1µm. Fig. 13 in Paper IV shows that using this technique

two different values of tmeasured are obtained for the lamellas with 1.1µm and 1µm

of 10B4C, respectively.

In conclusion this method will be used in the future to test the suitability of

converters coating deposited on a substrate for the construction of neutron detectors.

4.4 Counting rate measurements versus tilt angle

The first BAND-GEM test with neutrons was performed at the JEEP-II reactor

at the Institute for Energy Technology (IFE) in Kjeller, Norway. The choice of this

laboratory was led by the need of a very well collimated beam to measure the neutron

detection counting rate versus the tilt angle of the detector. Moreover during this

measurement a first characterisation of the detector was made.
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Figure 4.7: JEEP-II reactor hall view.

4.4.1 Experimental set-up

The JEEP-II reactor is a research reactor with a heavy water moderator with temper-

ature T « 50˝C. The reactor is operated at atmospheric pressure and the maximum

thermal power is « 2000 kW. A view of the experimental hall is shown in Fig. 4.7.

The experiment was performed at the RD2D beam line positioning the detector on

the rolling positioner generally used for material samples. A scheme of the experi-

mental set-up is shown in Fig. 4.8 and a picture is shown in Fig. 4.9. The beam flux

is of the order of 105 thermal neutrons s{cm2 and it comes from the reactor through

a shutter with two opening positions: full open or Soller collimated (i.e. a multiple

parallel plates collimator). The Soller-type collimator in the shutter is made of Cd

layers and has a 36’ divergence. The beam is then monochromated by a composite

Ge wafer monochromator, and exits the shielding at 90 degrees through a 30’ Gd

Soller collimator inserted in a borated-polyethylene tube. Two commercial slits with
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Figure 4.8: Scheme of the experimental setup of the first BAND-GEM test at the
RD2D beam line at the JEEP-II reactor.

Figure 4.9: View of the experimental setup of the first BAND-GEM test at the
RD2D beam line at the JEEP-II reactor.

borated aluminium blades are placed before the sample position where the detector

stands to reduce the spot size.

Two different neutron wavelengths are available via the rotation of the monochro-

mator: λ1 “ 1.54 Å corresponding to an energy E1 “ 34.5 meV and λ2 “ 2 Å corre-

sponding to E2 “ 20.45 meV.

The setup is motor-controlled using both commercial and in-house software.

The drift field was setup at Ed “ 230 V{cm, the transfer fields are ET1 “ ET2 “

3 kV{cm and the induction field is Ei “ 5 kV{cm.
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Figure 4.10: BAND-GEM counting rate versus the potential difference applied on
the three GEM foils when a neutron beam with λ1 “ 1.54 Å impings on the detector
with a tilt angle φ “ 6˝. The electronic threshold applied is THR0=980 mV.

4.4.2 Performance results

In Fig. 4.10 the results of the HV scan (i.e. the scan of BAND-GEM counting

rate versus the potential difference applied on the three GEM foils) is shown. This

measurement allows to set the working point (as defined in Chapter 3) of the BAND-

GEM. As explained in Chapter 3 the bGEM working point was set at VGEM “ 870 V,

where a counting plateau is reached and where the γ-rays background is negligible

(« 10´7) [39]. In the case of BAND-GEM a counting plateau is not visible. Thus, the

working point was setup at VGEM “ 980 V where the γ-rays background is negligible

as shown in Fig. 4.11.

Once the detector was set up, a counting rate measurement with respect to the

tilt angle φ (see Fig. 4.8) is performed. In Fig. 4.12 it is possible to see the intense

variation of the BAND-GEM counting rates at different tilt angles. The maximum is

reached for a tilt angle φ « 7˝. Because no other parameters are changed, it can be
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Figure 4.11: BAND-GEM counting rate versus the potential difference applied
on the three GEM foils when a 127Cs γ-ray source (662 keV) is put in front of the
detector. This measurement was used to set up the working point at a ∆V where
the sensitivity to γ-rays is negligible.

concluded that this strong variation is due only to the geometry of the 3D converter.

An absolute efficiency measurement with respect to the tilt angle is not possible

since the neutron flux incident on the BAND-GEM detector is not known.

4.5 Diffraction measurements

Once the BAND-GEM efficiency has been studied varying the tilt angle of the de-

tector in a neutron beam, and established that the count rate reaches its maximum

for a tilt angle φ « 7˝, the device can be used in a diffraction measurement. For

the sake of coherence the diffraction experiment with the BAND-GEM has been ex-

pressly performed at the same beam line than the previous diffraction experiments

with the planar cathodes detectors described in Chapter 3. In this way a complete

comparison of the performances in the detector evolution can be carried out. The re-

sults concerning the improvements in performances of the three detector prototypes
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Figure 4.12: BAND-GEM counting rate versus the tilt angle φ when a neutron
beam with λ1 “ 1.54Å and 9x9 mm2 impings on the detector with a tilt angle φ.
The potential difference applied on the GEM foils is VGEM “ 980 V.

presented in this thesis are reported in Paper V.

4.5.1 Experimental set-up

The diffraction experiment with the BAND-GEM detector was carried out at the

INES instrument at ISIS, previously described in Sec. 3.3. The detector was posi-

tioned at a scattering angle θ “ 90˝ and tilted of about an angle φ « 7˝ as shown in

Fig. 4.13. The definition of scattering angle and titling angle are also shown in Fig.

2 of Paper V.

The sample was a bronze parallelepiped of dimensions 10mm x 60 mm x 60 mm,

the same used in Exp.2 described in Sec. 3.3.

The BAND-GEM configuration was the same used at IFE experiment described

in Sec. 4.4 (i.e. VGEM “ 950 V, Ed “ 230 V{cm, ET1 “ ET2 “ 3 kV{cm and

Ei “ 5 kV{cm).

A cadmium mask was constructed at the ISIS workshop and applied on the
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Figure 4.13: Experimental setup of the BAND-GEM experiment performed at
the INES instrument at ISIS. The BAND-GEM was positioned on a dedicated bank
placed at θ “ 90˝ with respect to the incident neutron beam.

BAND-GEM front face to reduce the amount of neutron scattering on the frame.

The acquisition area for this experiment was limited to a single pad column,

equal to 8 x (6 x 12 mm2), to better match the active area of the reference 3He tube

(active area equal to 100.0 x 12.5 mm2 x 2.5 mm depth). Thus the following results

are referred to this acquisition area.

4.5.2 Results and Performances

The BAND-GEM and 3He diffractograms are shown respectively in Fig. 4.14 and in

Fig. 4.15. Since each BAND-GEM pad is coupled to a separate DAE2 channel, the

relevant ToF spectra, each corresponding to a pad, have been summed, rebinned and

normalised by the total proton charge on the target during the measurement using

a series of standard algorithms inside the MantidPlot Package [48] [49].

As in the previous diffraction experiments, the ToF window is restricted from

4 ms to 20 ms to avoid the γ-rays background due to both the spallation process on
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Figure 4.14: ToF diffractogram recorded by the BAND-GEM detector on the
INES instrument at ISIS. The visible peaks represent different families planes of the
crystalline solid satisfying the Bragg conditions.

the target, and the neutron capture in the converter and other materials in the INES

block house.

For the sake of simplicity four visible peaks were chosen (named A, B, C and

D), to carry out the analysis. Indeed, looking at the two diffractograms it is possiile

to notice differences in the intensities of the peaks. This discrepancy is due to the

fact that the sample is texturised (i.e. the main directions of the crystallites are

not isotropically distributed but concentrated along selected directions, so the Bragg

peaks result to be more intense in some directions than in others). These differences

can be bypassed in the analysis if only parameters related to single peaks are taken

into account, such as FWHM and S/B.

The count rate reported is integrated on the whole spectra, thus overcoming the

texturing differences. The results of the fitting procedure for each peak are reported
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Figure 4.15: ToF diffractogram detected by the 3He detector taken as reference.

in Table 4 in Paper V.

The precise value of the neutron flux on the copper sample is not known, and

so the efficiency cannot be absolutely measured. Thus, a comparison between the

BAND-GEM count rate and the 3He taken as reference is made. The BAND-GEM

count rate is about « 25% the 3He count rate as shown in Table 5 in Paper V.

The timing resolution of a ToF diffraction is defined as the FWHM of a peak.

The FWHM is measured using a fitting procedure inside the MantidPlot package as

discussed in Sec. 3.3. Each peak was fitted with a Gaussian distribution and a linear

background. The results of the fit for the BAND-GEM and the 3He are reported

in Table 4 of Paper V. From the comparison between the GEM detector and the

reference tube, it is possible to see that the resolutions are compatible within about

« 3σ.
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4.5.3 Conclusions

The results of the BAND-GEM test as a neutron diffraction detector presented in

this section can be compared with the results previously obtained with detectors

equipped with a planar converter, presented in Sec. 3.3. Improvements in efficiency,

timing resolution and S/B are visible following the detector evolution. In particular

the count rate per unit area significantly increased from about 7% for the bGEM,

relative to the 3He count rate, to 25% for the BAND-GEM. The timing resolution

of the BAND-GEM is comparable with that of 3He within 3σ, and the S/B ratio of

a BAND-GEM is about a factor 2 lower with respect to the 3He. The evolution of

GEM-based detectors from planar to 3D converters is presented in the Paper V.

63





5

BAND-GEM: second prototype

In this chapter the design of a second BAND-GEM prototype and the results of tests

made on the EMMA [54] instrument at ISIS [38] are presented.

5.1 Limits of the first prototype

The main limitation of the first BAND-GEM prototype is the low electronic charge

extraction in the 3D converter limiting the detection efficiency. The drift field (i.e.

the electric field along the 3D converter) extracts the primary electronic charge to-

wards the GEM foils, and it depends on the potentials applied to the 3D boundaries

and the first GEM foil. In Fig.7 of Paper V the field lines between two different

lamellas of the first prototype, simulated using the Ansys software [55] [56], are

shown. For the sake of simplicity the field lines could be considered as the pre-

ferred electron trajectories. It can be noticed that at least one third of the electrons

trajectories are projected through the next pair of electrodes and lost. The charge

extraction efficiency can be improved by optimising the geometry of the converter,

for instance by increasing the distance between lamellas. Herein a description of the

second prototype and the results of the experiment on EMMA are reported; a com-
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Figure 5.1: Scheme of the new BAND-GEM prototype with active area of 5 ˆ
10 cm2.

plete description of the optimisation study leading to the construction of the second

prototype will be described in future publications, along with the feasibility study of

the converter practical realisation.

5.2 Second prototype design

The scheme of the new BAND-GEM prototype is shown in Fig. 5.1. The detector

has an active area of 5ˆ 10 cm2. Starting from the bottom of the sketch there is the

cathode: a 400µm thick aluminium foil. The 3D converter is made of twenty-four

aluminium grids (Fig. 5.2) coated with 1µm of 10B4C and stacked on the cathode.

Each grid is 3 mm high, has an overall area of 12ˆ 7 cm2 and is composed by eleven
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Figure 5.2: Aluminium grid used for the 3D converter of the new BAND-GEM
prototype. The frame hosts some holes for grids alignment.

Figure 5.3: Padded anode used for the new BAND-GEM prototype. The pads
have three different dimensions, 4ˆ 3 mm2 the smallest, 4ˆ 6 mm2 the intermediate
and 4ˆ 12 mm2 the largest.

strips 10 cm long, 3 mm high and 200µm thick. The pitch between the strips is 4

mm. Three standard GEM foils and an anode with pads of different dimensions

(Fig. 5.3) are placed on top of the borated grid stack.

During the boron deposition process [57] [58] the high temperature (« 400˝C)

causes deformation of the aluminium and a tensioning is required to bring the strips

straight again. The tensioning is made through screws hosted in the side holes of

the grids frame.

Each grid is kept at a different voltage through passive resistor divider outlined
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Figure 5.4: View of the 3D converter in the BAND-GEM with electrical contacts.

in Fig. 5.1 so that a uniform drift field is created along the conversion region. A

picture of the 3D converter and the corresponding divider is shown in Fig. 5.4. The

voltage difference on each GEM foil is provided by a standard HV GEM module [59].

The anode with different pad dimensions has been chosen to study the effect of the

pad dimensions on the spatial resolution and multiple hits.

5.3 Detector test

The detector was tested for the first time with a neutron beam on the EMMA in-

strument at ISIS. The aim of the experiment was to do a characterisation of the

detector, and measure the efficiency of the detector with respect to the tilt angle and

the neutron wavelength. This experiment demonstrated the detector suitability for

neutron scattering applications, such as diffraction or SANS.

The EMMA instrument at ISIS, the experimental setup and finally the character-

isation and the test results are presented in Sec. 5.3.1, Sec. 5.3.2 and Sec 5.3.3
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Figure 5.5: Scheme of the experimental setup on EMMA.

respectively.

5.3.1 EMMA instrument

EMMA is a new instrument at ISIS. It is located at the place of the previous HET

instrument [54]. The EMMA beam has dimensions 45ˆ 45 mm2, but motorised jaws

can define smaller beam sizes. The sample position is 16 m from the moderator and

it is provided with a rotating and movable support.

The range of neutron wavelength is about λ P r1 ´ 4 Ås corresponding to the

energy range En P r5´ 81 meVs.

The incident beam monitor, positioned immediately after the jaws, is a com-

mercial GS-20 Lithium Glass Scintillator [60] with an efficiency at λ “ 1 Å of

ε “ 0.60%˘ 0.06%. The beam monitor efficiency scales linearly with λ in the range

of interest λ P r1´ 4 Ås.

5.3.2 Experimental set-up

A scheme of the EMMA instrument is shown in Fig. 5.5. For the entire experiment

the beam dimensions were set to 4ˆ 4 mm2.

Different setups were used for the various measurements performed, as sum-
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Table 5.1: EMMA experimental setups. θ is the tilt angle of the movable support.
The potential difference V1, V2 and V3 are defined in Fig. 5.1.

Experimental setup Measurements

θ “ 0˝ V1, V2, V3

θ “ 90˝ z scan
θ P r0˝ ´ 6˝s efficiency
θ P r0˝ ´ 5˝s FWHM
θ “ 5˝, λ P r1Å´ 4Ås efficiency

Figure 5.6: Definition of x,y and z axis used in the experiment.

marised in Table 5.1. The definition of the x, y and z axis is shown in Fig. 5.6

where two diagnostic windows are visible on the cathode plane (xy) and along the

3D converter. In Fig. 5.7 the setups for θ “ 0˝, with the cathode facing the beam

source and θ “ 90˝ where the beam hits the side of the 3D converter passing through

a diagnostic window are shown.

5.3.3 Performance results

The data analysis was performed with the MantidPlot Package [48] [49]. Since each

BAND-GEM pad is coupled to a separate data acquisition channel, the relevant ToF

spectra, each corresponding to a pad, have been summed, rebinned and normalised

by the total proton charge on the target during the measurement using a series of

standard algorithms inside the above-named software.
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Figure 5.7: BAND-GEM setup on EMMA for θ “ 0˝ and θ “ 90˝.

Electrical characterisation

In Fig. 5.8 the ToF spectra of a single BAND-GEM pad and the beam monitor

are shown. A threshold on the ToF and consequently on the neutron wavelength

is chosen at t “ 4 ms corresponding to a wavelength of λ “ 1 Å. Thus, the ”GEM

counts” referred to in Fig. 5.8 are defined as:

IBAND´GEM “

ż t“20ms

t“4ms

BandGEMptqdt (5.1)

i.e. counts due to neutrons with wavelength λ ą 1 Å. The same definition applies

to the monitor counts:

Imonitor “

ż t“20ms

t“4ms

Monitorptqdt. (5.2)

The efficiency of the detector can be estimated as:

εBAND´GEMpλptqq “
IBAND´GEMpλptqq

Imonitorpλptqq
ˆ εmonitor. (5.3)

HV scans were performed to determine the working point (i.e the optimised bias) of

the three Vi (see Fig. 5.1). By comparing figures Fig. 5.9, Fig. 5.10 and Fig. 5.11 it

can be noticed that:
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Figure 5.8: Time of flight spectrum recorded by one BAND-GEM pad (top) and
the beam monitor (bottom) on the EMMA instrument.

• the count rate has a strong dependence on V1. The IBAND´GEM versus V1 shows

a plateau at high voltages and the working point was set at V1 “ 11.1 kV;

• the count rate only has a weak dependence on V2 ( working point set at V2 “

1500 V);

• being the BAND-GEM in principle sensitive to γ-rays, a V3 scan was per-

formed (as described in Chapter 3) to set the working point of this parameter:

V3 “ 900 V. A 1 mm cadmium sheet was used as a γ-rays source towards the

neutron capture reaction 113Cdpn, γq114Cd. This cadmium thickness is sufficient

to guarantee a complete slow neutron absorption and a consequent γ-rays are

emission.
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Figure 5.9: Scan of the voltage between the top of the 3D converter and the cathode
(V1 in Fig. 5.1). V2 “ 1500 V and V3 “ 900 V. The counts of the BAND-GEM on
the y axis are defined as the BAND-GEM counts above 1Å (see Eq. 5.1).

Having thus confirmed that the field inside the 3D converter is the most critical

parameter for charge collection, a measurement of the relative charge extraction

efficiency along the 3D converter from z “ 0 mm and z “ 96 mm was done by

making a scan along the depth of the detector positioned at θ “ 90˝. In Fig. 5.12

the plots of the z scan for six different values of V1 are shown. Since the width

of the lateral diagnostic window is „ 75 mm the neutrons that hit the detector at

lowest and highest z are blocked by the frame. However the values of IBAND´GEM

for such extremes z can be extrapolated from the measured ones (see Fig. 5.12 where

the extrapolation is shown in blue). The relative charge extraction efficiency ηC is

defined as:

ηC “
IBAND´GEMpz “ 0 mmq

IBAND´GEMpz “ 96 mmq
(5.4)

and the values for different applied V1 are summarised in Table 5.2. Ideally one

would like ηC to be as close as possible to unity, that means that the charge extraction
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Figure 5.10: Scan of the voltage between the bottom of the last GEM foil and the
top of the 3D converter (V2 in Fig. 5.1). V1 “ 11.1 kV and V3 “ 900 V. The counts of
the BAND-GEM on the y axis are defined as the integral of the BAND-GEM counts
above 1Å (see Eq. 5.1).

efficiency is uniform along the whole 3D converter. The panels of Fig. 5.12 show that

this is not quite the case and that a fraction of charge is always lost inside the 3D

converter. The linear dependence of IBAND´GEM on z is probably due to charges

diffusing and hitting the grids. The last panel of such figure however shows that at

too low voltages the charge extraction is incomplete even at z = 96 mm i.e. even

when no obstacles are present on the electron paths.

Efficiency measurements

Since the flux of the EMMA instrument is not precisely known, an absolute efficiency

measurement is not possible. Consequently the efficiency was measured relatively to

the beam monitor (Eq. 5.3). The efficiency estimated in such a way is shown in

Fig. 5.13 for neutrons of 1 Å and 2 Å as function of the tilt angle θ. The observed

dependence εpλq can be explained as follows: it is a consequence of the loss of charge
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Figure 5.11: Scan of the voltage along the GEM foils (V3 in Fig. 5.1) with (blue) and
without (black) a 1 mm cadmium foil inserted in the beam. The voltage between the
top of the 3D converter and the cathode is V1 “ 11.1 kV and the potential difference
between the bottom of the GEM foils and the top of the 3D converter is V2 “ 1500 V.

from the z “ 0 mm extremity of the 3D converter. Higher wavelength neutrons

have a higher probability to be absorbed into the very first boron layers; thus a

higher fraction of the electrons they produced is lost. Lower wavelength neutrons

are comparatively absorbed all along the 3D converter, even into the boron layers

closest to the GEMs, thus resulting in a lower fraction of electrons being lost. In

Fig. 5.14 the measured efficiency of the BAND-GEM versus the neutron wavelength

for a tilt angle equal to θ “ 5˝ is shown.

Spatial resolution measurements

Even in the ideal case one neutron trajectory could give signals in N adjacent gaps

and so more than one pad per event can collect charge. This is due to the probability

p of a neutron to be absorbed in a single strip (each made of two boron layers). p

only depends on the boron capture cross section and the angle at which the strip is
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Figure 5.12: Scan along the depth of the BAND-GEM starting from the bottom
of the cathode at z “ 0 mm and the top of the 3D converter at z “ 96 mm for six
different values of V1.
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Figure 5.13: Measured BAND-GEM efficiency for neutrons of 1 Å (black) and 2 Å
(blue) with respect to the tilt angle θ.

Figure 5.14: Measured BAND-GEM efficiency versus the neutron wavelength.
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Table 5.2: Relative charge extraction efficiencies.

V1 Relative charge extraction efficiencies

V1 “ 11.1 kV ηC “ 67%
V1 “ 10 kV ηC “ 65%
V1 “ 9 kV ηC “ 61%
V1 “ 8 kV ηC “ 55%
V1 “ 6 kV ηC “ 37%
V1 “ 3.3 kV ηC “ 0%

crossed. The spatial resolution could so be defined as the FWHM of the distribution

of the joint probability P of a neutron to:

• be absorbed in either one of the two strips adjacent to a specific gap;

• release byproducts into this specific gap.

If n is the intercepted layer, such joint probability may be written as:

P pxq “
1

2
pn `

1

2
pn`1. (5.5)

Using the values tabulated in Fig. 5.15 for the (discontinuous) distribution P , the

centroid and FWHM can be calculated (in dependance of p) as follows:

µ “

ş

xP pxqdx
ş

P pxqdx
(5.6)

σ2
“

ş

px´ µq2P pxqdx
ş

P pxqdx
(5.7)

FWHM “ 2.35
?
σ2. (5.8)

Results of such calculation are shown in Fig. 5.16 along with measured FWHM

values at different angles. These were obtained illuminating the detector with a

pencil beam of neutrons (4ˆ4 mm2) directed so to exactly match a single pad. Since
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Figure 5.15: Definition of spatial resolution. The arrow represents the neutron
trajectory that crosses N adjacent gaps. The absorbed fraction (i.e. the probability
of the neutron capture reaction in boron) for each crossed layer and the fraction of
neutrons transmitted to the next gap are shown in the red rectangle and in the gaps
respectively.
The probability of a neutron to be absorbed in a specific boron layer is given by
the product of the probability to be absorbed in a single boron layer (p) and the
probability to have crossed the previous layer.

the number of events per pad can be found with the Mantid software a distribution

of the collecting charge pads for each tilt angle the FWHM could be easily calculated

fitting the data with a gaussian distribution. It can be seen from the Fig. 5.16 that

geometrical effects on the detector have a negligible effect on the FWHM of the

counts distribution, and that the resolution approaches the one defined for the ideal

case.

5.4 Conclusions

In this chapter an improved BAND-GEM detector was described. The detector was

tested on the EMMA instrument at ISIS and provided encouraging results: the rel-

ative charge extraction efficiency along the 3D converter was found to be ηC “ 67%,
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Figure 5.16: Measured BAND-GEM spatial resolution versus the tilt angle.

resulting in an efficiency ε « 40% at λ “ 4 Å for a tilt angle θ « 5˝.
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6

BAND-GEM for SANS applications

A possible application of BAND-GEM detectors at ESS is the Small Angle Neutron

Scattering (SANS) [19] [21] instrument LoKI [61] [62], one of the first instruments

to be built at ESS.

This requires optimisation of the detector performance in order to meet the ESS

requirements about efficiency, space and time resolution. The outcome of the de-

velopment will be a ”demonstrator” detector tested at neutron facilities to prove its

suitability for LoKI. This goal can be achieved by carrying out different studies in

parallel. On the one hand it is necessary to do an optimisation study of the geome-

try and the construction materials, which can be performed by simulations. On the

other hand it is necessary to perform a feasibility study of the fabrication of the 3D

converter and the electronics readout.

In this chapter a simulation study of the detector geometry is presented. This

study represents the first attempt to develop a BAND-GEM detector technology

inside the ESS simulation framework to study properties of the detector such as

spatial and time resolution, detection efficiency and multiple hits between pads.

In Sec. 6.1 the SANS technique, the overview of the LoKI instrument and the detector
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requirements are described. In Sec. 6.2 the simulation framework used to perform

the study and the results are presented.

6.1 LoKI instrument

The LoKI instrument is designed primarily for users interested in biophysics, soft

matter and materials science; they may profit of the SANS technique to study bulk

properties of material like structure inhomogeneities in polymer and solutions.

6.1.1 Small Angle Neutron Scattering technique

SANS is an experimental technique that allows the investigation of materials on the

micrometer to nanometer length scales. In a typical SANS experiment a well col-

limated neutron beam is directed on a sample, for example colloids, polymers or

solution structures of proteins. Neutrons are elastically scattered by nuclear interac-

tion with the material nuclei or by the interaction with the magnetic momentum of

unpaired electrons. A detector of dimensions dx ˆ dy, positioned at some distance,

Lsd from the sample, and scattering angle, θ , from the sample records the flux Ipλ, θq

of radiation scattered into a solid angle element, ∆Ω “ dx dy{L2
sd and the data can

be used to extract information about shape, size, arrangement and interactions of

the atoms or molecules of the sample. The flux may be expressed in the following

way:

Ipλ, θq “ I0pλq∆Ω ηpλqT V
δσ

δΩ
pQq (6.1)

where I0 is the incident flux, η is the detector efficiency, T is the sample transmission,

V is the volume and the scattering vector Q is the modulus of the resultant between

the incident,
ÝÑ
ki , and scattered,

ÝÑ
ks , wavevectors, (Fig. 6.1), and is given by:

Q “ |ÝÑQ | “ |ÝÑks ´ÝÑki | “
4π

λ
sinp

θ

2
q. (6.2)
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Figure 6.1: Scheme of a SANS experiment.

Q has dimensions [length´1] and it is expressed in Å´1.

The differential cross section pδσ{δΩqpQq is defined as:

dσ

dΩ
“

number of neutrons scattered per second into dΩ in direction θ , φ

ΦdΩ
(6.3)

where Φ is the number of incident neutrons per cm2 per second.

The objective of a SANS experiment is to determine the differential cross-section,

since this quantity contains all the information on the shape, size and interactions of

the scattering centres in the sample. A typical sample may be a composite in which

the part of sample of interest is coupled in an orderly way to a surrounding medium

(for instance an absorbed layer on a substrate or a surface layered solute into a bulky

solvent). The differential cross-section is given by:

δσ

δΩ
pQq “ Np V

2
p p∆δq

2 P pQqSpQq `Binc (6.4)

where Np is the number concentration of scattering particles, Vp is the volume of

one scattering particle, p∆δq2 is the square of the difference in neutron scattering

length density between the sample components, P pQq is a function known as the
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form or shape factor, SpQq is the interparticle structure factor, Q is the modulus

of the scattering vector and Binc is the (isotropic) incoherent background signal.

pδσ{δΩqpQq dimension is normally expressed in units of cm´1.

Substituting Eq. 6.2 into Bragg’s Law of Diffraction:

λ “ 2d sin
θ

2
(6.5)

yields a very useful expression:

d “
2π

Q
(6.6)

where d is the characteristic length of the observed structure. Eq. 6.2 and Eq. 6.6

are central to SANS experiments because through their combined use it is possible

to both configure an instrument (i.e., ensure that its ”Q-range” allows you to explore

the d range that you expect) and to quickly and rapidly ”size” the scattering bodies

in a sample from the position of any diffraction peak in Q-space.

SANS technique is applied in a wide range of scientific disciplines: biophysics,

biology, chemistry, materials science and engineering. The LoKI instrument is de-

signed primarily for the users from biophysics, soft matter and materials science.

The trend in all of these fields is towards complexity and heterogeneity.

The need to build a new SANS instrument is motivated by the fact that the sam-

ples of interest in these fields of physics are more and more complex, heterogeneous

(spatially and temporally) and smaller in volume [61].

Spatial heterogeneity manifests with different structure at different scales, and

requires a wide Q range and small neutrons beams. Moreover these systems need

to be studied with sufficient time resolution that can be provided by a high neutron

flux and a wide simultaneous Q range.

LoKI is designed to satisfy these requirements by providing a high flux (at least

10 times the current leading reactor based instrument) and a broad simultaneous
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Q range of at least three orders of magnitude [61]. This is achieved by positioning

the sample 20 m from the moderator with 10 m of collimation and 10 m of distance

between the sample and the detector system that covers a large solid angle. The

main characteristics of LoKI are:

• broad simultaneous Q range: 1x10´3 Å´1 ă Q ă 1 Å´1

• high neutron flux (109n{cm2{s on sample) exploiting the high source brightness

at the ESS.

• the instrument should be capable of providing a Q resolution pdQ{Qq ă 10%

over the whole Q range.

6.1.2 Instrument overview and detectors

A layout of the LoKI instrument and its different components are shown in Fig. 6.2.

For a detailed description of the instrument please refer to [62]. In this thesis the

focus is on the detector system inside the detector tank. The overall length of LoKI,

from the moderator to the back of the detector tank, will be up to 40 m including

shielding.

LoKI provides two modes of operation offering different wavelength bands and

hence different Q ranges. The wavelength selection is made by two choppers, each

of which is composed by two rotating disk of a neutron absorbing material and with

slits that, when in correspondence of the beam deliver at a sample a pulse of neutrons

with a specific range in λ. The two modes of operation for LoKI are:

• Mode 1: a chopper runs at the source frequency (14 Hz) providing the wave-

length band from 3 Å to 10.5 Å ( 1.8 Å to 11.6 Å) whilst avoiding frame overlap.

• Mode 2: the chopper runs at half the source frequency (7 Hz) providing for

measurement across two source frames and doubles the bandwidth compared

to Mode 1 (from 3 Å to 19.9 Å, 1.8 Å to 21.0 Å with penumbra).
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Figure 6.2: Layout of the LoKI instrument. The first component is a 4 m long
bender positioned at 2 m from the source, used to avoid line-of-sight to the moderator
and the consequent γ-ray background. A double-disk chopper located 6.5 m from
the source perform the wavelength selection and the first resolution enhancement
chopper is at 7 m. A second 2.1 m long bender is positioned between the first and
second chopper pits. A second resolution enhancement chopper is at 10 m from the
source. Then there is a guide to the third chopper pit where there is chopper pair at
11.5 m and the final resolution enhancement chopper at 12 m. Four aperture wheels
respectively at 12.5 m, 14.5 m, 17.5 m and 20.5 m are spaced out by three guide
changer drums. Then there is a 2m of evacuated flight path. After the sample the
detector system is mounted.

A possible configuration for the LoKI detector system is the so called ”window frame”

arrangement as shown in Fig. 6.3, composed of a series of three octagonal detector

panels with holes in centre and placed within a large vacuum vessel. With this

configuration a large solid angle is covered. The outer radia of the octagons are 130

cm, 100 cm and 50 cm for the front, middle and rear detector respectively. The first

two panels are fixed, whilst the rear detector is movable towards the beam axis to

match the 5 m collimation setting if the lowest Q-values are not required.

6.2 Simulation of detector performance

A study of the rear detector performance achievable with the BAND-GEM technique

is described in the next section. The study presented in this chapter is the first part

86



Figure 6.3: Window frame geometry of LoKI. The neutron beam is directed as the
dashed line and the black point is represents the sample.

of a more complete study that will be developed in the future years and in support

of the construction of the LoKI rear detector.

6.2.1 The dgcode simulation framework

The ESS detector group developed a coding framework named dgcode [63] that sim-

plifies the collaboration between multiple developers working on one or more tasks

using different platforms such as Linux servers and either Linux or OSX laptops [64].

The dgcode coding framework is a sort of collection of files written in different lan-

guages such as C++, C, python, Fortran or BASH that are organised in a directory

structure that creates units of software or packages. Packages are connected be-

tween them in a hierarchical structure so that many developers can work on software

avoiding duplication of work. The entire code is hosted inside a Mercurial repository

at bitbucket.org that contains history information about the changes in all the files

allowing more than one person to work on a project at the same time.

6.2.2 Advantages and limits of the MC simulations

A simulation study of the rear detector based on the BAND-GEM technology for

the LoKI instrument has been made inside the dgcode framework using a software

based on the Monte Carlo simulation toolkit Geant4 [65]. Any detector element is

described by:
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• a geometrical volume that contains the information regarding the shape of

detector element, its dimensions and its position with respect to the other

elements;

• a physical volume including all the information regarding the material of which

the detector is made of, its temperature and pressure.

All the elements defined in the physical volume are associated to the cross section

data available for all possible physical processes. Once the detector is completely

defined the input particles are launched with an initial energy and direction. The

particles propagate and if they enter the geometrical volume of the detector, the

Monte Carlo routine of the code can either select a physical process or not, depending

on its probability. All the particle information are recorded in a file from which the

user can extract the parameters of interest (for instance position and energy when

absorbed).

One of the advantages of the Monte Carlo simulation is the fact that it is possible

to access the four contributions to the rear detector efficiency defined here:

• the crossing efficiency εcross defined as the number of neutrons that cross a

boron layer divided by the number of neutrons incident on the detector surface;

• the conversion efficiency εconv defined as the number of neutrons that are cap-

tured by the 10Bpn;αq7Li reaction divided by the number of neutrons crossing

the boron layer;

• the escape efficiency εesc defined as the number of capture events that generate

an α/7Li able to reach the gas between lamellas divided by the number of

captured neutrons;

• the collecting efficiency εcoll defined as the number of events that deposit in
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Table 6.1: Requirements of the rear detector of the LoKI instrument.

Requirements Values

Q range 1ˆ 10´3 Å´1 ă Q ă 1 Å´1

λ of detected neutrons 2´ 22 Å
θ resolution ∆θ{θ ă 10%
Φ resolution ∆φ{φ ă 10%
Neutron efficiency ε ą 30% at 1.8 Å

the gas a total energy higher than a certain threshold divided by the number

of ”escaped” events.

The total detection efficiency εdetection defined as the number of events that deposit

in the gas a total energy higher than a certain threshold divided by the number of

neutrons incident on the detector surface can be approximately expressed as:

εdetection “ εcross ˆ εconv ˆ εesc ˆ εcoll “
no. of collected events

no. of incident neutrons
(6.7)

With these assumption it is possible to decompose the detection efficiency and max-

imise each component to reach the highest efficiency: this is especially important for

a detector with such a complicated geometry.

6.2.3 Detector design in Geant4

The requirements of the rear detector of the LoKI instrument are reported in Table

6.1. As shown in Fig. 6.3 the rear detector has an octagonal shape, a design choice

reflecting the circular symmetry of some scattering patterns. The octagon allows to

divide the rear detector in eight identical trapezoidal sections where the dead space

is represented by the frames.

The study presented in this thesis has been done for a single octant i.e. a single

trapezoidal frame.
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Figure 6.4: Exploded view drawing of the BAND-GEM in Geant4: cathode, 3D
converter and anode starting from the bottom. Only a lamella out of five is shown
for the sake of clarity. Neutrons come from the bottom.

The Geant4 model of the BAND-GEM detector is shown in Fig. 6.4 (exploded

view). It has a trapezoidal shape with height 40 cm, short base 2.5 cm and long

base 35.7 cm. It is composed by a 250µm Al cathode. The 3D converter is made of

ninety-nine lamellas stacked perpendicularly with respect to the cathode and a gap

of 4 mm between two adjacent lamellas. Each lamella is made of a thick Al 200µm

grid with twenty-four 3 mm long strips alternated with 1 mm of empty space. A 1µm

thick coating of 10B4C is deposited on both sides of the Al lamella. A scheme of the

detector components is shown in Fig. 6.5. The aluminium anode has a 100µm depth

and trapezoidal readout pads. The height of each pad is 4 mm (i.e. the gap between

two adjacent lamellas) and there are 10 pads for each row. The GEM foils are not

included in the module. All the components are inserted in a box filled with Ar{CO2

(70%{30%) at STP.
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Figure 6.5: Scheme of the BAND-GEM detector components in the LoKI rear
detector model.

6.2.4 Timing resolution

LoKI is a Time-of-flight instrument i.e. it is based on the measurement of the time

that a neutron spends from the start t0 to the instant in which the signal is detected

in the readout electronics. Two neutrons of the same kinetic energy, and same t0,

could in principle be absorbed at different depths inside the 3D converter, thus giving

signals at slightly different times. Therefore it is necessary to study the impact of

the depth of the BAND-GEM on the ToF. Analytical calculations could be done

knowing the wavelength spectrum of the neutrons and the geometry of the detector,

but they do not take into account the scattering effect of the lamella material (i.e.

aluminum) on the ToF. For this reason a Monte Carlo simulation, taking into account

the scattering effect of the BAND-GEM materials, was done to compare the two

results. Using Geant4 simulations it was possible to study the ToF broadening of

a monochromatic and point-like neutron beam that hits the BAND-GEM detector

model described in Sec 6.2.3. The ∆ToF in this case could be defined as the time

spent by a single neutron inside the BAND-GEM detector from the lowermost edge

to the capture in 10B4C. The simulation shows that a starting deltoid in ToF (the
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Figure 6.6: (a) Distribution of the time spent by a monochromatic (λ “ 2.2 Å) and
point-like neutron beam inside the BAND-GEM detector from the lowermost edge
to the capture in 10B4C. Since the beam is directed in such a way that it crosses two
different lamellas, two peaks are visible. The bin width is 1µs.
(b) Zoom of the peak at « 5µs: the bin width is 1 ns. Since each aluminium lamella
is coated on both sides with 10B4C, two peaks are visible. The FWHM is « 2 ns.

neutrons are launched at the same t0) is split into four peak-shaped capture time

distributions: two layers of 10B4C for two interaction points in the lamellas system

as shown in Fig. 6.6. In Fig. 6.6(a) two peaks, corresponding to two different crossed

lamellas, are visible: the bin width is 1µs. In Fig. 6.6(b) the zoom of the peak at

« 5µs is shown. The two peaks shown are due to the fact that two boron layer are

crossed in a single lamella: the bin width is 1 ns.

If the neutron beam simulated is white inside the LoKI range of wavelengths

(2 ´ 12 Å) and isotropic on the detector, the obtained ∆ToF distribution is shown

in the plot in Fig. 6.7 (the bin width is 1µs). The plot shows that the maximum

broadening in ToF due to the BAND-GEM depth is ∆ToFsim « 300µs. From an

analytical point of view the worst case in terms of ∆ToF is represented by neutrons

of λ “ 12 Å that are captured by the 10B immediately before the outermost detector

edge. In fact an indetermination of the flight path affects more the long wavelengths

(slower neutrons) than the short ones. For the setup represented in Fig. 6.8 the ∆ToF

92



Figure 6.7: Distribution of the time spent by a white (2´ 12 Å) and isotropic neu-
tron beam inside the BAND-GEM detector from the lowermost edge to the capture
in 10B4C. The bin width is 1µs.

Figure 6.8: Setup used for the analytical calculation of the ∆ToF and for the
simulation with the monochromatic and point-like beam.

is ∆ToFana “ 300µs. The comparison of the two results shows that the scattering

effect on the aluminium lamellas is negligible and that the ToF broadening is only

due to the 3D converter geometry.

6.2.5 Energy deposition volume

The anode pad dimensions should be optimised to comply with the ESS require-

ments about the spatial resolution. Among others, the energy deposition of charged
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byproducts into the gas is the dominant effect. In fact, the mean free path of α and

7Li in the gas is several millimetres; thus, even if the neutron absorption reaction is

point-like, the energy deposition in the gas (that originates the electron cascade that

is eventually detected by the anode) is not. A study of the energy deposition volume

of the charged byproducts of the capture reaction in the gas was done by Geant4 sim-

ulations [64]. Indeed a monochromatic and ”point-like” beam, after capture in 10B

generates a cloud of α particles and 7Li with a certain volume distribution given by

the charged particles range. The energy deposition volume has a three dimensional

structure and the FWHM of the projections on the xy an zy planes give information

about the broadening of the charge cloud in space.

The energy deposition volume has been studied for neutron trajectories crossing

one or two lamellas. A scatter plot of the energy deposition points inside the gas

is shown in Fig. 6.9 for the xy, zx and zy projections in panels (a), (b) and (c)

respectively, in the case of a single lamella hit. Among them the most interesting

is the xy projection, lying parallel to the anode plane. This scatter plot shows how

a point-like interaction is broadened by the physical process of the capture reaction

only. The FWHM of this projection represents a lower limit to the spatial resolution

of the detector. An immediate consequence is that the readout pad size need not to

be much smaller than such FWHM. The x and y projections are shown in Fig. 6.10

and the FWHMs are FWHM1hit
x “ 3 mm and FWHM1hit

y “ 3.3 mm.

The same study has been made for the worst case of a neutron beam crossing two

different lamellas (Fig. 6.11). In this case the resulting FWHM are FWHM2hits
x “

3 mm and the FWHM2hits
y “ 6 mm. These results compare well with the FWHMs

measurements obtained with the BAND-GEM tests (see Sec. 5.3.3).

94



Figure 6.9: Energy deposition volume projections of a cloud of α particles and 7Li
generated by a monochromatic and ”point-like” neutron beam that crosses a single
lamella in his trajectory. 95



Figure 6.10: Projections of the energy deposition volume of α and 7Li cloud gener-
ated by a monochromatic and point like neutron beam that crosses a single lamella
in his trajectory.

6.2.6 Multiple hits

In an ideal detector the neutron capture reaction in boron at position px, y, zq gen-

erates the triggering of a single readout pad allowing one to determine the px, yq

coordinates of the interaction with a precision equal to the pad dimensions. As

shown in Sec. 6.2.5 the energy deposition of α and 7Li has a certain volume dis-

tribution and thus it is possible that an over-threshold signal is detected in more

than one pad. Furthermore the scattering of neutrons in the detector structure may

cause the triggering of a different pad from the one expected. These phenomena (see

Sec. 5.3.3) are best investigated with Monte Carlo simulations. Such simulations

were performed inside the dgcode framework with the aim of estimating the multiple

hits, here defined as the fraction of events in which more than one pad is triggered

by a single neutron capture event. The simulation was performed by dividing the

cathode area in trapezoidal sections so that each anode pad i corresponds to the

projection ĩ on the cathode; multiple hits out i occur when a neutron crosses the pad

projection ĩ on the cathode and generates an over-threshold signal (THR „ 100 keV)
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Figure 6.11: Energy deposition volume projections of a cloud of α particles and
7Li generated by a monochromatic and point like neutron beam that crosses two
lamellas in his trajectory. 97



Figure 6.12: Projections of the energy deposition volume of α and 7Li cloud gen-
erated by a monochromatic and point like neutron beam that crosses two lamellas
in his trajectory.

in more than a single pad on the anode.

The fraction of neutrons that generate an over-threshold signal in n pads is shown

in Fig. 6.13 for pads lying on the bottom (inner relative to the radius) (a), in the

middle (b) and on top (outer relative to the radius) (c) of the detector. The incidence

angle of the beam is θmin “ 2.57˝, θmiddle “ 3.72˝ and θmax “ 4.85˝ for (a), (b) and

(c) respectively, θmin and θmax being the minimum and maximum incidence angles

compatible with the LoKI detector geometry.

It can be noticed that the worst case is (a) where the highest multiple hits level

is reached and it is about 6% of the total number of events and about 16% of the

number of neutrons that generates a signal over-threshold in at least one pad. This

percentage decreases for higher incidence angles and pad dimensions. For instance

in (c) the cross-talk level is 1% of the total number of events and about 3% of the

detectable events. This effect is expected because pads of bigger dimensions match

better than the smaller pads the xy projection of the energy deposition volume of

the α and 7Li cloud.
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Figure 6.13: Fraction of neutrons that generate a signal over-threshold in n pads
for a neutron beam hitting the bottom (a), the middle (b) the top (c) of the detector.
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Table 6.2: Values of εdet and its contributing factors εcross, εconv, εesc and εcoll for
different lamellas materials and thicknesses. The simulated beam is monochromatic
(λ “ 4Å) and point like and hits the detector with an angle of θ “ 2.57˝. The
threshold used for the εcoll is equal to THR “ 100 keV.

Material Thickness [µm] λ [Å] εcross εconv εesc εcoll εdet

Ti 100 4 97% 93% 74% 90% 60%
Ti 200 4 87% 96% 72% 94% 56%
Al 400 4 100% 93% 71% 90% 60%
Al 20 4 93% 96% 78% 95% 66%

However a most important result is that, in the limit of the used statistics (100,000

starting neutrons per run), no neutron capture events are observed firing up more

than two pads. This is an easily manageable level with standard software rejection

techniques. Moreover, this level may be further reduced with a fine tuning of the

threshold.

A more complete study of the multiple hits over the full detector will be performed

once the LoKI detector design is finalised.

6.2.7 Efficiency

Of the four parameters shown in Eq. 6.7, three of them (εcross, εconv and εesc) depend

on the detector geometry and materials and the angle with which the neutron beam

hits the detector. εconv also depends on the neutron wavelength.

The study and separate optimisation of such factors may be easily performed via

Monte Carlo simulations by changing parameters like lamellas thickness, materials,

etc. Moreover simulations can explore the effects of such parameters in different

parts of the full scale LoKI BAND-GEM once its design is finalised. Here some

results are reported from simulations performed with different lamella thicknesses

and materials (see Table 6.2). The simulations are done using a monochromatic

(λ “ 4 Å) and ”point-like” beam that hits the detector with a tilt angle of θ “ 2.57˝.
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This is the minimum θ compatible with the LoKI detector geometry, corresponding

to the minimum amount of boron crossed by the neutron beam. The values reported

in Table 6.2 represent thus an estimate of the lower limit of the efficiency components

in the whole detector.

6.3 Conclusions

On the basis of the performance results obtained with the BAND-GEM technology

shown in Chapters 4 and 5, a collaboration with ESS was established during the

PhD with the aim to develop a thermal neutron detector with a boron-based 3D

converter, as part of the detector system of LoKI, a SANS instrument and one of the

first to be installed on ESS. Simulations were performed within the Geant4-based

ESS simulation framework (dgcode) to study the performance of the detector such

as spatial and time resolution, detection efficiency and to study undesired effects like

multiple hits of readout pads.
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7

Conclusions

Neutron science is faced with the challenge of finding alternative technologies to

3He as a thermal neutron detector with a rate capability matching the high fluxes

expected at the European Spallation Source (ESS).

Aim of this PhD thesis was the development of a 3He-free high-rate thermal

neutron gaseous detector based on the Gas Electron Multiplier (GEM) technology

for applications at spallation sources.

The starting point of this thesis was a small area (100 cm2) GEM-based detector

(bGEM) for thermal neutrons with a converter cathode made of aluminium coated by

1µm of B4C and with a padded readout structure (Chapter 3). The nuclear capture

reaction 10Bpn;αq7Li provides the ”conversion” of thermal neutrons into charged

particles that ionise the detector gas. Previous measurements at the VESUVIO

neutron beam line at ISIS had shown that this detector is fully able to detect thermal

neutrons, but due to its low efficiency (« 1%) it can only be used as a beam monitor.

A rate measurement on the bGEM was performed at the ORPHEE reactor and

the maximum rate capability was found to be 50 MHz{cm2 with no sign of saturation,

which is way beyond the rate capability of 3He tubes.
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The detector showed also the capability to correctly reconstruct the diffractogram

of a copper sample in a diffraction experiment performed on the INES instrument

at ISIS. The total count rate of the bGEM active area resulted to be about 7% the

count rate of reference 3He detectors, the S/B ratio for the bGEM was two times

lower than the 3He tube one and the bGEM FWHM was 1.75 times the 3He tube

one. With a cathode coated with 1µm of 10B4C instead of natural B4C the count

rate became about 19% of the 3He tube, the bGEM FWHM was comparable to the

3He tube FWHM if focussing is applied and the S/B ratio was still two times lower

than the 3He tube.

The detector efficiency depends on the probability of neutron capture in the B4C

coating and the escape of α and 7Li byproducts from it. A way to enhance the

efficiency is to increase the effective layer of 10B crossed by the neutron trajectory

while keeping the coating thin enough to allow the byproducts to reach the gas and

ionise it.

The Borated Array Neutron Detector -GEM (BAND-GEM) described in Chapter

4 is a practical application of the mentioned approach: the boron layers are dis-

tributed in a number of lamellas composing a so called 3D converter, and a proper

regulation of the field inside the 3D converter ensures a proper charge collection.

A feature of the 3D converter is that, if the whole detector is tilted by an angle θ

with respect to the sample-detector direction, the thickness of 10B4C crossed by the

neutrons is increased by a factor 1{sinpθq and the neutron ”conversion” probability

is enhanced. The BAND-GEM detector was tested at the JEEP-II reactor in Norway

to confirm this behaviour and the maximum count rate was found for θ “ 7˝. The

BAND-GEM was also used to perform a diffraction experiment at the INES beam

line at ISIS. The BAND-GEM count rate per unit area was measured to be « 25%

relative to the reference 3He tubes and its time resolution is comparable with that

of 3He as the S/B ratio. These results demonstrate that the BAND-GEM is able to
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reproduce diffractograms with a comparable quality to 3He.

The BAND-GEM efficiency may be significantly improved by optimising the ge-

ometry of the converter (for instance the distance between lamellas) thus providing

a better charge extraction in the conversion region. This optimisation resulted in

the final BAND-GEM prototype described in Chapter 5.

The detector was tested for the first time on the EMMA instrument at ISIS. A

measurement of the relative charge extraction efficiency across the 3D converter gave

values up to ηC “ 67%. The efficiency is ε « 40% at λ “ 4 Å for a tilt angle θ « 5˝.

These and other features obtained with this new technology, make it an attrac-

tive candidate for installation - after further optimisation - on LoKI, a Small Angle

Neutron Scattering (SANS) instrument and one of the first ones to be installed at

the ESS. Thus, preliminary simulations were accomplished, inside the Geant4-based

ESS simulation framework (dgcode), to study the performance of the detector such

as spatial and time resolution, detection efficiency and to study undesired effects

such as multiple hits among the readout pads. The simulations show that the max-

imum time broadening due to the 3D converter finite extension (about 10 cm) is

∆ToFmax “ 300µs. This result is coherent with an analytical calculation that eval-

uates the ∆ToF in the worst case of a λ “ 12 Å neutron (the slowest neutrons in the

LoKI spectrum) that is captured at the end of the 3D converter, near the GEMs.

This means that the scattering effect (not considered in the analytical calculation)

is negligible and that the ToF broadening is close to the ideal case.

The energy deposition volume of α and 7Li particles produced by the capture reac-

tion (simulated within the dgcode), when projected on the anode plane, results in dis-

tributions with FWHM1hit
x “ 3 mm, FWHM1hit

y “ 3.3 mm and FWHM2hits
x “ 3 mm,

FWHM2hits
y “ 6 mm for a neutron trajectory hitting one and two lamellas, respec-

tively. This result provides guidance regarding the choice of readout pad dimen-

sions. Multiple hits, defined as the fraction of events triggering more than one pad,
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was found to be at most 16% of the neutrons generating an over-threshold signal

(THR « 100 keV) in at least one pad. This effect can easily be dealt with.

The results of this thesis demonstrate that the BAND-GEM is an attractive

technology alternative to 3He: it provides very high count rates and has the potential

to cover large areas (« 1 m2). The efficiency level reached (40% at λ “ 4 Å) is

adequate for real applications including the LoKI instrument at ESS.
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Synopsis of attached papers

This thesis is based on the following papers, which are referred to in the text:

I Neutron beam imaging with GEM detectors.

Neutron GEM-based detectors represent a new frontier of devices in neutron

physics applications where a very high neutron flux must be measured such

as future fusion experiments (e.g. ITER Neutral beam Injector) and spalla-

tion sources (e.g. the European Spallation source). This kind of detectors can

be properly adapted to be used both as beam monitors but also as neutron

diffraction detectors that could represent a valid alternative for the 3He de-

tectors replacement. Fast neutron GEM detectors (nGEM) feature a cathode

composed by one layer of polyethylene and one of aluminium (neutron scat-

tering on hydrogen generates protons that are detected in the gas) while ther-

mal neutron GEM detectors (bGEM) are equipped with a borated aluminium

cathode (charged particles are generated through the 10Bpn, αq7Li reaction).

GEM detectors can be realised in large area (« 1 m2) and their readout can be

pixelated. Three different prototypes of nGEM and one prototype of bGEM

detectors of different areas and equipped with different types of readout have

been built and tested. All the detectors have been used to measure the fast and

thermal neutron 2D beam image at the ISIS-VESUVIO beam line. The differ-

ent kinds of readout patterns (different areas of the pixels) have been compared

in similar conditions. All the detectors measured a width of the beam profile
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consistent with the expected one. The imaging property of each detector was

then tested by inserting samples of different material and shape in the beam.

All the samples were correctly reconstructed and the definition of the recon-

struction depends on the type of readout anode. The fast neutron beam profile

reconstruction was then compared to the one obtained by diamond detectors

positioned on the same beam line while the thermal neutron one was compared

to the imaged obtained by cadmium-coupled x-rays films. Also efficiency and

γ-ray background rejection have been determined. These prototypes represent

the first step towards the realisation of new neutron beam monitors for fusion

experiments and spallation sources.

II Diffraction measurements with a boron-based GEM neutron detec-

tor.

The research of reliable substitutes of 3He detectors is an important task for

the affordability of new neutron scattering instrumentation for future spallation

sources like the European Spallation Source. GEM (Gas Electron Multiplier)-

based detectors represent a valid alternative since they can combine high-rate

capability, coverage of up to 1 m2 area and good intrinsic spatial resolution (for

this detector class it can be better than 0.5 mm). The first neutron diffraction

measurements performed using a borated GEM detector are reported in this

paper. The detector has an active area of 10 ˆ 5 cm2 and is equipped with

a borated cathode. The GEM detector was read out using the standard ISIS

Data Acquisition System. The comparison with measurements performed with

standard 3He detectors shows that the broadening of the peaks measured on

the diffractogram obtained with the GEM is 20´ 30% wider than the one ob-

tained by 3He tubes but the active area of the GEM is twice that of 3He tubes.

The GEM resolution is improved if half of its active area is considered. The
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signal-to-background ratio of the GEM is about 1.5 to 2 times lower than that

of 3He. This measurement proves that GEM detectors can be used for neutron

diffraction measurements and paves the way for their use at future neutron

spallation sources.

III A GEM-based thermal neutron detector for high counting rate ap-

plications.

In this paper, we present the results of a GEM-based neutron detector in a

high-flux environment (the ORPHE reactor in Saclay), especially in terms of

maximum rate capability and linearity. Recorded data show that the detector

can manage neutron counting rates in the order of 50ˆ 106 counts{scm2 while

maintaining a reasonable linearity and with no sign of instability.

IV Neutron radiography as a non-destructive method for diagnosing

neutron converters for advanced thermal neutron detectors.

The efficiency of GEM-based neutron detectors can be increased by using a

three dimensional neutron converter cathode (3D-C). The 3D-C is composed

by a series of alumina (Al2O3) lamellas coated by 1 µm of 10B enriched boron

carbide (B4C). In order to obtain a good characterisation in terms of detector

efficiency and uniformity it is crucial to know the thickness, the uniformity

and the atomic composition of the B4C neutron converter coating. In this

work a non-destructive technique for the characterisation of the lamellas com-

posing the 3D-C was performed using neutron radiography. The results of these

measurements show have coating uniformity suitable for detector applications.

This technique (compared with SEM, EDX, ERDA, XPS) has the advantage

of being global (i.e. non point-like) and non-destructive, thus it is suitable as

a check method for mass production of the 3D-C elements.
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V Evolution in boron-based GEM detectors for diffraction measure-

ments: from planar to 3D converters.

In this paper the evolution of boron- based GEM detectors from planar to 3D

converters (3D-C) with an application in diffraction measurements is presented.

The use of 3D-C coupled with GEMs allows for an optimisation of the detector

performance. Three different detectors were used for diffraction measurements

on the INES instrument at the ISIS spallation source. The performances of the

GEM-detectors are compared with those of conventional 3He tubes installed on

the INES instrument. The detector equipped with the 3D-C reached a count

rate per unit area of about 25% relative to the currently installed 3He tube.

Its timing resolution is similar and the signal-to-background ratio (S/B) is 2

times lower.

122



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

! Paper I 
 
 
 
 
 
 
 
 
 



 
 
!



2015 JINST 10 C04040
PUBLISHED BY IOP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: September 29, 2014
REVISED: January 23, 2015

ACCEPTED: February 20, 2015
PUBLISHED: April 30, 2015

16th INTERNATIONAL WORKSHOP ON RADIATION IMAGING DETECTORS

22–26 JUNE 2014,
TRIESTE, ITALY

Neutron beam imaging with GEM detectors

G. Albani,a,1 G. Croci,b C. Cazzaniga,a M. Cavenago,c G. Claps,d A. Muraro,b

F. Murtas,c R. Pasqualotto,d E. Perelli Cippo,b M .Rebai,a M. Tardocchib and
G. Gorinia
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ABSTRACT: Neutron GEM-based detectors represent a new frontier of devices in neutron physics
applications where a very high neutron flux must be measured such as future fusion experiments
(e.g. ITER Neutral beam Injector) and spallation sources (e.g. the European Spallation source).
This kind of detectors can be properly adapted to be used both as beam monitors but also as neutron
diffraction detectors that could represent a valid alternative for the 3He detectors replacement. Fast
neutron GEM detectors (nGEM) feature a cathode composed by one layer of polyethylene and
one of aluminium (neutron scattering on hydrogen generates protons that are detected in the gas)
while thermal neutron GEM detectors (bGEM) are equipped with a borated aluminium cathode
(charged particles are generated through the 10B(n,a)7Li reaction). GEM detectors can be realized
in large area (1 m2) and their readout can be pixelated. Three different prototypes of nGEM and
one prototype of bGEM detectors of different areas and equipped with different types of readout
have been built and tested. All the detectors have been used to measure the fast and thermal neutron
2D beam image at the ISIS-VESUVIO beamline. The different kinds of readout patterns (different
areas of the pixels) have been compared in similar conditions. All the detectors measured a width
of the beam profile consitent with the expected one. The imaging property of each detector was
then tested by inserting samples of different material and shape in the beam. All the samples were
correctly reconstructed and the definition of the reconstruction depends on the type of readout
anode. The fast neutron beam profile reconstruction was then compared to the one obtained by
diamond detectors positioned on the same beamline while the thermal neutron one was compared to
the imaged obtained by cadmium-coupled x-rays films. Also efficiency and the gamma background
rejection have been determined. These prototypes represent the first step towards the realization of
new neutron beam monitors for fusion experiments and spallation sources.

KEYWORDS: Gaseous detectors; Micropattern gaseous detectors (MSGC, GEM, THGEM,
RETHGEM, MHSP, MICROPIC, MICROMEGAS, InGrid, etc); Gaseous imaging and tracking
detectors; Electron multipliers (gas)
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1 Introduction

New high flux and large area neutron detectors are needed for future fusion experiments and spal-
lation sources. The construction of the CNESM diagnostic system of the SPIDER NBI prototype
for ITER [1] requires a fast neutron detector with a millimetric space resolution in order to qualify
neutron beams in applications related to nuclear fusion. Furthermore the 3He shortage limits its
use in applications including future neutron sources like ESS [2] where large areas (several m2)
and high efficiency (> 50%) detectors are needed for both fast and thermal neutrons. In this frame-
work, GEM (Gas Electron Multiplier) is one of the explored detector technologies [3]. GEMs [4–6]
were invented at CERN as charged particle detectors but, if a proper cathode is chosen, they can
be used also as neutral particles detectors [7–11]. GEMs can be used as beam monitors because
they can provide directionality, g-ray rejection, linearity, adequate spatial and time resolution and
real time operation. This paper explores the characteristics of GEMs in terms of imaging perfor-
mances either for fast and thermal neutrons. All the measurements were performed at the ISIS-RAL
(UK) VESUVIO neutron beamline [12] which features a mixed neutron spectrum consisting of a
thermal/epithermal component and a fast neutron component falling of as 1/En where En is the
neutron energy.
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2 Detectors

Four GEMs were built and tested as prototypes of new, high-rate detectors for fusion experiments
and spallation sources. One of the main features of this technology is the fact that the conver-
sion and the multiplication regions are decoupled. This modularity allows the GEM to be adapt-
able to detect different particles choosing a suitable converter cathode. Three fast neutron GEMs
(nGEM) [1, 13, 14] were built and tested for the CNESM neutron diagnostic and one thermal neu-
tron GEM (bGEM) [15, 16] was built as a thermal neutron beam monitor for future thermal neutron
beamlines at ESS. A GEM for neutrons is equipped with a cathode that “converts” neutrons into
charged particles through a nuclear reaction. The energetic products can cross the cathode and
ionize the gas producing electrons that are multiplied in the GEM foils. The signal is induced
on a padded anode connected to the front end electronics composed by CARIOCA-GEM digital
chips [17] connected to a custom made FPGA mother board [18] that analyzes the signal coming
from the chips. The gas mixture employed is Ar/CO2 70/30 for all detectors. To detect fast neu-
trons (⇠MeV) an Al/CH2 cathode is used. The elastic scattering of a neutron on a H atom in CH2

gives origin to a recoil proton that can be detected and carries information about the interacting
neutron. On the other hand thermal neutrons are converted into charged particles through the nu-
clear reaction 10B(n,a)7Li if a cathode composed by an aluminum plate coated by a uniform thick
boron carbide (B4C) film is used. The main features of the four GEM detectors are summarized in
table 1. The cathode of the bGEM detector is composed of an Al layer (400 µm thick) covered by
a natural (not enriched) B4C coating 1 µm thick. The B4C layer was obtained by courtesy of the
Institute of Materials Research, HELMHOLTZ-ZENTRUM GEESTHACHT (Germany) using a
PVD DC Magnetron Sputtering Technique [19]. The gap geometry is the relative distance between
the five parts of the detector (Cathode,GEM-1, GEM-2, GEM-3 and anode). Figure 1 shows the
padded anodes used in the construction.

Table 1. Relevant parameters of the four GEM detectors.

Detector Cathode Gap geometry Total number of pads Pad dimensions Active area

nGEM-1 60 µm CH2+ 40 µm Al 3/1/2/1 mm 128 12⇥6 mm2 10⇥10 cm2

nGEM-2 50 µm CH2+ 50 µm Al 3/1/2/1 mm 136 8⇥8 mm2 10⇥10 cm2

nGEM-3 150 µm CH2+ 50 µm Al 4/2/2/2 mm 256 22⇥13 mm2 20⇥35 cm2

bGEM 1 µm B4C + 400 µm Al 13/2/3/1 mm 136 8⇥8 mm2 10⇥10 cm2

2.1 Performance

The counting rate of bGEM and nGEM-1 detectors exposed to different particles was measured as a
function of the effective gain. If the gas mixture and the electronic thresholds are set, the effective
gain changes by varying the sum of potential difference over the three GEM foils (SDVGEM =

VGEM) and the results are shown in figure 2.
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(a) (b) (c)

Figure 1. Photographs of the padded readout anodes of the nGEM and bGEM prototypes. (a) 128 pads
with dimensions 12⇥ 6 mm2 and active area 10⇥ 10 cm2. (b) 132 pads with dimensions 8⇥ 8 mm2 plus 4
L-shaped pads with an area of 192 mm2 and a total active area 10⇥ 10 cm2. (c) 256 pads with dimensions
22⇥13 mm2 and active area 20⇥35 cm2.

2.1.1 nGEM perfomance

The nGEM-1 and the bGEM neutron counting rates in figure 2 have a different trend. As shown
in figure 2(a) the nGEM-1 starts to detect fast neutrons at VGEM = 750 V and the counting rate
is an increasing function of VGEM. The nGEM-1 detects recoil protons from the CH2 layer. The
range of the recoil protons in Ar/CO2 70/30 (tens of cm) is larger than the detector thickness, so
only a fraction of their energy is deposited in the gas. Moreover the stopping power is inversely
proportional to v2, so protons of higher energy deposit a lower fraction in the gas. The lack of
a shoulder is due to both the incomplete proton energy deposition and the continuous neutron
spectrum of VESUVIO (see section 3). The working point is set equally at VGEM = 870 V, in order
to guarantee good g-ray rejection (see section 2.1.3). For what is concerning the rate stability in
absence of an efficiency plateau, previous measurements [14] have shown a good intrinsic stability
of the detector; however for the sake of applications of GEMs as a beam monitor, the environmental
parameters that may affect the gain (gas temperature and pressure) and the electronic threshold
should be carefully monitored during operations.

2.1.2 bGEM performance

The bGEM starts to detect thermal neutrons at VGEM = 710 V as shown in figure 2(b). The counting
rate is an increasing function of VGEM but a wide counting rate plateau is present between 825 V
and 925 V (60 < gain < 400) where the maximum detection efficiency is reached [1, 13, 20].
Indeed the alphas and the ions produced in the conversion process are completely stopped in the
gas because the maximum range is 7 mm. This range refers to alphas and ions emitted at the
boundary between the B4C layer and the gas: if an alpha particle is emitted deep in the layer it
may not reach the gas or reach it with a reduced energy and corresponding shorter range in the
gas mixture [21]. The presence of such plateau leads to a natural choice of VGEM = 870 V as the
working point, representing the optimal compromise between gain stability and g-ray rejection.

2.1.3 g-ray rejection

When the beam is off the GEMs detect particles not correlated in time with the pulsed neutron
beam (see section 3), that are mainly photons coming from surrounding materials activation. These
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g-rays represent one of the possible sources of background during neutron measurements. In addi-
tion also neutrons of “wrong” energy (thermal neutrons when you are detecting fast neutrons and
viceversa) and g-rays generated by the spallation process represent other background sources. This
problem was already accessed by the present authors in previous works. Reference [20] describes
a detailed study in order to understand the g-ray sensitivity of these kind of detectors scanning the
LLD threshold and the VGEM. In addition reference [14] shows the results obtained by specific
measurement performed by inserting filters of different materials in the beam. These works indi-
cate that for VGEM < 900 V (gain < 100) both detectors are insensitive to g-rays. This is due to the
fact that the byproducts of the neutron conversion reactions deposit a much higher energy in the gas
with respect to electrons mostly generated by Compton scattering of g-rays on the solid material
of the detector. Since the deposited energy is directly connected to the primary charge liberated
in the detector, keeping the GEM gain less than about 100 guarantees that g-rays-induced signals
fall below the thresholds set for electronic noise rejection (in the order of 1400 mV for CARIOCA
chips). The working point for both detectors is thus set up at VGEM = 870 V where the detectors
are insensitive to g-rays and where the detectors efficiencies are about 10�4 [13] for nGEM and
10�2 [15] for bGEM.

(a) (b)

Figure 2. nGEM-1 (a) and bGEM (b) counting rate as a function of VGEM when the neutron beam is on
and off.

3 ISIS VESUVIO facility

All the measurements were performed at the VESUVIO [12] beamline at a flight distance of about
L = 12.5 m from the neutron source. At ISIS, neutrons are produced by a 800 MeV proton beam
with a double bunch fine structure and a repetition frequency of 50 Hz. The two proton bunches
are about 70 ns wide (FWHM) and 322 ns apart. The proton beam delivers an average current of
180 µAh on a Ta-W target yielding about 30 neutrons per incident proton. The VESUVIO beam
profile widths FWHMx and FWHMy are in a range between approximately 30 mm and 40 mm
(as obtained with the Cadmium-film method described in section 4.3). Being VESUVIO an un-
dermoderated neutron beamline, the energy range of neutrons spans from thermal energies up
to, in principle, 800 MeV, with an excess of high energy neutrons with respect to a (moderated)
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Maxwell-Boltzmann distribution [12]. A detailed shape of the VESUVIO spectrum is reported
in reference [22]. Here we just mention that Bedogni et al. measured a fluence fraction of about
46.9% for En < 0.4eV, 40.9% for 0.4eV < En < 100keV, 11.5% for 100keV < En < 10MeV and
0.7% for En > 100MeV.

4 Neutron imaging

The imaging properties of the nGEM and bGEM detectors could be tested by reconstructing the
bi-dimensional VESUVIO beam profile. All four detectors were exposed to the neutron beam for
a few minutes. Figure 3 shows the bi-dimensional VESUVIO beam profile reconstructed with the
detectors.
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Figure 3. 2D map of the beam intensity distribution as number of events over threshold recorded at each
readout pad of the detectors nGEM-1 (a), nGEM-2 (b), nGEM-3 (c) and bGEM (d).

A bell-shaped profile is visible if the counting rate is projected on the x and y axes for each
detector. Such curves were fitted with simple Gaussian functional forms and the FWHMs of such
fits taken as indication of the beam size (see table 2). It is expected the measurements for the
different nGEM detectors are compatible within the errors on the FWHMs. The precision on the
FWHM depends on the pad dimensions. The errors on the FWHMs are presented in table 2 both as
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estimated by the fitting procedure (least-square method) and as derived by the constant probability
distribution method on the pads, i.e. z/

p
(12), being z the pad dimension. The latter value sets

indeed an intrinsic limit for the precision on the determination of FWHMs, and thus it is a more
realistic estimated error. Within such error level, the values obtained from the three nGEMs are
compatible. In general neutrons of different energies are not be transported in the same way along
the beam. In particular, it is expected that the thermal beam profile is narrower than the fast one,
because neutron absorption of the collimators along the beamline is more effective for lower energy
neutrons. However this effect is not apparent in the data obtained by the bGEM: if present, it may
be smaller than the available resolution of the instrument, the FWHM obtained with the latter being
also compatible with the nGEM results. The FWHMs of the beam imaged by these detectors are
compared with the beam imaged by other detectors sensible to the same neutron energy range (see
sections 4.2 and 4.3). We performed a scan of each detector moving the center of the beam along
all pads taking several measurements of the beam profile and all the reconstructed FWHM (both X
and Y) were reproducible within 5%.

Table 2. Results of a bi-dimensional fit of the reconstructed beam are shown.

Detectors FWHM x sFWHMx fit sFWHMx FWHM y sFWHMy fit sFWHMy pads
FWHM
x

pads
FWHM
y

nGEM-1 37.94 0.13 4.89 35.37 0.10 2.44 3 6
nGEM-2 39.96 0.19 3.25 41.17 0.13 3.25 5 5
nGEM-3 34.37 0.37 8.96 27.05 0.28 5.29 2 2
bGEM 31.64 0.01 3.25 37.20 0.01 3.25 4 5

4.1 Imaging of samples inserted in the neutron beam

In order to test the capability of image reconstruction of these detectors, samples of different ma-
terial and shape were inserted in the beam. Figure 4(a) shows the reconstructed beam profile with
the nGEM-1 when a 25 cm thick block of CH2 is inserted in the beam. The thickness of the CH2

prevents fast neutrons to reach the nGEM detector and only half of the beam could be imaged.
Figure 4(b) shows the reconstructed beam profile with the bGEM when a 1 mm thick L-shape Cad-
mium sheet is inserted in the beam. The 113Cd isotope absorbs with very high probability neutrons
with energy lower than the cadmium cut-off at 0.5 eV and transmits the faster ones. As a conse-
quence the negative image of the cadmium foil is expected on the bGEM detector. The shape of
the block is highlighted in the 2D histogram, even if the negative image is not as “black” as the
off-beam regions. This is due to neutrons scattered (by the Cadmium itself or other surrounding
materials), neutrons with energies over the Cd cut-off transmitted through the foil and the diver-
gence of the beam (estimated about 0.01 deg).

4.2 Comparison between nGEM and diamond detector

The fast neutron beam profile reconstruction was compared to the one obtained by a diamond de-
tector positioned on the same beamline. This detector is constituted by a commercial single crystal
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Figure 4. (a) The reconstructed beam profile with the nGEM-1 when a 25 cm thick block of CH2 is inserted
in the beam. (b) The reconstructed beam profile with the bGEM when a sheet of Cadmium with L-shape is
inserted in the beam.

diamond detector with dimensions 4.5⇥ 4.5⇥ 0.5 mm3 [23]). In order to measure the full beam
profile it was installed in front of the nGEM-1 detector and was moved in steps of 5 mm record-
ing the counting rate at each position. A LLD threshold of 10 MeV was applied to the neutron
energy deposition inside the crystal. The results of the measurements are shown in figure 5 where
the counting rates of the diamond and of the nGEM-1 are plotted along the x axis superimposing
the maxima. The beam profile obtained with the diamond is somehow wider than the nGEM one
(FWHMnGEM = 33.72 mm; FWHMdiam = 37,01 mm). This is due to the higher sensitivity of dia-
mond to higher energy neutrons that are therefore less efficiently collimated (details of the energy
dependence of counting efficiencies for diamond and GEM are given in [14, 23]. In fact, while the
diamond is sensitive to neutron with energies En > 10 MeV, the nGEM maximum sensitivity for
neutron energies is about 6 MeV.

4.3 Comparison between the bGEM and the cadmium-coupled X-ray technique

The thermal neutron beam profile imaged with the bGEM was also compared to the one obtained
by the cadmium-coupled X-ray sensitive films used at VESUVIO for sample alignment. In this
case the beam profile is imaged by an X-ray sensitive film (typically Kodak DEF) in a light-tight
holder, coupled with a 0.5 mm thick Cd foil. Following thermal neutron capture, the cadmium foil
gets excited and emits X-rays that expose the film. Due to the very high absorption cross section
of cadmium, the mean free path of neutrons into the foil is negligible, thus the X-ray induced
blackening of the film is representative of the striking positions of neutrons on the foil surface. The
sensitivity of the film itself to neutrons is negligible, so neutrons with energy higher than 0.5 eV are
transmitted by the Cadmium foil and the film. Figure 6(a) shows the beam image obtained with this
technique and figure 6(b) shows its plot profile. The die-off on the edge of the film image is due to
multiple effects. Firstly, the beam itself being not uniform but bell-shaped, then the non-linearity
of the film blackening with photon exposure, and finally the blurring effect due to the 4p emission
of photons. Separating such effects is not straightforward, and so is the estimate of the width of the
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Figure 5. Comparison of the counting rates of the nGEM-1 and the diamond detector in the horizontal
direction.

beam. Moreover, the non-linearity of the film blackening causes a strong saturation effect visible
in the figure 6(b), so that the resulting shape of the beam profile is by no means approximated by
a Gaussian. It is still possible to approximately indicate the FWHM, but hardly to make a correct
esteem of associated error based on a statistical procedure. The FWHMs of the blackening intensity
are superimposed to the picture in figure 6(a) for x and y directions. They are about 34 mm and
32 mm respectively, that is consistent with the results of the FWHM of the bGEM profile in the
horizontal dimension that is 32 mm.

(a) (b)

Figure 6. (a) Image of the VESUVIO beam with the Cadmium-coupled X-rays technique. The dashed lines
mark the FWHM of the blackening intensity in x and y axes. (b) Plot profile on the x axis. The grey intensity
is in 8 bit. The dynamic range of the Kodak DEF with respect to the used scanner ranges from about 50
(saturation of the film) to about 190 (unexposed film). The dashed line marks the FWHM.
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5 Conclusions

The obtained results demonstrate that all four nGEM and bGEM detectors are able to image the
bi-dimensional beam profiles of VESUVIO and the measured widths are consistent with the other
available measurements. In the case of the nGEMs the imaged beam profile was compared with one
obtained by a single crystal diamond detector. A comparison is made also between the bGEM and
the cadmium-coupled x-rays technique and the results are compatible within the estimated errors.
Efficiency in detecting fast (thermal) neutrons and insensitivity to other neutral particles as thermal
(fast) neutrons and gamma rays demonstrate that nGEM (bGEM) detectors can be used as fast
(thermal) neutron beam monitor. The detector spatial resolution can be modified simply changing
the type of the readout anode: indeed the pad dimensions set the physical limit to the resolution.
This is the first step towards the realization of new neutron beam monitors for fusion experiments
and spallation sources. The future perspective is to perform a more detailed study of the resolution,
the energy sensitivity range and the background characterization.
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Abstract – The research of reliable substitutes of 3He detectors is an important task for the afford-
ability of new neutron scattering instrumentation for future spallation sources like the European
Spallation Source. GEM (Gas Electron Multiplier)-based detectors represent a valid alternative
since they can combine high-rate capability, coverage of up to 1m2 area and good intrinsic spatial
resolution (for this detector class it can be better than 0.5 mm). The first neutron diffraction
measurements performed using a borated GEM detector are reported. The detector has an active
area of 10×5 cm2 and is equipped with a borated cathode. The GEM detector was read out using
the standard ISIS Data Acquisition System. The comparison with measurements performed with
standard 3He detectors shows that the broadening of the peaks measured on the diffractogram
obtained with the GEM is 20–30% wider than the one obtained by 3He tubes but the active area
of the GEM is twice that of 3He tubes. The GEM resolution is improved if half of its active area
is considered. The signal-to-background ratio of the GEM is about 1.5 to 2 times lower than
that of 3He. This measurement proves that GEM detectors can be used for neutron diffraction
measurements and paves the way for their use at future neutron spallation sources.

Copyright c⃝ EPLA, 2014

Introduction. – Due to the present 3He worldwide
shortage [1], an intense R&D phase [2] has been started
in order to realize 3He-free detectors that can represent
valid candidates for detection systems for future spallation
neutron sources such as the European Spallation Source
(ESS [3]). In the case of ESS, besides the need for replac-
ing 3He, it is essential to develop high-rate neutron de-
tectors that can fully exploit the increase of neutron flux
of ESS relative to present neutron sources. Among the
possible candidates, Gas Electron Multiplier (GEM [4])
based detectors offer good spatial resolution (from 80µm
up to few mm) and timing properties (few ns), excel-
lent rate capability (MHz/mm2), radiation hardness and
the possibility to cover large areas [5,6]. GEM detectors

(a)E-mail: croci@ifp.cnr.it

properly modified to detect neutral particles [7–13] have
been already used for neutron beam measurements. This
paper describes the first neutron diffraction measurement
recorded by the GEM-based detector described in ref. [12]
and compares its performances with the standard 3He-
based detection system. This measurement took place on
the INES instrument at the ISIS neutron spallation source.

Experimental set-up. –

The GEM detector. Figure 1(a) shows the detector
installed inside the INES blockhouse.

The detector used in this measurement is a triple
GEM equipped with an aluminium cathode coated by
1 µm of natural boron carbide (B4C). The detector gaps
(Drift, Transfer 1, Transfer 2 and Induction) —i.e. the
spaces between the three GEM foils, the cathode and the

12001-p1



Gabriele Croci et al.

Fig. 1: (Colour on-line) (a) The GEM detector installed in the
INES blockhouse; (b) picture of the padded read-out anode; the
active area used in the measurement (shaded) as well as only
three columns of pads (Col1 —dashed rectangle) are shown
(see text for details).

anode— were, respectively, 13 mm, 2 mm, 3 mm and 1 mm
wide. The following electrical configuration was applied to
the GEM: Ed (drift field) = 0.69 kV/cm, ET1 (Transfer 1
field) = 1.5 kV/cm, ET2 (Transfer 2 field) = 2 kV/cm,
EInd (induction field) = 5 kV/cm and VGEM (sum of the
voltages on the three GEMs) = 870 V. This configura-
tion corresponds to an effective gas gain of 100. This de-
vice is equipped with a padded anode (whose substrate
is made of fiberglass which is few mm thick) composed
by 132 8 × 8 mm2 pads (made of gold-plated few microns
thick copper) plus 4 L-shaped angular pads with an area
of 192 mm2. The signal of each L-shaped pad is short-
ened with the signal coming from 2 adjacent pads in such
a way that the resulting total number of channels is 128.
Only half of the anode (64 channels corresponding to 68
pads —shaded area in fig. 1(b)) was read out and measure-
ments were performed either considering the 64 channels
all together or only 36 pads (dashed rectangle in fig. 1(b) -
Col1). The GEM was positioned at 90◦ with respect to
the beam and it was flushed with an Ar/CO2 70%/30%
gas mixture.

The electronic set-up. The front-end chips used to
read out the pads are of the CARIOCA [14] type. The
CARIOCAs were positioned on the back of the anode and
are digital, self-triggered chips. The LVDS signals gener-
ated by four CARIOCAs were routed to a user-designed
FPGA board that formed the interface between the front-
end electronics and the standard ISIS Data Acquisition
Electronics (DAE), known as DAE2. Data from the CAR-
IOCAs were first buffered inside the FPGA, using an in-
dividual buffer per GEM pad, so that the interface elec-
tronics did not introduce any additional dead time. When
the FPGA found data in one of the buffers, the position of
the corresponding GEM pad that generated the signal was
sent to the DAE for histogramming. The DAE performed
the time stamping of these events and incremented the
corresponding bin in the ToF histogram associated with
this GEM pad, thereby creating the diffractograms that
were recorded.

Fig. 2: (Colour on-line) Top: ToF diffractogram recorded by
the GEM from a bronze sample; the total measurement time is
18 h; representative peaks are labelled for reference to table 1.
Bottom: the same measurement but taken by two 3He detec-
tors from the INES beamline. Broadening of peak 1 is not due
to detectors feature but it is intrinsic to the sample.

The INES beamline. INES [15] is a neutron Time-of-
Flight (ToF) diffractometer at the ISIS neutron source.
The pulsed nature of the ISIS source makes it ideal
to exploit the possibility offered by the ToF technique.
INES exploits thermal neutrons with wavelength between
0.17 Å and 3.24 Å with a ∆d/d up to 0.002. INES is
equipped with 144 high-pressure (20 bar), squashed 3He
tubes (frontal width of 12.5 mm) as neutron detectors,
each spanning an angle of about 1◦ in the horizontal plane.
Such detectors are credited with an efficiency of about 60%
to 70% for neutrons in the thermal energy range. Two of
such 3He detectors (positioned at 90◦ with respect to the
neutron beam, symmetrically to the GEM) were taken as
a reference for the present tests. As a scattering sample
we used a 5 mm deep, 20 mm×50 mm surface bronze slab.

Results and discussion. – In fig. 2, top panel, a
diffractogram obtained by the GEM detector is shown.
The lower panel shows the result of the same measurement
recorded with two standard INES 3He detectors (the sig-
nals coming from the two detectors are summed). A num-
ber of Bragg peaks from the bronze (copper) phase are
visible. In table 1 a comparison of the performances of
the two detector systems relatively to the current measure-
ment is presented. All features of the data are correctly
reproduced by the GEM detector.

For sake of simplicity, we summarize the following three
facts:

a) The total count rate of the 68 GEM pads used in the
measurement is about 7% the count rate of the two 3He
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Table 1: Comparison between GEM and 3He tubes in terms
of FWHM and S/B for the peaks labelled in fig. 2 (top panel).
The errors associated to the fitting procedure are reported.

Peak number 1 2 3

ToF - GEM (µs) 7076 ± 6 9404 ± 3 11039 ± 4
FWHM - GEM (µs) 459 ± 114 240 ± 12 322 ± 18
S/B - GEM 1.1 ± 0.1 1.6 ± 0.2 2.3 ± 0.4
ToF - 3He (µs) 6690 ± 20 9277 ± 1 10877 ± 1
FWHM - 3He (µs) 325 ± 20 195 ± 4 231 ± 5
S/B - 3He 1.2 ± 0.1 2.3 ± 0.1 2.8 ± 0.1

Peak number 4 5

ToF - GEM (µs) 15603 ± 7 17994 ± 5
FWHM - GEM (µs) 446 ± 48 435 ± 16
S/B - GEM 4.9 ± 1.5 9 ± 3
ToF - 3He (µs) 15381 ± 2 17746 ± 3
FWHM - 3He (µs) 336 ± 6 378 ± 8
S/B - 3He 5.3 ± 0.4 12 ± 1

detectors (9% in the case of the vanadium run), but with a
different Signal-to-Background (S/B) ratio. These values
are compatible with what was estimated from a simple
calculation.

b) The FWHM of the diffraction peaks recorded with
GEM is larger than that of the two 3He detectors. Here we
neglect the intrinsic broadening of the peaks since we are
only interested in the effect of the detectors: in the present
set-up, in order to optimise the count rate, all the 68 pads
connected to the ISIS DAE were summed. This means
that the full sensible area used in the measurement shown
in fig. 2 spanned about 2.6◦ (compared to about 1◦ for the
two adjacent 3He tubes), thus causing a loss of angular
resolution compared to the two INES detectors.

Conclusions and hints for future developments.
– The results obtained in this paper show the possibil-
ity for GEM detectors equipped with borated cathodes to
obtain good neutron diffraction data with the ToF tech-
nique. The detector proved to be fully compatible with
the standard ToF DAE in use at ISIS. These results have
a comparable quality with standard 3He detectors, but
GEMs need further optimisation to be really competitive
with other detection systmes in such an application. The
present authors envisage three areas of optimisation:

a) Efficiency. The overall efficiency to thermal neutrons
of the present GEM is of the order of 1% for thermal neu-
trons, i.e. 60 to 70 times lower than common high-pressure
3He tubes in the same energy range. The proposed way to
improve the efficiency are the 3-D cathodes, i.e. borated
cathodes characterised by a three-dimensional configura-
tion made to optimise the mean free path of both neu-
trons and reaction products into the converter material.
Examples of 3-D cathodes are, for instance, presented in
refs. [16,17]. Integration of 3-D cathodes with the present
GEM set-up will be the subject of a future publication.

Fig. 3: (Colour on-line) zoom (in the region up to 10000 µs)
of ToF diffractograms taken by the GEM detector from the
mentioned sample with (black line) and without (red line) a
boron-enriched plastic mask positioned on the detector struc-
ture. A sensible reduction of the background is especially visi-
ble in the shorter-times region.

b) S/B ratio. In the present experiment, the S/B ratio
for the GEM was lower than for the 3He tubes by approxi-
mately a factor 2. A likely source of background is the (H-
atoms–rich) plastic structure of the GEM itself. A quick
measurement performed with the same detector covered
with a rough mask cut in boron-enriched plastic showed a
sensible reduction of the background, especially at lower
ToF, following a typical trend of neutron-induced back-
ground (fig. 3). We expect that proper design of boron
carbide or cadmium masks will greatly improve the S/B
ratio.

c) Resolution. As mentioned in the previous section,
in order to optimise the count rate in fig. 2 all the 68
pads connected to the ISIS DAE were summed together,
with consequent loss of angular resolution compared to
the INES detectors. This effect can be reduced envisaging
the possibility of summing single columns of pads, thus
lowering the angular extension of the sensible area associ-
ated to a ToF channel. Padding makes the GEMs to be
intrinsically position-sensitive detectors: this allows a bet-
ter focusing of ToF data for larger-area detectors. As an
example, when summing the signals from 36 pads only, ar-
ranged in three columns (thus reducing the angular span
of the sensitive area —see fig. 1 - Col1), the FWHM of
peak No. 4 and 5 is reduced by about 10%. For other,
less intense peaks, due to the relatively low count rate,
the resolution of single peaks is limited by the effect of
counting statistics, as it occurs while summing a single
column of pads with the present setup. A study in depth
of the dependence of resolution on the shape and span of
the detector requires further tests with a suitable collima-
tion (for instance obtained with gadolinium-coated slits),
and will be the subject of future work. An increased de-
tector efficiency will also give the possibility of summing
single-pad columns, thus improving the spatial resolution.

This test proves that GEM detectors can be used for
neutron diffraction measurement and paves the way for
their use at future neutron spallation sources.
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1 Introduction

The R&D activity about neutron detectors has had a sensible rise in recent times due to the some-
how sudden shortage of 3He. The search for substitutes of 3He tubes as thermal neutron detectors is
paramount for the implementation of present and especially next generation neutron sources such
as the European Spallation Source (ESS [1]). In order to make a full use of the intense ESS neutron
beam, an optimised detector should have high-rate capability and (especially for SANS and NR in-
struments) cover a large area. GEM (Gas Electron Multiplier) -based detectors fulfil such require-
ments: in particular, they have proven very high-rate capabilities for X-rays (up to 1 MHz/mm2 [2],
coverage of up to 1 m2 area and spatial resolution better than 0.5 mm [3–5]. GEMs are intrinsically
charged-particles detectors for tracking and triggering but if coupled to a proper converter can be
used to detect neutral particles such as photons [6–9] and neutrons [10–14].

GEMs can be made sensitive to thermal neutrons by coupling with a neutron converter cathode
(for instance enriched in 10B) able to let the neutrons generate electrically charged particles (for
instance Alpha particles or Lithium ions) to be revealed by the GEM [15]. Present R&D activity is
concentrated on the optimisation of such cathodes (the present authors group them under the com-
mon name of 3-D cathodes), of which many examples exist [20, 21]. Other approaches followed
for the development of gas counters as neutron detectors are, for instance, optimisation for fast neu-
trons [23], or the CASCADE detectors [24]. All of these detectors present some advantages and
disadvantages, depending on the expected applications and, consequently, the different characteris-
tics that are either improved (for instance efficiency, resolution etc.) or, on the opposite, neglected.
Thus, not a single kind of detector can be considered as the “perfect” substitute for 3He tubes.

The present authors are involved in the development of a series of detectors, the envisaged ap-
plication of which is low-angle scattering and diffraction in the future spallation source ESS, with
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typical neutron wavelength range 1 to 12 Å (thus extending from “thermal” to “cold” neutrons) and
high neutron flux. In this paper, we present the results obtained with a triple-GEM detector with a
natural B4C neutron converter cathode tested at the G3-2 irradiation station of the 14 MW ORPHÉE
reactor in Saclay [16]. The G3-2 beamline provides a flux of 7.88⇥ 108 n/s cm2, and it thus con-
stitutes a very valuable test bed for counting rate capability, radiation hardness and other detector
properties requiring a high neutron flux. Moreover, the G3-2 flux distribution, peaked at about
3.5 meV energy, is reasonably representative of the thermal/cold neutron field expected at ESS.
The presented results show that the GEM-based detector can achieve counting rates in the order of
50 MHz/cm2 with a reasonable loss of linearity. Moreover, the used GEM electronics has worked
continuously in the neutron beam for about 9 hours without appreciable loss of performances.

2 Experimental setup

2.1 The G3-2 station

The G3-2 irradiation station is located at about 20 m from the ORPHÉE reactor core; it provides a
white neutron beam of peak energy of about 3.5 meV with a 25⇥50 mm2 spot and 0.4� divergence.
The expected thermal neutron flux at the measurement position is F = 7.88⇥108 n/cm2s [22].

2.2 The GEM-based detector

The detector used in the present experiment was a triple-GEM based one, equipped with a 400 µm
Al cathode covered with a 1 µm thick boron carbide layer. Such a cathode/converter exploits the
10B(n, a)7Li reaction in order to convert thermal neutrons into charged particle to be detected
through the GEM multiplication stages. The choice of the converter layer thickness is determined
by two competing effects, and namely the probability of neutron capture from 10B nuclei (higher
for higher thicknesses) and probability of escape of reaction products from the layer (lower for
higher thickness). In fact, only reaction products emerging from the layer into the gas may be
detected. Both previous tests and analytical calculations have shown that 1 µm is very close to the
optimum thickness [25]. The relevant parameters of such a detector [17] were:

a) GEM gaps (Drift, Transfer 1, Transfer 2 and Induction): 13 mm, 2 mm, 3 mm and 1 mm,
respectively. The choice of a triple-GEM configuration is linked to discharge probability: a
triple-GEM has a discharge probability that is many order of magnitude lower than a single
one with the same total gain. Thus the triple-GEM represents a safer and more robust option
for a detector that has to work at high rates for long measurement times [26].;

b) padded anode composed by 124 8⇥8 mm2 pads plus 4 L-shaped angular pads for a total area
of 192 mm2 on 128 independent channels (see figure 1, left panel).

c) read-out performed through CARIOCA chips [18] and a FPGA motherboard with real-time
recording capability [17]. The “working point”, i.e. total applied voltage (shared by the three
GEM foils) is nominally 870 V (see further for details). Previous measurements had shown,
for such an applied voltage and the Ar 70%/CO2 30% gas mixture used in this setup, a gain
G = 100 [13].
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The conversion efficiency of the borated cathode may be written as:

1� e�Szeff (2.1)

where S is the macroscopic cross-section for neutron capture in 10B nuclei and zeff is the effective
thickness of such nuclei into the converter material. Considering the cross-section of the neutron
capture reaction in boron and the mentioned parameters, a 5% conversion efficiency estimated for
a cold/thermal beam as the one of G3-2. The number of detected counts in the detector depends
of course on other parameters, such as for instance the settings of the electronic read-out; however,
taking the previous figure as a rough indication of the overall efficiency of the detector, thus the
expected count rate with the G3-2 station flux was estimated to be of 39.4 MHz/cm2.

3 Results and discussion

3.1 Measurement of the thermal neutron 2D map

The detector operated with the electrical parameters described in the previous paragraph was ex-
posed to the neutron beam and figure 1 shows the reconstruction of the 2D beam image using 128
pads with 8⇥8 mm2 area. The shape of the beam is rectangular as expected from the shape of the
G3-2 beam-line collimator [22].

Figure 1. Left panel: a scheme of the padded anode of the GEM used in these measurements. The square
pads dimensions are 8⇥8 mm2. Right panel: 2D Neutron Map reconstructed with the GEM.

3.2 Maximum rate capability and linearity test

The GEM counting rate capability as well as its linearity were compared with a fission chamber
(FC) detector (a well-proven neutron flux monitor) constituted of a 4 mm diameter gas proportional
counter with a 2 cm section internally coated with a 235U deposit. The FC was positioned in
front of the GEM detector and simultaneous measurements were taken. A series of 1.8 mm thick
polyethylene slabs were placed in the neutron beam in order to attenuate, via multiple scattering,
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the flux impinging on both detectors. As a rule of thumb, such polyethylene slabs are credited to
reduce the G3-2 neutron flux of about a factor 2 for every mm of thickness. For sake of clarity,
we have to underline that a precise estimation of the flux reduction through moderation typically
would require long and complex simulations; however, for the present purposes, it is not necessary
to exactly quantify the flux on the detectors, provided that the flux investing the two systems is the
same. For that reason, the data presented in figure 2 are just labelled with the total thickness of
plastic interposed.

Due to the behaviour of the electronic system, our detector setup can be modelled using a non-
paralizable model. We consider the FC as the reference detector so that its measured interaction
rate is strictly linked to the real interaction rate. The non-paralizable model leads to the following
relation between GEM and the real counting rates:

NReal �NGEM = tNGEMNReal (3.1)

where NReal and NGEM are the true and GEM detector count rates and t is the saturation time.
Since the FC is taken as reference detector we can say that NReal = aNFC and we rewrite the

saturation time t as b/a, where b and a are parameters that can be determined through a fitting
procedure.

By applying the described changes to formula (2.1) we can obtain the saturation formula that
links the GEM counting rate to the FC counting rate:

NGEM = a NFC/(1+bNFC) (3.2)

where NFC and NGEM are the reference detector and GEM detector count rates. Assuming the
reference detector is perfectly linear in its whole dynamic range, the b/a ratio assumes as expected
the physical meaning of the saturation time of the (non-paralizable) system constituted by the GEM
detector and its front-end electronics.

Fitting of the data in figure 2 with formula (3.1) gives the values a = 3.519 MHz/pad and
b = 0.028, thus resulting in an estimated saturation time t of about 8 ns/pad. The GEM system
non-linearity measured in correspondence of the dashed-line in figure 2 (that is when the beam is
attenuated by one polyethylene slab) is about 9% while this values increases up to 20% if the full
beam (no absorber) is considered.

The value of the GEM counting rate per pad where the non-linearity starts to appear is around
10MHz/pad which represents the limit value for the CARIOCA linearity [17].

3.3 HV-scan and threshold-scan

The rate achieved in full beam conditions with the GEM detector with the present settings, and in
particular with the present applied voltage, was of about 40 MHz/cm2. However, the overall count
rate depends upon a) the gas gain of the detector, and thus the applied voltage, and b) the low
level discrimination (LLD) threshold applied. A suitable LLD is in fact necessary to cut thermal
electronic noise. Previous measurements [15] had shown an ideal applied HV (“working point”)
of 870 V divided on the three GEM foils: tests showed that at such working point the sensitivity of
the detector to the (ever present) gamma-ray background is negligible [13].
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Figure 2. GEM counting rate per pad vs Fission chamber counting rate for different thickness of plastic
absorbers interposed in the beam before both detectors.

The present digital electronics does not allow to obtain a pulse eight spectrum (in order to
precisely determine the exact relationship between LLD threshold and energy deposit in the gas);
however, it had been observed [15] that a 900 mV LLD threshold is high enough to reject most
of the noise, even if it is usually set higher to be on the safe side. So called “HV-scan” and
“threshold-scan” were performed in order to study the dependence of count rate upon the previous
parameters and to check the maximum realistic count rates achievable with the present detector
setup. Figure 3 shows such measurements in the left and right panel, respectively. In this case
the counting rate was normalized to the pad dimensions that are 8⇥8 mm2. As already seen from
previous measurements, it may be noted that the counting rate dependence vs applied HV shows
a sort of plateau for V > 850 V, corresponding to a rate of about 40 MHz/cm2, in good agreement
with the estimated value. The rate may be even raised while lowering the LLD threshold down
to 900 mV. The HV-scan and threshold-scan suggest that, in appropriate conditions, the thermal
neutron count rate may be as high as about 50 MHz/cm2, thus overtaking the theoretical upper
limit of linearity of the CARIOCA chips.

3.4 Counting stability

Among other aspects, counting rate stability is a major requirement for high-rate neutron detectors,
expected to work properly for the sake of many-hours long experimental runs. Most concerns
about detector stability involve the detector itself (possibility of discharges between GEM foils)
and especially the CARIOCA chips board. We have to note that, due to the configuration of the
detector, with the chips right behind the padded anode, the chips themselves were irradiated by the
neutron beam, thus enhancing the possibility of the rise of so-called “soft-errors” [19]. To check the
detector stability, the integrated number of events detected in 0.4 seconds intervals was recorded
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Figure 3. Left: HV-scan measurement. The scan was performed with a LLD threshold of 1300 mV, in order
to avoid any possible signal from unwanted gamma-rays. Right: threshold-scan measurement. The quantity
on the X axis is the common threshold applied to the CARIOCA chips. In both panels, the count rate is
normalized to a conventional 8⇥8 mm2 detector surface.

for a 9-hours long run (see figure 4), and the distribution of the recorded values analysed. A mean
and median value of 3.6604⇥ 107 counts/s and 3.6603⇥ 107 counts/s, respectively as well as a
standard deviation of 1.4⇥105 counts/s were measured. Assuming the latter value as an indication
of the detector count rate stability, we can conclude that, in the present, very high-flux conditions,
the detector was stable within a 0.5% level.

Figure 4. Integrated counts in a series of 0.4 s time intervals for a 9-hours long run. Left panel: the first 20
seconds of the measurement. Right panel: the last 20 seconds.
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4 Conclusions

In this paper, results from tests on a GEM-based thermal neutron detector have been presented. The
tests were especially devoted to the investigation of the possibilities offered by GEMs in terms of
count rate. High count rate, in fact, is a paramount for the detectors envisaged in next-generation
neutron sources like ESS. The application of the GEM detector to the realistic conditions (very
high neutron flux) available at ORPHÉE has shown that the GEM-based detector coupled with
a boron cathode/converter may easily reach count rates of the order of 50 MHz/cm2, with good
linearity. The count rate appears to be limited by the associated read-out electronics only. The
CARIOCA chips used in the present setup are in fact characterised by a range of linearity up to
about 10 MHz per channel. New chips based on 180 nm CMOS technology are being developed in
order to overcome this problem. Moreover, the detector offers the additional advantage of a good
long-term (several hours) stability in a harsh environment.

The present results add up to the good characteristics already shown by the detector in terms
of spatial and Q resolution when applied as a neutron diffraction detector [14], resolution that may
also be further improved by mean of a proper focussing procedure.
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1 Introduction

Due to the well-known problem of 3He shortage, a series of di�erent thermal neutron detectors
alternative to helium tubes are being developed, with the goal to find valid candidates for detection
systems for the future spallation neutron sources such as the European Spallation Source (ESS [1]).
Given the expected high neutron flux at the ESS, compared with present spallation sources, there is
not only a need for replacing 3He, but also to develop high-rate neutron detectors. An intense R&D
phase is ongoing in order to find high performing 3He-free detectors which can meet the requirements
imposed by ESS. One possibility is to equip charged particle detectors (such as GEM [2, 3] detectors)
with three-dimensional neutron converter cathodes (3D-C). The 3D-C currently under development
is composed by a series of alumina (Al2O3) lamellas coated by 1 µm of boron-10 enriched boron
carbide (10B4C). A thermal neutron reaction in 10B produces the detectable charged particles 7Li
and 4He. In order to obtain a well-known characterization in terms of detector e�ciency and
uniformity is crucial to know the thickness, the uniformity and the atomic composition of the 10B4C
neutron converter coatings.

While the determination of such parameters is relatively straightforward for standard two-
dimensional neutron converters, this may not be the case for the complex 3D-C. In fact, given the
huge number of lamellas required for the composition of the 3D-C and the relatively high cost for each
lamella, it is essential to find a non-destructive method for the characterization of the 10B4C coatings.

In this work a series of methods for the characterization of the lamellas are presented: first of
all a series of destructive tests were carried out on a limited number of samples. The techniques
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used in these tests are the Scanning Electron Microscopy (SEM), the Energy Dispersive X-ray
Spectroscopy (EDX), the Elastic Recoil Detection Analysis (ERDA) and the X-ray photoelectron
spectroscopy (XPS). Finally a non-destructive technique for the characterization of all the lamellas
that will composed the 3D-C was performed using neutron radiography.

The SEM and EDX measurements were made in the electron microscopy laboratory of the
research Institute IENI-CNR [3], the ERDA analysis was performed in the Linköping University [4]
and, the XPS analysis was performed in the Institute IFP-CNR [5] while the neutron radiography
measurements have been performed at the ROTAX beamline at ISIS [6], making use of the new
radiography-tomography system being developed for the next IMAT beamline [7]. Data treatment
considering the white-spectrum measurements is described and validated through the use of a
standard reference sample.

2 Sample description

Figure 1 shows an Al2O3 lamella coated with 1 um of 10B4C.

Figure 1. Coated Al2O3 lamella.

Each lamella has external dimensions of 120 ⇥ 60 ⇥ 0.25 mm3 and is composed by 15 strips,
each one with dimensions 100 ⇥ 2 ⇥ 0.25 mm3. Each strip is coated on both sides with 1 µm of
10B4C that serves as neutron converter. 10B4C shows superior chemical, mechanical and electrical
properties compared to pure 10B. Excellent stability against neutron radiation has also been shown
in [8]. The main disadvantage is the 20% lower 10B concentration compared to pure 10B. The
coatings have been deposited using DC magnetron sputtering, as further described in [9]

The depositions were done in an industrial CC800/9 deposition system manufactured by Ce-
meCon AG at the Linköping University in Sweden. After being cleaned in acetone followed by
isopropanol in an ultrasonic bath, the alumina substrates were mounted onto a sample carousel
which allows 2-axis planetary rotation and 2-sided deposition. In order to decrease the impurity
level and to improve the adhesion of the coating, the lamellas where heated up to 400�C before and
during the deposition process [9, 10]

3 Preliminary characterization techniques

The characterization of the lamellas proposed in this paper may give best results if some information
on the deposited film are known with high precision; for the sake of this paper devoted to the
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technique development, important parameters like isotopic composition, thickness, mass density
and presence of impurities have been measured and cross-checked with the techniques described in
the following paragraphs.

3.1 SEM

The SEM analysis was performed with a high resolution SU70 microscope by Hitachi with Schottky
electron source. This analysis gives a measurement of the coating thickness and, by repeating the
measurement all along the strips length, one can obtain an estimation of the thickness uniformity.
Figure 2 shows a 0.9 µm B4C thick coating on the alumina substrate.

Figure 2. Result of the SEM analysis.

By repeating the measurements in di�erent locations along the strips, it was noticed that the
film thickness is not perfectly uniform. The values found lie between 0.85 µm (near the strips
edges) and 0.95 µm (at the center of the lamellas): a value of 0.9 µm was taken for the successive
calculations presented in this paper.

3.2 EDX, ERDA and XPS analysis

The EDS (Energy Dispersive X-Ray Spectroscopy) and the ERDA (Elastic Recoil Detection Anal-
ysis) analyses were performed in order to obtain an estimation of the impurities contained in the
coating, while the XPS (X-Ray Photoelectron Spectroscopy) analysis has the scope to measure
the variation of the atomic composition of the coating all along its thickness. These are standard
material analysis techniques, and the detailed description of the instrumentation used to perform
these analyses is beyond the scope of this paper and it will be presented in a future paper. Here we
just mention that the results obtained with the di�erent analyses are compatible (see table 1). The
used techniques are intrinsically point-like, and this can easily explain small discrepancies between
local values. However, the XPS analysis has shown that the atomic composition of the coating is
constant all along its thickness. The averages of the found values are reported in table 1.

As one can see, not only B and C are found in the coating, but also O, Mg, Al and some
heavier elements (Fe, Cr, Ni and Cu). The elemental composition found in these analyses is
taken into account in the calculation of absorption coe�cients for the successive non-destructive
characterization method.
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Table 1. Average atomic composition found using the di�erent analysis techniques mentioned in the paper.
Values are in percentage. Typical errors associated with these estimations are in the order of a few percent.
Small discrepancies between values are due to the point-like nature of the techniques. The presence of such
impurities into the neutron-absorber coating is accounted for in the following calculations.

Isotopes B C Fe Cr Ni Cu O Mg Al
EDS 73 20 4 1 1 1 / / /
TOF-ERDA 77 16 / / / / 1 2 0.4
XPS 68 28 2 / / / 7 / /

The combination of these techniques gives a complete characterization of the samples, but at
the price of sectioning and sampling the lamella elements, thus making them unsuitable for further
application. As a consequence, another approach must be followed in order to characterize all the
samples that will compose the detector.

3.3 Neutron radiography

In order to characterize the boron carbide film deposited on all the lamellas, the neutron radiography
technique was used. This is a non-invasive, non-destructive technique to obtain images of the inner
parts of an object using a neutron beam to illuminate it. Neutrons transmitted through the sample
are described by the following exponential law:

I (E) = I0(E)e��(E)z

where I0(E) is the incoming neutron flux onto the sample, I (E) is the attenuated flux after crossing
the sample, z is the thickness and � is the total macroscopic cross section that is defined as a function
of the atomic density ⇢ and the total neutron cross section � of the elements which compose the
sample of molecular weight PM:

� = � (E)
n
V
= � (E)

⇢NA

PM

where NA is the Avogadro constant. For the characterization of the lamellas we were interested in
the total amount of neutrons absorbed from the boron contained into the 10B4C coating. In fact,
apart from the small fraction of neutrons absorbed or scattered from the nuclei of the impurities or
of the alumina substrate, all the absorbed neutrons lead to the production of charged particles that
can give a detectable signal in the charged particle detector equipped with the 3D-C.

In the analysis all the materials that compose the sample are taken into account, but the main
contribution to the neutron absorption comes from the presence of the 10B, which presents the
greater cross section compared with all the other materials in the region of interest, as shown in
figure 3.

The analysis for the characterization of the film uniformity is done by comparing the the
expected transmitted radiation

✓
Ĩ
Ĩ0

◆expected
with the measured one

✓
Ĩ
Ĩ0

◆measured
.

The value of the transmitted radiation is calculated by introducing the equivalent thickness t of
the B4C film:

t =
⇢B4C zB4C

PMB4C
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so that the expected transmitted radiation can be written as:
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with the expected equivalent thickness (texpected) calculated using ⇢B4C = 2.242 g/cm3 ⇢B4C =

2, 242 g/cm3 [2] and the value of zB4C = 0.9 µm obtained from the SEM analysis. The measured
transmitted radiation can be written as:
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Where tmeasured is calculated by using the value of mass density obtained from the residuals evalu-
ation after estimating the average of the neutrons absorbed by the lamella’s strips (neutronabs) (see
par 3.3.2 for details) and the values of z and of the impurities concentration obtained in the SEM
and in the EDX, ERDA and XPS analysis.

Figure 3. Total neutron cross section of the elements in the coating.

3.4 Experimental setup

The neutron radiography measurements have been performed at the ROTAX beamline [1] at ISIS,
using the radiography-tomography system for the next IMAT [7] beamline at ISIS. Figure 4 shows
a schematic of the experimental setup used for the characterization of the lamellas in the ROTAX
beamline.

Neutrons transmitted through the sample strike a scintillator screen which converts the incoming
neutrons into photons, the latter being detected, through a mirror, by a digital camera (CCD). The
lamellas were positioned on a rotating sample holder, which permits to select the angle between the
incoming neutron beam and the lamellas. Moreover, the neutron beam in the ROTAX beamline has
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Figure 4. Schematic of the experimental setup.

dimensions of about 40 ⇥ 35 mm2 therefore the rotating sample holder has been mounted on a x-y
positioner, which allows to move and to enlighten all the lamella.

The neutron flux used for the irradiation had an energy spectrum cleaned of fast neutrons and
gamma components thanks to an upstream t-zero chopper. This is a rotating structure that operates
at the ISIS source frequency and is phased in such a way that the line of sight from the target to
the sample is blocked when the proton beam hits the target. The details of operation of the chopper
on the ROTAX beamline can be found in [14]. The resulting spectrum is shown in figure 5. The
use of a gamma suppressing chopper is a common procedure at ISIS when transmission (i.e. in
the beam) diagnostics are used, as in this case. In the present case, the scintillator coupled to the
radiography system has a residual sensitivity to gamma rays: while this sensitivity is low (in the
order of 10�6) enough to make negligible the background due to activation inside the block-house
and from the sample itself (see par. 3.5 for details), it may not be the case when a large flux of
gammas is expected, as the one coming from the spallation target.

Figure 5. Neutron spectrum in the ROTAX beam line.
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The types of performed measurements are:

• measurements with the lamellas perpendicular to the neutron beam direction.

• measurements with the lamellas inclined by di�erent angles with respect to the neutron beam.

Each measurement is composed by the following steps:

• Acquisition of the CCD “dark signal” with the neutron shutter closed.

• Acquisition of the neutron “open beam” Ĩ0 (i.e. without sample).

• Acquisition of the lamella radiography at di�erent positions (Ĩ). See figure 9 for details.

• Rotation of the lamella and acquisition of the neutron radiography for di�erent angles of
irradiation.

For each step, the acquisition system produces a file that contains a matrix of 512x512 16-bit pixels,
subsequently analysed by an appropriate code.

3.5 Data analysis

All the images recorded by the acquisition system are processed by an IDL [12] code, whose
operations are summarized in the following.

After importing the data into the IDL environment, the code selects the data useful for the
analysis, discarding the parts near the sample holder, as shown in figure 6.

This operation is followed by the subtraction of the dark signal (obtained with the shutter
closed), from the beam signals, without ˜(I0) and with (Ĩ) the lamellas. In this way the gamma-
ray background due to the activation of the surrounding materials in the ROTAX block-house is
subtracted from the data useful for the analysis. However the gamma-sensitivity of the scintillator
used in the measurements is very low (about 10�6) as shown in [15]. This is a very important feature
of the neutron radiography system used, given that in 93% of the 10B neutron abortion reactions,

Figure 6. An example of area useful for the analysis.
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the 7Li nucleus is created in an excited state which relaxes through the emission of a 0.48 MeV
gamma-ray [16].

The resulting data are then filtered using a low-pass digital Butterworth filter in order to reduce
the noise due to the high frequency components and the contribution of the noisy pixels. The
filtered data are then normalized by making the ratio between the lamella data (Ĩ) and the open
beam data ˜(I0). In this way is possible to eliminate the beam-shape dependence (the beam is not
flat but has a Gaussian profile) from the acquired data.

In order to reduce the fluctuations presented by the normalized image, all the data are averaged
along the y direction (i.e. along the strips). In figure 7 is possible to see the plot of the data along
an x coordinate before and after this operation.

Figure 7. Plot of the data along the x coordinate before (left) and after (right) the averaging and the filtering
of the normalized data. The data of the left plot are taken in the middle of the image.

Given the large number of analyzed samples and the resulting large amount of data produced
by the measurements, it was necessary to implement an automatic method for the localization of
the strips in the image. This method evaluates the firsts derivatives of the normalized-averaged
data with respect to the x coordinate. The array of the derivatives is then filtered by a high order
low-pass digital filter in order to reduce the high frequency noise, as shown in figure 8.

Figure 8. Plot of the first derivative first (left) and after (right) the application of the filter.

The strips of the lamella begin at the points in which the first derivative is lower than a fixed neg-
ative constant and terminate at the points in which the first derivative is greater than a fixed positive
constant. The values of the constants were found after an empiric evaluation of the images. When

– 8 –



2016 JINST 11 C03033
the strips are localized, the data that lie on them are averaged along the y coordinate (along the strip)
as well as the data that lie outside of them. The ratio between the average of the data on the strips and
the average of the data outside of the strips gives an estimation of the neutron absorption (neutronabs).

It is now possible to obtain the value of the amount of boron carbide crossed by the neutron
beam in terms of equivalent mass density ⇢, by implementing in the code an iterative method that
minimizes the following equation:

Ĩ = (1 � neutronabs) · Ĩ0

The value of ⇢ is found through the evaluation of the residuals:

⇢! ����
⇣⇣

(1 � neutronabs) · Ĩ0
⌘
� Ĩ

⌘2����min

The value of the equivalent boron carbide mass density found is used for the calculation of the
measured equivalent thickness tmeasured:

tmeasured =
⇢z

PM

which is then used for the calculation of the measured transmitted radiation
✓
Ĩ
Ĩ0

◆measured
that will be

compared with the expected transmitted radiation
✓
Ĩ
Ĩ0

◆expected

3.6 Results of the measurements with the lamellas perpendicular to the neutron beam

In order to obtain a complete characterization of the film deposit, all the lamellas (about 80 samples)
was enlightened by the ROTAX neutron beam at di�erent positions. Figure 9 shows the map of the
di�erent measurements position.

Figure 9. Schematic of the di�erent neutron irradiation positions.

All the strips are enlightened by the beam at least twice, and the comparisons between all the
di�erent measurements give an estimate of the quality of the coating. For each measurement the
code extrapolates a set of tmeasured values (one value for each strip in the enlightened area), which
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are subsequently used for the evaluation of the 10B4C coating uniformity. A lamella is considered as
suitable to compose the 3D-C if the coating has a value of non-uniformity less than 10% with respect
to the average of all the tmeasured values found on the entire lamella surface. Figure 10 shows a sample
of accepted lamellas, with the labelling of the strips as per figure 9. For the strips 1,2,3,4 and 15
two values of tmeasured are obtained, while for all the other strips five values of tmeasured are obtained.

Figure 10. Example of accepted lamella. The red line indicates the texpected value; the black horizontal lines
indicate the acceptance criteria: if the tmeasured values lie between these two lines the lamella is accepted.

More than the 90% of the enlightened samples satisfy the acceptance criterion. Moreover these
measurements have shown that the deposition process is reasonably reproducible: therefore only a
small number of samples will be checked in the future, in order to highlight possible major failures
in a particular deposition run.

Figure 11. Bi-dimensional map of the tmesaured values on an accepted lamella. The values of the legend must
be multiplied by 1012 in order to get the value in mol/µm2 units.
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3.7 Results of the measurements with the lamella inclined by di�erent angles

The envisaged detector will be inclined with respect to the incoming neutron beam, in order to
increase the e�ciency keeping constant the escape probability of the generated charge particles
inside the neutron converter coating [13]. This behavior was confirmed by a measure taken during
the ROTAX campaign. In figure 12 is shown the comparison between the expected transmitted
radiation

✓
Ĩ
Ĩ0

◆expected
and the measured one

✓
Ĩ
Ĩ0

◆measured
for the measurements taken for a single

lamella rotated from 0� to 81� in steps of 0.9�.

Figure 12. Comparison between the expected transmitted radiation (red line) and the measured one by
varying the incidence angle of the incoming neutron beam.

By varying the angle between the coated lamella and the neutron beam, the fraction of absorbed
neutron is increased, due to the longest path of the neutron inside the 10B4C coating. However
in the n0+10B !7Li+4He reaction the charged particles are emitted back-to-back, therefore the
probability to escape from the coating is the same that would occur with the 10B4C coating placed
orthogonally to the neutron beam. This means that with a good choice of the 3D-C geometry, one
can obtain higher neutron absorption with respect to the standard 2D-C without paying in terms of
escape probability of the generated charged particles [13].

3.8 Measurement of lamellas with di�erent boron thickness

Ten lamellas out of 80 were by purpose coated with 1.1 µm of B4C instead of 1 µm. The neutron
radiography technique was also applied to check if it was possible to distinguish coatings that have
a 10% di�erence in thickness. Figure 13 shows that using this technique two di�erent values of t
are obtained for the lamellas with 1.1 and 1 um of B4C, respectively. As expected the two groups
of lamellas are well separated beyond the estimated error bars. Only a small fraction of the samples
is shown in figure 13.

3.9 Results validation

The analysis method was validated applying the same analysis method to a standard vanadium
sample of known thickness and density.
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Figure 13. Comparison between the t measured for lamellas with 1 and 1.1 µm B4C coatings. Some of the
samples are shown.

The extracted and the real equivalent thickness tof Vanadium are:

textracted = 2, 30 ⇥ 10�4 mol · mm�2

texpected = 2, 35 ⇥ 10�4 mol · mm�2

From the value of textracted it is possible to extract the thickness z of the Vanadium:

zextracted = 1, 92 mm

that can be compared with the real thickness of the block

zreal = 1, 95 mm.

4 Conclusions and future work

In this work a series of destructive and non-destructive measurements made on a series of Al2O3
lamellas coated with 1 µm of 10B4C have been presented. These tests were made in order to evaluate
the suitability of the lamellas in order to realize a three dimensional cathode of a new 3He-free
thermal neutron detector. All the analyses have shown that the larger fraction of the measured
samples (more than the 90%) are suitable to be used in the realization of the three dimensional
cathode.
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1. Introduction

The 3He shortage [1, 2] is limiting its use in scientific applica-
tions including future neutron sources such as the European 
spallation source (ESS) [3, 4] where detectors with large areas 

(several m2), high efficiency (>50%) and high rate capability 
(in excess of 0.1 MHz cm−2) are needed.

As a result, one important task of the neutron scattering instru-
mentation community is to find alternative technologies in the 
detection of thermal neutrons [5–8]. There is a growing interest 
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Abstract
The so-called ‘3He-crisis’ has motivated the neutron detector community to undertake an 
intense R&D programme in order to develop technologies alternative to standard 3He tubes 
and suitable for neutron detection systems in future spallation sources such as the European 
spallation source (ESS).

Boron-based GEM (gas electron multiplier) detectors are a promising ‘3He-free’ technology for 
thermal neutron detection in neutron scattering experiments. In this paper the evolution of boron-
based GEM detectors from planar to 3D converters with an application in diffraction measurements 
is presented. The use of 3D converters coupled with GEMs allows for an optimization of the 
detector performances. Three different detectors were used for diffraction measurements on 
the INES instrument at the ISIS spallation source. The performances of the GEM-detectors are 
compared with those of conventional 3He tubes installed on the INES instrument.

The conceptual detector with the 3D converter used in this paper reached a count rate per 
unit area of about 25% relative to the currently installed 3He tube. Its timing resolution is 
similar and the signal-to-background ratio (S/B) is 2 times lower.

Keywords: neutron detector, GEM technology, diffraction detector, helium3-free detector
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in recent years in the use of the gas electron multiplier (GEM) 
[9] detectors for enhancing neutron detection. GEMs are widely 
used in high-energy physics for tracking and triggering, thanks 
to their good spatial resolution (from 80 µm up to few mm) and 
timing properties (few ns). Moreover these detectors offer an 
excellent rate capability (>1 MHz mm−2), radiation hardness 
and the possibility to cover large areas (several m2) at reason-
able cost [10, 11]. Although GEM-based detectors are generally 
used to detect charged particles they can be adapted to reveal 
neutrons by choosing a proper converter [12–19]. The rate capa-
bility of this technology under high flux neutron irradiation was 
also proven in the last years [20]. In this paper the improvements 
in the performance of a series of GEM-based detectors with a 
borated cathode for thermal neutrons are presented. The recent 
results [21] from a first diffraction experiment with a planar 
borated cathode GEM detector (bGEM) at the INES diffractom-
eter [22, 23] at ISIS showed that the technology has the potential 
to be used in future neutron spallation sources but lacked the 
efficiency, the resolution and the S/B ratio to be an immediate 
alternative to currently installed 3He tubes. Improved converters 
have since been coupled to a GEM: a boron-10 enriched boron 
carbide (10B4C) flat cathode and a newly developed 3D borated 
cathode (boron array neutron detector: BAND-GEM) [24]. In 
this paper the evolution from the bGEM to the BAND-GEM 
detector is presented. The objectives and the challenges of this 
new technology and finally the results of the improvements in 
efficiency, timing resolution and S/B ratio compared with the 
performances of standard 3He tubes are reported.

2. Detector evolution: from bGEM to BAND-GEM

2.1. The bGEM detector

The bGEM detector is a triple GEM [14] equipped with a 
planar aluminum cathode coated with 1 µm of natural (i.e. 

20% 10B) boron carbide (B4C). Thermal neutrons are absorbed 
in boron and charged particles are emitted via the nuclear 
reaction 10B(n, α)7Li. Both α and Li ions deposit their energy 
in the gas and give rise to a signal in the detector [25–27]. A 
detailed description of this detector and its electrical configu-
ration is presented in [21].

2.2. The bGEM detector with enriched cathode

A bGEM with a cathode covered with a 1 µm B4C coating 
enriched in 10B (the enrichment in 10B is  >96%) to enhance the 
efficiency was realized [26, 27]. The geometry, the gas gain and 
the padded anode (132 8  ×  8 mm2 pads  +  4 L-shaped pads) are 
the same as the bGEM with natural B4C described above.

2.3. The BAND-GEM detector

The last detector developed by the authors is a boron-based 
GEM detector with a 3D converter (figure 1): this ‘borated 
array neutron detector’ GEM (BAND-GEM) is composed 
by 48 lamellas, each composed of 15 strips of 250 µm thick 
alumina, coated on both sides with a 1 µm thick 10B4C layer 
[26–28]. The lamellas are stacked orthogonally to the GEM 
foils. The converter lamellas and the GEM foils are sealed in 
a gas box where a constant flow of Ar/CO2 70%/30% at room 
temperature and pressure is applied. The lamellas are electri-
cally biased at different voltage so that the electric field across 
the whole 3D converter is tunable. With a proper regulation of 
the field, the charged particles produced by the 10B(n, α)7Li 
nuclear reaction ionize the gas and a fraction of the ionization 
electrons reach the GEM foils. The padded anode coupled to 
the GEM is in this case composed of 128 6  ×  12 mm2 pads. A 
feature of the 3D cathode is that, if the whole detector is tilted 
by an angle φ (figure 2(a)) with respect to the sample-detector 

Figure 1. (a) Operation scheme of the BAND-GEM. The 3D converter is composed by Al2O3 lamellas (6 cm  ×  10 cm) borated on each side 
with 1 µm of 10B4C. Lamellas are grids composed by 2 mm thick strips with a 4 mm pitch as shown with a zoom in (b). The gap between 
two different lamellas is 2 mm as shown in (a). When the neutron is captured in the 10B4C layer, α and 7Li are emitted back-to-back in the 
converter gas. The primary ionization electrons follow the electric field towards the triple GEM where they are multiplied.
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direction, the thickness of 10B4C crossed by the neutrons is 
increased by a factor 1/sin(φ) and the neutron conversion 
probability is enhanced accordingly.

3. Measurement setup

The detectors were tested at the neutron diffractometer INES 
[22, 23] at the ISIS neutron source. Diffraction is one of the most 
representative measurements that can be performed with thermal 
neutrons, and the INES instrument is particularly suitable for 
detector tests because of dedicated supports where detectors can 
be positioned and used at the same time as 3He tubes.

3.1. The INES beam line at ISIS

INES is a time-of-flight (ToF) diffractometer. The useful 
neutron wavelengths range between 0.17 Å and 3.24 Å. 
The INES detector bank is composed by 144 high-pres-
sure (20 bar) squashed 3He tubes (effective sensitive area 
100.0  ×  12.5 mm2, 2.5 mm depth) placed along a circle of 
1000 mm radius centered on the sample position. The 3He 
tubes are numbered starting from the highest angle to the 
lowest one. Such detectors are estimated to have efficiency 
between 60% and 70% for neutrons in the thermal energy 
range [22]. A bank dedicated to detector tests is positioned at 
a scattering angle θ  =  90° (figure 2(a)), symmetrically to the 
respective 3He tube (No. 74).

3.2. Detector setup

The first diffraction experiment (referred to as ‘1’ in table 1) on 
INES was performed with the bGEM with natural B4C [21]. 
The bGEM was positioned on the dedicated bank at θ  =  90°. 
As the acquisition area considered in the test was about the 
double of a single 3He tube, two of them were used as a com-
parison (No. 73 and 74). The diffraction sample was a bronze 
slab of dimensions 20 mm  ×  50 mm  ×  5 mm. The results 
showed that the bGEM detector is fully able to reproduce the 
expected ToF diffractogram but with a lower efficiency and 
signal-to-background ratio than 3He tubes.

A second diffraction experiment with the bGEM 
cathode now enriched in 10B was performed later. This 
time the detector was placed on a proper support in the 
backscattering area (θ  >  90°) (figure 2(b)) because the 
bank at θ  =  90° was not available at that moment. The 
respective 3He tubes taken as reference were in this case 
No. 53 and 54. The sample was a bronze parallelepiped of 
10 mm  ×  60 mm  ×  60 mm.

In a third diffraction experiment the BAND-GEM was 
positioned on the dedicated bank at θ  =  90°. In this case, the 
efficiency was so enhanced with respect to the previous tests 
that a single column of pads was enough to obtain a signal 
with good statistics. Thus in this case a better comparison was 
made with a single 3He tube (No. 74). The sample was the same 
as experiment 2. For what concerns the BAND-GEM, prelimi-
nary studies had suggested that tilting the detector by φ  =  7° 

Figure 2. Definition of scattering angle θ, tilting angle φ (a) and Debye–Scherrer cones for scattering angle θ  =  90° and scattering angle 
θ  >  90° (backscattering) (b). When θ  =  90° the Debye–Scherrer cone is parallel to a pad column, thus the focusing is simply the summing 
of a single column (see section 4.2 for details). When θ  ≠  90°, a Debye–Scherrer cone spans different columns, thus the focusing will 
require the sum of pads belonging to different columns.

Table 1. Summary of some relevant parameters of the experimental setup in the three cases considered in the text.

Exp. no. GEM detector Scattering angle (θ) Reference 3He Active area Tilt angle (φ)

1 bGEM 90° 73–74 36  ×  (8  ×  8) mm2 0°
2 10B-enr. bGEM 110° 53–54 36  ×  (8  ×  8) mm2 0°
3 BAND-GEM 90° 74 8  ×  (6  ×  12) mm2 7°
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(figure 2(a)) with respect to the sample-detector direction the 
efficiency for thermal neutrons should reach its maximum 
[24]. For this reason, the BAND-GEM detector was positioned 
on INES on the dedicated bank at θ  =  90° and tilted of φ  =  7° 
(figure 2(a)). The working point (i.e. the applied voltage to the 

GEM foils) was set to VGEM  =  950 V and the electrical config-
uration was: drift field Ed  =  0.4 kV cm−1, transfer1 field ET1  =   
3 kV cm−1, transfer ET2  =  3 kV cm−1, induction field 
Eind  =  5 kV cm−1. These settings have been determined in 
previous tests made at the IFE JEEP II reactor in Norway [24]. 
Every detector has been shielded with a suitable Cadmium 
mask against the neutron scattering [21].

A summary of the three experiments discussed is shown 
in table 1.

3.3. Electronic setup

The electronic setup of the detector was unchanged with 
respect to what is described in [21]: a read-out of the pads 
based on CARIOCAs digital and self-triggered chips [29] 
were positioned on the back of the anode. The interface 
between the front-end electronics and the standard ISIS 
data acquisitions electronics (DAE) was formed by routing 
the LVDS signals generated by four CARIOCAs to a user-
designed FPGA board. When the FPGA found data in one 
of the buffers, the position of the respective GEM pad that 
generated the signal was sent to the DAE. LLD thresholds in 
the CARIOCA chips were set at 1200 mV [24]. This value 
had been determined in previous tests to be adequate to 

Figure 3. ToF diffractograms recorded at the INES beam line 
during exp. 1: 36 pads of the bGEM detectors (top) and two 
conventional 3He tubes (bottom).

Figure 4. ToF diffractograms recorded at the INES beam line 
during exp. 2: 36 pads of the 10B-enriched bGEM detectors (top) 
and two standards 3He tubes (bottom).

Table 2. Results of the Gaussian fit and the analysis with the 
Mantid Plot package for 5 selected peaks recorded in exp. 1

bGEM peaks 
(exp. 1) Peak ToF (µs) FWHM (µs) S/B

1 7076  ±  6 459  ±  114 1.1  ±  0.1
2 9404  ±  3 240  ±  12 1.6  ±  0.2
3 11 039  ±  4 322  ±  18 2.3  ±  0.4
4 15 603  ±  7 446  ±  48 4.9  ±  1.5
5 17 994  ±  5 435  ±  16 9  ±  3

3He peaks  
(exp. 1) Peak ToF (µs) FWHM (µs) S/B

1 6690  ±  20 325  ±  20 1.2  ±  0.1
2 9277  ±  1 195  ±  4 2.3  ±  0.1
3 10 877  ±  1 231  ±  5 2.8  ±  0.1
4 15 381  ±  2 336  ±  6 5.3  ±  0.4
5 17 746  ±  3 378  ±  8 12  ±  1
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safely remove the electronic noise; such tests also showed 
that with the applied voltage used in the three experiments 
(from 870 V to 950 V) the gamma-ray background is negli-
gible [19–21, 24, 30, 31].

4. Results and analysis of performance

Data obtained in the three experiments are discussed in this 
section. Figures 3–5 present the diffractograms obtained with 
the GEM (top panel) and the reference 3He detector (bottom 
panel) in a selected ToF region (4–20 ms). The intensity of the 
peaks is measured in Counts µAh−1.

The peaks visible in the diffractograms are due to Bragg 
scattering on the bronze sample; the most visible peaks are 
chosen for the detectors comparison and are labelled. Some 
differences in the relative intensities of the peaks were 
expected and they are due to the textured nature of the scat-
tering sample. A polycrystalline sample is defined as textured 
if the crystallites main directions are not isotropically distrib-
uted but concentrated along selected directions. This results 
in the Bragg scattering to be more intense in some directions 
than in others. However, in the following discussions, we con-
centrate on parameters related to the single peaks (for instance 
FWHM), thus such differences are negligible for the analysis. 

The count rate, however, is integrated on the whole spectra, 
thus overcoming the texturing differences.

As each GEM pad is coupled to a separate data acquisition 
electrons (DAE) channel, the reference diffractograms shown 
in the following figures are obtained by summing the relevant 
ToF spectra (i.e. the relevant pads), rebinning them and nor-
malizing them by the integrated current of the measurement 
(i.e. the total proton charge on the target).

The padded anode allows for selecting a limited number 
of pads to be summed, for instance belonging to the same 
Debye–Scherrer cone. For the sake of the comparison, the 
active area (i.e. the selected pads) was tailored in order to 
match as best as was possible the shape and dimensions of 
the reference detectors. The bGEM active area in both experi-
ments 1 and 2 was 8  ×  8 mm2  ×  36 pads (2304 mm2) split in 
three columns, in order to better match the active area of two 
3He, that is 2  ×  100  ×  12.5 mm2 (2500 mm2). In the case of the 
BAND-GEM the higher count rate allowed to get satisfactory 
statistics with a smaller number of pads; thus, a single column 
of 8 pads (12 mm  ×  6 mm) was considered as active area, 
again in order to better match the area of a single 3He detector.

Figure 5. ToF diffractograms recorded at the INES beam line with 
a BAND-GEM detectors (top) and a standard 3He tube (bottom) in 
exp. 3.

Table 3. Results of the Gaussian fit and the analysis with the 
mantid plot package for 4 selected peaks of the ToF diffractograms 
recorded at the INES beam line with the enriched 10B4C bGEM 
detector (top) and two standards 3He tubes (bottom).

bGEM peaks  
(exp. 2) Peak ToF (µs) FWHM (µs) S/B

α 8005  ±  1 186  ±  5 2.2  ±  0.8
β 8203  ±  2 197  ±  7 2.2  ±  0.8
χ 10786  ±  1 193  ±  2 3.4  ±  1.9
δ 12651  ±  1 235  ±  2 2.5  ±  1.5

3He peaks 
(exp. 2) Peak ToF (µs) FWHM (µs) S/B

α 7953.7  ±  0.2 104.3  ±  0.7 3.6  ±  0.4
β 8157.7  ±  0.2 103.2  ±  0.5 4.4  ±  0.6
χ 10719.7  ±  0.2 121.3  ±  0.5 11.8  ±  2.7
δ 12 563.8  ±  0.4 138.2  ±  0.7 10.2  ±  3.5

Table 4. Results of the Gaussian fit and the analysis with the 
mantid plot package for 4 selected peaks of the ToF diffractograms 
recorded at the INES beam line with one column of the BAND-
GEM (top) and a standard 3He tube (bottom).

BAND-GEM 
peaks (exp. 3) Peak ToF (µs)

FWHM 
(µs) S/B

A 9252  ±  1 92  ±  2 6.7  ±  1.7
B 10 845  ±  1 101  ±  2 6.6  ±  2.6
C 15 336  ±  3 153  ±  7 7.5  ±  3.9
D 17 690  ±  2 132  ±  4 19.4  ±  6.3

3He peaks  
(exp. 3) Peak ToF (µs)

FWHM 
(µs) S/B

A 9246  ±  1 80  ±  2 12  ±  1.2
B 10 841  ±  1 87  ±  2 23  ±  2.6
C 15 321  ±  1 134  ±  2 17  ±  4.5
D 17 684  ±  1 141  ±  2 10  ±  2.6

Meas. Sci. Technol. 27 (2016) 115902



G Albani et al

6

The data analysis was performed for all cases with the 
Mantid Plot package [32, 33].

Selected peaks are fitted with Gaussian distributions. 
Tables 2, 3 and 4 summarize the fit results (for both the GEM 
detector and the reference 3He) relative to the figures 3, 4, and 
5 respectively. 

4.1. Efficiency

One of the main reasons for the successive developments of 
the detectors presented in this paper is the search for a higher 
efficiency. Preliminary calculations suggested that the neutron 
efficiency to reference thermal neutrons (1.8 Å) scales roughly 
as 1 to 4 to 5 for the bGEM, enriched bGEM, BAND-GEM 
respectively [15–21, 24] as shown in the second column of 
table 5. The first ratio scales simply with the 10B enrichment, 
while the second one is due to the geometry of the whole 3D 
converter and is subject to higher uncertainties. However, 
the differences in setup of the three experiment earlier men-
tioned may cause discrepancies to the measured efficiency 
(for instances, different background conditions and textured 
samples). It was thus a choice of the authors to refer only on 
the counting rate of the three detectors compared with the 
respective 3He reference detectors, in order to show how the 
improvements of the detector have a practical effect in real-
istic neutron scattering conditions.

The improvement in counting rate can be inferred by 
table 5, where the ratios of the measured GEM/3He count rates 
are shown. The measured count rate scales roughly as 1–4 for 
the bGEM, enriched bGEM, BAND-GEM respectively. The 
total count rate of the 36 GEM pads used in the measurements 
is about 7% the count rate of the reference detectors [21] in 
the case of exp. 1 and about 19% in the case of exp. 2. The 
enriched cathode is the only responsible for the enhancement 
of the detector efficiency; setup uncertainties may easily be 
responsible for the small discrepancies with respect to the 
expected efficiency ratio.

The ToF diffractograms recorded by a single column of the 
BAND-GEM (top) and the respective 3He detector (bottom) 
are shown in figure 5 and the fit results are listed in table 4. 
Note that in this case the improvement in efficiency was so 
high that a single column (8 pads) provided data with very 
high statistics, so that the texture effects of the sample may be 
appreciated (differences in the intensity of the same ToF peaks 
for the BAND-GEM and the 3He). These effects where hardly 
appreciable in the diffractograms in figures 3 and 4.

As a final remark, it was experimentally confirmed that 
the efficiency of the BAND-GEM has a dependence with the 
tilting angle [24]: in figure 6 the ToF diffractograms recorded 

by a single column of the BAND-GEM tilted at φ  =  0° (top) 
and φ  =  7° (bottom) are shown. This difference is only due to 
geometrical effects of the 3D converter.

The most relevant limitation in the BAND-GEM efficiency 
is due to the electron collection in the conversion region. The 
electric field in this region, named drift field, allows extracting 
primary electronic charge from the lamellas system that will 
be directed towards the multiplication region of the GEM 
foils. The drift field depends on the potentials on the strips, 
aluminum cathode and the top of the first GEM foil. The elec-
tric field map could be simulated using the Ansys software 
[34]. The result of the simulation is shown in figure 7 where 
the field lines between two different lamellas are shown. For 
the sake of simplicity, the field lines may be visualized as the 
preferred electron trajectories. It can be noticed that, despite 

Figure 6. ToF diffractograms recorded at the INES beam line with 
a BAND-GEM detector tilted by φ  =  0° (top) and φ  =  7° (bottom). 
φ is defined in figure 2.

Table 5. In column no. 2 are reported the expected ratios of GEM count rates with respect to an ideal 3He tube with a 65% efficiency.

GEM cathodes
Expected GEM count rate/  
ideal (ε  =  65%) 3He count rate

Measured GEM count rate/
INES 3He count rate

Planar-B4C (exp. 1) 0.02 0.07
Planar-10B4C (exp. 2) 0.08 0.19
BAND-GEM (exp. 3) 0.10 0.25

In column no. 3 are presented the ratios of count rates of the GEM detectors with respect to the respective 3He tubes on INES. The count rates are normalized 
to the integrated beam current and to the active area of each detector.
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a significant fraction of the electrons are leaded trough the 
borated strips, at least one third of the electrons are projected 
through the next stage (the next couple of electrodes).

To get a better quantitative estimation, the informa-
tion of the shape of the drift field obtained with Ansys can 
be combined with a simulation of the electrons transport 
inside the lamellas gap made with the Garfield software, 
specifically developed at CERN for simulation related to 
gas detectors [35].

The extraction efficiency (i.e. the percentage of events, 
given to gas ionization by either an alpha or a lithium ion, that, 
after passing through the lamella system, still own a sufficient 
number of primary electrons over a certain equivalent energy 
threshold) in the drift region is ~60% with this electrical con-
figuration and 80 keV threshold. This result takes into account 
the electron drift velocity and diffusion coefficients in the  
Ar/CO2 gas mixture and details of these calculations will be 
presented in a future paper.

The charge extraction efficiency could be significantly 
improved optimizing the geometry of the converter. The crit-
ical parameters to take into account in the optimization study 
are length, thickness and distance between lamellas. This is 
indeed the main advantage of the lamella-based geometry 
respect to the simpler, flat converter geometry. In fact, the 
geometrical parameters of the system may be tuned to obtain 
an optimized filed shape and strength. This is the subject of a 
future study of the present authors in designing the next proto-
type based on the BAND-GEM technology.

4.2. Timing resolution and S/B

Improvements in timing resolution in exp. 3 with respect to 
exp. 1 can only be due to better statistics as a logical con-
sequence of the improvements of efficiency (compare for 

instances top panels of figures 4 and 5). The FWHM of the 
bGEM was 1.75 times the FWHM of the 3He (table 3). The 
FWHM of the BAND-GEM was only 1.1 times the FWHM 
of the 3He (table 4). The FWHM values measured in exp. 3 
show that the depth of the 3D converter has a negligible effect 
on the timing of the BAND-GEM. In fact, calculations show 
that the maximum expected ∆ToF associated with the 3D 
converter (∆L1  =  100 mm) is less than 10 µs in the consid-
ered time window (up to 40 ms, corresponding to about 3.5 Å 
wavelength on INES), thus being a minor component of the 
measured FWHM.

On the other hand, exp. 2 results indicate that the angular 
component of the timing resolution, thus comprehending the 
pad dimensions, is not negligible. This can be better appreci-
ated considering the effect of the focusing procedure in exp. 2:  
the FWHM of the selected peaks is reduced by roughly a  
factor 2. The focusing technique has the aim of summing 
spectra of pads that lie on the same Debye–Scherrer cone [36], 
i.e. summing pads that have a constant Lsinθ where L is the 
neutron flight path and θ is the angle of the reflected radiation 
from the sample. When the detector is positioned at θ  =  90° 
pads of a single column well approximate a single Debye–
Scherrer cone (figure 2(b)). The focusing technique leads to a 

Figure 7. Map of the field lines of the electric drift field in the 3D 
converter. On the y axis is represented the sequence of a 2 mm strip 
and a 2 mm empty space of a single lamella. On the x axis the 2 mm 
gap between two strips of two different lamellas is indicated.

Figure 8. ToF diffractograms recorded at the INES beam 
line with a focused bGEM detector (top) and a standard 3He 
detector (bottom). The sample was a bronze parallelepiped of 
10 mm  ×  10 mm  ×  60 mm dimensions.
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significant improvement in S/B with respect to straight pads 
columns only when the detection position is θ  ≠  90°.

A direct comparison of S/B ratio (here defined as the ratio 
of a peak integral and the background area over it) in the 
detector evolution is less evident because of the texture effects 
presented by the sample. Nevertheless the improvement of 
S/B ratio is a direct consequence of the focusing technique 
where applied: in figure  8 the ToF diffractograms obtained 
by applying the focusing technique to data taken with the 
enriched bGEM and one currently installed 3He is shown. In 
table 6 the ToF, FWHM and S/B for selected peaks are listed. 
If the focusing is not applied, S/B ratio of the bGEM is 2.8 
times lower than S/B of the 3He. After the focusing the S/B 
ratio of the bGEM becomes only 1.9 times lower than the 3He.

5. Conclusions

The present research aims to develop boron-based GEM 
detectors as an alternative to standard 3He tubes for thermal 
neutron detection at ESS.

Three different GEM-based detectors were produced and 
tested. Two have planar converters (bGEM), one has a 3D neu-
tron converter (BAND-GEM). The detectors were tested on the 
INES instrument at ISIS in diffraction measurements. The first 
results [21] showed the bGEM detector can be used for dif-
fraction experiments but the efficiency, timing resolution and 
S/B ratio must be further improved. In this paper the authors 
presented the improvements obtained using enriched boron 
and a 3D converter. The performances of the detectors are then 
compared with those of conventional 3He tubes installed on 
INES. In particular the count rate per unit area significantly 
increased from about 7% for the bGEM, relative to the 3He 
count rate, to 25% for the BAND-GEM. The timing resolution 
of the BAND-GEM is comparable with that of 3He, and the 
S/B ratio is lower of about a factor 2 with respect to the 3He.

The results show that boron-based GEM detectors can 
reproduce neutron diffractograms produced with 3He detec-
tors and that improvements have been made in recent years.

While the enrichment of the converter material in 10B was a 
logical step and it resulted in an evident performance improve-
ment, the simple thickening of the converter layer cannot be 

further exploited. In fact, as it is shown in [24], an increase 
in the layer thickness does not give any advantage, due to the 
higher loss of charged reaction products in the layer itself.

Since the main envisaged application of this technology 
is the thermal neutron detection with high-rate and high-
efficiency in spallation sources, the planar geometry was 
abandoned to make way for a more promising 3D technology 
in terms of count rate and efficiency. The technology of the 
3D converter, developed to optimize the distribution of con-
verting material (not just its thickness) looks promising as a 
way to optimize the neutron conversion and charge deposition 
into the gas. A further improvement in efficiency can be envis-
aged by modifying the 3D converter geometry (in particular 
length, thickness and distance between lamellas) to optimize 
the charge collection, and a better S/B ratio could be reached 
by the use of a neutron collimator for the BAND-GEM.

The authors want to underline that the effort of manufac-
turing a 3D converter requires higher costs with respect to the 
planar converter. However the possibility of tuning both the 
distribution of the converting material and the charge extrac-
tion is only possibile with such a 3D approach. Moreover the 
authors are involved in the optimization of both the geometry 
and the production process; the latter will be the subject of a 
future paper.
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Table 6. Results of the Gaussian fit and the analysis with the mantid plot package for 4 selected peaks of the ToF diffractograms recorded 
at the INES beam line with a focused GEM detector (top) and a standard 3He tube (bottom).

Focused bGEM peaks (exp. 2) Peak ToF (µs) FWHM (µs) S/B

α 8027  ±  2 (8005  ±  1) 89  ±  5 (186  ±  5) 2.7  ±  1.1 (2.2  ±  0.8)
β 8235  ±  1 (8203  ±  2) 68  ±  5 (197  ±  7) 3.1  ±  1.5 (2.2  ±  0.8)
χ 10 823  ±  1 (10 786  ±  1) 92  ±  2 (193  ±  2) 4.4  ±  1.3 (3.4  ±  1.9)
δ 12 676  ±  1 (12 651  ±  1) 94  ±  5 (235  ±  2) 4.3  ±  2.6 (2.5  ±  1.5)

3He peaks (exp. 2) Peak ToF (µs) FWHM (µs) S/B

α 8021.9  ±  0.2 60.6  ±  0.5 5.0  ±  0.9
β 8228.4  ±  0.2 58.5  ±  0.5 5.5  ±  1.1
χ 10 813.8  ±  0.2 76.8  ±  0.5 9.0  ±  2.4
δ 12 674.3  ±  0.3 80.1  ±  0.5 8.5  ±  2.2

Note: The values in brackets are the fit results of the GEM detector without focusing.

Meas. Sci. Technol. 27 (2016) 115902




	Abstract
	List of attached papers
	1 Introduction
	1.1 Outline of the thesis
	1.2 Neutron scattering science
	1.3 European Spallation Source
	1.4 The 3He crisis
	1.4.1 The 3He shortage
	1.4.2 Alternatives to 3He in neutron detection


	2 Gaseous Neutron detectors
	2.1 Thermal neutron interaction with matter
	2.1.1 Nuclear reactions for thermal neutron detection

	2.2 Thermal neutron gaseous detectors
	2.2.1 Modes of gas detector operation
	2.2.2 Pulse Height Spectrum (PHS) and counting plateaus


	3 bGEM neutron detector
	3.1 GEM detectors
	3.2 bGEM description
	3.2.1 Boron-based planar converter
	3.2.2 Electronics read-out

	3.3 Diffraction measurements
	3.3.1 The INES instrument at ISIS
	3.3.2 Experimental set-up
	3.3.3 Results and Performances

	3.4 High-rate measurements
	3.4.1 ORPHEE reactor and G3-2 irradiation station
	3.4.2 Experimental set-up
	3.4.3 Results

	3.5 Conclusions

	4 BAND-GEM neutron detector: first prototype
	4.1 From planar to 3D converters
	4.2 The BAND-GEM detector design
	4.3 Neutron radiography analysis
	4.3.1 Destructive measurements
	4.3.2 Theoretical calculations
	4.3.3 Experimental set-up and image analysis

	4.4 Counting rate measurements versus tilt angle
	4.4.1 Experimental set-up
	4.4.2 Performance results

	4.5 Diffraction measurements
	4.5.1 Experimental set-up
	4.5.2 Results and Performances
	4.5.3 Conclusions


	5 BAND-GEM: second prototype
	5.1 Limits of the first prototype
	5.2 Second prototype design
	5.3 Detector test
	5.3.1 EMMA instrument
	5.3.2 Experimental set-up
	5.3.3 Performance results

	5.4 Conclusions

	6 BAND-GEM for SANS applications
	6.1 LoKI instrument
	6.1.1 Small Angle Neutron Scattering technique
	6.1.2 Instrument overview and detectors

	6.2 Simulation of detector performance
	6.2.1 The dgcode simulation framework
	6.2.2 Advantages and limits of the MC simulations
	6.2.3 Detector design in Geant4
	6.2.4 Timing resolution
	6.2.5 Energy deposition volume
	6.2.6 Multiple hits
	6.2.7 Efficiency

	6.3 Conclusions

	7 Conclusions
	List of Tables
	List of Figures
	Bibliography
	Synopsis of attached papers

