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1 Introduction
For*probing the structure and dynamics of matter at an atomic, molecular and
mesoscopic level, elastic and inelastic neutron scattering, diffractometry,
reflectometry and a variety of other neutron scattering methods are of utmost
importance. For them the availability of highly efficient and fast large-area positionsensitive neutron detectors is a condition of growing importance. In particular, the
upcoming third generation of neutron sources, consisting of high-intensity pulsed
spallation neutron sources (as e.g. the American spallation neutron source SNS, the
Japan spallation neutron source JSNS and perhaps the anticipated European spallation
source ESS), in conjunction with current progress in neutron optics will increase the
peak neutron flux at the spectrometers' samples positions by more than two orders of
magnitude. Consequently, much faster detectors than presently available with
improved background are required in order to take full advantage of these increased
source strengths and μs pulse widths. In addition, due to the higher neutron fluxes,
longer flight paths and smaller samples can be used and if higher 'matched' spatial
detector resolutions are available better lattice resolutions can be attained. [1]
The goal of the research described in this dissertation is to develop a thermal-neutron
detector that meets as many as possible of the requirements being formulated during
the ongoing design of the third generation of neutron sources.

1.1 High-flux neutron sources
Suitable sources of high-flux thermal neutrons (with a relatively low accompanying
gamma flux) for experimental purposes include primarily fission reactors and
spallation sources.
In both, close proximity between source and experiment is impossible due to
geometrical constraints as well as due to the large gamma flux produced by both the
fission core and the spallation target, see also section 2.2.4. A solution has been found
by transporting the thermal neutrons over distances up to tens of meters in a so-called
neutron guide. This is a vacuum tube with a rectangular cross section; its walls are
covered with a layer of 58Ni for which the angle of total reflection is rather high. The
neutrons that enter the tube, at an angle with the tube axis of a few mrad or less, will
not be absorbed by the wave guide wall but have a very high chance of reflection
instead. Typically less than 0.1 percent of the neutrons will be absorbed for each
meter of neutron guide. Nowadays, layered structures are available with a much
higher angle of total reflection, allowing a much larger fraction of the neutron flux to
be transported in the wave guide. However the choice to use these devices, called
supermirrors, does imply accepting a higher beam divergence.
By bending a neutron guide, gamma emissions from e.g. the fission reactor core can
be avoided at the experimental position at the cost of a very small reduction of the
neutron flux. Furthermore, the angle of total reflection of the utilised neutron guides at
a particular instrument are very important for the resulting thermal-neutron flux at the
sample position.
*
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The defining difference between fission reactors and spallation sources (ignoring
pulsed fission reactors) lies in the fact that a spallation source yields pulse trains of
neutrons, separated in time, while a reactor produces neutrons continuously. For a
further introduction of the spallation process the reader is referred to section 2.5.
A comparison of the relative merits of the two methods is well beyond the scope of
this dissertation; an introduction to these complexities can be found in [2]. It is
currently held that the largest improvements to neutron instruments can be realized in
various methods that employ time-of-flight (TOF) measurement. If these instruments
can utilise the timing properties of the spallation pulses, pulsed sources clearly hold a
tremendous advantage over continuous sources.
For this reason, three major new efforts are currently envisaged around the globe in
the field of spallation sources. Two of these, the Spallation Neutron Source (SNS) in
the USA and the Japanese Spallation Neutron Source (JSNS) are actually under
construction. For the European Spallation Source (ESS), funding is still uncertain.
Furthermore, at ISIS in the UK, a second target station is under construction.
In table 1 key parameters of some spallation sources are shown, including the most
powerful reactor source, ILL, for comparison. For similar instruments the peak
counting rates in the neutron scattering spectra, which must be matched by the
detector counting-rate capacity, can be related in first order by comparing the peak
thermal-neutron flux and per pulse repetition period trep=1/n, where n is the pulse
repetition rate or pulse frequency. In this normalisation the different n and different
moderator pulse widths dt(l) are eliminated.
Source
location

Type,
accelerator
type

Proton
energy
(GeV)

Pulse
frequency
(Hz)

Average
proton
beam
power
(MW)

Protons
per
pulse

Target

ILL
France

Reactor

-

-

-

-

-

ISIS TS1
UK

Synchrotron

0.8

50

0.16

SNS
USA

Linac,
compressor
ring

1

60

JSNS-1

Synchrotron

3

EU

Linac, 2
compressor
rings

ESS-LP

Linac

-

1.2·1015

1.2·1015

2.5·1013 Solid Ta
clad W

4.6·1013

1

2.3·1015

2·1012

2

2.1·1014

Liquid
Hg

1.3·1015

~29

8·1016

1.2·1014

25

1

8.3·1013

Liquid
Hg

1.4·1015

~31

3.6·1016

4.5·1013

1.334

50

5

4.7·1014

Liquid
Hg

4·1015

~87

2·1017

2.5·1014

1.334

16.7

5

1.4·1015

Liquid
Hg

1·1015

~22

1.7·1016

2.5·1014

EU

table 1

Average
nth flux
(1/cm2s)

-

Japan
ESS-SP

As left
Peak nth
Peak nth
flux
fluence normalized
to ISIS
(1/cm2s)
per pulse
(1/cm2)

From [3]. The thermal-neutron fluxes, varying with moderator type, are taken or
derived from [4]. In [5] for the average thermal-neutron flux of ESS a higher value
of 7·1014 cm-2s-1 is given for the high-intensity H2O moderator. The data for the
long pulse source of ESS are estimates for the thermal moderator case derived
from [6].

For the three large new facilities it is the intention to increase the flux by an order of
magnitude over what is currently the best available, i.e. ISIS. Most of the instruments
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envisaged to take advantage of all these neutrons call for detectors with
unprecedented performance demands, briefly listed in table 2.

table 2

count rate

≥106 mm-2s-1

time resolution

≈1 μs

efficiency for 0.18 nm neutrons

70%

spatial resolution

0.1 - 5 mm

Typical detector requirements for use in new spallation source instruments.

These performance requirements and the detector technologies that may fulfil them
are discussed in section 1.2 below.

1.2 Thermal-neutron detectors
Thermal-neutron detectors are ionising-radiation detectors equipped with a converter.
Thermal neutrons have no directly ionising interaction with matter, therefore the
converter is used to generate ionising particles through a neutron-capture reaction.
Examples of nuclides that can perform this function are: 3He, 6Li, 10B and 157Gd. In
this section, exclusively detectors capable of working in counting mode will be
treated, ignoring those working in integrating mode.
The resulting detectors can then be grouped according to the three basic classes of
ionising radiation detectors, namely:
·

semiconductor

·

scintillator

·

gas-filled

In table 3, strong and weak points of the available detector types are indicated.

3

Pixel semiconductor with converter foil

A1,A2,D3,D4

Boron diode

A1,A2,A3,A5,D4

neutron scintillator
with position-sensitive PM

A1,A2,A3,A5,D4

with position-sensitive gas counter

A3,A4,A5,D1,D2

position-sensitive gas counter with converter foil

A3,A4,D1,D2

Array of wire chambers

A3,A4,A5,D1,D2

Multi-wire Proportional Counter (MWPC)

A3,A4,A5,D1,D2

Micro pattern gas counter

A1,A3,A4,A5,D2

A1. High-intensity capability

D1. Limited counting rate <103 mm-2s-1

A2. Good spatial resolution

D2. Limited spatial resolution >100 μm

A3. High neutron efficiency

D3. Low neutron efficiency

A4. Large sensitive area

D4. Small sensitive area <100 cm2

A5. Low noise
table 3

Summary of the advantages and disadvantages of several types of thermal-neutron
counting detectors. [7]

The problem one faces when designing a detector for an instrument at one of the new
spallation sources is the impossibility to satisfy all requirements simultaneously.
In a semiconductor detector, its many fine qualities notwithstanding, the neutron
converter cannot be positioned inside the sensitive volume, due to demands on the
purity of the bulk material. As a result, the converter material must be positioned as a
layer on top of the detector. Here, the thickness of this layer is limited by the demand
that the neutron-capture reaction products must have a high likelihood of entering the
sensitive volume of the detector - hence the efficiency is limited, generally to below
50%. An exception is the boron diode, a relatively new technology that is not (yet)
available in large sizes.
Scintillators for neutrons are available that have a fast response. However, they are
either not efficient or have a low light yield, limiting the spatial resolution. Exceptions
[8] are difficult to make, especially for large areas.
Some promising work is being done with gas-filled thermal-neutron counters using
solid converters, but neutron efficiency remains low [9] [10].
Gas-filled thermal-neutron counters with gaseous converters, currently the workhorses
in neutron scattering, still seem the best solution in the near future. When confronting
the problem of the high count rate that is demanded from the detector, the most
promising candidates to be explored are the micropattern gas counters.
This thesis is the result of a project that was started up to take advantage of the
knowledge of GEM operation that was already available in the research group
(Radiation Technology) at Delft University of Technology. The advantages of the
GEM in ease of detector assembly, added to its performance as a detector (allowing
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true 2D pixel readout, and achieving a high maximum local as well as global count
rate) make it an irresistible choice for a next generation neutron detector.
The list of desirable specifications mentioned in table 1 in section 1.1 being
considered impossible to attain simultaneously, it was decided to aim slightly lower,
as in table 4.

table 4

count rate

106 mm-2s-1

time resolution

5-10 μs

efficiency for 0.18 nm neutrons

70%

spatial resolution

1 mm

Specifications of the detector as attempted to attain in this dissertation.

It must be mentioned here that as a consequence of the demanded high count rate, the
choice was made for fast electronics that requires large signals, as described in
chapter 5. This means that a gas gain (introduced in section 2.2.1) of ~10 is necessary,
which imposes certain restrictions on the choice of counting gas.

1.3 Choice of gaseous thermal-neutron converter
The choice of gaseous thermal-neutron converter in a detector is essentially a choice
between two possible gases, see table 5:

gas
10
3

table 5

BF3

He

Neutron capture
cross section at
0.18 nm (barns)

Reaction Products
particle 1

3837

7

5333

3

particle 2

Li - 1.014 MeV

4

He - 1.777 MeV

T - 191 keV

1

p - 572 keV

Two gases that can be chosen as gaseous thermal-neutron converters.
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B has a smaller neutron-capture cross section than 3He and therefore a higher partial
pressure will be required to obtain adequate efficiency, requiring a stronger and
thicker pressure vessel for the detector. 10BF3 has another disadvantage: it has a rather
high electron attachment coefficient, which causes problems especially at higher
pressures [11]. Therefore, the choice was made for 3He.
When trying to obtain high spatial resolution, tailoring the gas to have as high a
stopping power as possible for the reaction products of the thermal neutron capture
process is essential, as is described in section 2.5.3. For this, a stopping gas must be
selected that will provide adequate effective GEM gain when admixed to 3He. Chapter
3 of this dissertation deals with the search for this gas.

1.4 Read out
The detector requirements detailed in table 2 pose some very strict demands on the
electronics. Depending on the application and the pick-up electrode layout, there
could be over 106 events per second in a single channel.
Chapter 5 details two proposed ways of reading out a thermal-neutron detector based
on the principles mentioned above, that is to say a gaseous proportional counter with a
5

gaseous thermal-neutron converter, 3He, featuring either one or two dimensional
position-sensitive readout with mm spatial resolution. The only way of meeting the
demands for both event rate and time resolution will be to record the signals of the
charge clouds moving through the counting gas with pick-up electrodes. There exists
a second readout method which excels in both simplicity and affordability: to
optically record the events in the detector as they occur using a transparent window in
the detector pressure vessel and a common CCD camera. However, in this case time
information is lost.

6

2 Theory
Radiation*detection in a gas-filled detector utilises a variety of processes from
different fields in physics. In particular, this chapter will deal with the most basic, first
stage of the detection process when radiation is absorbed, which requires knowledge
of, among other things, atomic and molecular physics. Furthermore, some of the
details of the neutron spallation process will be treated, which are relevant to detector
design.

2.1 Interaction of ionising radiation with matter
Ionising radiation can be loosely defined as radiation which, in its interaction with
matter, causes ionisations (as well as excitations). Although this definition would
include visible light because of the well known example of photocathodes for e.g.
photomultipliers, usually the term is reserved for ultraviolet photons, X-rays and
gammas, as well as a variety of particles.
An important distinction can be made between two types, namely directly and
indirectly ionising radiation. Indirectly ionising radiation interacts with matter by
causing the emission of (mainly) directly ionising radiation.

2.1.1 Indirectly ionising radiation
The two most common types of indirectly ionising radiation are neutrons and photons.
Neutrons
In all practical neutron sources, such as the spallation sources described in section 2.5,
the produced neutrons have an energy of several MeV. In this energy range, three
possible interactions with matter are of interest:
·

absorption

·

inelastic collisions

·

elastic collisions

Absorption occurs with greatly varying cross sections for different nuclides at
different energies. For further information about the various types of neutron capture
the reader is referred to [11].
Like absorption, inelastic collisions occur with specific nuclides at specific resonance
energies. An example is the use of iron as a beam dump material. In each inelastic
collision a nuclide-specific amount of energy, in the MeV range, is transferred to the
nucleus, to be instantaneously emitted in the form of a gamma photon. Note that, in
contrast to neutron absorption, no activation of the target nucleus takes place.
Finally, elastic collisions are known to maximise energy transfer when both colliding
bodies are of equal mass, which explains the consistent use of materials with a high
density of protons for the construction of neutron moderators. Furthermore, hydrogenrich gases such as hydrocarbons are used successfully in gaseous high-energy neutron
detection. A significant portion of the energy of the neutron is transmitted onto a
*
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hydrogen atom, which then as an energetic proton acts as directly ionising radiation,
and can be detected through its interaction with the gas as is detailed in section 2.1.2.
The half-life of a free neutron is 616 s [12], so that a high-energy neutron has ample
time to be slowed down to thermal equilibrium with surrounding matter before it
decays. The particle is then referred to as a thermal neutron and can be used very
effectively for probing various bulk properties of materials. For an exhaustive listing
of experimental methods the reader is referred to [2]. Though the interactions these
thermal neutrons typically have with the sample are elastic, and no more than some
meV of energy are exchanged, they are still considered ionising radiation because
absorption of thermal neutrons into various nuclei causes activation and sometimes
prompt emission of gamma radiation or the expulsion of charged particles from the
nucleus. [13]
Photons
Ionising electromagnetic photons can be classified according to their origin:
·

UV

·

Bremsstrahlung

·

Synchrotron radiation

·

X-ray

·

Gamma

Ultraviolet (UV) radiation originates in electron transitions in the outer shells of
atoms. Upon absorption of an ultraviolet (UV) photon, generally of an energy
between 4 and 100 eV, an atom is immediately ionised, so UV photons must be
considered directly ionising radiation, in contrast to the other types mentioned here.
Bremsstrahlung photons are produced by an electron being accelerated in the strong
electric field surrounding a nucleus. Synchrotron radiation originates from charged
particles being accelerated by a strong magnetic field, specifically in the case of
electrons in a bending magnet of a synchrotron. When an electron is missing from an
inner shell of an atom, it can be filled with an electron from an outer shell under the
emission of an X-ray photon. Since the energy in this case depends on the binding
energies of the two shells involved, and is therefore characteristic for the atom, this is
referred to as characteristic X-ray fluorescence. The term X-ray is often used not only
for characteristic X-rays, but also bremsstrahlung and synchrotron radiation.
Gamma photons generally originate in the nucleus, from various decay processes
there. Annihilation photons from e.g. positron annihilation are also considered
gammas. The typical energy range is 0.1 - 10 MeV, though some gammas as observed
in ultra-high energy cosmic rays are reported as over 1020 eV.
When considering only photon energies of 1 keV and above, where photons can easily
cross entrance windows and thus be observed in common detectors, there are three
main processes through which photons can interact with matter.
Photoelectric effect
The photoelectric effect is the absorption of a photon by a bound electron, typically
from the K shell. It can only occur if the photon energy Eγ is larger than the electron's
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binding energy Eb, which is typically in the keV range. The kinetic energy Ekin of the
released photoelectron is then given by equation 2.1.1.1:
2.1.1.1

E kin = Eg - Eb

In equation 2.1.1.1 the absolute value of Eb is used because Eb is negative, since it is
defined relative to the energy of an electron at infinite distance to the nucleus.
When Ekin≈100 eV or more, the photoelectron can subsequently ionise other atoms, in
the way described in section 2.1.2.
The original atom meanwhile has a hole in an inner shell, and an excess energy in the
order of keV. This can be liberated through the production of a new X-ray photon, as
described above, or through a radiationless transition (usually Auger). In the latter
case an electron from a less strongly bound shell fills the inner hole while yet another
electron, the Auger electron, is ejected from the atom. The kinetic energy follows
equation 2.1.1.2:
2.1.1.2

Ekin = Eb1 - Eb 2 - Eb3

Eb1, Eb2 and Eb3 are the binding energies of the electrons, in order of descending
magnitude. Eb3 is therefore the former binding energy of the Auger electron. As
above, the Auger electron may itself be energetic enough to act as a directly ionising
particle. For more information concerning the photoelectric and Auger effects, the
reader is referred to [14].
The probability for the occurrence of this effect rises with the ~4th-5th power of Z, the
atomic number. Conversely, it falls off with the ~3.5th power of the photon energy.
Compton effect
The Compton effect is the photon scattering off a quasi-free electron. The energy
transfer is governed by laws of conservation of energy and momentum. It depends
therefore on the scattering angle θ, the energy Eγ and the rest mass me of the electron,
see equation 2.1.1.3:
2.1.1.3

Eg

Eg , scattered =
1+

Eg
me c 2

(1 - cosq )

With c the speed of light in vacuum. A full evaluation of equation 2.1.1.3 is beyond
the scope of this dissertation; for different gamma energies one can expect a different
dependence on the scattering angle, e.g. see [15]. The probability of occurrence of the
Compton effect depends on the number of available electrons in the material and
therefore varies linearly with Z. (When corrected for density, there is almost no
dependence on Z.) It falls off with ~0.5th-1st power of the photon energy.
Pair creation
Pair creation involves the creation of a particle–anti-particle pair. For 'normal'
gammas limited to a few MeV, this means a positron and an electron. Since the sum
of their rest masses is equivalent to 1022 keV, this value is the threshold for gamma
energy above which the effect can occur. It varies roughly linearly with the photon
energy, and with the 2nd power of Z. For more information see [15].
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Z of absorber

Probability of occurrence of the interaction processes
When comparing the probability of occurrence of the three processes mentioned
above, a chart showing the prevalence of each process over the others can be
produced as a function of both the atomic number Z and the photon energy, see figure
1.

Photoelectric
effect
dominates

Pair
production
dominates

Compton effect
dominates

Photon energy, MeV
figure 1

The relative importance of the three major types of ionizing photon interaction, the
photoelectric effect, the Compton effect and pair production. The lines show the
values where the probabilities for the neighbouring effects are equal.

2.1.2 Charged particles in matter
Charged particles such as electrons, protons or alphas behave as directly ionising
radiation in matter. Typically, energy is transferred to the medium in small quanta.
For a list of possible interactions a distinction has to be made between fast electrons
and all other charged particles, collectively known as 'heavy', such as muons or
protons.
Fast electrons can interact with the medium through:
·

Coulomb scattering on the electron cloud, which produces secondary electrons
with an energy ranging from a fraction of an eV to the total energy of the fast
electron.

·

the production of bremsstrahlung, which occurs in the strong electric field near the
nucleus.

Heavy charged particles hardly produce any bremsstrahlung. They do interact with
matter through Coulomb scattering, however due to the large difference in mass
between particle and electron, the kinetic energy and momentum conservation laws do
not allow for the transmission of large parts of the kinetic energy of the particle at
once, such as can be the case for fast electrons. For more details about the many other
(here unmentioned) effects the reader is referred to [14].
10

Using on-line sources such as e-star [16], p-star [17] and a-star [18] as well as SRIM
[19], one can compute the ranges of fast particles in matter. One thing that is
immediately apparent is the order of magnitude difference in range between light and
heavy charged particles. Section 2.2.2 deals with this subject in some more detail.
For detector physics it is useful to consider all ionisations produced along the track in
the medium together, which are subsequently referred to as the charge cloud.
The number of electron-ion pairs in a charge cloud depends on the medium, and is to
a good approximation linear with the energy of the fast particle. Therefore
n0 =

DE
wi

2.1.2.1

where n0 is the total amount of electron-ion pairs produced, ΔE is the energy
deposited and wi is the average amount of energy required for the production of one
electron-ion pair. Values for wi range from 20 to over 50 eV for different media, and
vary also per particle. It even depends on particle energy. The available energy is
roughly equally divided between ionisations and excitations, so that wi is about twice
the ionisation potential. In semiconductors wi is also used for the number of electronhole pairs produced, and is e.g. 3.6 eV for silicon.
Since the occurrence of ionising collisions is a stochastic process, the number of
liberated electrons is subject to statistical fluctuations. If all energy transfers were
possible along any point of the track, i.e. if the energy transfer were not quantised, one
would expect Poisson statistics to apply, with a variance of σ2=n0 around the mean
value n0. However, see equation 2.1.2.2, it is found to be lower by a certain factor,
known as the Fano factor.
2.1.2.2

s 2 = Fn0

The Fano factor is an empirical constant that ranges between 0.05 and 0.2 for most
counting gases. It can be remarked, see section 2.2.3, that Fano factors for Penning
mixtures are much lower than average.

2.2 Gaseous proportional counters
A gaseous proportional counter is comprised of a gas volume in which a set of
electrodes has been placed which are used to shape an electric field in such a way as
to guide drifting charges: electrons towards anodes and (positive) ions towards
cathodes. For a gaseous detector to be qualified as a proportional counter, the electric
field must reach high enough values for the avalanche effect to occur in at least one
place.
The detection process follows the following 4 steps:
1. ionisation of the gas by interaction of radiation
2. drift of the electrons towards amplifying structures (and ions towards the cathode)
3. multiplication of the electrons at the amplifying structures
4. collection of the electrons on the anode
For the majority of detector types, steps 3 and 4 are combined on the anode. The most
famous example is the wire chamber. In the special case of the Gas Electron
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Multiplier (GEM), see section 2.3 below, steps 2 and 3 are repeated for each GEM
used in cascade.

2.2.1 Drift and avalanche effect
As described in section 2.1.2, when an electrically charged particle has traveled over a
certain distance, called the track, through a counting gas, it leaves behind a collection
of electrons and positive ions. Under the influence of the electric field in the
absorption gap the random (Brownian) movement of both electrons and ions will be
forced into a net motion of the ions in the direction of the electric field, and of the
electrons in the opposite direction. A more detailed description of these processes is
found in [14].
The electron cloud will move much faster, being composed of particles several orders
of magnitude lighter. The average speed is referred to as the drift speed, and for that
reason the absorption gap is usually called the drift gap. Generally, the difference
between the electron and the ion drift speeds is around a factor 1000.
If the counting gas contains so-called 'electronegative' gases, a collision between a
drifting electron and a gas molecule can lead to the formation of a negative ion. At a
certain level of impurity, there will be no free electrons left to form a fast signal. For
this reason almost exclusively 'electropositive' gases are used, the most famous
examples of which are of course noble gases.
A drifting electron gains kinetic energy from the electric field. In a pure noble gas,
which due to its spherical symmetry has no vibrational or rotational energy levels, the
electron cannot transfer its energy to the atom other than through elastic collisions (a
minor effect) or an ionisation, or by causing electron excitations of the atom which
leads to the emission of UV photons. These UV photons can then liberate an electron
from the electrodes upon absorption, leading to the spurious pulses known as photon
feedback. Additionally, the positive ions contain so much energy that upon their
neutralization at the cathode, an ionisation can occur. This is referred to as ion
feedback.
To counteract both types of feedback, an 'electropositive' molecule, known as a
quencher, is added to ensure timely absorption of UV photons. Usually a molecule is
chosen such as CH4 or CO2, making sure that its ionisation potential (Ei) is lower than
that of the noble gas. This way, during drift of the noble gas ions, their charge can be
transferred to the quench gas molecule. Through dissociation of the latter some energy
is then lost, and the remaining ion, a molecule fragment, no longer contains enough
energy to ionise the cathode. A disadvantage of this approach is attributable to the
molecule fragments, both neutral and positively charged, that can form longer chains
and thereby cause the effect known as 'ageing'. In due course of time some detectors
then report gain changes or cease functioning altogether.
The quench gas therefore takes its name from the effect that the spurious pulses
caused by ion and photon feedback disappear, are quenched, after its addition to the
gas mixture. Another effect is a reduction of the detector gain with increasing
quencher content for a certain detector voltage, see a description of the avalanche
effect below.
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When the electric field is very high, an electron can gain sufficient energy between
collisions, even in the presence of a quench gas, to ionise a molecule of the counting
gas. This process can lead to an exponentially rising number of drifting electrons
along a certain path through the counting gas, called the avalanche effect. Under the
proper circumstances, a radiation detector can exploit this effect to amplify the signal
linearly before the detector electronics even come into play.
When the electric field is increased even further, the produced amount of charge is no
longer proportional to the energy, deposited by the ionising radiation. A variety of
effects can occur such as sparks, streamers and self-quenched streamers. Sometimes
these effects can be used constructively, as detailed in [20] and [14], but in the case of
micropattern gaseous radiation detectors such as the GEM the end result is always a
full discharge of the detector, releasing all electrostatic energy stored in the detector
capacitance itself, and sometimes more from the detector bias voltage, to devastating
effect.
More information on the various operating modes of gas-filled detectors can be found
in [14]. We will concentrate for now on operation in the proportional pulse mode. In
this mode, for each separate event the resulting charge cloud, proportional to the
deposited energy, is recorded separately, allowing for determination of, in principle,
the time of the event, the location and the energy deposited in the gas.
When determining the energy resolution of a proportional gas-filled counter, the first
step is evaluating the statistical distribution of the deposition of charge by the ionising
radiation. Using the principles set forth in section 2.1.2, n0 primary electrons are
liberated in the gas, with a distribution, using the Fano factor, in accordance with
equation 2.1.2.2. Each of these electrons may undergo multiplication independently. If
the resulting number of electrons from one single electron avalanche is K, and from a
single event K , then equation 2.2.1.1 shows the total charge per event, Q:
Q = n 0 eK

2.2.1.1

Where e is the charge of the electron. The expression for the relative variance in Q is
then shown in equation 2.2.1.2, see [14].
2

2

æ s Q ö æ s n0 ö
1 s
÷÷ + æç K ö÷
çç
÷÷ = çç
è Q ø è n0 ø n0 è K ø

2.2.1.2

2

Equation 2.2.1.2 is valid because the deposition of primary charge and all single
electron avalanches are independent. Note that a bar above a quantity denotes the
average of that quantity, which in this case amounts to the opposite of the convention
to indicate stochastic quantities with bars.
2

æs ö
Now ç K ÷ can be approximated with b, the multiplication variance detailed in [14].
è K ø
Using the Fano factor in accordance with equation 2.1.2.2, we obtain equation 2.2.1.3.
2.2.1.3

2
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The Fano factor is usually in the range 0.05-0.2, and b around 0.4-0.8 for most gasfilled detectors. For the special case of the GEM, sections 2.3.2 and 2.3.3 detail
additional terms in this equation, loosely referred to as 'noise terms'.

2.2.2 Tracks of secondary particles and their effect on the spatial
resolution
As mentioned in table 5, the neutron capture reaction products of 3He are a proton (p)
and a triton (t). The proton has an energy of 572 keV and the triton 191 keV, while
their charge is the same. In the materials commonly used, calculations indicate [19]
that the track of the proton is about three times longer than that of the triton.
This means that there is a systematic error when the interaction position is determined
based on the centre of gravity of the charge along the tracks, see figure 2. This has
been simulated many times, but there is currently no consensus about what the width
of the resulting error distribution is. It is usually quoted as either 70 or 80% FWHM
(full width at half maximum) of the proton track length. In this work, to be on the safe
side, the 80% rule of thumb is adhered to.
A calculation of the track lengths was done using the program SRIM [19] for various
stopping gases, see section 3.3. A computation of the lineal ionisation density (i.e.
energy deposited per unit length along the tracks) was also performed for the gas
mixture proposed for thermal-neutron detection in this thesis, Xe/TMA
(TriMethylAmine) with 3He, see figure 3.

figure 2

Schematical representation of neutron capture in a 3He atom, subsequent antiparallel emission of the proton and triton [7]. Lineal ionisation density along these
secondary particle tracks is indicated as occurs with CF4 stopping gas. Also
indicated is the systematic error between interaction position and centre of gravity
(COG) of the charge cloud, whose distribution in full width at half maximum
(FWHM) is taken as 80% of the proton track length in this dissertation.
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Lineal ionization density

1

p

3

T

figure 3

Lineal ionisation density along the tracks of a 191 keV triton and a 572 keV
proton, emitted back-to-back after thermal-neutron absorption in a 3He nucleus, in
4.15 bar xenon mixed with 0.1 bar TMA and 6 bar 3He, the gas mixture proposed
for thermal-neutron detection in this thesis. Computation with SRIM [19]. Triton
and proton track lengths resp. 0.34 and 1.28 mm, maximal lineal ionisation density
is 0.67 keV/μm.

Interestingly, an experimental method was recently developed [21] that may be used
to measure track length and lineal ionisation density along the tracks directly, by
taking a CCD picture of the light produced by charge multiplication in a GEM, see
also section 4.4.
To determine the track length of a proton in a particular gas, a calculation can be done
using the program SRIM [19].

2.2.3 Penning mixtures
When an energetic (i.e. ≥ 1 eV) electron moves through a gas, e.g. during the
avalanche effect or after absorption of an X-ray, it can lose energy to a gas molecule
in three ways:
·

Ionisation. Energy spent: Ionisation energy Ei + kinetic energy of liberated
electron.

·

Excitation: electron, vibrational, rotational. Energy spent: Eexc.

·

Elastic collision. Energy exchanged: ~1 meV.

The average energy expended for the production of an electron-ion pair, wi, is
typically twice as much as the ionisation potential of the molecule involved. The other
half of the expended energy goes mainly to excitations. In some gas mixtures it is
possible for some of this energy to be used for additional ionisations. One way is
addition of a molecule to the gas which has an extremely low ionisation potential.
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Ultraviolet radiation, resulting from decay of electron excited states, can then ionise
these molecules. Another way is the use of a Penning mixture, to be explained below.
Traditionally noble gases have been chosen as counting gases for a variety of reasons,
most importantly their inability to form negative ions. They have rather high
ionisation energies compared to other gases. Only the heaviest non-radioactive noble
gas, Xe, is an exception.
Noble gases have rotational symmetry in their ground state, so that they have no
rotational or vibrational energy levels. In collisions of energetic charged particles with
noble gas atoms therefore, no energy can be lost to rotations and vibrations, leaving
more for ionisations. However, there is a significant chance for electron excitations.
This is unfortunate, because the first excited state is located at roughly 2/3 of the Ei,
so a good deal of energy can be lost in a single collision.
An excited noble gas atom can fall back to the ground state through one of the
following processes:
·

Emission of a photon (UV).

·

Formation of a dimer with another noble gas atom. The pair is in vibration and
immediately starts emitting photons in the infrared range, moving steadily down
towards the dimer's ground state. Judging from the UV emission spectra [22] [23]
[24], the dimer breaks up during this process, emitting a photon with an energy
between the original excited state of the atom and the ground state of the dimer.

·

Inelastic collision with a non-noble gas molecule (impurity or quench gas). If the
first excited state of the noble gas has a higher energy than the Ei of the quench
gas, this usually leads to ionisation. Otherwise, it causes dissociation of the
quench molecule.

Noble gases and their respective first excited states and ionisation potentials are listed
in table 6, as well as some Ei's of common quench gases.
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table 6

Gas

Ex (eV)

Ei (eV)

helium

He

19.8

24.5

neon

Ne

16.7

21.6

argon

Ar

11.5

15.7

krypton

Kr

10

13.9

xenon

Xe

8.4

12.1

radon

Ra

10.7

trimethylamine

TMA

8.3

dimethylether

DME

10

methane

CH4

12.6

acetylene

C2H2

11.4

ethylene

C2H4

10.5

ethane

C2H6

11.5

propane

C3H8

11.1

iso-butane

C4H10

10.6

tetrafluoromethane

CF4

15.9

Ionisation Potentials (Ei) and first electron excited states (Ex) for some gases, both
in eV. [25][26][27][28][29][30][31]

When a noble gas is mixed with a quench gas whose ionisation potential is lower than
the noble gas' first excited state, energy that is present in excited noble gas atoms may
result in ionisations through collisions with quench gas molecules: the stored energy
is transferred, resulting in an ionisation: the Penning effect. These gas mixtures have a
lower wi than mixtures whose quench gas has a higher Ei.
The Penning effect occurs in mixtures where an excited state of the main constituent,
a noble gas, is matched to within a few tenths of eV to the Ei of the second gas. This
second gas can be either a quench gas or a noble gas. The effect is strongest when
present in very small quantities, typically 0.1 %. Strictly speaking, only then is the
mixture a Penning mixture.
Examples are listed in table 3.

table 7

Ne/Ar

1st exc. state of Ne (16.7 eV)

Ar/Xe

2nd exc. state of Ar (~12 eV)

Ar/C2H2

1st exc. state of Ar (11.5 eV)

Xe/TMA

1st exc. state of Xe (8.4 eV)

Examples of Penning mixtures with mention of the excited state that is matched to
the ionisation potential of the second gas.
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The more exact the match between the two energy levels, also referred to as
resonance, the higher the probability of transfer of energy and subsequent ionisation
during a collision.
Operating a gaseous radiation detector with a Penning mixture has several advantages.
The lower amount of energy 'lost' to electron excitations leads to a smaller Fano factor
F and multiplication variance b, see section 2.2.1, which contribute to a better signal
to noise ratio. Another consequence is a smaller Townsend coefficient (the inverse
pathlength between two ionising collisions) for the same electric field strength, which
translates as a higher gain for the same voltage in the detector. Section 3.3.3 details a
situation where this advantage is crucial to the application.

2.2.4 Gamma sensitivity
The gamma sensitivity is a parameter meant to indicate the ability of the detector to
reject events that were caused by a photon instead of a neutron.
To evaluate this threat to effective functioning of the detector, it is important to know
the gamma spectrum to which the detector will be exposed. There are two major
sources of gammas to be found at spallation sources, namely:
·

Gamma flash: a large flux of prompt gammas originating from the target. All
neutron instruments will normally be shielded from this, except some beam
monitors.

·

Neutron activation gammas: a ubiquitous flux of gammas, e.g. originating in Cd
sample holders. Typical energies are in the 1-4 MeV range.

·

Prompt gamma emission following neutron capture: similar to neutron activation
gammas, but produced promptly after neutron capture so that this flux is reduced
to zero on switching off the neutron beam.

Gamma sensitivity is sometimes defined as the chance that a 1.2 MeV photon will be
mistaken for a neutron. This definition has a significant weakness, namely that
extrapolation to other photon energies, which may be present during experiments,
requires additional information about the detector. However, this definition will be
used in this dissertation because it is by far the most common one.
Sometimes the parameter gamma sensitivity is further 'simplified' by interpreting it to
refer to the chance a 1.2 MeV photon will interact with matter inside the sensitive
volume. In the case of gaseous thermal-neutron detectors this can be shown to be an
oversimplification.
In dosimetry [32], events can be subdivided into the following categories:
·

Starters: events that have their origin inside the sensitive volume, but where the
secondary particle reaches the wall of the detector so that not all energy is
deposited in the sensitive volume.

·

Stoppers: events that originate outside the sensitive volume, where the secondary
particle comes to a halt inside the sensitive volume.

·

Crossers: events for which the secondary particle both starts and stops outside, but
whose track partly lies within the sensitive volume.
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·

Insiders: events where the entire track of the secondary particle lies within the
sensitive volume.

Most experiments done with radiation detectors concentrate on insiders, where the
most reliable information about interaction energy can be obtained. Exceptions are
particle physics, which may be said to deal largely with crossers, and high-energy
gamma spectroscopy, where insiders are desired but it is not possible to avoid starters,
stoppers and crossers.
For the case of 1.2 MeV gamma events in gaseous thermal-neutron detectors, insiders
are unlikely to occur. The track length for electrons of this energy is in the order of
centimetres. Referring to the 'simplification' of the gamma-sensitivity parameter
above, it is imperative to know which fraction of events in the detector can be
classified as starter. If this fraction is ~1, the simplification may be justified, as long
as no detection threshold is applied to the events. A quick simulation shows that the
number of secondary electrons from interactions in a 1 cm thick aluminium entrance
window outnumber 5 to 1 the interactions of 1.2 MeV photons in a high pressure
counting gas itself, in this case 1.5 cm filled with 4 bar xenon.
Therefore it can be concluded that computation of the gamma sensitivity must be done
by a full simulation which takes individual particle behaviour into account.
In all cases, charge density along the tracks of electrons is much lower than that of the
typical secondary charged particles resulting from a neutron interaction. This means
that the gamma sensitivity can be reduced by choosing a thinner interaction region or
segmenting the sensitive detector volume.

2.3 The Gas Electron Multiplier (GEM)
The Gas Electron Multiplier (GEM) was developed by F. Sauli [33] [34] at CERN. It
consists of a thin insulating foil, usually Kapton with a thickness of 50 μm, with a
5-17 μm layer of copper on both sides. Using a photolithographic process, it is
perforated with a regular matrix of holes. The holes typically have a diameter of some
50-100 μm and have a pitch of 120-200 μm.

2.3.1 Operation
When, suspended in a counting gas, a voltage of typically 300-500 V is applied over
the electrodes of the GEM, an electric dipole field develops that reaches values in the
order of 100 kV/cm within the holes; high enough for electron multiplication. An
electric drift field before the GEM brings electron clouds, deposited by interaction
with radiation, into the holes, where they are multiplied. The electrons, produced in
the avalanches, are partially collected on the lower electrode of the GEM (the GEManode). The rest is released in the drift field on the other side of the GEM, called the
induction field. This fraction, usually 20-80% depending mostly on the induction field
strength, [35] [36] [37] can be transported to a pick-up electrode or another
amplifying detector structure such as a wire or another GEM. An example of the first
and simplest option is given in figure 4.
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Drift cathode
Drift gap
GEM
Induction gap
Anode
figure 4

Schematic view of the GEM and surrounding elements.

2.3.2 Electrical Transparency
Two types of transparency can be defined for the GEM: optical and electrical.
Optical transparency is the ratio of surface area covered by holes to the entire
functional GEM area. Since the diameter of the holes vary with depth, see figure 5,
most commonly in the shape of an hourglass also known as the 'double-conical'
configuration, it is not readily apparent which dimension to use. In any case the
optical transparency is of little practical value as a parameter.

figure 5

Electron microscope picture of the surface of the GEM. The regular matrix of
holes can be seen, as well as an impression of the hole shapes.

Electrical transparency refers to the fraction of drifting primary electrons that, upon
reaching the GEM, enters the holes to be further amplified. The rest of the electrons is
collected at the first electrode of the GEM (GEM-cathode). Because of the stochastic
nature of this process, this results in an increase in variance of the number of primary
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electrons that enter the GEM hole to be multiplied. This 'noise term' is referred to as
partition noise, and is further evaluated in section 2.3.5.
When using more than one GEM in cascade, it can be important to know and control
the fraction of ions that, when approaching the GEM, enter the holes. This is known
as the ion transparency. The rest of the ions is of course collected at the GEM anode.

2.3.3 Yield
As mentioned in section 2.3.1 above, the electrons exiting the holes are divided
between the GEM-anode and the anode. The fraction crossing the induction gap
toward the anode is referred to as the electron yield, or yield for short.
Analogously, the ions produced in the avalanche effect in the GEM holes are divided
between the GEM-cathode and the cathode. The fraction crossing the drift gap back to
the cathode is known as the ion yield. The number of ions exiting the holes in the case
of a single GEM, with radiation absorption occurring exclusively in the drift gap, is
equal to the total number of electrons, minus the amount due to the initial charge
deposition.

figure 6

Model of the electric field near a GEM with cylindrical hole shape, showing an
approximately 3 times higher field below the GEM than above it. Picture obtained
from CERN courier volume 38.
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Analogously to what was described in section 2.3.2, the electron yield also gives rise
to a noise term in the statistical distribution of the effective gain. However, since the
electron cloud has been amplified in the GEM holes, the number of electrons to be
divided across the GEM anode and the anode is now larger by a factor equal to the
real gas gain multiplied by the electrical transparency. Consequently, the partition
noise term at the exit of the GEM holes is much smaller. For more details see section
2.3.5.

2.3.4 Analytical evaluation of operational parameters
Assuming total absorption of all ionising radiation in the drift gap, as well as the
avalanche effect exclusively limited to the inside of the GEM holes, the following set
of equations may be introduced to quantify the operational parameters of the GEM.
These are G, the real gain that electrons undergo in the avalanche effect in the holes,
te, the electrical transparency, ye, the electron yield and yi, the ion yield. I0 refers to the
initial ionisation current caused by drifting ions only (the current caused by drifting
electrons being -I0), Ic, IGc, IGa and Ia to the currents on the cathode, GEM-cathode,
GEM-anode and anode respectively. In figure 7 we can see schematically how the
initial ionisation current is divided over the electrodes.
Cathode

+I0

+I0te(G-1)yi

Drift gap
GEM cathode

-I0(1-te)

+I0te(G-1)(1-yi)
-I0te

-I0teG

+I0te(G-1)

GEM anode

Induction gap

-I0teG(1-ye)
-I0teGye

Anode

figure 7

Schematic representation of the current originating in a primary ionisation being
divided across the four available electrodes. Expressions presented with a black
border are currents that are directly being collected. Expressions presented without
a border are still moving, and are to be divided and collected at a later stage.

Ic
= 1 + t e (G - 1) y i
I0

2.3.4.1
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I Gc
= -(1 - t e ) + t e (G - 1)(1 - y i )
Io

2.3.4.2

I Ga
= -t e G (1 - y e )
I0

2.3.4.3

Ia
= -t e Gy e
I0

2.3.4.4

I c + I Gc + I Ga + I a = 0

2.3.4.5

Equations 2.3.4.1 through 2.3.4.4 are readily apparent when tracing electron and ion
currents through the detector and using the definitions of the GEM operating
parameters as mentioned above. Equation 2.3.4.5 reflects the fact that no charge is
added to the system; it can easily be derived by adding 2.3.4.1 through 2.3.4.4. Take
note of the fact that I0 does not refer to the current that might be measured across the
drift gap with zero voltage across the GEM electrodes; rather, it is half that, since it
refers to the current of electrons, which is of course equal in absolute value to the
current of ions.
Adding 2.3.4.3 and 2.3.4.4 gives:
I a + I Ga
= -t e G
I0

2.3.4.6

And 2.3.4.6 and 2.3.4.5 give:
I c + I Gc
= teG
I0

2.3.4.7

Substituting in 2.3.4.3 gives:
I Ga I a + I Ga
=
(1 - ye ) Þ
I0
Io

2.3.4.8

1 - ye =

I Ga
Þ
I a + I Ga

2.3.4.9

ye = 1 -

I Ga
Þ
I a + I Ga

2.3.4.10

ye =

Ia
I a + I Ga

2.3.4.11

In equation 2.3.4.11 the value of the electron yield is nicely expressed in measurable
currents only. In point of fact, this is the only parameter for which this is possible. If
an experiment could be arranged where I0 was separately measurable, we would have
to solve four parameters from four equations. With linear equations this is usually
possible, but these equations are not linear. The remaining three parameters, yi, te and
G, can only be expressed in each other, as is shown below.
From 2.3.4.1 we get with 2.3.4.6:
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Ic
I +I
= 1 + t e Gyi - t e yi = 1 - a Ga yi - t e yi Þ
I0
I0
t e yi = 1 -

I a + I Ga
I
yi - c
I0
I0

2.3.4.12

Þ

2.3.4.13

I
1 I a + I Ga
- c
yi
I0
yi I 0

te =

2.3.4.14

Superficially, expressing the electrical transparency as a function of ion yield, as has
been done in 2.3.4.14, may seem useful since a reasonable estimation may be made
for the ion yield in the case of the real gain G>>1.
Substituting 2.3.4.7 in 2.3.4.1 we get:
Ic
I +I
= 1 + t e Gyi - t e yi = 1 + c Gc yi - t e yi Þ
I0
I0

2.3.4.15

I c = I 0 + ( I c + I Gc - t e I 0 ) yi Þ

2.3.4.16

yi =

Ic - I0
I c + I Gc - t e I 0

2.3.4.17

Equation 2.3.4.17 is in fact the same as 2.3.4.14, and no combination of equations
2.3.4.1 through 2.3.4.4 will yield any more information.
To find out if we can use these equations to determine a value for the electrical
transparency we can use a priori knowledge about te by substituting its lower and
upper limits, te=0 and te=1, in 2.3.4.17 above, so that an estimate for the ion yield can
be obtained, as well as an error in the estimation. The error propagation formula for yi
tells us, see equation 2.3.4.18:
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If we arrange for our current measurements to have vanishingly small errors, the only
term remaining in 2.3.4.18 can be approximated as follows, in the case that G is large
and I0 is therefore much smaller than the other measurable currents:
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2.3.4.19

2
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In equation 2.3.4.19 equation 2.3.4.7 is used, as well as an approximation of 2.3.4.17.
Combined with equation 2.3.4.14 this can be used to estimate the electrical
transparency. Error propagation tells us that the variance in the electrical transparency
is, see equation 2.3.4.20:
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2.3.4.20

If we again assume all measurable currents to have vanishingly small errors, we can
approximate equation 2.3.4.20 to:
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As was expected, when combining 2.3.4.20 with 2.3.4.19 we find that no
measurement, no matter how precise, of currents in the detector will ever yield more
information about the electric transparency than was known a priori, i.e. 0<te<1.
As a consequence, a value for the real gas gain G cannot be obtained using these
equations, only the product teG.

2.3.5 Energy resolution of the GEM
The energy resolution of most gas-filled proportional counters is determined by
equation 2.2.1.3. However, as explained in sections 2.3.2 and 2.3.3, in the case of the
GEM there are two sources of partition noise to take into account. At the entrance of
the GEM holes, the electrons either enter the hole (probability te) or are absorbed at
the GEM cathode (probability 1-te). Similarly, at the exit of the GEM holes the
electrons either cross the induction gap to the anode (probability ye), or are absorbed
on the GEM anode (probability 1-ye). This partition noise will be quantified below.
Note that a bar above a quantity denotes the average of that quantity, which in this
case amounts to the opposite of the convention to indicate stochastic quantities with
bars.
Expanding on equation 2.2.1.1, we find for the GEM:
Q = en0te K ye

2.3.5.1

Q is the charge collected on the anode. Of course, the average single electron gain K
is simply G.
This means that for the variance of Q we find:
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2.3.5.2

The first and third terms of equation 2.3.5.2 are already known from section 2.2.1.
The second term, referring to the charge division process at the entrance of the GEM
holes, has a binary outcome for each electron. It therefore has a binomial distribution.
The variance of binomial distribution is found in equation :
2.3.5.3

s 2 = np(1 - p )

With p the probability of success for a single trial and n the number of trials. We then
find in equation 2.3.5.4 for a single electron (n=1), with te the chance of success (p):
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2.3.5.4

s t 2 = te (1 - te )
e

Identically, in equation 2.3.5.5 we find for a single electron exiting a GEM hole:
2.3.5.5

s y 2 = ye (1 - ye )
e

Substituting this in equation 2.3.5.2 then gives for the total relative variance in Q:
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2.3.5.6

We can now easily compare the different noise terms. The Fano factor F is usually
0.05-0.2, b is for most detectors 0.4-0.8. Given a large real GEM gain, the last term in
equation 2.3.5.6 is very small and the electron yield ye therefore irrelevant. The
electrical transparency te is a very important parameter. When it is small (te<0.4), the
term (1-te)/te dominates the others, given a reasonable value of b=0.6. However, even
when te>0.4 it directly influences the largest term b/te.

2.4 Gas scintillation
When through collision with a particle or absorption of a photon, a molecule is
elevated to a higher energetic state, whether this be an electron excited state or a
rotational or vibrational state, de-excitation may occur through a non-radiative
transition, such as dissociation of the molecule, or through emission of one or more
photons.
Depending on the nature of the excited state, these emissions may be in the
ultraviolet, the visible or the infrared range. For example, a CO2 molecule that has
been excited into a rotational state will emit a series of infrared photons with identical
energy until its ground state has been reached.
Due to their spherical symmetry, noble gases have neither vibrational nor rotational
excited states. However, when a noble gas atom is electron excited, it can form a
simple molecule, a dimer, with another noble gas atom which is in its ground state.
Upon formation, this dimer will be in a vibrational excited state, which prompts it to
emit a series of infrared photons until either its ground state has been reached or it
dissociates under emission of an ultraviolet photon. An emission spectrum of these
photons will therefore show a monoenergetic line (dominating at low pressure) and
also a relatively wide peak with emitted energies below the first excited state of the
noble gas, dominating at atmospheric pressure and above [22] [23] [24]. In the case of
e.g. xenon, the average emitted energy is ~7 eV.
In the following three sections common processes in detectors are discussed which
lead to the occurrence of gas scintillation.

2.4.1 Energetic charged particles
In section 2.1.2 the process of track formation by energetic charged particles has been
introduced, as well as the effect on the statistical distribution in the number of
electron-ion pairs due to the fact that not all available energy can be (usefully)
expended in ionisations. The lion's share of energy is in fact claimed by the formation
of various excited states in the gas molecules. It should be clear that at least a part of
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that energy will be emitted as photons of various energies. This is the operating
principle of (crystal) scintillation detectors. It has also been employed in liquid noble
gases.

2.4.2 Electron drift
A drifting electron continuously picks up energy from the driving electric field, which
is typically expended in inelastic collisions with quench gas molecules. De-excitation
is again accompanied by emission of photons of a variety of energies.
In noble gases with extremely low levels of impurities, it is possible to operate
detectors [38] on the principle of limiting the emissions exclusively to the ultraviolet
photons originating in the dissociation of dimers, as discussed in section 2.4 above.
The gas volume is divided in a sensitive region and a drift region by a grid. In the
latter region, the drift field is high enough for the electrons to quickly reach the
energy of the first excited state of the noble gas, but low enough for the probability of
ionisation to remain minimal. This results in emission of a steady stream of UV
photons for each electron on its path from the grid to the anode. For each electron, the
statistical distribution in the number of produced photons is minimal (in fact the Fano
factor approaches zero.)
This allows for a significant increase in the number of information carriers concerning
the event, now UV photons rather than drifting electrons, while avoiding the increase
in variance that accompanies the charge multiplication process.

2.4.3 Electron avalanche
In an electron avalanche, the average energy of a free electron is considerably higher
than that of a drifting electron. Higher-energy states can therefore be excited, and the
emission spectra can therefor differ from those produced during electron drift, as
discussed in section 2.4.2. However, higher-energy excited states produce UV
photons that are rapidly absorbed in the gas itself over a distance of typically 10 μm
for commonly employed quench gases.
Consequentially, while the intensity of the produced radiation is higher in an
avalanche than in a drift region, emission spectra will be highly similar.

2.5 Spallation
Spallation* is a process that occurs when a highly energetic particle collides with a
heavy nucleus and ‘chips it’, i.e. causes it to emit a variety of fragments, including
neutrons. The process through which these secondary particles are generated are
nothing like the nuclear capture reactions for high-energy protons or neutrons. It is a
chaotic process that is best described by a ‘boiling off’ of the fragments after the
nucleus has been ‘heated up’ by the injection of the fast particle.
Generally a proton beam (~1 GeV) is used with tungsten or mercury as a target
material. It is also possible to use uranium as a target, which has the advantage that

*

To spall = to chip
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the neutron yield is about twice as high. However, most modern spallation sources do
not use this material.
The neutrons that are produced in the spallation process range in energy all the way
up to the proton energy. In order to increase the yield of thermal neutrons, a
moderator is used to slow down the highly energetic neutrons.

2.5.1 Neutron pulse time properties
Moderator behaviour is a very complex matter. It is influenced by the material it is
constructed from, the materials that surround it, its orientation, shape and especially
thickness.
High-energy neutrons impinging on matter will slow down through collisions with
nuclei, eventually reaching a stage where they are in thermal equilibrium with the
surrounding matter. In a continuous source, there is no need for this process to be very
quick. Moderators can be as thick as necessary to stop all neutrons. In a pulsed source,
the neutron pulse width in time is determined for a certain neutron energy by the
thickness of the moderator.
Around the moderator a reflector is placed, optimised to reflect as large a part as
possible of the neutrons leaving the moderator after being insufficiently slowed down.
In the case of fast neutrons this is an advantage, optimising the number of neutrons in
the moderator. For thermal neutrons it significantly deteriorates the time properties of
the resulting neutron pulse, because slow neutrons arrive significantly later than the
fast ones, stretching out the pulse in time. To counter this effect, the moderator can be
‘decoupled’, meaning it is surrounded by a material that stops thermal neutrons with a
high efficiency, but allows higher-energy neutrons (> 1 eV) to pass unhindered. Often
used materials include cadmium and gadolinium.
Should there be a pressing design reason to make the moderator thicker than is
acceptable for the resulting pulse time properties, it is an option to ‘poison’ the
moderator, planting a layer of neutron-absorbing material at a few cm depth in the
moderator, effectively reducing its width for thermal neutrons. This complicating
behaviour generally does not result in the best-performing moderators.
Elementary mechanics teaches us that the maximum amount of energy in a collision
can be imparted when both particles have the same mass. Therefore most moderator
materials have a high hydrogen content in common. Typical materials include H2O,
H2 and CH4.
In spallation sources constructed around the world so far, enthusiastical use has been
made of liquid CH4 as a moderator material. Its properties as a moderator material are
unparalleled, especially where uncoupled moderators are concerned. In the facilities
with the highest flux, polymerisation due to radiation damage poses a severe
limitation on the lifetime of the moderator. This problem makes liquid CH4
impossible to use in one of the new spallation sources, e.g. the SNS. An attempt has
been made to design a composite moderator, intended to produce thermal-neutron
pulses with similar - desirable - pulse time properties as the liquid methane moderator.
It was to consist of a layer of liquid water to provide an initial slowing down of the
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neutrons, and then an added (thin) layer of liquid hydrogen to provide the final
moderation, and the associated desirable pulse time properties.
The final design turned out to possess the disadvantages of both liquid water and
hydrogen moderators. The project was therefore abandoned, resulting in the peculiar
situation that the best moderators in the new spallation sources are expected to
perform less well than those already in place in other facilities.
For thermal neutrons a typical pulse width of 30 μs is to be expected.

2.5.2 Detector time jitter and time resolution
Time jitter in a detector is defined as the uncertainty in the moment of detection
caused by the time a neutron spends crossing the sensitive volume. In general, it is
therefore inversely proportional to the velocity and consequently proportional to the
wavelength. This leads to the common practice of comparing the time jitter
originating in moderator and detector by simply comparing their respective
thicknesses, which holds for neutrons of all wavelengths. The exception concerns the
slowest neutrons, and can be explained by the high efficiency of the detector for those
wavelengths.
For completeness the relation between neutron wavelength and energy is stated in
equation 2.5.2.1, with En the energy of the neutron in meV and λ the wavelength in
nm.
En =

(2.5.2.1)

0.81787

l

2

The interaction probability across the sensitive volume is constant. This gives rise to
an exponentially decaying number of neutrons as a function of depth in the gap, see
equation 2.5.2.2:
F n = F 0e

- N Hes eff x

(2.5.2.2)

where F n is the flux of neutrons, F 0 is the flux at the start of the sensitive volume,
NHe is the number density of 3He atoms, s eff is the effective cross section for neutron
capture and x is the depth in the detector. The long wavelengths, for which s eff is
high, are then predominantly absorbed in only a fraction of the total thickness of the
sensitive volume. It is interesting to note that this effect causes a plateau in the time
jitter as a function of neutron velocity. Neutrons with a wavelength for which the
detector has an efficiency that is significantly less than 100% suffer time jitter
inversely proportional to their velocity.
However, in most experiments the desired precision in timing information, ΔT, is
dependent on the wavelength in such a way that ΔT/T must be below a certain level,
where T refers to the total 'flight-time' of the neutron in the instrument. Practically
speaking this means that for the longer wavelengths, 0.5-0.8 nm, where time jitter is
relatively low, the timing requirements are actually less stringent. For a deeper insight
in these matters consult [2].
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2.5.3 Efficiency of neutron detection
The efficiency of a neutron detector is defined as the fraction of incident neutrons that
are detected. Since capture cross sections depend on neutron wavelength, it is usually
expressed as the efficiency for 0.18 nm neutrons.
The efficiency of a detector is mainly determined by the probability of absorption by a
suitable nuclide. There are other influences that fall outside the scope of this
dissertation, such as absorption by materials in the neutron's flight path, e.g. a
pressure vessel wall, or indeed scattering on the same, which gives spurious neutron
events in places in the detector where they are not expected.
For most purposes, 70% efficiency for 0.18 nm neutrons is deemed sufficient. 3He,
having a cross section of 5.3 kb, requires ~90 bar·mm to achieve this, see equation
2.5.2.2.
For applications with a very short desired time resolution, such as described in section
1.2, time jitter as introduced in section 2.5.2 above poses restrictions on detector
thickness, conflicting with efficiency demands. In section 1.2 a desired time
resolution of 1 μs is mentioned. A 0.18 nm neutron flies 2.2 mm in that time. To
comply with this requirement, the sensitive volume should not be thicker than
2.2 mm. That would require 40 bar partial pressure 3He, which has to be considered
practically unfeasible.
In figure 8 the relation between partial pressure and detector efficiency is detailed.
Realistic solutions could e.g. be 9 bar 3He at 9 mm thickness, or 6 bar 3He at 15 mm
thickness. This would lead to, respectively, 4 μs and 7 μs time jitter.
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Partial pressure of 3He necessary to attain various thermal-neutron capture
efficiencies as a function of detector gap depth
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3 X-ray measurements
In*this chapter measurements are described that quantify the behaviour of the GEM in
different gases. Due to the processes described in sections 2.2 and 2.3, the effective
gain is influenced by:
·

voltage across the GEM

·

hole size

·

hole pitch

·

choice of counting gas and pressure

·

drift field

·

induction field

Varying all these parameters freely and completely would require an enormous
amount of experimental work. Therefore only three varieties of GEM geometry have
been used, and only few different counting gases (at many different pressures). These
are listed in table 8.

table 8

GEM name

Hole diameter
in the copper
layer

Pitch

GEM60/140

60 μm

140 μm

GEM80/140

80 μm

140 μm

GEM60/90

60 μm

90 μm

List of employed GEMs, their colloquial names and geometry.

The choice of GEM geometry for the experiments has initially been made on
historical grounds. The first GEMs that F. Sauli made available gratis had a hole
diameter of 90 μm and a pitch of 140 μm. The search for a hole size that would allow
maximal gain at high pressures of counting gas led to the order of GEMs with hole
sizes of 40, 60 and 80 μm, each with a pitch of 140 μm. When the ratio of hole size to
pitch turned out to be an important parameter as well (see section 3.3.4), GEM60/90's
and GEM50/80's were ordered with this ratio roughly equal to that of the original
GEM90/140. The GEM50/80's were never used due to time constraints.
Varying drift and induction fields has an influence, but as we will see in sections 3.3.4
and 3.3.5, it is possible to make a more or less optimal choice for these parameters
that turns out to be constant over all gases.
When all parameters except GEM voltage are kept constant, effective gain depends to
a very good approximation exponentially on the voltage. Such a collection of gain
measurements is called a gain curve. The voltage across the GEM cannot be increased
indefinitely due to the increased probability of the occurrence of discharges, as
introduced in section 2.2.1. At the low voltage end, the gain curve is truncated
because the signals disappear in the electronic noise.

*

© T.L. van Vuure: Thermal-neutron detection based on the Gas Electron Multiplier, TU Delft, 2004
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By making a gain curve for a certain pressure/gas combination, it can be determined
whether a certain effective gain is feasible, i.e. whether the time between discharges is
large enough. If this initial indication is positive, small improvements can still be
made by optimising drift and induction fields.
In addition to studying the behaviour of one single GEM under all these different
circumstances, an interesting property of the GEM is the possibility to use two or
more in cascade, see e.g. [10]. However, this was not studied in the framework of this
research, because the most interesting results (at the highest pressures) are obtained at
low effective gain, approaching 1. Clearly, it is not very useful to have two GEMs
with effective gain 1 in cascade. The technique is most suited to operation in less high
pressure counting gases and when very high gains are required.
In section 3.3, the search for a gas/pressure combination is described that satisfies the
requirements of the detector described in section 1.2.

3.1 Set-up
The set-up that is used is based on Conflat 150 flanges, which are assembled as a
pressure vessel with ample possibilities to mount electric feedthroughs and gas
connections. The 'knife' edges of two Conflat flanges are positioned facing each other
with a soft metal ring in between, in this case silver plated copper. When the bolts are
tightened, the two 'knives' partially crush the softer metal in between and thereby
realise a high-quality gas seal.
The configuration is shown schematically in figure 9.

Be

figure 9

The test set-up configuration, optimised for measurements using 55Fe X-rays with a
beryllium window vacuum welded into a steel flange. The GEM is mounted on a
frame in the gas volume together with a pick up electrode. On the back is room for
four sets of feedthroughs on Conflat 40 flanges.

The entrance window, see figure 9, consists of 0.76 mm beryllium plate vacuum
welded into a stainless steel CF150 flange. The exposed part of the entrance window
is circular with a diameter of 8 mm, which gives a surface area of 50 mm2.
The back of the detector consists of a cluster flange with four Conflat 40 ports to
mount gas- and electrical feedthroughs. The depth of the gas volume inside the
detector is determined by a doublesided bored flange, which would be more aptly
named a ring, with free space in the middle. The GEMs are mounted on supports of a
very simple design: stainless steel M4 with a glass mantle, screwed into the back
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(cluster-) flange. A spring keeps the 'sandwich' pressed to the entrance window. This
allows for easy assembly of the GEM and anode on the back flange with all electrical
connections in place before placing the front flange (the entrance window), thereby
closing the detector.
Only one thing complicates this procedure, and that is closing the electrical
connection with the drift cathode that is glued to the entrance window. This must be
done while the detector is almost closed due to the need to limit the length of the
wires.
The suspension of the GEM frames in the gas volume is given schematically in figure
12, where the absorption gap is located to the left, as in figure 9.
The entire set-up is depicted in figure 10, showing the pressure vessel, electrical and
gas connections, as well as an X-ray source (with chromium anode) that was
frequently used in experiments. As a matter of radiation safety, all this was placed in a
thin-walled (1 mm) steel box, see figure 11. Due to a ‘dead man switch’ the X-ray
source could only be turned on when the box was closed.

figure 10 Photographic image of the experimental set-up. Central is the pressure vessel,
sprouting various gas- and electrical connections (the ‘antlers’), as well as an
attached cylinder that houses the preamplifier. On the lower right the X-ray source.
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figure 11 Photographic image of the experimental set-up in its box, for safety reasons
equipped with a ‘dead man switch’.

figure 12 Schematical representation of the suspension of the detector parts in the gas
volume of the detector. From left to right: drift gap spacer, GEM, induction gap
spacer, anode. This 'sandwich' is pressed to the entrance window by a spring.
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The anode and GEM-anode wires are connected to electric feedthroughs located on
one CF40 port, because this allows us to minimise electronic noise by keeping the
signal path as short as possible. On this CF40 port, a metal housing acting as a
Faraday cage is mounted which holds the preamplifier, a PAC-LP 87, see figure 13. It
has a rise time of 10 ns and a fall time of 50 μs.
Ortec 572 and 672 shaping amplifiers were used with an entrance impedance of
~1-2 kΩ depending on the setting of the course gain. In order to avoid reflections in
the 50Ω coaxial cable connecting preamp out and shaper in, a 50Ω resistor was put in
series at the preamp output. The expected drop in signal amplitude caused by this
resistor is therefore no more than 5%.
Spectroscopic ADCs, the Ortec AD114 and the AD413A were used to obtain pulseheight spectra.
22 μF 100 nF

100 nF 22 μF

test in
+ 12 V
0V

anode

– 12 V

50 Ω
detector
ground

2.2 nF
10 MΩ

out
detector
ground

1 kΩ
2.2 nF

GEM
anode

7 μH

1.5 MΩ

HV
ground
HV

figure 13 Schematic overview of the employed electronics, most notably the PAC-LP 87
preamplifier and the filters for high voltage (HV) and power for the preamplifier.
The preamp input is protected against discharges using two BAW62 diodes.
Preamp ground and HV ground are separated by 1kΩ.

In order to obtain an energy calibration, a known X-ray energy was used and the pulse
height compared to the response to a voltage peak on the test input of the
preamplifier. This is connected through a ~1 pF capacitor to the preamplifier input.
This calibration is complicated by two additional factors. Firstly, the effective gain of
the GEM is subject to change during operation due to charge-up effects [39] [40] [41].
Secondly, all of the measurements in this thesis were done with an anode fabricated
out of doublesided aluminium coated Mylar, which turned out to have been
unsuccessfully glued to the readout cable with electrically conducting glue. This also
caused parts of the anode to charge up, which influenced the fields in the detector to
the point that a gain change of up to 20% could be measured.

3.2 X-ray measurements with Ar/DME
DiMethylEther (DME) is a quench gas that has been popular as an additive to argon
since the advent of the micropattern gaseous detectors. The role of the quench gas
was, and still is, absorbing UV photons and intercepting drifting argon ions, in order
to prevent UV and ion feedback. This task suddenly became much more demanding
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with the introduction of micropattern detectors, because the distance between anode
and cathode became an order of magnitude smaller.
The high cross section for absorption of UV photons made DME an excellent quench
gas. We have observed [42] that a large (e.g. 40%) fraction of DME in argon can
cause nonproportional behaviour in the GEM, but in smaller quantities this does not
occur.
What does pose a problem is the purity in which DME is available, namely 99.5%.
There have been reports of large variations in detector behaviour using different
batches of DME.
In figure 14 results with three different GEMs are shown using the same bottle of
DME, as well as one gain curve for one of the GEMs using a different bottle from the
same manufacturer (Air Liquide/Messer).
1E+5
AA1, hole size 80.2 um, 1999 bottle
AA1, hole size 80.2 um
FB1, hole size 75.9 um

Gain of one GEM

1E+4

GA1, hole size 72.9 um
1E+3

1E+2

1E+1
280

300

320

340

360

380

400

420

Voltage across the GEM (V)
figure 14 Effective gain for one GEM versus the voltage across it in Ar/DME 90/10 at 1 bar.
5.4 keV X-rays, drift and induction field 1 and 4 kV/cm respectively. The three
lower gain curves were obtained using the same bottle.

Using different batches of DME can apparently influence the gain measurements by a
factor of 10. Comparing figure 14 with results from [43], we find in that publication a
gain curve that is slightly higher than the one found using our 1999 bottle. It is
therefore possible that this bottle contained relatively few impurities, while the later
batches of DME, which produce an anomalously low gain, contain more. This makes
DME effectively unsuitable as a quench gas, unless a source can be found of the
required purity.
It is generally held that the amount of the most critical impurity, oxygen, should be
≤1 ppm although the precise concentration where problems related to electron
attachment in counting gases start to occur is not well known. In the case of the
supposedly impure DME supply, the manufacturer could only indicate impurity
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concentrations grouped in two classes, organic and inorganic molecules. The critical
information about the oxygen concentration is therefore not known.

Counts

A typical pulse-height spectrum of a chromium X-ray tube operating at 10 kV in
Ar/DME 90/10 can be seen in figure 15.

Channel number

figure 15 typical pulse-height spectrum of a chromium X-ray tube operating at 10 kV in
Ar/DME 90/10 with a GEM80/140. The photopeak can be seen (energy 5.4 keV)
as well as the argon escape peak, 3 keV lower at 2.4 keV. On the right hand side of
the spectrum the higher-energy bremsstrahlung photons form a tail up to 10 keV.

3.3 X-ray measurements with stopping gases
Measurements have been done to find a gas mixture to satisfy all the requirements
specified in table 2 in section 1.2.
The most important of these are:
·

it must contain a partial pressure of 6 bar 3He,

·

proton range must be 1.25 mm or less.

Additionally, in keeping with the demands of electronics, see section 5.1:
·

the effective gain must be at least 10.

It will be seen later that adding helium to a stopping gas has a relatively small effect
on the gain for a certain voltage. Therefore initially, the stopping gases have been
examined as a counting gas in a GEM using 5.4 keV X-rays from an X-ray tube with
a chromium anode. In a later stage, helium can be added to be able to judge their
behaviour in a thermal-neutron detector.
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Measurements have been done to determine the limitations in pressure and gain of a
number of candidate stopping gases. These candidates have been selected using three
distinct approaches.
Firstly, traditional choices for stopping gases in proportional counter tubes for neutron
detection have been investigated for their behaviour in a GEM detector. (E.g.: CF4,
C3H8)
Secondly, gases chemically similar to these, with higher Z or larger molecules,
expected to have greater stopping power per unit partial pressure were studied. (E.g.:
C3F8, Xe)
Thirdly, for the special case of xenon, an additive (TriMethylAmine) has been
investigated because the combination forms a so-called Penning mixture, leading to
much higher gain for the same voltage and pressure.
In table 9 a list of gases investigated in this dissertation is provided with the required
partial pressures for 1 mm spatial resolution, when used for thermal-neutron detection
using 6 bar 3He as a converter. The listed values differ slightly from the ones
commonly quoted in literature. They are obtained using SRIM2003, using a working
temperature of 298 K. Pressures are in bar, not in atmospheres. Lastly, the ranges
were computed for gas mixtures containing 3He rather than 4He, the standard choice
of the SRIM program. This also causes small deviations.

table 9

Stopping gas

Partial pressure (bar)

CF4

2.9

C3H8

3.0

C3F8

1.3

Xe/TMA

4.15 / 0.1

List of stopping gases investigated in this dissertation with their respective
required partial pressures, in bar, for 1 mm spatial resolution.

In figure 16 a list of chemicals and their structural diagrams is provided for the better
understanding of the reader.
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figure 16 Structural formulas of several gases that occur throughout this dissertation. Notice
the similarity in structure between isobutane (i-C4H10) and TriMethylAmine
(TMA), and to a lesser extent DiMethylEther (DME).

3.3.1 Traditional stopping gases: C3H8 and CF4
A traditional choice of stopping gas is propane, C3H8. The partial pressure that will be
necessary to satisfy the requirements in section 1.2 is 3 bar.
The performance of this gas in a GEM60/90 at several pressures is shown in figure
17. The depths of drift and induction gap were both 3 mm. Drift field was 1 kV/cm
and induction field 2 kV/cm: a lower value than usual because at the lower pressures
parallel-plate multiplication occurred for higher field strength. The most important
information showing in this graph is the strong drop in gain for a constant voltage
when the pressure is increased. Summarising, it can be said that for every 0.2 bar
partial pressure C3H8 added, the gain drops a factor of 5-10 at constant voltage.
It was possible to measure at slightly higher pressures than indicated in figure 17, but
operating the GEM at the voltage required posed a severe risk of damage by
discharges. A discharge occurring at a GEM voltage of 400 V (e.g. at lower pressure)
does no damage to the GEM if the high voltage is sufficiently quickly shut down. At
700 V, the energy stored in the capacitance of the GEM itself is sufficient to cause
permanent damage, leading e.g. to conduction between the GEM surfaces through
copper, evaporated and deposited inside a GEM hole during a discharge.
It can also be seen that when the pressure is increased, the maximum voltage rises that
can be applied to the GEM before discharges occur. This allows for part of the 'lost'
gain to be 'regained'.
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figure 17 Effective gain of one GEM60/90 for various pressures of C 3H8. Irradiation with
5.4 keV X-rays, drift field 1 kV/cm, induction field 2 kV/cm.

Similar results have been obtained with a GEM80/140 in this gas, see figure 18. The
depths of drift and induction gap were both 3 mm. Drift field was 1 kV/cm and
induction field 4 kV/cm.
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figure 18 Effective gain of one GEM 80/140 for various pressures of C3H8. Irradiation with
5.4 keV X-rays, drift field 1 kV/cm, induction field 4 kV/cm.

At these pressures, the gain of GEM80/140 appears to be slightly higher for the same
voltage than that of GEM60/90, but the difference is very small.
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An effective gain in the order of 100 (where 10 is sufficient) can be reached for partial
pressures of 1 bar and below, but 3 bar is required. For higher pressures, higher
voltages are required (over 700 V, which pose a serious risk for crippling discharges.
This means that C3H8 cannot fulfil the requirements in section 1.2.
Another traditional stopping gas is CF4. The partial pressure that will be necessary to
satisfy the requirements in section 1.2 is 2.9 bar.
The performance of this gas in a GEM60/90 at several pressures is shown in figure
19. The depths of drift and induction gap were both 3 mm. Drift field was 1 kV/cm
and induction field 4 kV/cm. As in figure 17, the most important information is the
strong drop in gain for a constant voltage when the pressure is increased. For every
0.2 bar partial pressure CF4 added, the gain drops a factor of 2-3 at constant voltage.
During the measurements at 1.6 bar a disabling spark occurred, and the GEM became
slightly conductive, presumably due to copper deposits in the holes. Further
measurements were not possible. This illustrates that the GEM is not a useful device
in CF4 at these high pressures, because any single spark could be critically damaging.
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figure 19 Effective gain of one GEM60/90 for various pressures of CF4. Irradiation with
5.4 keV X-rays. Drift and induction fields were 1 and 4 kV/cm, respectively.

Similar results have been obtained with a GEM80/140 in this gas, see figure 20. The
depths of drift and induction gap were both 3 mm. Drift field was 1 kV/cm and
induction field 4 kV/cm.
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figure 20 Effective gain of one GEM80/140 for various pressures of CF4. Irradiation with
5.4 keV X-rays. Drift and induction fields were 1 and 4 kV/cm, respectively.

At 1 bar, the gain of GEM80/140 appears to be lower for the same voltage than that of
GEM60/90 by some 40%. This differs from the findings in C3H8. An explanation for
this is not immediately evident, but clearly no conceivable GEM geometry will allow
operation at pressures over 2 bar.

3.3.2 Other likely choices for stopping gases: C3F8 and Xe
The gases discussed in section 3.3.1 have traditionally been chosen for their high
stopping power per unit partial pressure compared to other counting gases.
The stopping power per unit partial pressure of a gas is determined mostly by the
number density of the atoms in it and their Z value. One way of computing it is with
the program SRIM [19]. However, some simple rules of thumb can be formulated
when trying to find a gas with high stopping power per unit partial pressure.
The most obvious is increasing Z. In 3He tubes, a popular stopping gas is argon.
Krypton or xenon have similar behaviour as a counting gas, and have higher stopping
power per unit partial pressure. Another example is to move from CH4 to CF4.
Unfortunately, CCl4 is unsuitable as a counting gas due to its high electron attachment
coefficient.
Another rule of thumb in trying to find a gas with high stopping power per unit partial
pressure is to move to larger molecules. For instance, C3H8 rather than CH4, and also
C3F8 rather than CF4. C4F10 could not be commercially obtained with high enough
purity, so we were unable to try it. Another possibility would be i-C4H10, although it
holds no great advantage over C3H8. Higher alkanes such as C5H12 have a too low
vapour pressure to reach the requirements of section 1.2.
An interesting gas due to its very high stopping power is C3F8. Only 1.3 bar would
suffice to meet the requirements. In figure 21 the results are listed of this gas with a
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GEM60/90. The depths of drift and induction gap were both 3 mm. Drift field was
1 kV/cm and induction field 4 kV/cm. Unfortunately, a crippling spark occurred
during measurements at 0.4 bar, so higher pressures have not been tried. Again, this
illustrates that the GEM is not a useful device in C3F8 at higher pressures, because any
single spark could be critically damaging.
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figure 21 Effective gain of one GEM60/90 for various pressures of C 3F8. Irradiation with
5.4 keV X-rays. Drift and induction fields were 1 and 4 kV/cm, respectively.

The gain curve of 0.2 bar C3F8 in figure 21 lies above that of 0.1 bar. This illustrates
something that was not witnessed in other counting gases in the GEM for pressures
investigated in this dissertation. For each counting gas there is an optimum pressure
for the avalanche effect, in the sense that the Townsend coefficient (the inverse
pathlength between two ionising collisions) is maximal for a given electric field
strength. At a pressure higher than this optimum, acceleration of the electron to a
speed sufficient for an ionising collision is hampered by relatively frequent nonionising collisions at which energy is lost. At a pressure lower than this optimum,
electrons easily gain enough kinetic energy, but either ionising or non-ionising
collisions are so rare that only few can occur along the path of the avalanche. This is
particularly relevant in the GEM, because the avalanche region is fixed in size, unlike
the case of e.g. a wire.
Compared to alkanes like C3H8, CF4 has a much larger electron attachment
coefficient, and C3F8 again much larger. Both gases are avoided by some
experimenters because of this property. Measurements with C3F8 are more
troublesome than others. The operation of the GEM is perhaps more sensitive to small
quantities of impurities, present in the detector vessel. Some impurities, like oxygen,
have a very high electron attachment coefficient. Only after pumping the chamber for
a full two weeks could figure 21 be obtained.
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Another interesting choice for a stopping gas is Xe. In order to meet the requirements
of section 1.2, the partial pressure should be over 4 bar. That means it has the lowest
stopping power per unit partial pressure of all the gases examined here, but it has the
advantage of being a noble gas, which eliminates possible problems with electron
attachment and aging of the detector. Pure noble gases have been shown [44] to work
admirably in a GEM. Results are shown in figure 22. The depths of drift and induction
gap were both 3 mm. Due to occurrence of the parallel plate effect in 0.5 bar xenon at
4 kV/cm, the induction field was reduced to 2 kV/cm for the measurements at this
pressure. It is clear that the detector cannot operate safely in the required 4 bar xenon.

Gain of one GEM
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figure 22 Effective gain of one GEM80/140 for various pressures of xenon without
quencher. Irradiation with 5.4 keV X-rays. Drift field was 1 kV/cm, induction field
was 2 kV/cm for the gain curve at 0.5 bar and 4 kV/cm for the gain curves at 1 and
1.5 bar.

In an earlier stage of gas-related GEM research, the mixture Xe/DME 80/20 was
investigated (with 'reliable', probably relatively pure, DME). In the framework of that
research, the interest went out to two GEMs working in tandem. The results are
included here in figure 23. The drift, intermediate and induction gaps were all 3 mm
wide. The measurements have not been repeated with this gas for a single GEM,
because it is evident that safe operation in a pressure over 2 bar will not be possible.
However, GEM operation at 4 bar Xe/CH4 is reported in [45]. At a GEM voltage of
~800 V, an effective gain of ~10 is reached for X-rays of 10-50 keV. The GEM is
operated in tandem with an MSGC (Micro Strip Gas Counter), for the express purpose
of allowing safer operating conditions for the MSGC. According to experience in this
work, such a high operating voltage would not be safe for the GEM, due to the risk of
a critically damaging discharge. Certainly when confronted with denser tracks, such
as result from neutron interactions, to avoid discharges the GEM voltage must be
reduced by an additional ~50 V compared to operation with X-rays. Successful
neutron detection in 4 bar Xe/CH4 with the GEM is therefore doubtful at best.
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figure 23 Effective gain for two GEM80/140s in tandem for various pressures of
Xe/DME 80/20. Irradiation with 5.4 keV X-rays. Drift, intermediate and induction
field strengths were 1, 2 and 4 kV/cm respectively.

3.3.3 Optimising Xe for gain: Xe/TMA
The previously discussed stopping gases mostly operate well as a counting gas in a
GEM at standard pressure (~1 bar). However, when increasing the pressure towards
the requirement described in section 1.2, and applying a voltage necessary to have an
effective gain > 10, the probability for the occurrence of damaging discharges rises
too much to allow for practical detector operation.
A possible way to find a gas mixture that fulfils the requirements is to look for one
that reaches an effective gain of ~10 with the smallest possible voltage across the
GEM, as it is this voltage that must be below a certain limit to avoid crippling
discharges.
This brings us to the subject of Penning mixtures, introduced in section 2.2.2. To keep
the pressure within reasonable limits to allow a relatively thin entrance window on the
detector, the heaviest noble gas with the largest stopping power seemed the best
choice. In the literature, a xenon-based Penning mixture could not easily be found.
Because xenon has the lowest first excited state of all noble gases (except the alphaemitter radon), forming a Penning mixture requires the additive to have an
unreasonably low ionisation potential (Ei), 8.4 eV. A candidate, TriMethylAmine
(TMA), was located in a chemical reference book [28] based on its Ei. There turned
out to be an article about it and other Penning mixtures [46] already published ten
years before, but this knowledge was apparently never used afterwards.
The interest of the topic's first researchers was in energy resolution. The state-of-theart detectors of the time, wire chambers, did not have the same limitations as the GEM
concerning gain at high pressure. Considering the inherently poor performance of gas-
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filled detectors on this front compared to other types of detector, the lack of further
interest in a xenon Penning mixture is understandable.
Gain curves for 1 through 4 bar Xe/TMA for a GEM60/90 can be seen in figure 25.
The required pressure of Xe in the presence of 100 mbar TMA and 6 bar 3He to obtain
1 mm spatial resolution is 4.15 bar. The depths of drift and induction gap were both
3 mm. Drift field was 1 kV/cm and induction field 4 kV/cm. The position of the gain
curve for 0.5 bar pure xenon matches roughly the curve for 3 bar Xe/TMA.
1000
1 bar
2 bar
3 bar
Effective GEM gain

.

4 bar

100

10
200

300
400
Voltage across the GEM (V)

500

figure 24 Gain of one GEM60/90 in various pressures of Xe with 100 mbar TMA.
Irradiation with 5.4 keV X-rays, drift and induction fields 1 and 4 kV/cm,
respectively. Note that 4.15 bar is necessary for the 1 mm spatial resolution
requirement.

In figure 25 a similar set of measurements is depicted for a GEM80/140. The gain for
the same voltage is slightly higher than for a GEM60/90 as shown in figure 25. The
maximum voltage that can safely be applied over the GEM is also slightly higher, but
it varies even between GEMs of the same geometry.
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figure 25 Gain of one GEM80/140 in various pressures of Xe with 100 mbar TMA.
Irradiation with 5.4 keV X-rays, drift and induction fields 1 and 4 kV/cm,
respectively. Note that 4.15 bar is necessary for the 1 mm spatial resolution
requirement.

It was already discussed in section 3.3.2 that xenon without quencher cannot be used
above 1.5 bar. Other options like Xe/DME also proved problematic, due to the fact
that the Penning effect cannot occur between xenon and most quench gases, including
DME. Therefore, TMA makes it possible to use xenon at high pressure in a GEM.
Note the deterioration in the energy resolution at higher pressures, see figure 26. This
is a common occurrence in any counting gas.
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figure 26 Energy resolution of one GEM80/140 in various pressures of Xe with 100 mbar
TMA. Irradiation with 5.4 keV X-rays, drift and induction fields 1 and 4 kV/cm,
respectively. Note that 4.15 bar is necessary for the 1 mm spatial resolution
requirement.

Most energy resolution curves in figure 26 contain a point with elevated energy
resolution at the lowest voltage. For the lowest gain values, electronic noise was
dominant over statistical causes for these measurements.
The explanation for the deterioration of the energy resolution when increasing the
pressure is not immediately apparent. From [14] we know that the variance introduced
by the multiplication process does not vary wildly between gases, therefore likely not
between different pressures either. Since the pressure directly influences transversal
diffusion, and thereby electrical transparency, perhaps this is the cause. In table 10
equation 2.3.5.6 has been used to estimate the required electrical transparency to
explain the observations.

table 10

Energy resolution (% FWHM)

19% at 1 bar

30% at 4 bar

Electric transparency (estimated)

0.63

0.32

Estimation of the electric transparency required to explain the observed peak
widths at different pressures in Xe/TMA. Other parameters: n0=245, F=0.1, b=0.6.

It is difficult to determine if a changing electric transparency can indeed be the cause
of this effect. One would expect rather the opposite: higher pressure means less
transversal diffusion, causing the electrons to follow the electric field lines more
closely thereby increasing the electric transparency rather than decreasing it.
From figure 27, obtained from a research group at LIP Coimbra with which we have a
collaboration [47] and who work with a highly similar detector, we can see the effect
of different TMA contents on the effective gain. This data was gathered at 3 bar
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xenon, but is largely the same at other pressures. Based on these results 2.5 % TMA
content was chosen, which comes to 100 mbar TMA in 4 bar xenon.
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figure 27 Effective GEM gain of one GEM80/140 in 3 bar xenon with various quantities of
TMA.

3.3.4 Drift field behaviour
An important part of the operation of the GEM is the transportation of the initial
charge cloud into the avalanche regions, see section 2.3.2. Due to differences in lateral
diffusion, electrical transparency will vary across a range of gases.
Experimental results with a variety of gases as well as different GEM geometries
show that no general rule can be discerned to describe all effects fully. However,
several important generalities will be presented here.
Two extreme cases can be distinguished for the choice of drift field:
·

zero field strength: the drifting electrons will not reach the GEM, resulting in
extremely low (zero) GEM gain.

·

very high field strength: the majority of the electric field lines in the drift gap
terminate on the nearest GEM surface. Electrons are collected there, resulting in
very low GEM gain.

Between these two extremes, an optimum is expected. The location of this optimum is
dependent mainly on the optical transparency of the GEM, see figure 28.
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figure 28 Combined plot of gain and energy resolution of one GEM (of different types) for
5.4 keV X-rays in P10 (Ar/CH4 90/10). Full dots refer to GEM gain, empty dots to
energy resolution.

It is immediately apparent from figure 28 that care has to be taken to choose a suitable
drift field for the GEM, to avoid the unfortunate effects from an excessively low
electrical transparency. This is most apparent when using a GEM detector with
relatively low optical transparency, like the GEM60/140, which needs a very low drift
field for optimum electrical transparency. To understand why in figure 28 the drop in
gain for the GEM60/140 is accompanied by a deteriorating energy resolution, see
section 2.3.5.
When choosing a single value for the drift field to be used with measurements across
a wide range of gains and gases, two things can be concluded from figure 28:
·

when the drift field is properly chosen, small variations in it cause only very small
changes in GEM gain, a very convenient property.

·

the precise location of the plateau varies with GEM geometry.

An absolute value of the electronic transparency is not known. It is fundamentally
impossible to determine, as is shown in section 2.3.4.
In figure 29 a similar set of measurements is displayed in the gas Ar/DME 90/10 at
1 bar, using a batch of DME that most closely matches data published elsewhere. It
can be seen immediately that the differences are not large.

50

GEM gain

80%
400

60%
gain
40%

energy resolution
200

20%

0

Energy resolution (% FWHM) .

100%

600

0%
0

1

2

3

Drift field strength (kV/cm)
figure 29 Combined plot of gain and energy resolution of one GEM80/140 for 5.4 keV
X-rays in Ar/DME 90/10. Full dots refer to GEM gain, empty dots to energy
resolution. Induction field was 4 kV/cm.

Other investigated gases include CF4, C3H8 and C3F8. In figure 30, figure 31 and
figure 32, a set of measurements is displayed that illustrates the similarity in
behaviour for all these gases. Note that for all these gases a value for the drift field of
1 kV/cm lies on the electron transparency plateau for both types of GEM that were
used.
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figure 30 Combined plot of gain and energy resolution of one GEM (of different types) for
5.4 keV X-rays in 0.5 bar C3H8. Full dots refer to GEM gain, empty dots to energy
resolution. Induction field was 4 kV/cm.
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figure 31 Combined plot of gain and energy resolution of one GEM (of different types) for
5.4 keV X-rays in 0.6 bar CF4. Full dots refer to GEM gain, empty dots to energy
resolution. Induction field was 4 kV/cm.
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figure 32 Combined plot of gain and energy resolution of one GEM60/90 for 5.4 keV X-rays
in 0.3 bar C3F8. Full dots refer to GEM gain, empty dots to energy resolution.
Induction field was 4 kV/cm.

The behaviour of Xe/TMA as a function of drift field is shown in figure 33. Again, it
shows a strong resemblance to behaviour of other gases. It can be seen that choosing a
low drift field, ~0.25 kV/cm, significantly impacts the energy resolution. Something
similar was seen in figure 32. The explanation probably lies in electron attachment in
the gas. Both gases involved, Xe/TMA and C3F8, are known to be somewhat
'electronegative'. The electron attachment coefficient of TMA is unknown, but the
available batch is known to have a relatively large water content. The presence of
water in a counting gas is less troublesome than that of oxygen due to its lower
electron attachment coefficient, but it is an unwanted impurity. In practice, however,
it is unfeasible to reduce the water content to <1 ppm as is done with oxygen, because
of the duration of the outbaking process that this would require. According to the
manufacturer, the water content could not be easily lowered with a distillation process
or an absorber.
During later experiments with neutrons, persistent problems occurred that may well
be linked to electron attachment.
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figure 33 Combined plot of gain and energy resolution of one GEM (of different types) for
5.4 keV X-rays in 1 bar Xe/TMA 90/10. Full dots refer to GEM gain, empty dots
to energy resolution. Induction field was 4 kV/cm.

For uniformity among measurements of various parameters of the GEM it is useful to
choose a single value for the drift field. Based on the information above, 1 kV/cm was
chosen because for a wide variety of gases and gains the electron transparency is
located on the plateau, which allows for small changes in drift field without large
changes in effective gain. Additionally, it maximises signal to noise ratio.
When estimating the effects of gas pressure in first-order approximation, drift speed,
diffusion coefficient and Townsend coefficient are all dependent on E/p (electric field
over pressure) rather than E. When increasing the pressure of the gas mixture to
10 bar as described in section 1.2, i.e. 6 bar helium, 4.15 bar xenon and 100 mbar
TMA, we expect to find the same results for a ten times higher electric field. It is
known that this rule of thumb of working with E/p is not very accurate, and indeed in
figure 34 we find different results. Measurements were done with a varying drift field
for a constant induction field of 4 kV/cm, a drift gap of 14 mm and an induction gap
of 3 mm.
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figure 34 Combined plot of gain and energy resolution of one GEM80/140 for 5.4 keV
X-rays in 4 bar Xe mixed with 100 mbar TMA and 6 bar helium. Full dots refer to
GEM gain, empty dots to energy resolution. Induction field was 4 kV/cm.

It is clear that the uniform choice of drift field 1 kV/cm is not located on the electrical
transparency plateau for this high pressure gas mixture. However, practical
considerations such as maximum available voltage from the high-voltage source and
voltage limitations on connectors and feedthroughs also impose limitations, that are
not easily overcome halfway through a set of experiments.
In order to determine to which extent electron attachment played a role in the various
gases, gain curves as a function of drift field were done at very low fields, where
electrical transparency is perhaps 100%, but at any rate can be taken to be constant.
All other parameters being kept constant, two phenomena can then influence the
number of electrons that reach the GEM holes, and therefore the number leaving
them: electron attachment and electron-ion recombination.
To have a longer drift length along which these two effects can occur, the drift gap
was widened from 3 to 14 mm. Information was gathered on the gases CF4, C3F8,
C3H8 and Xe/TMA, at several pressures to determine how strongly the two effects
occur, see figure 35.
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figure 35 Energy resolution as a function of drift field in several gases/pressures: C3F8 at
200 mbar, C3H8 at 200 mbar, CF4 at 500 mbar and Xe/TMA 90/10 at 1 bar. Note
that the drift field has been defined as the voltage across the drift gap divided by
the thickness. This is not entirely accurate due to field lines entering the gap
through the GEM holes. This explains that signals could be recorded using a
slightly 'negative' drift field, i.e. reverse polarised.

Two gases, namely Xe/TMA and C3F8, can be seen to have deteriorating energy
resolution at low drift fields (<0.5 kV/cm), which is probably a sign of a reduced
number of electrons reaching the GEM holes, which in turn is a sign of an elevated
electron attachment coefficient. The literature is not completely clear concerning the
attachment coefficients of CF4 and C3F8, but the latter is ~5 times higher than the
former. The electron attachment coefficient of TMA is unknown, but according to the
manufacturer of the TMA supply (Chemogas GMBH), there is about 0.3 mass% of
H2O as impurity in the TMA (which could not be easily removed), which may
account for the observations.
It can be concluded that concerning the choice of optimum drift field:
·

widening the drift gap has no noticeable effect

·

small variations in gas pressure have no noticeable effect

·

choice of gas does have a noticeable effect.

It must be said here that the determination of the energy resolution is burdened with a
relatively large error, also due to charge-up effects in the GEM. Small bumps and
features in the above curves are not always reproducible. Gas pressure of C3F8 was
not widely varied due to the occurrence of damaging sparks, caused by an excessively
high required operating voltage across the GEM. It can be argued that electron
attachment should increase noticeably at slightly higher pressures, but the inability to
safely operate the GEM led to the abandonment of that particular measurement.

56

For the purpose of neutron measurements, the GEM has been operated in very high
pressures of Xe/TMA mixed with helium. Under those conditions a worsening of the
energy resolution can be shown to occur.
It should be possible to distinguish between the effects on the energy resolution from
electron attachment and from electron-ion recombination, by increasing gain and/or
event rate, thereby increasing the content of drifting ions in the gas. This should lead
to more electron-ion recombination. Such an experiment, if indeed possible, was not
attempted in this work.

3.3.5 Induction field behaviour
The ratio of the electric field strength in the induction gap to that in the GEM holes is
the most important factor in determining the electron yield of the system. The yield is
the percentage of drifting electrons, produced in the avalanche in the GEM holes, that
crosses the gap while inducing a signal on the anode. The rest of the electrons is
collected on the back electrode of the GEM.
As a rule of thumb, the yield has been shown to be roughly linear with the induction
field for most gases. There is no obvious theoretical reason why this should be the
case, and indeed there are exceptions to this, as is illustrated in figure 36.
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figure 36 Effective GEM gain as a function of transfer field for several GEM geometries in
P10 (Ar/CH4 90/10) at 1 bar, irradiated with 5.4 keV X-rays. Voltage across the
GEM was ~450 V.

For the GEM60/90 and the GEM80/140, the relationship is roughly linear. For the
GEM60/140 it seems to be linear plus offset. Because this GEM is largely unsuitable
due to low electron transparency for most drift fields, the behaviour of its gain as a
function of induction field has not been further studied with other gases.
For Ar/DME 90/10 the behaviour for GEM60/90 and GEM80/140 is similar. In figure
37 the relationship between effective gain and induction field is shown, as well as the
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corresponding values of the energy resolution. In line with section 2.3.5 the effect of
the partition noise at the exit of the GEM holes is negligible.
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figure 37 Effective GEM gain and energy resolution versus induction field for a GEM80/140
in Ar/DME 90/10 irradiated with 5.4 keV X-rays.

For the sake of completeness figure 38 shows effective GEM gain versus induction
field for the gases C3H8, CF4 and C3F8 which all show similar behaviour, for both
GEM60/90 as GEM80/140.
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figure 38 Effective GEM gain and energy resolution versus induction field for a GEM60/140
in Ar/DME 90/10 irradiated with 5.4 keV X rays.
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For Xe/TMA the behaviour turns out to be similar, see figure 39. However, due to the
nature of the mixture as a Penning gas, parallel plate multiplication starts at relatively
low electric fields, i.e. 5 or 6 kV/cm as compared to ~10 kV/cm for Ar/DME, which
can be inferred by studying the preamplified signals on a scope. Consequently, gain
readings with an induction field higher than 5 kV/cm are useless; and indeed, at
5 kV/cm the yield already curves upward somewhat, possibly due to the parallel-plate
effect.

Gain of one GEM

300

200

100

0
0

1

2

3

4

5

6

Induction field (kV/cm)
figure 39 Effective gain as a function of induction field for one GEM80/140 in
Xe/TMA 90/10 at 1 bar irradiated with 5.4 keV X-rays.

Because the Xe/TMA mixture still shows high gains at the 4.15 bar necessary for
1 mm spatial resolution, measurements were done in this gas mixed with the required
6 bar helium. The effect of the induction field on the gain is reported in figure 40.
Because of the higher pressure, the electric field necessary for parallel-plate
multiplication becomes an estimated factor 10 higher than at 1 bar, see figure 39. For
this reason, the upward tending gain curve at high induction field is not seen in figure
40, rather the opposite. This is perhaps due to saturation, i.e. an electric yield
approaching unity, though this has not been investigated further.
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figure 40 Effective gain and energy resolution as a function of induction field for one
GEM80/140 in 3.9 bar xenon with 100 mbar TMA and 6 bar helium irradiated
with 5.4 keV X-rays.

The absolute value of the yield cannot be obtained using only information from the
anode. Measuring the currents on all electrodes in the system, the electron yield can
be determined as explained in section 2.3.4. A set of current measurements is
presented in figure 41 where electron yield was 0.57, using the settings of 1 and
4 kV/cm for drift and induction fields, respectively.
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figure 41 Current measurement on all 4 electrodes of the detector as a function of X-ray flux.
Irradiation with 5.4 keV X-rays in 1 bar P10 (Ar/CH4 90/10). Drift and induction
fields respectively 1 and 4 kV/cm. Electron yield is 0.57.

The practical approach to the problem of the unknown yield in the absence of current
measurements is simple: the induction field is to be increased as much as possible
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without giving rise to the parallel-plate effect in the induction gap. This gives, for
most gases, the highest drift speed for the electrons and the highest effective gain. It
has no effect on the energy resolution. For uniformity among many measurements
with different gases and pressures, 4 kV/cm was chosen because it is relatively high
but stays out of the parallel-plate multiplication region in Xe/TMA.

3.3.6 Comparing the different stopping gases
When comparing the different stopping gases, we are interested in making visible the
limitations that each has with respect to high spatial resolution neutron detection using
a GEM. This means that the pressure is actually not a relevant parameter, it is the
resulting proton track length that is of interest, because this determines the optimum
attainable resolution.
A second fact to keep in mind is that it is not the effective gain we are interested in,
but rather the secondary electron cloud size that reaches the anode. This parameter is
not only determined by the effective GEM gain, but also by the wi value, the average
energy necessary to generate an electron-ion pair in the gas.
Bearing this in mind, we can combine the data of the four possible stopping gases in
one graph, figure 42. Please note that the errors on the individual points are very
large, up to a factor of 2, due to the inherent uncertainty in determining the highest
gain. After all, a discharge occurs at a random moment.
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figure 42 Number of secondary electrons produced by a GEM after absorption of a 5.4 keV
photon in several gases, at maximum gain at several pressures (corresponding to
different spatial resolutions). For C3F8 a GEM60/90 was used, for all other gases a
GEM80/140. Due to large statistical fluctuations in determining maximum gain the
error can be up to a factor 2.
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From figure 42 it can be concluded that the only gas mixture among the mixtures
studied that may allow detection of neutrons at 1 mm spatial resolution using a GEM
is Xe/TMA.

3.3.7 Effect of He addition on the effective gain
The effect of adding helium to a gas mixture is radically different from adding any
other gas. From figure 25 it can be seen that adding a bar of Xe to Xe/TMA (while
keeping GEM voltage constant) reduces the gain by a factor of ~5. In other gases it is
generally worse. Adding a bar of He reduces the gain by only ~30%, as can be seen in
figure 43.
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figure 43 Effect on the gain of adding helium to a gas mixture while keeping the voltage
across the GEM constant. Irradiation with 5.4 keV X-rays, drift and induction
fields 1 and 4 kV/cm, respectively.

As with any other gas, adding He to a gas mixture has a second effect; it increases the
voltage one can safely apply across the GEM. In figure 44 measurements are included
in Xe/TMA that show that after adding a bar of He, it is possible to compensate the
reduction in gain by safely increasing the voltage across the GEM.
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figure 44 Gain curves of a GEM80/140 in 4 bar xenon with 100 mbar TMA and varying
amounts of helium (given in bar). Irradiation with 5.4 keV X-rays, drift and
induction fields 1 and 4 kV/cm, respectively.

These measurements show that the mixture of 4 bar xenon with 100 mbar TMA and
6 bar helium could fulfil the requirements listed in section 1.2. Further experiments
have been done in this gas with neutrons, see section 4.
As was seen as well in section 3.3.3, increasing the pressure leads to a deterioration in
energy resolution, see figure 45.

Energy resolution (% FWHM)

.

60%

40%

20%

0%
300

1 bar
2 bar
3 bar
4 bar
5 bar
6 bar
400

500

600

Voltage across the GEM (V)

figure 45 Energy resolution of a GEM80/140 in 4 bar xenon with 100 mbar TMA and
varying amounts of helium (given in bar). Irradiation with 5.4 keV X-rays, drift
and induction fields 1 and 4 kV/cm, respectively.
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As in section 3.3.3, we can try to explain this energy resolution deterioration by
attributing it to a reduced electron transparency. To fully explain the observations, the
values listed in table 11 would be necessary.
Energy resolution (% FWHM)

30% at 0 bar He

42% at 6 bar He

Electric transparency (estimated)

0.32

0.18

table 11

Estimation of the electric transparency required to explain the observed peak
widths at different pressures of helium mixed with 4 bar Xe/TMA. Other
parameters: n0=245, F=0.1, b=0.6.

As before, it is very difficult to determine whether the observations are in fact
attributable to this effect.

3.4 Measurements with optical readout
Within the framework of thermal-neutron detection using GEMs there has been cooperation with LIP Coimbra. At their laboratories, experiments have been performed
concerning the optical readout of the GEM using CCDs [21] [48]. The used set-up is
very similar to the one used for this dissertation. It is described in section 5.2.
Experiments have been performed using several gas mixtures, namely He/CF4,
Ar/CF4 and Xe/TMA.
3

He/CF4 is a commonly employed gas mixture in thermal-neutron detectors. Ar/CF4 is
a mixture that is used in a proton dosimetry project that employs GEMs. Its
advantages include a higher light yield per electron around the easily measurable
600 nm wavelength and a high attainable electrical gain, leading in turn to large
optical signals. The emissions of Xe/TMA are almost exclusively located in the near
UV region, around 300 nm. Efficiently measuring the produced light necessitates
usage of not only a quartz window in the detector, but also a CCD camera sensitive in
that region.

3.4.1 Emission spectra obtained using X-rays
The used set-up is similar to the one introduced in section 5.2, adapted with a carbon
fibre entrance window. The charge produced in the GEM is not collected on an anode,
but on the GEM surface itself (the GEM anode). An optically transparent grid is used
to apply a reverse polarised electric field to accomplish this. In the back plane of the
detector box an optical window has been mounted, made of quartz.
Behind the window an Applied Photophysics monochromator type 7300 was
positioned, read-out by an RCA C31034 photo-multiplier with a GaAs:CsO
photocathode, covering the wavelength range between 185 and 930 nm. The
photomultiplier was used in single-photon counting mode.
During irradiation of the detector with an X-ray tube, both the primary current and the
secondary current on the back electrode of the GEM were measured at constant X-ray
flux. The GEM gain was defined as the ratio between this current and the primary
current.

64

2E-9

Arb. units

He+40%CF4-1bar
Ar+5%CF4-1bar
Xe+5%TMA-1bar

1E-9

0E+0
200

300

400

500

600

700

800

900

Wavelength (nm)
figure 46 Optical spectrum of the light emissions that occur during operation of the GEM in
three gas mixtures.

An emission spectrum was measured by stepping the monochromator at 2 nm
intervals through the wavelength range. In figure 46 the spectra for the examined gas
mixtures are shown, all with the detector operating at a charge gain of 100.
Unfortunately the light yield at different wavelengths cannot be compared, because
the spectra have not been corrected for the transmission of the monochromator and the
quantum efficiency of the photomultiplier.

3.5 Conclusions
The following conclusions can be drawn from the research performed in section 3.
When comparing different GEM geometries with each other, no hole size can be
shown to hold a substantial advantage over another. In some counting gases a hole
size of 80 μm leads to a higher gain than a hole size of 60 μm, but it can also be the
other way around. The typical difference is less than a factor ~2.
Of the utmost importance in GEM geometry is the ratio between hole size and pitch.
This directly influences electron transparency and yield. For example, the examined
GEM60/140 requires a very low drift field compared to GEM80/140 and GEM60/90
in order to reach the same effective gain. As discussed in section 2.3.4, the effective
gain is the product of the real gas gain, electron transparency and electron yield. For
this reason, the effective gain in the GEM60/140 is significantly reduced because of
the lower values for transparency and yield.
For GEM60/90 and GEM80/140 convenient working values for drift and induction
field are 1 and 4 kV/cm. For the drift field, this can be shown to be on the plateau for
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electron transparency except at high pressure (~10 bar). The effective gain is roughly
linear with induction field, the energy resolution is independent of it. This means that
the optimal value for the induction field is just below the onset of parallel plate
multiplication in the induction gap. However, little is to be gained from trying to
determine this value very precisely; an induction field of 4 kV/cm generally comes
within a factor ~2 of reaching the same effective gain.
From the investigated stopping gases, listed in table 9 on page 38, C3F8 and Xe/TMA
appear to suffer to some extent from a higher electron attachment coefficient than
C3H8 and CF4. In literature, CF4 is considered electronegative as well, but we have not
been able to show that. The electron attachment coefficient of C3F8 is reported to be
~5 times higher. In the Xe/TMA mixture, the culprit is probably contamination with
H2O, though there is no direct proof of this.
The traditional stopping gases (CF4 and C3H8) cannot be used to obtain 1 mm spatial
resolution in the GEM, due to the strongly increased electric field that would be
necessary to operate the GEM in those gases at the required elevated pressures. The
high required voltages over the GEM can cause lasting damage starting at ~700 V in
the case of a discharge. C3F8 and xenon are unsuitable as well for this purpose, for the
same reason. Of the investigated gas mixtures, only Xe/TMA can be shown to
perform as a counting gas with a gain larger than 10, as mentioned in section 1.2, at a
high enough pressure to obtain 1 mm spatial resolution. It has a relatively high
electron attachment coefficient, which can be shown to lead to problems in high
pressure mixtures with 3He for neutron detection, but these are probably surmountable
by reducing the water content of the TMA.
It is clear from this research that it is unlikely that another stopping gas that is not a
Penning mixture can be found with which 1 mm spatial resolution can be obtained in
a GEM. Heavy alkanes such as C6H14 have a low vapour pressure. Fluoroalkanes such
as C3F8 have a relatively high electron attachment coefficient, and heavier ones have a
low vapour pressure. Penning mixtures based on heavy noble gases seem the best
approach. Besides Xe/TMA itself, options are Ar/Xe and Kr/DME, requiring
respectively ~8 and ~6 bar partial pressure compared to ~4 bar for Xe/TMA. A higher
pressure is obviously a disadvantage since it requires a thicker entrance window. The
inconveniently high electron attachment coefficient of Xe/TMA is likely to stem from
impurities in the gas, such as H2O. As was shown in section 3.2, DME sometimes
suffers from the effects of impurities as well, though there are no reports in literature
of electron attachment. For this reason, there is no pressing reason to move from
Xe/TMA to Kr/DME. Perhaps another Penning additive can be found for either xenon
or krypton, one for which the purity of the gas supply is not in doubt.
When increasing the pressure of a counting gas, the drop in effective gain for the
same voltage can be larger than 102 for each bar of pure quench gas such as C3H8. For
a Penning mixture such as Xe/TMA it is lower, a factor ~5 per bar xenon. When
adding helium to a stopping gas, each additional bar helium reduces the gain by only
~30%. The reason is to be found in the unattainably high electron excited states of
helium (~20 eV) which cause it to undergo only elastic collisions with free electrons.
Fortunately, this allows a detector designer to add 3He nearly at will to a counting gas

66

without greatly influencing the effective gain. It can influence the drift speed,
however.
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4 Neutron measurements
In*this chapter measurements will be described that were done at neutron beams at the
Interfaculty Reactor Institute in Delft. The thermal-neutron flux was 5·105 mm-2s-1 at
the brightest beam line, and only 103 mm-2s-1 at others. The gamma background also
varied a great deal between beam lines due to the proximity of monochromators and
mirror filters, and is often poorly documented.
A series of measurements will be described moving ever closer to detection at
efficiency and spatial resolution consistent with the detector demands put forth in
section 1.2.

4.1 Neutron pulse-height spectra and gamma sensitivity
When performing experiments with a 3He-filled proportional counter in pulse mode
more structures are visible than only the full-energy peak. This is due to the antiparallel emission of the 3He neutron-capture reaction products, as described in section
1.3. The immediate advantage is the minimum that can be determined for the energy
deposition in the sensitive volume, namely 191 keV, the energy of the triton.
This is illustrated in a pulse-height spectrum recorded with a simple 3He proportional
counter tube (GE Reuter Stokes P4-0806-101), shown in figure 47.
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figure 47 Pulse-height spectrum from a 3He tube (GE Reuter Stokes P4-0806-101) irradiated
with neutrons. Tube diameter 25.4 mm, fill pressure ~10 bar 3He with ~1% CO2.

This measurement was done at the beamline with the lowest gamma background.
Additionally, the gamma sensitivity of this type of detector is very low, see 4.1.2. For
these reasons, the gamma tail is all but absent in figure 47, since it barely tops the
lower level ADC cut-off at ~50 keV.
*

© T.L. van Vuure: Thermal-neutron detection based on the Gas Electron Multiplier, TU Delft, 2004
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At an energy of 191 keV and above, events can be seen that originate from neutron
capture. The minimum energy can be deposited if the neutron is absorbed by a 3He
atom very close to a detector wall, provided that (by chance) it is the proton that is
emitted into the wall.
At an energy of 572 keV, the neutron ridge abruptly rises somewhat as a new class of
events joins the spectrum; namely, absorption close to the wall where the triton is
emitted into the wall.
At an energy of 763 keV we find the majority of events, namely the ones that were far
removed from any detector wall. However, this full-energy peak is not Gaussian. In
fact it is not even symmetrical. It has a large foothill on the low energy (left) flank. It
might be supposed that this foothill represents another emitted energy, except that the
position of this 'energy' is not fixed, as will be seen below. Probably, the effect can be
attributed partly to tracks that pass close to the wire (where the single electron
avalanches are smaller) and partly to the fact that tracks perpendicular to the wire
suffer more from space-charge effects than other tracks (also resulting in a lower gain
for those events).
When we measure the width of the full-energy peak at its half height, and divide that
by the peak position, we get a measure of the energy resolution, 5% in figure 47. In
the case of a Gaussian peak, the Full Width at Half Maximum (FWHM) is equal to
2.35 times the sigma. From general considerations such as mentioned in section 2.2.1,
we would expect a much lower figure, in the order of 1%. It is not clear what this
difference can be attributed to. It is known that there are several sources of gain
variation in wire chambers, such as excentricity of the wire and diameter variations of
the wire. Particularly the latter is known to increase with pressure, see [14]. However,
the energy resolution deterioration can be quite strong even for modest pressures such
as in section 4.1.1 and these effects are not likely to be sufficient to explain the
observations.

4.1.1 Neutron pulse-height spectrum in the GEM in CF4
To compare the performance of the GEM with that of a 3He tube, an experiment was
done with a GEM80/140 in a counting gas of 0.4 bar 3He and 1 bar CF4, see figure 48.
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figure 48 Pulse-height spectrum of neutrons in a GEM80/140. Fill gas 0.4 bar 3He and 1 bar
CF4. 14 mm drift gap at 1 kV/cm, 3 mm induction gap at 4 kV/cm.

Comparing figure 47 and figure 48, three differences are apparent:
·

FWHM of the full-energy peak

·

position of the 'foothill'

·

number of gamma counts

We have noticed before in section 3.3, also in literature [14], that energy resolution
suffers when increasing the gain. Still, comparing the neutron results to the X-ray
results, on statistical grounds (see section 2.3.5) we would expect an energy resolution
of no more than 3% FWHM, since with about 100 times more primary electrons we
expect the energy resolution to be about 100 better. When taking into account the
possibility that hole size nonuniformities across the GEM may have an influence, it is
useful to consider that this would lead to the largest energy-resolution deterioration
for the charge clouds with the smallest dimensions, in this case those from X-ray
events. Since at high pressure they will fit entirely in a single GEM hole, the statistical
contribution is maximal. On the other hand, the several mm long neutron track will be
spread out over ~50 holes, minimising the contribution to energy-resolution
deterioration.
When comparing figure 47 and figure 48, the position of the foothill can be seen to
move from slightly above 700 keV to slightly below 700 keV. This rules out the
possibility that an extra spectral line would somehow be present in the pulse-height
spectrum.
What is immediately apparent is that the number of recorded gamma events has
increased tremendously in figure 48. There are three reasons for this, namely the
reduced neutron efficiency (8% for 0.18 nm, lowering the number of neutron counts
compared to the gamma counts), the larger gamma flux at the beamline, and the larger
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gamma sensitivity of the GEM detector when it is read out with large pixels, in this
case one pixel of 50x50 mm. This will be elaborated in section 4.1.2 below.
The above experiments were done with a beryllium entrance window in a steel flange.
This allows passage of neutrons as well as chromium X-rays, so that a gain calibration
could be made for the two incoming energies, widely spaced apart, i.e. 5.4 keV and
763 keV. The gain curves for these two energies, for two different types of radiation,
can be seen in figure 49. It can be concluded that the charge drift and multiplication
processes function identically for these two cases, and the detector is therefore
proportional over at least this energy range.
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figure 49 Effective gain curves for one GEM80/140 in 1 bar CF4 with 0.4 bar 3He. Gain
curves for measurements with neutrons and X-rays, energy deposition resp.
763 keV and 5.4 keV, are shown to be almost identical. This means that the
detector is proportional over at least this range in this gas.

4.1.2 Gamma sensitivity of the GEM detector
By using a Monte Carlo program to simulate individual gamma photons and the
resulting fast electrons and their energy deposition in the gas, we can evaluate the
probability of a gamma photon depositing more than a certain threshold value of
energy in the sensitive volume of the detector. When using 1.2 MeV photons, this
probability matches the definition of gamma sensitivity mentioned in section 2.2.4.
The results of such a calculation are given in figure 50. The GEM detector is
modelled as described in section 5.1, both with 50 strips of 1 mm width, and with all
strips interconnected as a 50x50 mm pad, as was used for the measurements in this
chapter. Also shown are the results of a calculation for a typical neutron tube, outer
diameter 25.4 mm, wall thickness 0.8 mm, filled with 10 bar 3He and 1% CO2.
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figure 50 Gamma sensitivity (as defined in section 2.2.4) as a function of gamma cut-off
energy, for GEM strip readout as well as pad readout of the indicated dimensions.
Also shown is the gamma sensitivity of a 25.4 mm diameter proportional counter
tube, wall thickness 0.8 mm, filled with 10 bar 3He. Numbers computed using a
model of the detector employed in this thesis in the program MCNP [49]. The
gamma sensitivity of the 3He tube is often quoted as ~10-8. By extrapolating to
higher energy (dashed line), 10-8 is indeed reached for the energy where the
neutron spectrum begins, 0.191 MeV. However, at a more realistic gamma cut-off
energy such as 0.1 MeV, the GEM detector with 1 mm strip readout can be shown
to have an order of magnitude lower gamma sensitivity than the 3He tube.

So when using a gamma cut-off of ~25 keV as in figure 48, we can see in figure 50
that the 3He tube has a factor ~3 lower gamma sensitivity than the GEM detector with
50x50 mm2 pad readout.
Fortunately, when segmenting the readout anode in 50 strips of 1 mm2 wide, rather
than one pad of 50x50 mm2, the gamma sensitivity drops by orders of magnitude,
according to figure 50. For the strip readout with a gamma cut-off of ~100 keV, the
gamma sensitivity is 4·10-7. This is due to the smaller lineal ionisation density along
the tracks of fast electrons, when compared to protons and tritons. The smaller the
sensitive volume, the smaller the probability that a fast electron will be oriented just
right to deposit a large portion of energy.
The amount of computational work necessary to determine the gamma sensitivity of
the detector with pixel size 1x1 mm2 is currently beyond our capacity, since the
number of events to be processed would have to be very high to allow even the rare
events (i.e. that deposit a large energy in a pixel) to be repeated a sufficient number of
times to assign a reasonable statistical error margin to them. However, considering the
decrease by at least one order of magnitude in going from 50x50 mm2 to 50x1 mm2, it
is not unreasonable to expect a similar effect in going from 50x1 mm2 to 1x1 mm2.
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4.1.3 Neutron pulse-height spectra in 2 bar Xe/TMA
When obtaining a pulse-height spectrum for the GEM detector in 1.9 bar xenon mixed
with 0.1 bar TMA and 0.8 bar 3He, we can evaluate the performance of this gas
mixture, see figure 51.
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figure 51 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was
1.9 bar xenon mixed with 0.1 bar TMA and 0.8 bar 3He. 14 mm drift gap at
1 kV/cm, 3 mm induction gap at 4 kV/cm.

When comparing figure 51 to figure 47 and figure 48, we see again a difference in the
shape of the full-energy peak and the position of the 'foothill'. We also see a slight
difference in the number and distribution of the gamma events. A casual observer
might suppose that a large difference in gamma sensitivity is to be expected when a
fill gas with as high a Z as xenon is compared to CF4. However, simulations show that
the amount of gammas absorbed directly in the counting gas is over an order of
magnitude lower in number than the amount of fast electrons, originating in Compton
absorption events, that are coming out of the entrance window into the sensitive
volume. This means that the gamma sensitivity is influenced mainly by entrance
window thickness. The influence of the gas is mainly through its stopping power for
electrons, which determines the amount of energy deposited along the part of the track
that lies in the sensitive volume. The absorption length of the gammas in the counting
gas is not an important parameter, at least not for a gamma energy of 1.2 MeV such as
is used in the definition of gamma sensitivity, and such as are often found near
neutron sources. There are of course gamma energies for which the difference in
number of gamma events between xenon and CF4 as a fill gas is large, e.g. ~50 keV.
However, these generally fall below the gamma cut-off energy.
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4.1.4 Neutron pulse-height spectra in Xe/TMA up to 4 bar

Counts

When repeating the experiment with progressively higher partial xenon pressure, the
following results are obtained, see figure 52.

4 bar
3 bar
2 bar

Channel number

figure 52 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was,
from front to back: 1.9, 2.9 and 3.9 bar xenon mixed with 0.1 bar TMA and 0.8 bar
3
He. Effective GEM gain was ~25 in all three cases.

The number of neutrons counted per time unit remained the same because the partial
pressure of 3He was not changed. The three pulse-height spectra in figure 52 were
scaled to have the same full-energy peak height to allow for easy comparison. In order
to be able to compare the gamma background in each, a correction factor has to be
applied so that the surface under the part of the spectrum attributable to neutrons is the
same for all three spectra.
At 4 bar Xe/TMA it can no longer be ignored that the full-energy peak is not a
Gaussian. An explanation for this behaviour has not been found. One might suppose
that the cause lies in nonproportional behaviour of the GEM [42], or indeed a more
general issue that has been observed when detecting thermal neutrons in a 3He
proportional counter [50], where peak shapes are seen to deviate from the Gaussian
form at high gain. In order to investigate this, the pulse shape has been examined as a
function of gain, see figure 53.
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figure 53 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was
3.9 bar xenon mixed with 0.1 bar TMA and 0.8 bar 3He. Note the asymmetrical
peak shape for most gain values. For gain 71, just before the onset of discharges,
the pulse shape suddenly changes.

From figure 53 it can be concluded that neither of the above mentioned effects can be
the cause of the spectrum deformation, because over a wide range of gain (3-30), the
pulse shape stays essentially the same, while at gain ~70 a sudden change is to be
seen. Also, the amount of charge present in the charge cloud at gain ~70 is ~2·106,
which is not yet in the nonproportional region, which is ~3·107 according to [42].
Some measurements having a bearing on the experimental conditions, including the
effects of gamma background and electromagnetic interference from the
surroundings, are shown in figure 54. From front to back: firstly, measurement with
closed beam stop (5 mm B + 10 mm Pb) + extra 5 mm B. Mainly visible are discrete
peaks from electromagnetic interference, and some gammas. Secondly, measurement
with the beam on and drift field reversed, showing mainly neutron interactions very
close to the GEM holes, which are 'pulled in' and multiplied anyway. These events are
normally superimposed on the gamma events. Thirdly, measurement with the beam
on, but shielded with 5 mm boron plastic. Some neutron events are still visible, but
the spectrum is dominated by the gamma events, which are of course more numerous
than during normal operation, due to the gamma flux from the neutrons stopped in the
boron plastic close to the detector. Fourthly, regular measurement with both gammas
and neutrons visible.
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figure 54 Set of measurements at a thermal-neutron beam using a GEM80/140 in 4 bar
Xe/TMA with 0.8 bar 3He. 14 mm drift gap at 1 kV/cm, 3 mm induction gap at
4 kV/cm.

4.1.5 Neutron pulse-height spectra in Xe/TMA up to 4 bar with helium
up to 9.3 bar
When further increasing the helium partial pressure in the gas mixture, a further
deterioration of the energy resolution can be seen, and a progressively more
asymmetrical peak shape, see figure 55. To save cost and prevent pile up in the
detector due to an overly high event rate, the partial pressure of 3He was kept constant
at 0.8 bar, and 4He was added instead. This is presumed to have the same effect on the
drift speed and avalanche gain as 3He.
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figure 55 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was
3.9 bar xenon mixed with 0.1 bar TMA and various amounts of helium, 0.8 bar of
which was 3He. Effective gain was ~25 for all pressures except the highest, where
it was 14.

As before, the number of neutrons counted per time unit remained the same because
the partial pressure of 3He was not changed. The five pulse-height spectra in figure 55
were scaled to have the same full-energy peak height to allow for easy comparison. In
order to be able to compare the gamma background in each, a correction factor has to
be applied so that the surface under the part of the spectrum attributable to neutrons is
the same for all five spectra, as the number of neutrons counted in each measurement
was the same. The effect will be most prominently visible for the pulse-height
spectrum with 9.3 bar helium, because the neutron peak is widest there and must be
scaled down the most to be able to compare the gamma background with the other
spectra.
In the case of the highest pressures, unfortunately including the target mixture for
1 mm spatial resolution thermal-neutron detection, i.e. 4 bar Xe/TMA with 6 bar He,
the peak shape is so extremely asymmetrical that a casual observer might attribute the
signals to other effects than neutron interactions. However, gain curves for the entire
set of measurements are internally consistent and match data obtained during
irradiation with X-rays, see figure 56.
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figure 56 Effective GEM gain (GEM80/140) as a function of the voltage across it for
thermal neutrons in 3.9 bar Xe, 0.1 bar TMA and various amounts of He, 0.8 bar of
which was 3He.

As in figure 53, a set of pulse-height spectra is shown in figure 57 as a function of
effective GEM gain in 4 bar Xe/TMA with 6 bar He. It is evident that the
asymmetrical pulse shape is virtually constant over the entire gain range. The same
was observed for all the other pressures shown in figure 55.
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figure 57 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was
3.9 bar xenon mixed with 0.1 bar TMA and 6 bar of helium, 0.8 bar of which was
3
He. No significant pulse deterioration can be seen as a function of effective gain.

To obtain more information about this puzzling behaviour, measurements were done
with a 241Am source (60 keV gammas plus X-rays), see figure 58.
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figure 58 Pulse-height spectra of a Am source in 4 bar Xe/TMA with 6 bar He, total
pressure 10 bar. By expelling gas from the detector lower pressures were obtained,
5 and 2.5 bar, which therefore had partial pressures of TMA of 50 and 25 mbar,
respectively. Calibration on the Cu K-α peak in the spectrum.

The measurements in figure 58 are very intriguing, because it looks like the same
effect occurs as for neutrons. Most 60 keV photons from the 241Am source will be
absorbed in the K-shell of xenon. The X-ray fluorescence yield is very high in this
case, some ~90%, which explains why the Xe-escape peak is higher than the fullenergy peak. In any case the primary ionisation will be deposited in the gas by one or
two 30 keV photo/Auger electrons. These have a track length of ~1.5 mm in the gas,
comparable to the length of the proton-triton track. This seems to point to a cause for
the asymmetrical peaks related to the track length. However, because of the factor ~25
between the energies available for the track, there is a large difference in lineal
ionisation density.
It has been ascertained that the sharp left peak in figure 58 is the Cu K-α by shielding
the 241Am source with some aluminium. This largely removes the 237Np X-ray
complex around 14-17 keV. Since the Cu K-α is then still there, it must be generated
after the Al shielding. The obvious candidate for the origin of these X-rays is the
copper drift cathode, and this has been verified by carefully observing the pulseheight spectrum resulting from an X-ray tube with the voltage just below or just above
the Cu K shell binding energy.
Further examination of figure 58 shows that the peak shape of the Cu K-α peak is still
Gaussian, as was also the case for the Cr K-α peak from the X-ray tube in previous
measurements. The tracks from those events have a higher lineal ionisation density
than the 30 keV tracks, so there is an inverse correlation between the occurrence of
asymmetrical peaks and high lineal ionisation density.
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The peaks at higher energy are displaced by ~10% with respect to the Cu K-α peak for
a total pressure of 10 bar. This means that the proportionality of the GEM in this
mixture cannot be taken for granted. It is therefore possible, though unlikely, that the
full-energy position in figure 55 is not on the sharp left side of the pulse, but on the
right side. This would pave the way for an explanation of the asymmetry in terms of
electron attachment or recombination.
However, if we compare gain curves for the same gas using 5.9 keV X-rays, 60 keV
gammas (top of the peak) and 763 keV deposited by a proton-triton track (top of the
peak), we get a good match, see figure 59.
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figure 59 Effective gain curves for one GEM80/140 in 3.9 bar xenon with 0.1 bar TMA and
0.8 bar 3He and 5.2 bar 4He, total pressure 10 bar. Gain curves for measurements
with neutrons, gammas and X-rays, energy deposition resp. 763, 60 and 5.9 keV,
are shown to be almost identical. This means that the detector is proportional over
at least this range in this gas.

4.1.6 Neutron pulse-height spectra in Xe/TMA with reduced Xe content
After the measurements described in section 4.1.5 with the total pressure reaching
13.3 bar, some counting gas was vented to reduce the total pressure to 10 bar. The
partial pressures were therefore 2.925 bar xenon, 0.075 bar TMA, 0.6 bar 3He and
6.4 bar 4He. In figure 60 the results are compared to those in a counting gas with the
same total pressure but a higher partial xenon pressure, and to those in a counting gas
with the same partial xenon pressure but a lower total pressure.
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figure 60 Pulse-height spectrum of thermal neutrons in a GEM80/140. Counting gas was,
from front to back: Xe/TMA/3He/4He 2.9/0.1/0.8/0 bar, 2.925/0.075/0.6/6.4 bar,
3.9/0.1/0.8/5.2 bar. Effective gain was ~25 for all pressures.

It is clear from figure 60 that the peak asymmetry of the two gas mixtures with total
pressure 10 bar are very different. The mixture with 4 bar Xe/TMA is much more
asymmetrical than the mixture with 3 bar Xe/TMA.
It can therefore be concluded that an increase in partial pressure of xenon has a
considerably larger effect on the peak asymmetry than an increase in partial pressure
of helium.

4.2 Refuted explanations for asymmetrical pulse-height spectra
Distorted spectra, including asymmetrical peaks, are common in the practice of
radiation detection, in particular at high pressure. In the following sections, a number
of possible explanations for the asymmetrical pulse-height spectra will be presented,
along with reasons why they do not apply, or do not suffice to explain the observed
data.

4.2.1 Faulty electronics
Faulty electronics anywhere in the chain from preamplifier, via spectroscopy
amplifier, to ADC can account for severely distorted spectra. However, by supplying
test pulses to the preamplifier up to, and above, the size of pulses received during
actual experiments, we can discard the possibility of a faulty preamplifier or
spectroscopy amplifier.
By varying the course gain on the spectroscopy amplifier, we can reduce the size of
the signals reaching the ADC. Because the asymmetrical spectra are still observed, we
can discard the possibility of a faulty ADC.
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4.2.2 Pile up
Generally speaking, in the case of an extremely high event rate, one can observe not
only a pile-up peak, but a complete deterioration of the full-energy peak, including
loss of symmetry.
In most pulse-height spectra in this thesis, pile up could be observed culminating in a
peak at twice the full energy. It was removed by reducing the neutron flux. This
means the event rate cannot be blamed for the asymmetrical peaks.

4.2.3 Incomplete energy deposition
If the secondary particle tracks for the majority of events are truncated by the detector
wall, we no longer find a full-energy peak in the detector. Sometimes there is a ridge
in the pulse-height spectrum, representing the average energy deposited in the gas,
that may resemble a full-energy peak. In some cases, it may be asymmetrical to some
extent.
The length of the combined proton-triton track is ~1.7 mm, the depth of the sensitive
volume is 14 mm, the active surface of the detector is 50x50 mm2. Clearly the
majority of events will be able to deposit its full energy.

4.2.4 Measuring gammas instead of neutrons
In the vicinity of thermal-neutron beams, there is often a strong background of
480 keV gammas originating in boron shielding material. There is a possibility that
the detector records those events along with thermal-neutron capture events
(763 keV), leading to a two-peak spectrum that may well appear asymmetrical.
A 480 keV gamma that causes an event in the detector has a very low probability of
depositing its full energy in the sensitive volume. The gamma spectrum will be
shaped like a falling exponential, as is indeed observed by stopping the neutron beam
in boron just before the detector, flooding it with 480 keV gammas, see section 4.1.4.

4.2.5 GEM nonproportionality
Nonproportionality occurs in the GEM when the concentration of avalanche electrons
per GEM surface area reaches above a certain threshold level. The measurements
described in [42] find this level at 3·107 e–, resulting from ~200 primary electrons
multiplied twice by two GEMs in cascade. The charge cloud at the second GEM is
likely to be much smaller than the charge cloud resulting from a neutron interaction,
and at any rate the number of secondary electrons is only ~106 in the case of neutrons.
Most importantly, the nonproportional behaviour in the GEM is strongly gain
dependent, and no gain dependence is recorded for the asymmetrical peaks.
It may be instructive at this time to see how common 3He tubes suffer from
nonproportionality, that is to say gain-dependent distortions in the spectra. In figure
61 we measured the effect of increasing the tube voltage from 1600 to 2000 V on the
pulse-height spectrum of a standard 3He tube (GE Reuter Stokes P4-0806-101).
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figure 61 Effect of the tube voltage of a common 3He tube (GE Reuter Stokes P4-0806-101)
on the pulse-height spectrum for thermal-neutron detection. Notice also the
relatively high gamma background. These measurements were done using a
californium source.

An explanation is probably to be found in space-charge related saturation effects.
However, it is not impossible that the widening of the amplification region around the
wire is to blame for this effect. The part of the track traversing this region would
experience a lower gain. The fact that the triton ridge does not move significantly with
increasing tube voltage supports this hypothesis, because with only a factor four
difference between them, full-energy events and triton events are likely to suffer
almost as much from space charge effects, while the vast majority of triton events
originates near a wall (furthest removed from the wire) and is also shorter than fullenergy events, making it unlikely the track reaches the amplification region.

4.2.6 GEM gain variations along the surface
According to the theory, set forth in section 2.3, energy resolution should scale with
1

n0 . This is not observed when comparing results with 5.9 keV X-rays, 60 keV

gammas and 763 keV p-t tracks.
This means that there is another contribution to the spread in the signal, one that does
not directly depend on n0. A possibility is a variation in gain between different areas
on the GEM. This has been found in literature [51] but not in a measure that would
explain a contribution to the energy resolution of the magnitude we observe.
A distinction should be made here between local variations between individual GEM
holes, slower variations with gain change over distances in the order of the track
length and finally variations over a distance in the order of the size of the GEM.
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In the case of local variations between individual GEM holes the largest effect on
energy resolution would be visible for irradiation with 5.9 keV X-rays. The primary
charge clouds are small enough (~50μm) to fit within one GEM hole, maximising the
spread in the distribution. For larger tracks, the differences are averaged out because
of dividing the charge cloud over many holes.
The experiments with neutrons were carried out with a smaller irradiated surface than
the X-rays. Position-dependent gain should affect the neutron peak width less than the
X-ray peak width. However, the observations show an extreme deformation of the
neutron peak, not the low-energy X-ray peak (Cr-Kα or Cu-Kα).

4.2.7 Recombination or electron attachment
Specifically in the case of high-pressure counting gas, the used drift field of 1 kV/cm
can result in a drift speed that is an order of magnitude lower than that in the same
counting gas at 1 bar. This leaves much more time for electron attachment to occur,
which results in fewer electrons reaching the GEM. The amount of 'missing' charge
would then depend on the depth of interaction, causing peak asymmetry. Electron-ion
recombination can also occur. Recombination between electrons and ions from
different events have similar consequences as electron attachment. Recombination
between electrons and ions from the same track are of course dependent on the
orientation of that track: a track parallel to the field lines will experience much higher
electron-ion recombination.
A measurement was done using X-rays plotting the recorded signal size as a function
of drift field strength at 10 bar counting gas pressure, see section 3.3.4, or below in
figure 62.
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figure 62 Combined plot of gain and energy resolution of one GEM80/140 for 5.4 keV
X-rays in 4 bar Xe mixed with 100 mbar TMA and 6 bar helium. Full dots refer to
GEM gain, empty dots to energy resolution.
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A deterioration of the energy resolution can be seen at 1 kV/cm compared to higher
electric field values, but the effect is not strong. Of course, the X-rays are all absorbed
in the first mm of the high-pressure xenon mixture and all events suffer the same
measure of electron attachment. According to section 2.3.5, for the energy of a
neutron interaction the energy resolution is expected to be 10 times better, which is
not at all observed.
In Appendix A a small program is introduced, 'Dreckgas', written by Anton Oed, to
simulate impurities (German: Dreck, dirt) in the gas, and the effect on the pulse-height
spectrum. When playing with the parameters of this program, pulse-height spectra can
be produced that mirror the observed asymmetry very closely, see figure 63.
However, on closer inspection it turns out that this happens only when both the
electron attachment is high, and the absorption length of the radiation in the gas is
close to the depth of the sensitive volume. In both cases where the phenomenon has
been observed, the absorption length was considerably larger, in which case the
'Dreckgas' program predicts a rectangular distribution.

Counts

We must therefore conclude that electron attachment, although it may very well
occur, is not directly to blame for the asymmetrical pulse-height spectra.

Channel number

figure 63 Example output of the 'Dreckgas' program. Electron attachment loss for drift
across the entire gap was set to 70%, and the absorption length was set to 70% of
the drift gap.

In section 4.1.5 gain calibrations using two energies are shown, 6 and 60 keV,
pinpointing the 763 keV interaction energy firmly on the left, sharp side of the
asymmetrical peak. A small nonproportionality is observed in the spectrum using a
60 keV 241Am source, but if the energy calibration would be off by a factor ~3, and
have landed on the left side of the peak by accident, that would be a large coincidence
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indeed. The alternative would be that recombination gives rise to a larger signal,
which is difficult to imagine.
The 'Dreckgas' program also predicts that for radiation with a short absorption length
compared to the depth of the sensitive volume, no effect can be seen on the shape of
the full-energy peak, only on the position. This gives rise to an opportunity to test the
hypothesis of electron attachment. During measurements with X-rays of energy
>8 keV, a spectral line of the Cu-Kα emission of the copper drift cathode can be seen
in the pulse-height spectrum. The GEM surface itself is also made of copper, which
allows us to inject Cu-Kα photons into the sensitive volume of the detector at two
different places in the detector at once. If drifting electrons do have a large probability
of attachment to gas molecules, we should see two Cu-Kα peaks in the spectrum.
However, when performing this experiment, we do not see this. Instead, we see two
more confusing phenomena, see figure 64, where a 241Am source was used with a dial
controlling metallic foils to select a suitable characteristic X-ray energy. 10 bar
Xe/TMA/He was used, however without any 3He this time.
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figure 64 Irradiation of the GEM in 3.9 bar Xe, 0.1 bar TMA and 6 bar He with X-ray
sources of different energies. The first peak in each spectrum lies at 8 keV. The
incident energies in the four spectra are indicated, and correspond (inexplicably) to
the second peak from the right in each spectrum. The presence of the right-most
peak in each spectrum in unexplained.

Firstly, the peak shapes in figure 64 are much more symmetrical than those in figure
58. That may indicate less electron attachment during this measurement. The only
difference with the previous measurements lies in the fact that no 3He was used this
time. This may indicate an impure 3He supply, in which case the TMA supply is
apparently not the cause of the electron attachment.

87

Secondly, in the measurement with the 241Am source, one more peak is visible than
before. This could be explained by the double Cu-Kα peak that this experiment was
set up to find, but it contradicts the apparent reduced electron attachment effects.
Thirdly, one peak stays at the same place during all measurements, and additional
irradiation with 5.4 keV X-rays confirms that this is the Cu-Kα peak originating at the
copper drift cathode. However, a succession of spectra with higher incident energies
shows no second Cu-Kα peak, and a consistent extra peak with a higher energy than
was irradiated with. The presence of this extra peak is not explained, but it may point
to a subset of events being multiplied with a higher gain than average.
All other peaks in the various spectra can be explained by the mechanisms of K and L
escape peaks in xenon, and characteristic X-rays from the source.

4.2.8 Track-orientation dependent gain
Electron multiplication in the GEM holes is influenced by the presence of space
charge. A track parallel to the GEM surface could therefore have a different gain than
a perpendicular track, if the space charge of the event itself is already enough to
significantly alter the gain.
If this occurs, we would likely see a dependence on GEM gain, but this is not
observed.
It may be possible to distinguish between perpendicular and parallel events by looking
at the pulse width. For parallel events, this is determined by the time to cross the
induction gap, and for perpendicular events the pulse shape is the result of a
convolution of the parallel-event-pulse with the time of arrival of the electrons at the
GEM surface. These perpendicular events, which last longer, would also contain more
charge if the GEM gain is indeed increased by the presence of space charge from the
event itself. Results of correlating pulse area with pulse width are shown in figure 65.
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figure 65 Plot of pulse area, a measure of charge in the pulse, versus pulse width for a
GEM80/140 in 4 bar Xe/TMA with 6 bar He irradiated with neutrons. The
correlation coefficient of this sample is 0.55.

A common measure of correlation is the correlation coefficient, see equation 4.2.8.1.
n

rXY =

å(X

t

- X )(Yt - Y ) /(n - 1)

4.2.8.1

t =1

s X sY

Where Xt and Yt (of event t) are the two properties for which the correlation is to be
determined (assuming a linear relation), X and Y are the respective averages, n is
the number of available events and sx and sy are the respective sample standard
deviations.
The computed correlation coefficient for the data in figure 65 is 0.55, which is not
particularly high.

4.2.9 Lineal ionisation density dependent gain
It is conceivable that the gain for two charge clouds may differ if their lineal
ionisation density is different, possibly due to the onset of the self-quenched streamer
regime. It is certainly true that the wi value of a counting gas depends on lineal
ionisation density.
It can be shown that this does not explain the observations, because the peak
asymmetry occurs for both the p-t track and 30 keV photo- and Auger electrons from
60 keV gamma interactions. Within the spectrum from the 241Am source, we can even
see the effect occurring for 30 keV and not for 8 keV, while the latter has a higher
lineal ionisation density.

89

4.2.10 Conclusion
It has been shown that the observed asymmetrical pulse-height spectra cannot be
attributed to common causes such as faulty or poorly calibrated electronics. Neither
can they be explained by more obscure particularities of the operation of the GEM or
gas-filled detectors in general. Even the very promising effect due to impurities in the
gas that causes very similar asymmetrical spectra under certain conditions, see section
4.2.7, had to be discarded. Perhaps some hitherto undocumented ‘feature’ of the GEM
will provide an explanation for the observations in the future.

4.3 Pulse shapes and duration
When a thermal neutron is captured by 3He, the proton and the triton are ejected back
to back and deposit their energy along a single line, whose orientation relative to the
detector is arbitrary. When the resulting linear charge cloud reaches the GEM, and the
first electrons enter the induction gap, a signal can be seen across that gap. The arrival
times of the drifting electrons are distributed in time as a block, whose width is
determined by the orientation of the track relative to the GEM surface. Two extreme
cases can be distinguished:
·

track perpendicular to the GEM: the time to collect the electrons is at a maximum,
determined by the time it takes the electrons to drift the length of the track.

·

track parallel to the GEM: the time to collect the electrons is at a minimum,
determined by lateral straggling and diffusion.

Each electron that traverses the induction gap generates a block pulse whose width is
determined by the time it takes to cross. Therefore the signal shape is the convolution
of two blocks, one of which has variable width, see figure 66.
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figure 66 Schematical representation of the convolution of two blocks

In the resulting pulse shapes, the ones with the shortest duration, stemming from
tracks parallel to the GEM surface, should be almost block shaped. Events where the
track was perpendicular to the GEM surface, can approach a triangular shape for the
case where both blocks in the convolution have the same width.
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When fast electronics are used to examine the signal shapes that are found during
actual detector operation under neutron irradiation, a variety of signal shapes is found,
see figure 67.

-400

-200

0

Time (ns)

200

400

figure 67 Signals from neutron interactions recorded using fast electronics (rise and fall time
~20 ns). Typical pulse duration is 400 ns. Induction gap was 3 mm, induction field
strength 4 kV/cm.

The duration of the pulses is in the range from 400-700 ns.
For these experiments, the combined track length was about 1.7 mm and both drift
and induction gaps were 3 mm wide. Drift and induction field were respectively 1 and
4 kV/cm. Precise information on the drift speed of electrons in this gas mixture is not
available. However, information can be found in literature for the gas mixtures
Xe/CO2 and Xe/CH4, which are similar in the sense that they contain the same noble
gas: but they are not Penning mixtures, which means care must be taken when
comparing them to Xe/TMA. These mixtures have a very low drift speed for a
reduced drift field (E/p, electric field over pressure) lower than 0.1 kV/cm·bar,
comparable to the drift speed in pure xenon. At higher drift fields, the effect of the
admixed quench gas becomes visible: the drift speed climbs rapidly to a value that is
over an order of magnitude higher. This is why the relatively high reduced drift field
of 1 kV/cm·bar is usually chosen for these mixtures. However, the utilised mixture
was operated at a pressure of 10 bar, which means that the applied drift field of
1 kV/cm resulted in a reduced drift field of 0.1 kV/cm·bar. This means the detector
was probably operating with a very low drift speed.
During the experiments both drift and induction fields were varied. The reduced drift
field could not be raised over 0.15 kV/cm·bar because of limits to the available high
voltage, and no significant changes in signal duration were observed. By increasing
the induction field from 4 to nearly 10 kV/cm (reduced field 0.4 to ~1 kV/cm·bar) a
decrease of signal duration of ~20% was observed. This is could be consistent with
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the estimated trends in drift speed: the drift field was perhaps not raised high enough
to lead to significantly faster drift speed, but the induction field was varied in the
transitional region between ‘slow’ and ‘fast’ drift speed. For this reason a greater
effect was observed.
However, in the case of an order of magnitude faster drift speeds in the drift gap than
in the induction gap, the random orientation of tracks in the drift gap would give rise
to rectangular signals with a great variety of duration: up to a factor of 10, which was
not observed. The observed signals, with no more than a factor ~2 difference in signal
duration, are consistent with drift speeds of the same order of magnitude in drift and
induction gap.

4.4 Neutron induced discharges
When using the detector for neutrons it was found that sparks occurred in the GEM at
much lower voltages than with X-rays. When switching on the neutron beam, spark
probability rose by a factor of 10-100.
In literature the discharge probability of the GEM is described [52]. Like in any other
detector, above a certain voltage it rises exponentially. This sets a limit to the range of
voltages where the detector may be effectively utilised.
In the presence of highly ionising particles the critical voltage decreases sharply. This
has been shown for instance with an alpha emitting isotope of radon in the gas supply
of a detector. This effect is thought to occur through the formation of streamers along
the ionisation track of a relatively heavy particle.
During the test with neutrons, no alpha particles were present in the detector, only
protons, tritons and 14C recoil nuclei.
This last particle is produced by thermal-neutron capture from 14N, which is found in
TMA, through the following reaction:
14

N +1n®14 C +1p + 622keV

To find out if the increased discharge likelihood can be attributed to any of these
particles, it is important to compare the lineal ionisation densities, see table 12.
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particle

energy of
maximum
stopping
power

maximum
stopping
power
(MeV cm2/g)

electron

< 10 keV

1-10

>1 MeV

100

proton

80 keV

2.3·102

alpha

650 keV

7·102

14

41.8 keV

4·102

C

table 12

Comparison of maximum stopping power between several particles that may be
found in a detector. The medium is 3.9 bar Xe, 0.1 bar TMA and 6 bar He, density
0.023 g/cm3. Note that the energy at which the total stopping power reaches a
maximum for 14C is much higher, but 14C is not found in the detector at those
energies. Data from e-star [16], p-star [17], a-star [18] and SRIM [19].

From table 12 it can be seen that there is a big difference in the maximum stopping
power of the Xe/TMA mixture for electrons and for the heavier particles. This
translates in a high lineal ionisation density along e.g. alpha tracks, which can
facilitate the formation of streamers. When distinguishing between protons, alphas
and 14C-recoil nuclei, the differences are not so large.
Therefore it can be concluded that the observed lower breakdown voltage can be
explained by elevated lineal ionisation density along the various particle tracks, where
the differences between the particles are not sufficiently large to suspect a pivotal role
of one of them (e.g. 14C).

4.5 Optical track measurements from neutrons
As is discussed in chapter 4, it is possible to perform 2D position-sensitive
measurements of thermal neutrons using a GEM. We have a co-operation with LIP in
Coimbra, Portugal, where this has been successfully implemented. In section 5.2, such
a set-up is described. The following measurements were done following this principle
but with three GEMs, using a Quantix 1400 camera from Photometrics Ltd.. It uses a
Peltier cooled, low-noise CCD: KAF 1400 from Kodak. It is sensitive to the
wavelengths ranging from 400 to 1000 nm. All measurements were done with the
CCD at -30 ˚C, using a standard 50 mm f:1.8 photographic lens with the camera
positioned at the minimum focusing distance, about 30 cm removed from the glass
window in the detector box.
The used GEMs were first two GEM80/140's and finally a GEM60/90. GEMs with
smaller holes have been found to give higher light output per secondary electron. This
is illustrated in figure 68, see [48].
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figure 68 Ratio of emitted light over secondary electron current versus VGEM measured in
He/CF4 60/40 using GEMs with 45, 60 and 80 µm hole diameter.

The measurements were performed at the Institut Laue-Langevin (ILL) in Grenoble,
France. [21] Unfortunately the ILL neutron beams were off at that time. For this
reason, the neutrons were produced using an 241Am/Be source.
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figure 69 CCD images of proton and triton tracks, resulting from neutron absorption in 3He.
Combined track length ~14 mm.

Some CCD images are shown in figure 69, taken with an exposure time of 10 ms, on
which projections of the proton and triton tracks can be seen. Because these particles
are emitted back-to-back upon absorption of a neutron in 3He, the tracks form one
single line. Ideally, studying the light intensity along the tracks should yield a positive
identification of the two tracks, and therefore a determination of the interaction
position that is no longer bound by the constraints put forth in section 2.2.2. Indeed,
showing a curve of intensity along the tracks shows the experiment comes
tantalisingly close to this; with some imagination two Bragg curves can be fitted to
the curve. Only a small increase in signal-to-noise should be required to definitively
pinpoint the interaction position.
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figure 70 CCD image featuring many overlapping proton-triton tracks. Combined track
length ~1 cm.

A CCD image is shown in figure 70 with an exposure time of 1 s, on which many
overlapping tracks can be seen. The partial pressure of CF4 has been slightly
increased, leading to shorter tracks. The dots with smaller light intensity are thought
to be gamma interactions, where the fast electron was directed perpendicular to the
GEM surface, so that the projection of the track forms a dot. Gamma interactions
parallel to the GEM surface will not show up above the noise level.

4.6 Conclusion
Measurements of the GEM operating under neutron irradiation have been done. The
stopping gas Xe/TMA, selected after the investigation reported in chapter 3, has been
found to offer sufficient gain to allow readout using the method described in section
5.1, with an operating voltage sufficiently low to avoid damaging discharges, even
though the neutron-capture reaction products of 3He produce relatively densely
ionised tracks in the gas, which increases the likelihood of discharges.
Strongly asymmetrical pulse-height spectra were observed during irradiation with
neutrons that have not been sufficiently explained: they represent an unknown factor
in the functioning of the detector, which makes the GEM a less attractive solution.
However, given the relaxed requirement on gamma suppression that is typical of
thermal-neutron detection, the GEM presents a viable alternative to produce the next
generation thermal-neutron counters. As described in chapter 1, it presents certain
decisive advantages over current alternatives, mainly in count rate.
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5 Readout methods
In*this chapter, two alternative readout methods for a thermal-neutron detector based
on the GEM will be introduced. Each has strong points and weaknesses, which will be
discussed in section 5.3.

5.1 Charge readout
The pressure vessel of the detector consists of Conflat 150 clusterflange for the back
plane, made of stainless steel (see also section 3.1), and an aluminium 'hat' designed
to withstand 10 bar, see figure 71. The thin part in front of the GEM, the entrance
window, is 7 mm thick and has a diameter of 80 mm. The 'knife' edge of the Conflat
flange under usual conditions is placed across another Conflat 150 flange with a soft
metal ring in between. When the bolts are tightened, the two 'knives' partially crush
the softer metal in between and thereby realise a high quality gas seal. In this case, the
aluminium of the 'hat' is pressed directly on the 'knife' and because of the softness of
the aluminium, the resulting gas seal is considered the best achievable under the
circumstances. Better sealing can be realised by using metal O-rings, typically gold or
indium, which are of course not allowed near a neutron beam due to the large rate of
activation. However, cases are known where indium has been successfully used near a
neutron beam by shielding it with cadmium. Of course, this causes increase of gamma
background near the detector.

figure 71 Schematical representation of the detector. From left to right: the aluminium 'hat'
serving as entrance window, the GEM followed by the readout pattern of anodes,
and the stainless steel Conflat 150 cluster flange as the back plane of the detector.
Gas and electrical feedthroughs can be easily mounted on the four Conflat 40
ports.

The counting gas consists of 4.15 bar xenon, 0.1 bar TMA and 6 bar 3He, see section
3.3. This will allow for position-sensitive neutron detection with a FWHM error in the
position of 1 mm. See section 2.2.2 for the theoretical limit to the spatial resolution as
a function of the secondary particle track length in the gas.
The sensitive volume of the detector, between the entrance window and the GEM, has
a thickness of 15 mm. Given 6 bar 3He, this gives the detector an efficiency over 70%
for 0.18 nm neutrons.

*
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A GEM80/140 will be used instead of a GEM60/90, because higher gains have been
recorded with this GEM, which will allow for safer operation and a longer time
between GEM discharges when operating at the required effective GEM gain of ~10.
Care should be taken when choosing the drift field, because at the high total pressure
of 10 bar the drift velocity reaches a minimum at 1 kV/cm and below. It can be
increased by a large factor when increasing the drift field, which will improve signal
speed as well as decrease electron attachment to possible contaminants in the counting
gas. Of course the drift field cannot be freely chosen, because the voltage of the drift
cathode would become too high for the electrical feedthroughs, which are limited to
5 kV.
The induction field should be chosen as high as possible. The higher resulting electron
yield will allow the detector to obtain an effective gain of ~10 for a lower GEM
voltage, resulting in safer GEM operation. Of course, the choice of induction field is
also restrained by the maximum allowed voltage of the feedthroughs.
Two possible anode layouts are presented in figure 72, to be deposited on an Al2O3
carrier, representing the two possibilities that are envisioned to readout the GEM
detector. The simplest of these is a 1D (one-dimensional) readout consisting of 50
strips of 1x50 mm2. The active area will be 50x50 mm, the same as the active GEM
surface. The second possibility is a 2x1D readout, where 50 strips of 1x50 mm2 in the
X direction and another 50 strips of the same size in the Y direction share surface area
in the manner, indicated in figure 72. Neither of these readout patterns have been
manufactured yet. 2x1D is different from a truly two dimensional (2D) readout,
because it reads two projections, requiring only 2n channels while 2D requires n2 (in
the case of n rows and n columns). A 2D (also known as pixel) readout has the
advantage of complete independence of the pixels, while a 2x1D layout is 'dead' over
its entire surface after an event. An important drawback of 2D is of course the
considerable cost and complexity of implementing a large number of independent
channels.
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figure 72 1D (left) and 2x1D (right) position-sensitive anode layouts for use with the GEM.
Only five anode strips have been shown, the full version features 50 strips of 1 mm
wide and 50 mm long. In the 2x1D layout, the white triangles ( ) are connected in
the X direction and the grey ones ( ) in the Y direction, preferably with the
interconnecting wire on the other side of the carrier, connected to the pads with
vias (holes through the carrier). Fanouts connect the wires to ASICs (Application
Specific Integrated Circuits) featuring preamplifiers with shapers.

The combined proton-triton track length in the counting gas is 1.6 mm. This means
that a maximum of three strips can collect charge from a neutron event when the
(multiplied) charge exits the GEM holes and crosses the induction gap towards the
anodes. This applies to the 1D readout, but also to the 2x1D readout, in which case 1
to 3 X strips will record a signal simultaneously with 1 to 3 Y strips.
When a drifting charge cloud approaches the anode plane, it induces a charge on the
anodes in anticipation of its arrival. Upon collection on a particular strip, this positive
charge is compensated by the collected electrons. On the neighbouring strip however,
where no charge may actually be collected, the neutralisation of the drifting charge on
its neighbour also causes a signal. This signal however is bipolar, in contrast to the
signal from an anode that actually collects charge. This has two consequences:
·

a single event may cause (unipolar as well as bipolar) pulses on more than three
anodes,

·

in the case of a proton-triton track perfectly perpendicular to the anode surface,
landing in the middle of a (triangular) pad from the 2x1D readout belonging to
e.g. the X co-ordinate, this still yields signals on the Y co-ordinate, though no
charge is ultimately collected there, and the pulses are consequently bipolar rather
than unipolar.

To reduce the appearance of bipolar pulses (cross-talk), the width of the induction gap
can be further reduced.

99

5.1.1 Preamplifiers + shapers
As preamplifiers, a set of VA_32/75 preamplifier+shapers are used from Integrated
Detector & Electronics AS (IDE AS) in Norway [53].
These are ~3.5x3.5 mm2 chips, each holding 32 channels, consisting of a preamplifier,
a shaper circuit (3x buffer) with peaking time adjustable from 75-160 ns followed by
a sample-and-hold circuit. The signals can be multiplexed and read out on a single
output, or read out in parallel. The dies are available unpackaged or mounted on
hybrids.
The die was produced in 1.2 μm N-well CMOS. Input and output bonding pads are
50x200 μm2 with at 100 μm pitch, aligned on single rows. Thickness of the silicon is
600 μm.
A gain of the amplifier has been measured of 8 mV/fC for a peaking time of 160 ns.
The electronic noise is ~4 mVRMS. The minimum energy deposition in the gas of a
3
He neutron-capture event is 191 keV, which occurs when the proton track lies
entirely in the wall of the detector. This event should still be measured with a
comfortable signal to noise ratio when it is spread evenly over two strips. The charge
deposited in this event, ~0.6 fC, gives rise to a signal of ~5 mV. A gas gain of ~10 is
then necessary to obtain sufficient signal to noise ratio. Because experimental
conditions in neutron instruments typically include intense sources of electromagnetic
interference, ~4 mVRMS is likely an optimistic figure for the electronic noise. This
gain ~10 was of great importance searching for a suitable counting gas, as described
in chapter 3 of this thesis.

5.1.2 Self-triggering comparators
A set of TAN chips, also from Integrated Detector & Electronics AS (IDE AS) in
Norway [53], are used as (per die) 32 parallel self-triggering comparators. The
comparators have both an upper threshold, individually selectable.
The die was produced in 1.2 μm N-well CMOS. Input and output bonding pads are
50x200 μm2 with at 100 μm pitch, aligned on single rows. Thickness of the silicon is
600 μm.
The TAN does not require an external trigger. When any of the channels receives a
shaped pulse that exceeds the lower threshold, while not exceeding the upper, a digital
pulse selectable width will be generated on its output. These outputs are then to be
passed, in parallel, to the DAQ system. If desired, the TAN also provides the OR of
all 32 outputs and is additionally capable of providing the 5 bit address of the firing
channel. In this case however there is no multi-hit correction; the chip will report
faulty information instead.

5.1.3 Strip address translation
A DAQ system has been assembled for a fast coincident, two dimensional (2x1D)
readout system with 2x64 channels. It was originally intended for use with an X-ray
detection system, for which reason it was optimised for extremely fast readout of the
comparators and encoding of the channel numbers. It was later modified for use with
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a Micro Gap Counter (MGC) for a beam monitor at ISIS. It is fitted with an output
step that passes the encoded X-Y information to the ISIS system for timestamping.
The DAQ system is made in ECL logic circuitry to obtain the high speed necessary to
minimise the dead time of the system. It has been divided over three NIM modules.
The system is self-triggering and automatically rejects multiple events, which due to
the nature of the X-Y strip readout cannot be unambiguously interpreted.
The comparators of the DAQ system have been designed to accept analogue signals,
but currently they are intended to accept the (digital) outputs of the TAN chip. They
will therefore actually perform the function of a digital level shifter.
In the next step the incoming logical pulses on both X and Y co-ordinates are
subjected to the disable-direct-neighbours circuit. Here, a pulse is only passed if the
two neighbouring channels are not showing a pulse at the same time. This results in
the first pulse being passed, the second (and third) being blocked. Due to the linearity
of the shaping circuit of the VA_32/75, this pulse is also the largest of the incoming
pulses, and therefore the best choice for the estimated position of the Centre Of
Gravity (COG) of the event. As an estimator for the COG, this method is known as
the Fastest Discriminated Signal (FDS).
The 64 channels of each co-ordinate are then converted to a 6 bit word with a 64-line
priority encoder. 'Priority' here means that when two pulses arrive simultaneously,
from two unrelated events, priority is given to the one with the lowest channel
number. This step is actually performed twice in parallel, once with priority for the
lowest and once for the highest channel number. When the two 6 bit words are each
others bitwise complement, they represent the same channel, and therefore only one
pulse has arrived (for e.g. the X co-ordinate). When the same holds true for the Y coordinate, the event is a valid one. Then both X and Y co-ordinates are passed on the
ISIS system for timestamping.
Because the system was developed for use with an MGC detector, there is an
adjustable coincidence window between the X and Y co-ordinate that will allow them
to be accepted as coming from a single XY event, even when there is a difference in
arrival time of the signals. This is due to the difference in signal between the MGC
anodes and cathodes. No such difference will be seen using a GEM, so this
coincidence window can be set very narrow. The total acquisition time in the case of
an XY event is ~250 ns, though it might be reduced to ~180 ns.

5.1.4 2D pixel readout
For a true pixel readout there is currently no ASIC solution that disables nextneighbour hits. This means that a single event will be spread over 1-8 pixels which
will record simultaneous events. These spurious events will have to be filtered out in
software. The bandwidth from ASIC to DAQ system will be occupied for the most
part with spurious events in this case, which is a serious drain on the readout system.
Currently no good solution exists to read out a detector with 50x50 (=2500) channels
with the possibility to timestamp the events. For some purposes an alternative solution
such as the MEDIPIX [54] chip can be used, which uses individual counters per pixel
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to count events that fit in the pulse height window. Since this chip has a pitch of
55 μm, a fanout will have to be used to match this to the 1 mm pixel layout.

5.2 Optical readout
In figure 73 a possible set-up is introduced to allow optical readout of a GEM
detector. Here, it is fitted with an aluminium window so that it can be used with
thermal neutrons. It can easily be optimised for other types of ionising radiation by
choosing an appropriate entrance window. In principle the detector can be utilised for
any ionising radiation, as long as the application allows for read-out in frames with a
duration of, typically, several ms.

Al

quartz

figure 73 Schematic of detector box with entrance window, the GEM foil suspended in the
gas, an optically transparent grid behind it, and an optical window in the back
plane. Feedthroughs for gas and electrical connections are located around the
circumference of the detector box. A CCD camera (not shown) is set up with full
view of the GEM surface inside the detector box.

The detector box consists of a stainless steel back plane made from a Conflat CF150
flange, a doublesided bored flange of the same size, and an aluminium entrance
window. The principle of the gas seal is elaborated in section 5.1. The soft aluminium
is pressed directly on the knife side of the Conflat flange.
Mounted in the back plane is a quartz window. An externally positioned CCD camera
with full view of the interior of the detector box can then be used to record events
two-dimensionally.
Inside the counting gas volume, the GEM is positioned in such a way as to define a
drift volume of suitable depth to obtain good efficiency. An optically transparent grid
is suspended between the GEM and the optical window. A voltage must be applied to
the grid that will force all electrons exiting the GEM holes to be absorbed on the
GEM anode, in other words the electron yield must be zero. The light produced in the
avalanches will exit the detector vessel with a certain solid angle, which will, along
with some other parameters such as photographic lens position and configuration,
determine the efficiency of photon detection. Sections 3.4 and 4.5 show some results
from comparable set-ups. There is also an effort underway, based on the same
principle, to build a proton beam monitor for dosimetry during proton therapy [55]
[56].
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The system can only be used in integrating mode due to the functionality of the CCD
camera. The light is integrated over the period that the photographic shutter is opened.
Subsequently, the entire frame is read out. All time information within the frame is
lost. However, it may be possible to obtain such high gain in the detector that
individual interactions are visible, as in the experiment described in section 4.5.
CCD development is currently very rapid. At the moment CCDs operated at a very
high frame rate, e.g. 1 kHz, have high noise and high dead time because the ADC
must operate at high clock speed. This may change in the future, bringing more
applications for this detection system in view.

5.3 Discussion
The basic distinction to be made here between the readout schemes presented in this
dissertation, is between charge readout and optical readout with a CCD. Essentially,
this distinction is the one between pulse-mode readout and integrating readout, see for
an elaborate treatment of this subject [2] and [14]. An important difference between
the treatment of integrating systems in these standard works and optical readout of the
GEM with a CCD is that the periods over which integration take place, can become
quite small with the advance of superior CCDs.
The most interesting future uses of neutron detection clearly lie with the pulsed
sources, discussed in section 1.1. The use of an integrating device would make it
impossible to use the Time-Of-Flight method efficiently. Pulse mode, measurement of
charge pulses comparable to the Multi Wire Chamber (MWC), is clearly a much more
suitable approach to the instrument demands at those facilities.
Although 1D position-sensitive readout is plainly unsuitable for many applications, it
is still sufficient for some and must be considered a useful, and relatively simple tool.
2D position-sensitive readout is often called for, at which point the choice must be
made to either implement truly independent channels for each pixel, or to use a 2x1D
readout. The latter solution is clearly inferior in terms of achievable global as well as
local count rate. However, the difference in amount of necessary electronics is huge.
An extreme example could be a 1 m2 detector with 1 mm2 pixels. The number of
individual channels would be 1 million. Even if, with current ASICs, enough physical
room could be found in the detector housing to mount all this silicon, the power
consumption would be prohibitively high. Still, judging from the instrument
development that takes place at the newly to be constructed spallation sources, this
type of detector will be necessary in the future. For this, it will be necessary to do a lot
of groundbreaking work in ASICs, as well as in ways to read out those ASICs and
assimilate those enormous expected global count rates into the DAQ system.
Alternatively, it may be possible to segment the detector in a number of 2x1D readout
systems.
Finally, a way is currently being explored in Coimbra to read out the light produced in
the GEM avalanches using a variety of the ANGER camera principle. This would
allow operation in pulse mode. It may still be possible to record not only individual
pulses, but charge distribution within the track as well. As mentioned in section 4.5,
this may enable the detector to measure the interaction position rather than the Centre
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Of Gravity (COG), allowing to overcome the stop gas related limitation to the spatial
resolution.
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Summary
For*probing the structure and dynamics of matter, neutron scattering is of the utmost
importance. Concerning the upcoming third generation pulsed neutron sources, the
availability of fast, efficient, large-area detectors is very important. This thesis
describes a new type of gas-filled position-sensitive counter with a gaseous thermalneutron converter, that satisfies most design requirements of many future neutron
scattering instruments.
3

He tubes and Multi Wire Chambers (MWC) are currently the workhorses among
position-sensitive thermal-neutron detectors. Due to the nature of these devices, one
entire wire is unusable ('dead') for a short period of time after each event. This
severely limits the global count rate, i.e. the number of events per unit time over the
entire sensitive surface area of the detector. The Gas Electron Multiplier (GEM) can
be used to overcome this limitation.
The GEM is a type of gas-filled radiation detector. It consists of a thin insulating foil
(50 μm Kapton) covered on both sides with a layer of copper (5-17 μm). A regular
array of holes (50-100 μm) has been etched through this by means of a
photolithographic process. When suspended in a counting gas, drifting electrons
originating in the sensitive volume can be inserted into these GEM holes through the
electrostatic lens principle. Inside the holes, a strong enough electric field is applied to
allow the avalanche effect to take place. A certain proportion of the secondary
electrons, produced in this manner, can be extracted from the GEM and transported
across the induction gap to an anode, leading to a detectable electronic signal.
The pattern of anodes facing the GEM can be freely chosen, a conceptual freedom
that is of considerable advantage to a detector designer, allowing for the final design
to be easily adapted to the requirements of individual instruments. It also means that a
true pixel readout scheme is possible for this type of detector, where the global count
rate is in principle no longer restrained to any limit but the number of pixels times the
local count rate. Furthermore, the local count rate of the GEM can be an order of
magnitude higher than that of a detector using wires.
In order to apply the GEM for thermal-neutron detection, the gaseous converter 3He
was used. To obtain the required short secondary particle tracks for 1 mm spatial
resolution, a stopping gas is needed.
3

He only has excited states with energies well above those in all stopping gases. For
this reason it can be added to a stopping gas without greatly changing its behaviour.
This means that representative results can be obtained by examining the stopping
gases without the addition of helium, using X-rays. This however discounts the
possibility of a difference in behaviour between irradiation with X-rays and neutrons,
which was in fact found.
The traditional choice for a stopping gas in a gas-filled thermal-neutron detector is
either C3H8 or CF4. In these, the GEM was unable to provide high enough gas
multiplication to provide the large signals required by the fast readout electronics
envisioned for the position-sensitive prototype. Gases were tried that provided higher
*
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stopping power per unit partial pressure, such as C3F8 and xenon. When this did not
meet with success, TriMethylAmine (TMA) was added to xenon to form a Penning
mixture, which are reputed for obtaining high gain.
Several stopping gases were therefore tried in the GEM. In table 13 a list of counting
gases is presented on which information can be found in this thesis. The list features
both stopping gases and argon-containing mixtures that are easy to use with X-rays in
micropattern gas-filled detectors like the GEM, which were included to test the
detector and allow comparison with literature.

table 13

Gas
mixture

Required
pressure
(bar)

Ar/CH4

~8

Ar/DME

~8

CF4

2.9

C3F8

1.3

Xe

~4.2

Xe/TMA

4.15

C3H8

3.0

List of counting gases that were used in this work with the partial pressure
necessary to obtain 1 mm spatial resolution, stopping gases as well as argon
containing mixtures used to test the detector. DME stands for DiMethylEther and
TMA for TriMethylAmine.

Of all investigated gas mixtures, only one was found that met all requirements:
Xe/TMA, which is a Penning mixture. These requirements are listed in table 14.

table 14

count rate

106 mm-2s-1

time resolution

5-10 μs

efficiency for 0.18 nm neutrons

70%

spatial resolution

1 mm

Specifications of the detector as attempted to attain in this dissertation.

During actual neutron measurements, the performance of this gas mixture in the GEM
was examined. Anomalous, highly asymmetrical pulse-height spectra were recorded,
leading one to surmise that the charge amplification process in the GEM is perhaps
not yet fully understood. A number of possible explanations have been introduced,
and subsequently refuted. However, this effect should not stand in the way of useful
operation of the GEM, because the gamma suppression requirement for thermalneutron detection is very lenient. Therefore it can be concluded that the GEM in this
gas mixture performs adequately for use in a high-performance thermal-neutron
counter.
Two readout methods are discussed for the GEM, each useful for different purposes:
an integrating method based on optical readout and a pulse-mode method based on
electrical readout. For the latter, a nearly complete experimental set-up is available,
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including readout electronics, for a 1D beam monitor with 50x50 mm2 active surface
area and 1 mm spatial resolution. The next step in this line of research is to assemble
it and get it operational.
Additionally, with the existing readout electronics a 2x1D version of the proposed
detector could be assembled. However, for construction of a true 2D pixel detector no
readout electronics is available.
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Samenvatting
Voor*onderzoek naar de structuur en dynamica van de materie zijn methoden voor
neutronenverstrooiing van het hoogste belang. Voor de aankomende derde generatie
gepulseerde neutronenbronnen is de beschikbaarheid van snelle, efficiënte detectoren
met een groot gevoelig oppervlak van groot belang. Deze dissertatie beschrijft een
nieuw type gasgevulde positiegevoelige detector met een gasvormige thermische
neutronen convertor, die tegemoet komt aan de meeste ontwerpeisen van veel
toekomstige neutronenverstrooiing instrumenten.
3He buizen en dradenkamers (Multi Wire Chamber, MWC) zijn momenteel de
werkpaarden van de positiegevoelige thermische neutronen detectors. Als een
consequentie van het ontwerp is een gehele draad onbruikbaar ('dood') tijdens een
korte periode na elke gebeurtenis. Dit limiteert de globale telsnelheid sterk, d.w.z. het
aantal gebeurtenissen per tijdseenheid over het gehele gevoelige oppervlak van de
detector. De GEM (Gas Electron Multiplier) kan gebruikt worden om deze beperking
te doorbreken.
De GEM is een type gasgevulde stralingsdetector. Hij bestaat uit een dun elektrisch
isolerend folie (50 μm Kapton), aan beide zijden bedekt met een laagje koper
(5-17 μm). Een regelmatig patroon van gaatjes (50-100 μm) is hier doorheen geëtst
door middel van een fotolithografisch proces. Als dit folie in een telgas geplaatst
wordt, kunnen drijvende elektronen uit het gevoelige volume door middel van het
elektrostatische lens principe de gaatjes in gezogen worden. Binnen in de gaatjes
wordt een sterk elektrisch veld aangelegd zodat het gasvermenigvuldigingsproces kan
plaatsvinden. Een zekere fractie van de secundaire elektronen, op deze manier
vrijgemaakt, kan uit de GEM door de inductieruimte naar de anode geleid worden,
wat een detecteerbaar elektronisch signaal oplevert.
Het patroon van anodes tegenover de GEM kan vrij gekozen worden, een conceptuele
vrijheid van aanzienlijke waarde voor een detector ontwerper, die ervoor zorgt dat het
uiteindelijke ontwerp gemakkelijk aangepast kan worden voor de behoeften van
individuele instrumenten. Het betekent ook dat een pixel uitlezing voor dit type
detector tot de mogelijkheden behoort, zodat de globale telsnelheid in principe niet
meer beperkt wordt door enige limiet behalve het aantal pixels maal de locale
telsnelheid. Overigens is de lokale telsnelheid van de GEM een grootte orde hoger
dan die van een detector die gebruik maakt van draden.
Om de GEM toe te kunnen passen voor thermische neutronen detectie is de
gasvormige convertor 3He gebruikt. Om de vereiste korte sporen van de secundaire
deeltjes door het gas te verkrijgen om 1 mm positieresolutie te behalen, is een stopgas
nodig.
3

He heeft alleen aangeslagen toestanden met energieën ver boven die in alle
stopgassen. Om deze reden kan het toegevoegd worden aan een stopgas zonder zijn
gedrag vergaand te beïnvloeden. Dit betekent dat representatieve resultaten behaald
kunnen worden door de stopgassen te onderzoeken zonder toevoeging van helium,
gebruikmakend van Röntgenstraling. Dit gaat voorbij aan de mogelijkheid dat er een
*
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verschil in gedrag zou kunnen bestaan tussen bestraling met Röntgenstraling en
neutronen. Zo'n verschil is wel degelijk gevonden.
De traditionele keuze van stopgas in een gasgevulde thermische neutronen detector is
ofwel C3H8 of CF4. Voor deze gassen was de GEM niet in staat om voldoende hoge
gasversterking te behalen om de grote signalen te leveren die benodigd waren voor de
snelle uitleeselektronica, bedoeld voor het positiegevoelige prototype. Gassen zijn
geprobeerd met een hogere stopkracht per eenheid partiële druk, zoals C3F8 en xenon.
Toen dit geen succes mocht hebben werd TriMethylAmine (TMA) toegevoegd aan
xenon om een Penningmengsel te vormen. Deze staan bekend om hun hoge
versterking.
Er zijn dus verschillende stopgassen geprobeerd in de GEM. In tabel 1 is een lijst
opgenomen van telgassen waarover informatie gevonden kan worden in deze
dissertatie. In de lijst staan zowel stopgassen als argon mengsels die eenvoudig
inzetbaar zijn voor gebruik met Röntgenstraling bij micropatroon gasgevulde
detectoren, zoals de GEM. Deze werden gebruikt om de detector te testen en om een
vergelijking met de literatuur mogelijk te maken.

tabel 1

Gasmengsel

Vereiste
druk (bar)

Ar/CH4

~8

Ar/DME

~8

CF4

2.9

C3F8

1.3

Xe

4.3

Xe/TMA

4.15

C3H8

3.0

Lijst van telgassen die in dit werk gebruikt zijn met de vereiste partiële druk voor
het behalen van 1 mm positieresolutie, zowel stopgassen als argon mengsels,
gebruikt voor het testen van de detector. DME staat voor DiMethylEther en TMA
voor TriMethylAmine.

Van alle onderzochte gasmengsels werd er slechts één gevonden die aan alle eisen
voldeed: Xe/TMA, een Penning mengsel. Deze eisen worden vermeld in tabel 2.

tabel 2

Telsnelheid

106 mm-2s-1

Tijdresolutie

5-10 μs

Gevoeligheid voor 0.18 nm neutronen

70%

Plaatsresolutie

1 mm

Specificaties van de detector waaraan geprobeerd wordt te voldoen in deze
dissertatie.

Gedurende daadwerkelijke neutronenmetingen is het gedrag van dit gasmengsel in de
GEM onderzocht. Abnormaal sterk asymmetrische pulshoogtespectra zijn
waargenomen, wat doet vermoeden dat het ladingsvermenigvuldigingsproces in de
GEM wellicht nog niet volledig begrepen wordt. In elk geval belemmert dit effect het
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nuttig gebruik van de GEM niet, aangezien er voor thermische neutronen detectie
geen hoge eisen gesteld worden aan de energieresolutie. Daarom kan geconcludeerd
worden dat de GEM in dit gasmengsel adequaat presteert voor gebruik in een
geavanceerde thermische neutronen detector.
Twee uitleesmethoden voor de GEM worden besproken, elk bruikbaar voor
verschillende doeleinden: een integrerende methode gebaseerd op optische uitlezing
en een puls mode methode gebaseerd op elektrische uitlezing. Voor deze laatste is een
bijna complete experimentele opstelling aanwezig, inclusief uitleeselektronica, voor
een 1D bundelmonitor met 50x50 mm2 gevoelig oppervlak en 1 mm positie resolutie.
De volgende stap in dit onderzoek is om het in elkaar te zetten en werkend te krijgen.
Bovendien kan met bestaande elektronica een 2x1D versie van de detector
operationeel gemaakt worden. Voor de constructie van een 2D pixel detector is echter
geen uitleeselektronica beschikbaar.
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Appendix A: source code of 'Dreckgas'
clear;

% starting values
ene = 200;
% energy
var = sqrt(ene);
% variance (*.4 = more realistic)
maxk = round(ene + (3 * var));
gap = 10;
% depth of interaction gap
absl = gap * 0.5;
% AbsorptionLength
ver = 0;
% losses %
verl = ver / 100;
% losses fraction
yknr(1:maxk)= 0;

% Define Table yknr with a
% number of element=maxk

ymax = 2000;
nknr=1;
yknr(1)=0;
n=1;
ans=0;
while yknr(nknr) <= ymax;
knr = ene - (rand - .5) * 6 * var;
hft = exp(-((ene - knr)/var)^2);
rort =(rand)*gap;
intens = exp(-rort/absl);
geshft = hft * intens;
nknr= knr - (knr*(gap - rort ) / gap) * verl;
nknr=round(nknr);
yknr(nknr) = yknr(nknr) + geshft;
%hold on
%plot(nknr,yknr(nknr),'ro');
if ans <= nknr
ans=nknr;
end
n=n+1;
end
plot(yknr);
hold on
%grid on;
for x = 1:maxk/10:maxk
plot([x x],[0 ymax],'k');
end
xlim ([0 maxk]); ylim ([0 ymax]);
hold off;
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