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Glossary Dual-phase Detectors in which the liquid and gaseous

Avalanche multiplication Increase of the signal charge
produced by ionizing electron-molecule collisions in a gas
at high electric fields.

Breakdown Discharge between electrodes in a gaseous
counter.

CERN The European Organization for Nuclear Research,
Geneva (Switzerland).

Colliders Accelerators used in high-energy physics to knock
particles head-on.

Dark matter Hypothetical constituent of the universe
accounting for the observed velocities of stars in galaxies.

Abbreviations

CERN European organization for nuclear
research

GEM Gas electron multiplier

LEM Large electron multiplier

LHC Large hadron collider

MHSP Micro-hole and strip plate

MIP Minimum ionizing particle

MPGD Micro-pattern gas detectors

phases, usually of a rare gas, coexist.

Honeycomb Light structure, reminder of bees’ hive, used as
mechanical support in the detector construction.

LHC The large hadron collider complex at CERN.
Luminosity Intensity of the secondary particles yields from
a collider.

Minimum ionizing particles (MIPs) High-energy charged
particles releasing a minimum and energy-independent
amount of ionization.

TERA Fondazione per Adroterapia Oncologica (Oncological
Hadrontherapy Foundation), Novara (Italy).

MSAC Multi-step avalanche chamber
MSGC Micro-strip gas counter

MWPC Multi-wire proportional chambers
RICH Ring imaging cherenkov counter
SGEM, DGEM, TGEM Single-, double- and triple-GEM
THGEM Thick GEM

TPC Time projection chamber

uv Ultra-violet
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8.22.1 Gaseous Detectors: Historical Background
The history of gaseous counters goes back to last century’s early
years, when Ernst Rutherford and Hans Geiger conceived an
instrument capable to detect the tiny ionization trails released
in a gas by natural radiation (Rutherford and Geiger, 1908).
Consisting of a thin wire centered on a cylindrical tube, on
application of a positive potential to the wire (the anode) and
exploiting the avalanche multiplication process in the gas, the
detector provides an amplified and detectable signal propor-
tional to the original ionization, hence the name proportional
counter. Further developments by Geiger and Walter Miiller
led to a device capable of detecting single electrons released in
the gas; simple, reliable and cheap, Geiger-Mdiller counters are
still widely used for radiation monitoring.

Single-wire gas counters have been used for decades, with a
design and response matching the experimental needs. The
concurrent study of the mechanisms of collisions between
electrons and molecules under the effect of electric fields (the
so-called gaseous electronics) provided a theoretical background
for the understanding of the complex processes encountered
within the detectors, and of their efficiency, timing, and energy
resolution properties (see, e.g., Loeb, 1961).

Although examples exist of arrays of proportional counters,
the use of the devices remained confined to detectors of limited
geometrical coverage. In the fast expanding field of particle
physics experiments, the need to instrument large detection
areas with localization capability led to the development of
other tools exploiting the avalanche charge multiplication in
gases, such as spark and streamer chambers, where a high-
voltage pulse applied between electrodes synchronously with
the presence of charged tracks causes a detectable breakdown
along the ionization trails. Originally recorded with optical
means, the position of sparks could be sensed electronically
with the development of various methods of localization,
replacing the continuous electrodes with wire structures (for a
survey of these technologies, see Rice-Evans, 1974).

Although very powerful at the time, detectors based on the
growth of a spark have modest rate capability, due to the time
needed to remove the large amount of charge generated by a
spark and avoid refiring; in optimal conditions, event rates
could not exceed a few per second, a rather drastic limitation
for experiments.

The multiwire proportional chamber (MWPC), introduced
in 1968 by Georges Charpak, revolutionized the field of fast
position-sensitive detectors (Charpak et al., 1968). Continu-
ously active, efficient at particle fluxes up to several MHz per
cm? and with sub-mm position accuracy, the device met the
most stringent experimental requirements of the time. The de-
velopment of large-area MWPC manufacturing technologies,
and the emerging availability of high-density electronics led
soon to a new generation of detectors. Exploitation of the elec-
trons’ drift time and of the cathode-induced signals originated a
variety of other devices fulfilling the needs of high-energy phys-
ics experimentation (see, e.g., Charpak and Sauli, 1984).

The commissioning of high luminosity colliders, and the
quest for rare events embedded in a large flux of combinatorial
background, revealed several weaknesses of detectors based on
wire structures. The discrete spacing of wires implies a limited
accuracy and multitrack separation; the long time taken by the

ions produced in the avalanches to clear the region of multi-
plication results in a field-distorting space charge accumula-
tion, with a consequent fast drop of gain at high fluxes. More
seriously, a permanent damage of the structures due to the
formation of solid deposits on electrodes (the so-called
aging) permanently affects the detectors after long-term expo-
sure to radiation. After decades of research on the subject, aside
from a generic set of do and do not rules, a general solution to
the aging problem in wire chambers has yet not been found
(Capeans, 2003).

An innovative detector named micro-strip gas counter
(MSGQ), introduced in 1988 (Oed, 1988), seemed to fulfill
the more demanding requirements: a substantial improvement
in position resolution, and an increase by several orders of
magnitude of rate capability, as compared to MWPCs. Consist-
ing of alternating anode and cathode strips engraved on an
insulating support, although limited in size, MSGCs could be
manufactured industrially with photolithographic processes.
Several experiments were designed to make use of large arrays
of MSGCs (Sauli, 1998). Disappointingly, and despite a large
effort in optimizing structures and operating conditions
(Bouclier et al., 1995), the devices appeared prone to fast
degradation and discharges, with devastating effects on the
fragile electrodes, and have been virtually discontinued.

The problems encountered with the MSGCs spawned the
development of alternative structures, collectively named
micro-pattern gas detectors (MPGDs), promising comparable
performances but more resilient to radiation and spark dam-
ages: microgap, microwire, microdot, field gradient lattice,
Compteur a Trous, and others; for an overview of these devices
and related references, see Sauli and Sharma (1999). In most
cases, however, the new structures appeared to be difficult to
manufacture in reasonable sizes and quantities. Noticeable
exceptions are the micro-mesh gaseous structure (MICROME-
GAS) (Giomataris et al., 1996) and the gas electron multiplier
(GEM) developed by Sauli (1997).

Already in use in many experimental setups worldwide, the
new devices are still the subject of extensive development work
aimed at improving performances and manufacturing
methods in the framework of the RD51 international collabo-
ration (Duarte Pinto, 2009). A review of the progress with
MPGDs can be found in Titov (2007).

8.22.2 Early Observations with the GEM

Most of the problems encountered with the MPGD designs
mentioned above derive from the fragile nature of the struc-
ture, thin anode strips, wires, or pins. A damaging discharge
can be induced by several causes: manufacturing defects, spon-
taneous field emission from cathodes, and large ionizations
produced by unwanted background events. Often, the out-
come of a discharge is an irreversible damage to the detector
or readout electronics, the more severe the larger the detector
area and hence the stored energy. Various methods for reduc-
ing the energy of a discharge have been devised, with high-
value protection resistors or resistive coatings on electrodes,
generally, however, resulting in a spread of the signals, a deg-
radation of the time resolution, and a reduction of rate capa-
bility. Confronted with such problems during the development
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of MSGC-based detectors for an experiment at CERN (Barr et al.,
1998), it occurred to the author that a solution to the problem
would be to separate the multiplying element, prone to sparking,
from the signal collecting electrode and its delicate electronics.
Such a device existed: developed several years before, the
multistep avalanche chamber (MSAC; Charpak and Sauli,
1978) permitted achieving high gains and stable operation in a
multiwire structure filled with a photosensitive vapor, where
photon-induced feedback limits the achievable gain. The MSAC
has a first region of high field between two metallic grids, where
charge is preamplified and partly transferred to the main ele-
ment of multiplication, a standard MWPC; the combined gain
of the cascaded structures, each operated below the critical value
for discharge, was large enough to detect single photoelectrons.
Large-area detectors of this design were successfully used in one
of the first operational Cherenkov ring imaging (RICH) devices
(McCarty et al., 1986).

Knowledgeable of the surprisingly good proportional
amplification properties obtained with simple holes drilled
on a printed circuit board (the so-called ‘Compteur a Trous’
(Bartol et al., 1996)), the author had the idea to realize a
microstructure where a pattern of closely spaced holes through
a metal-coated insulating foil would act as a preamplification
element, much as the double mesh electrodes did in the MSAC,
but with a much finer structure, better matching the granularity
required by the new generation of MPGDs.

The expertise acquired with flexible printed Ccircuits
manufacturing at the CERN workshop (led at the time by
Angelo Gandi, and later by Rui De Oliveira) permitted to
realize the first GEM electrodes, with an active area of
25x25mm? on a 50-um-thick, copper-coated polymer foil
(Figure 1) and test them almost overnight (Sauli, 1997). Due
to the manufacturing procedure, to be discussed below, the
holes have a double-conical cross section, with the diameter at
the metal surfaces wider than at the center of the polymer.

Computed with the widely used program GARFIELD
(Veenhof, 1998), Figure 2 shows the electric field in a cross
section perpendicular to the electrode near the holes, on
application of a difference of potential between the two metal
sides and in presence of external fields, named respectively drift
(top) and collection (bottom) (Bachmann et al., 1999). (Most
field-solving programs compute the equipotential surfaces
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Figure 1 Close view of the first GEM foil, with holes 140 um apart.

only. The lines shown in the figure are actually electron drift
trajectories; their density represents the electric field only by
careful adjustment.) Ionization electrons released in the upper
gas gap drift into the holes and undergo avalanche charge
multiplication in the high local dipole field; a fraction of the
electrons on the avalanche’s front transfers to the lower gap
and proceeds toward a collecting electrode or a second element
of multiplication. Figure 3 is the first observation of pulse
height distributions recorded exposing a combined GEM-
MWPC detector to an *°Fe 5.9 keV x-ray source (Sauli, 1997).
The lower amplitude pulses correspond to conversions in the
gas between GEM and MWPC, while the higher amplitudes are
due to conversions above the GEM foil; the observed pre-
amplification factor is around eight, and, as it can be seen, it
preserves the energy resolution of the counter. Since part of the
electrons in the avalanche is collected by the lower GEM
electrode, the observed transferred charge corresponds to the
effective gain, the real gain being larger by a fraction that
depends on the geometry and external fields, as discussed in
the next section (Sauli, 1997; Bellazzini et al., 1998).

8.22.3 GEM Manufacturing and Performance
Optimization

The first GEM electrodes, and most of those produced since,
have been manufactured with a photolithographic process de-
veloped at CERN by de Oliveira and collaborators (Bachmann
etal., 1999). A copper-clad polyimide foil is laminated on one
side with a photosensitive coating (usually named photo resist)
and exposed to UV light through a mask with the desired holes’
pattern; the process is repeated on the other side. After curing,
the coating is chemically removed in the exposed areas, and the
underlying metal etched with a standard printed circuit tech-
nology. The foil is then immersed in a polymer solvent to open
the channels in the regions not protected by the metal; due to
the wet-etching process, the holes in the polymer tend to have

Figure 2 Field lines and equipotentials in the region of the holes of a
GEM foil.

Comprehensive Biomedical Physics, (2014), vol. 8, pp. 367-408



370

Gas Electron Multiplier (GEM) Detectors: Principles of Operation and Applications

300
250 %
..
200 .
2 T,
5 150
O
(@) ..
100 '
- .“K.
R
o\.‘
50 [—%— ".. oo >
AN : s Fos,
*
LT WM‘V"‘” wd
0 500 1000 1500 2000

Relative pulse height (ADC channels)

Figure 3 Pulse height spectra recorded for an ®°Fe x-ray source with a GEM-MWPC detector at a moderate GEM gain.
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Figure 4 Real and effective gain of GEM foils as a function of metal holes diameter, at fixed operating conditions.

a double-conical shape, with the minimum diameter in the
center. A more detailed description of the process can be
found in Walz (2010).

For a given foil thickness and voltage difference between the
electrodes, the largest avalanche gains are obtained with
narrower holes; however, losses on the insulating walls reduce
the transferred fraction of electrons, or effective gain, as seen in
Figure 4 (Bachmann et al., 1999). The best results are obtained
with an aspect ratio (hole diameter over foil thickness) close to
unity, an observation confirmed in a wide range of geometries.

To prevent gain shifts due to the insulator charging-up
during operation (see Figure 19), the best geometry would be
an almost-cylindrical hole; however, this tends to reduce the
maximum operating voltage, due to the shorter path between
electrodes along the insulator surface; prolonged immersion in

the solvent can also cause under-etching and detachment of
the metal layer. A pronounced double-conical shape permits
reaching higher gains, but is prone to larger gain shifts due to
charges accumulating on the insulator surface. The choice is a
compromise between the two effects; in early works, preference
was given to a geometry permitting to attain high gains.
Figure 5 shows an example of gain measured in argon-carbon
dioxide mixtures, with a small-size foil optimized for high
gains; full efficiency for minimum ionizing particles (MIPs)
could be obtained with a single GEM coupled to a printed
circuit for the signal readout (Benlloch et al., 1998b). Further
work, to be discussed below, favors multi-GEM structures for
increased reliability and immunity to discharges.

The manufacturing process relies on fine-tuning of the
etching parameters to yield a foil that can be used as a
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Figure 5 Effective gain measured as a function of voltage in argon-CO, mixtures with a GEM optimized for high gains.

Figure 6 Electron microscope picture of a ‘standard’ GEM foil, with
70 um holes at 140 um pitch in a triangular pattern.

GEM electrode. Paramount factors are the quality of the
copper-coated polymer, the alignment of the masks used to
imprint the holes’ pattern on the two sides, and the absence
of defects or contaminants. A thorough control of the poly-
mer etching time is needed to guarantee a defect-free uni-
form engraving of the pattern; this is the most delicate step
in manufacturing.

Figure 6 is a close view of a widely used geometry, often-
referred to as ‘standard GEM,” manufactured at CERN: 70 pm
diameter holes at 140 pm pitch, arranged in a triangular
pattern; Figure 7 is an electron microscopy image of a cross
section through a hole, showing the characteristic double-
conical shape with an inner diameter in the center of the
polymer of 50 pm (Altunbas et al., 2002). To reduce possible
sources of discharge, the sharp metal edges can be smoothed
by a second etching, a process used also to diminish the
thickness of the metal coating and reduce its contribution to

Figure 7 A section through a hole with double-conical shape. The hole
diameter at the metal surface is 70 um and the opening in the center of
the polymer 50 um.

multiple scattering for charged particles in spectrometers
(Bondar et al., 2006a; Kramer et al., 2008).

Figure 8 shows a medium-size GEM foil, 10x 10 cm?
active, produced by the CERN workshops in large quantities
and a workhorse for many detector developments. In Figure 9,
Gandi and de Oliveira show one of the GEM electrodes pro-
duced for the MSGC-GEM upgrade of the HERA-B forward
tracker; in Figure 10, the author holds a medium-size GEM
foil (30 x 30 cm? active). Several hundred foils of this design
have been produced at CERN for the construction of the triple-
GEM (TGEM) trackers used in COMPASS (Altunbas et al.,
2002), the LHCb muon trigger (Bencivenni et al., 2002a), the
STAR Hadron Blind (Anderson et al., 2011), and numerous
other experiments.

Industrially produced electrodes were successful in deliver-
ing similar performances (Simon et al, 2009; Surrow
et al,, 2007).
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Figure 8 A ‘standard’ 10 x 10 cm? unframed GEM foil, produced at
CERN in large quantities (picture by the author at CERN).

Figure 9 Angelo Gandi (left) and Rui de Oliveira with a large GEM foil
produced for the MSGC-GEM HERA-B tracker (picture CERN).

A distinctive advantage of the GEM technology is that
detectors can be easily built other than with rectangular geom-
etry, better matching the experimental requirements. Figure 11
shows the half-moon foils used for the TOTEM GEM tracker at
CERN, designed to allow insertion of the final detector in an
existing cylindrical neutron shield with the beam tube in the
center (Lami et al., 2006).

Alternative production methods making use of laser drilling
and plasma etching have been developed, resulting in more
stable structures with cylindrical holes (Inuzuka et al., 2004;
Tamagawa et al., 2006, 2009); they are, however, limited in use
and size by the high manufacturing costs.

The gain of the structure depends on the holes’ diameter; a
strict tolerance on this parameter is, therefore, required.
Experience with the COMPASS GEM detectors’ construction
and operation indicate that, for the standard geometry, a 5-um

Figure 10 The author holding a 30 x 30 cm? GEM electrode, with the

individually powered sectors visible on one side of the foil (picture
CERN).

Figure 11 A framed semicircular GEM foil, 30 cm in diameter, used for
the TOTEM T2 telescope (picture CERN).

tolerance in diameter is required to achieve a maximum gain
variation over the sensitive area of 30% (Altunbas et al., 2002).
The control of quality and uniformity can be done with simple
optical inspection, as described in the quoted reference, by
mapping the scintillation light emitted by the foils with a
solid-state camera (Fraga et al., 2000) or using more sophisti-
cated computer-controlled scanning and image analysis
(Kalliokoski et al., 2012; Simon et al., 2007).

With the described manufacturing process, misalignments
between the two masks exceeding a few microns result in
incomplete or slant holes, with ensuing local gain and stability
variations. With an alternative single-mask processing, the metal
holes etched on one side of the foil are used as self-mask for the
polymer removal into the holes down to the second copper
layer; a successive etching tuned to remove half of the metal
reduces correspondingly the copper thickness, and, acting from
both sides, opens narrower holes on the second layer. The
resulting foils, appropriately named conical GEMs, have operat-
ing characteristics that depend on the orientation of the foil in
respect to the drifting electrons: higher gains from large to
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Figure 12 Cross section of an almost-cylindrical hole in a GEM manufactured with optimized single-mask process.

narrow holes and lower charging-up in the opposite direction
(Bachmann et al.,, 1999; Bouianov et al., 2001).

The single-mask process has been successfully optimized in
view of the realization of large-area detectors (Alfonsi et al.,
2010; Villa et al., 2011); thorough control of the wet-etching
parameters results in almost-cylindrical holes, the optimal
choice for gain stability. Figure 12, from the previous references,
is a cross-sectional view of the holes’ shape obtained with this
technology. To overcome the limitations imposed by the maxi-
mum width of the copper-coated polymer used for manufactur-
ing (60 cm), a splicing technology has been developed to join
together two foils with a minimum efficiency loss (Duarte Pinto
et al., 2008). Figure 13 shows a prototype TGEM, about 1 m
high, under development at CERN for the CMS muon trigger
upgrade (Sharma, 2012) using a single mask process.

Scaled-up versions of the multiplier, named optimized GEM
(Periale et al., 2002; Ostling et al., 2003) or thick GEM (THGEM,
Chechik et al., 2004), have been developed, making use of thick
printed circuit boards mechanically drilled with wider holes (for
a review see Breskin et al., 2009) Figurel4 shows a large-size
THGEM electrode developed for the COMPASS RICH upgrade
(Alexeev et al., 2008). A similar structure, named large electron
multiplier (LEM), is used for the development of dual-phase
detectors (Badertsher et al., 2010). Thanks to its mechanical
stiffness and ease of manipulation, the THGEM is attractive for
applications requiring large detection areas and gains, as for
Cherenkov ring imaging (Alexeev et al., 2011; Chechik et al.,
2005). Combining mechanical drilling with tuned copper etch-
ing, the distance from the metal electrode and the holes’ edge
(the rim) can be controlled; the picture in Figure 15 shows an
example of THGEM cross section having a 50-pum rim (Alexeev
et al., 2008). The effect of the rim size in determining the max-
imum gain and the charging-up process will be discussed below.

Various models of GEM structures with resistive electrodes
have been developed, aiming at protecting the detectors and the
readout electronics from damages due to discharges (Di Mauro

Figure 13 A large TGEM prototype, under development for the CMS
muon upgrade.

et al., 2007); albeit with reduced rate capability, due to the
potential drop at high load currents, resistive standard or
THGEMs allow one to reach high gains and appear to be suitable
for detection of single photoelectrons for RICH applications
(Agocs etal., 2008; Martinengo et al., 2009; Peskovetal., 2012a).

Several variants to the basic GEM geometry have been
introduced to reduce the positive ion backflow, a limiting factor
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for time projection chambers (TPCs) and visible photon detec-
tors; Figure 16 shows some of these structures, obtained engrav-
ing on one side of the GEM foil thin additional strips with a
potential optimized to efficiently collect part of the positive ions
backflow before it reaches the upper part of the detector: the
microhole and strip plate (MHSP; Maia et al., 2003) and
the COBRA devices (Lyashenko etal., 2009; Veloso etal., 2011).

Charge collection and multiplication properties have been
extensively studied as a function of GEM geometry and applied
fields, both experimentally and by simulation (Bachmann
et al., 1999; Barbeau et al., 2004; Bencivenni et al., 2002b;
Bonivento et al., 2002; Bouianov et al., 2000; Guedes et al.,
2002; Richter et al., 2000, 2002; Sharma, 2000; Tikhonov and

Figure 14 A large thick-GEM electrode developed by INFN-Trieste for
the COMPASS RICH upgrade.

Veenhof, 2002). Figures 17 and 18 are examples of measure-
ments from the first reference. A simple structure consisting of
a GEM foil between two electrodes is exposed to a soft x-ray
flux, and currents on all electrodes are measured as a function
of the applied potentials (see the inset in Figure 17 for defini-
tions). At low values of the drift field ionization, electrons are
partly lost on the upper GEM electrode; full drift into the holes
is reached at higher fields, and the region of transparency is
wider the higher the GEM voltage. As seen in Figure 18, the
currents on the drift and upper GEM electrodes, due to ions,
are positive, while they are negative on the others. With the
increase of the induction field, the fraction of electrons reach-
ing the lower electrode increases, at the expense of the charge
collected by the bottom GEM; the ion currents on the top GEM
and drift electrodes remain almost constant.

The fraction of ions receding to the drift electrode, often
referred to as ion feedback or backflow, is in this case close to
50%. Without consequences for thin-gap tracking devices, a
high fractional ion feedback can be a problem for other appli-
cations, and various methods have been devised to reduce it to
a few percent or less when using GEMs for TPC or photon
detection (Breskin et al., 2002b; Sauli et al., 2006). This topic
is covered in detail in Section 8.22.7.3.

At fields above 15 kV cm ™!, parallel-plate charge amplifica-
tion starts in the induction gap; although in principle exploit-
able to obtain higher gains, operation in this mode favors the
propagation of discharges through the structure, and should be
avoided.

As observed in the early works, during avalanche multi-
plication charges deposit on the insulator and dynamically
modify the gain, an effect that appears to be more relevant
for narrower hole (Bouclier et al., 1997). In general, the gain

Figure 15 Cross-sectional view of a Thick GEM; a retreat of the metal (the rim) is clearly visible in this sample.
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Figure 16 Patterning of a GEM electrode, aimed at reducing the positive-ion feedback: the microhole and strip plate (MHSP) (a) and the

COBRA pattern (b).
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Figure 17 Normalized electron collection efficiency as a function of the drift field for several values of the GEM multiplying potential,

at constant induction field.

increases with time and exposure to radiation, an observa-
tion that can qualitatively be understood due to the increase
of the electric field in the hole induced by accumulating
charges on the walls, opposing additional depositions on
the surface. Figure 19 provides examples of time-dependent
gain modification under irradiation of three GEM geome-
tries: conical with the electrons entering from the large hole
side, standard biconical, and cylindrical (Benlloch et al.,
1998b). The legends indicate the geometrical parameters:
pitch/upper/lower hole diameter for the conical and
cylindrical and pitch/hole/central hole diameter for the
double conical.

As mentioned, while the best choice would be a cylindrical
shape, this is difficult to obtain with the standard wet-etching
method, and may result in a decrease in electrical rigidity; most
of the operational detectors have been realized so far with
standard biconical GEMs, despite the inconvenience of an
initial moderate gain shift (typically below 30%).

The addition of a small percentage of water in the gas
mixture almost completely eliminates the charging-up process,
presumably making the polymer surface slightly conductive
(Bouclier et al, 1997). Further observations indicated,
however, that the discharge probability on heavily ionizing
tracks is seriously increased for a water content exceeding
a few tens of ppm, ruling out this simple solution to the
gain shift problem (Altunbas et al., 2002). The sensitivity to
moisture can, however, explain discrepancies in the gain and
charging-up performances of apparently identical detectors.
Some attempts have also been made to reduce the foil resistiv-
ity with carbon coating (Beirle et al., 1999); although promis-
ing, they seem not to have been pursued.

For not well-understood reasons, GEM foils industrially
produced with equivalent materials and technology often
exhibit a larger gain increase at start-up (Surrow et al., 2007).
Acceptable for tracking devices, this is a nuisance in the use of
the detectors as proportional counters.
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As mentioned, the longer discharge path between the metal
electrodes obtained with a pronounced double-conical shape
allows reaching higher gains, at the expense of an increased
initial gain modification due to charging-up of the insulators.
This has been confirmed by recent observations with THGEM
electrodes; while mechanically drilled holes are cylindrical, the
metal around their edges can be partly removed by chemical
etching. A large value of the rim (the width of the circular
metal-free region at the surface) allows reaching high gains
but results in a considerable gain shift at power on, as seen in
Figure 20 (Alexeev et al., 2010a). The width of the rim affects
also the drift field dependence of the energy resolution, worsen-
ing for wide rims (Alexeev et al., 2011). The choice of geometry
then depends on the user, requiring a more thorough control of
operating conditions to exploit the higher gain devices.

The charging-up process has been extensively studied within
the RD51 collaboration with the help of electric field solvers and

Initial gain increase after power on, under irradiation, of three GEM models: conical, standard double-conical and almost-cylindrical.

avalanche simulation programs. Starting with a calculation of
the static electric field, the simulation generates avalanches and
dynamically follows the field modifications induced by ions and
electrons collected on the dielectric surfaces (Alfonsi etal., 2012).
Figure 21 shows, for example, the computed fraction of electrons
collected on the different parts of a GEM foil as a function of
time; a comparison of the electron drift lines computed before
and after charging-up of the polymer surfaces clearly shows an
increase of the field with time in the center of the holes.

8.22.4 Multi-GEM Structures

The GEM foils were originally developed to solve discharge prob-
lems met with MSGCs, and have been indeed successfully added
to existing detectors for this purpose (Bagaturia et al., 2002;
Zeuner, 2000). It was soon realized, however, that they could
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attain gains sufficiently high to allow direct detection of radiation
on simple collecting electrodes (Biittner et al., 1998); this requires,
however, to power the devices at voltages close to the breakdown
point, needing stringent quality requirements in manufacturing.
Cascading two GEMs relaxes the mechanical requirements and
reliably provides proportional gains well above 10* ensuring wide
efficiency plateaux for MIP, as demonstrated in extensive beam
tests with double devices (Bressan et al., 1999a).

Further work indicated that a TGEM structure was even
better suited to guarantee the reliability and breakdown con-
trol needed in large experimental setups (Ketzer et al., 2004;
Ziegler et al., 2000), particularly in the presence of heavily
ionizing particles background, and has been adopted for
many experiments operating in harsh conditions.

Figure 22 shows schematically a TGEM detector, with the
resistor divider chain used to apply the appropriate voltage to
each electrode; systems of stacked floating power supplies have
also been developed, giving more flexibility in the adjustment

Computed time evolution of the fraction of electrons in the avalanches collected by different layers in a GEM structure.

of individual potentials (Corradi et al., 2007). Electrons re-
leased by ionization in the drift gap move into the first GEM
and experience a first step of avalanche multiplication; a frac-
tion of the amplified charge transfers to the second foil, and the
process repeats. At each step, the effective charge gain is a
convolution of the collection efficiency and the electrons trans-
fer fraction, both functions of the applied fields; extensive
measurements and simulations have been performed in order
to understand the charge collection processes and optimize per-
formances (Bondar et al., 2003; Tikhonov and Veenhof, 2002).

The overall gain of a multiple structure is the product of the
effective gains of the components; in a TGEM device, the gain
needed is attained with each foil operated at a voltage well
below its natural discharge point, leaving a considerable
margin to tolerances in manufacture and presence of local
defects. At the highest gains, single photoelectron detection
can be achieved, opening the way to the development of fast
RICH devices (Meinschad et al., 2004).
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At the gains needed to obtain full efficiency for detection of

few tens of electron-ion pairs released in gaseous counters,
larger energy loss events occasionally induced by neutron con-

versions, nuclear fragments, or electromagnetic showers can
result in exceeding the so-called Raether discharge limit (~ 107
ion-electron pairs in the avalanche). Thorough investigations
demonstrate the superior performance of multi-GEM devices in
reducing, and virtually eliminating discharge problems (Alfonsi
et al., 2004; Bachmann et al., 2002; Bagaturia et al., 2002).

In a laboratory setup, a test detector is exposed to a low-rate
soft x-ray source (5.9 keV from *Fe) to determine the propor-
tional amplification factor as a function of GEM voltage. The
detector is then exposed to a heavily ionizing source, in the
form of ~5 MeV alpha particles from the decay of a gaseous
radioactive isotope, 220Rp, produced by a natural thorium
oxide cartridge in the gas flow, and releasing on average

500 keV (~10" electron-ion pairs) in the 3-mm drift gap.

The discharge rate is measured as a function of voltage and
compared with the gain curves for various structures and gas
fillings. The results of measurements are summarized in
Figure 23 for argon-CO, 70-30; the horizontal scale is the
voltage applied to each GEM foil (Ketzer et al., 2002). For the
single GEM, the discharge probability increases exponentially
approaching the Raether limit at a gain of 10%; for multiple
structures, increasingly large gains are reached at lower
voltages, and discharges induced by the o tracks set in at values
of gain comfortably higher than those needed for efficient
detection of minimum ionizing tracks (~10*). An asymmetry
in the potentials applied to the GEM electrodes, with the first
imparting a larger gain, reduces the discharge probability even
further (Figure 24; Altunbas et al., 2002).
The apparent violation of the Rather limit in multi-GEM
structures is probably due to the increase in the avalanche
space extension because of diffusion in the transfer gaps
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Figure 22 Schematics of a triple-GEM detector with the resistor chain used to distribute the potentials to the electrodes form a common

HV power supply.
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between multiplying foils, and the consequent spread of the
charge into several independently multiplying holes.

Problem-free operation in hostile environments has been
demonstrated with exposures to high-intensity hadron beams
(Bachmann et al., 2001) and confirmed by long-term use in
experiments. Similar results have been obtained, both experi-
mentally and with numerical simulations, in combined micro-
megas-GEM detectors (Procureur et al., 2011).

GEM detectors have been operated with a variety of gas
fillings. As for other gaseous counters, the choice is dictated
by often conflicting requirements. Examples of gains mea-
sured with a TGEM device in several mixtures as a function

of voltage applied to each multiplier are given in Figure 25
(Breskin et al., 2002a) and Figure 26 (Kobayashi etal., 2011).
High gains can be reached in pure carbon tetrafluoride, albeit
at very high operating voltages. The upper gain limit is deter-
mined by the onset of discharges, and may be dominated by
the production quality and the presence of a single defect over
the whole area.

As most of the multiplication occurs within the holes, in a
process appropriately named avalanche confinement, high
gains are obtained also in pure noble gases, where the copious
emission of photons in the avalanches induces gain-limiting
secondary processes in conventional counters (Buzulutskov
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et al., 1999). Figure 27 is a compilation of measurements in
various mixtures with noble gases (Buzulutskov et al., 2000).
Although in most applications the detectors are at atmo-
spheric pressure, low-pressure operation has been demon-
strated (Bondar et al., 1998); gains of several thousand could
be reached with a single GEM in methane and isobutane at

pressures between 10 and 40 torr (Chechik et al., 1998).
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Figure 26 TGEM gain as a function of voltage in CF4-containing
mixtures.

The operation at high pressures has also been extensively
studied, particularly with xenon-based mixtures, in view of
applications for the detection of high-energy photons or
neutrons (Amaro et al., 2004; Bondar et al., 2002a; Li et al.,
2001; Orthen et al.,, 2003; van Vuure et al., 2001). For pure
noble gases, the maximum gain decreases considerably with
the increase of pressure, except for neon and helium
(Figure 28) (Bondar et al., 2002b); a similar trend is observed
also in xenon mixtures, as shown in Figure 29 (Orthen et al.,
2003); the reasons for such behavior are not well understood.

8.22.5 Signal Formation and Detection

A unique feature of GEM devices is that the signals detected in
the last electrode are solely induced by the motion and collec-
tion of electrons: due to the screening effect of the foils and the
avalanche confinement in the holes, the positive ion signal, the
so-called ion tail present in most gaseous counters, is not
observed. Signals are, therefore, intrinsically very fast and
permit the resolution of tracks closely spaced in time, as
shown by the examples in Figure 30 (Ziegler, 2002).

The time evolution of the signals on closely spaced strips on
the anode clearly shows the difference between charge induc-
tion and collection. From the same reference, Figure 31 (left)
shows the signals detected on four strips, 500 pm apart, on a
5°Fe x-ray event centered on strip 3; the signal induced on strip
1, negative during the drift of electrons toward the anode,
changes sign when the charge is collected by the central strips,
resulting in a zero total charge as seen from the integrated

charge (right).

6
e I ! T T T T T E
F Ar5.5%Xe Ar+1.3%CH4 ]
B Ar+50%Ne i
105 |- _
= Ar+10%CH, 3
_ L -
£ B |
®©
()]
2 104 = \ _
.-9 = —
@ - E
g - Ar+10%N, ]
_ v -
i Ar+20%Ne .
3 Ar+1%Xe
107 Ar+1 3%N, =
- Ar+5%Ne 3GEM + PCB
- ) ;
- oSN Pulse-height recording ]
0-5atm Total signal
| | | | | | | | ] | ] ] ] ]
3300

1700

102 '
1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200

Ve (V)

Figure 27 Triple GEM gain measured in mixtures of noble gases at atmospheric pressure.
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Figure 28 Maximum gain of a triple-GEM detector with noble gas
fillings as a function of pressure.

Figure 29 Gain measured with a TGEM in Xe-CO, at increasing pressures.

Pulse height (V)

The width of the charge cloud collected on the anode for
localized ionization events, or cluster size, depends on the
detector geometry, gas filling, fields in the transfer regions,
and time constants of the amplifiers. When using front-end
amplifiers with time constants around 50 ns, as is the case for
most detectors, only signals with negative total charge are
detected (Figure 32; Bressan et al., 1999a); the charge cluster,
recorded with a single GEM for a 5.9-keV x-ray event on
200 pm pitch strips, has a FWHM of 400 pm.

For multiple structures, diffusion in the transfer gaps
increases the charge cloud size; as indicated in the previous
chapter, this plays a fundamental role in the reduction of
the discharge probability. When exploiting the charge shar-
ing between strips, it allows also achieving high localization
accuracies with wider strips. Figure 33 gives an example
of cluster size distribution measured with a TGEM detector
for fast charged particles perpendicular to the chamber;
FWHM and width over threshold of the clusters are given,
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Figure 30 Fast electron signals detected on the anode of a multi-GEM; two tracks at 40 ns are well resolved (left), and still recognizable when only

10 ns apart (right).
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the last quantity depending, of course, on the threshold
value (~10% of the most probable pulse height for this
case) (Altunbas et al., 2002). For this geometry, a choice of
400 pm for the strip pitch is close to the optimum, as for
most events the detected charge is shared between two or
more strips permitting localization through the calculation
of the center of gravity of the signals.

The choice of the signal readout pattern is dictated by the
experimental requirements and availability of high-density
electronics. A simple printed circuit board with parallel lines
provides one-dimensional (1D) projections; 2D localization is
obtained with two sets of parallel strips at an angle. More
complicated patterns can be realized with interconnected
pads, as for example the so-called hexaboard providing three
projections at 120° and used to resolve ambiguities in multiple
events (Bressan et al., 1999b).

A 2D readout board is realized, etching the strip patterns on
both sides of a thin copper-clad polymer foil, of the type used
for GEM manufacturing. The foil is glued on a thin support

board, and the polymer in the space between the upper layer
strips is removed by immersion in a solvent; the collected
electron charge is then shared between the two projections
and recorded. A close-up view of the 2D readout board used
for the COMPASS TGEM detectors is shown in Figure 34
(Altunbas et al., 2002); due to the screening effect of the first
layer, with a strip pitch of 400 pm equal charge sharing
between the two projections is obtained with the top and
bottom strips 80 and 350 pm wide, respectively.

More complicated patterns can be realized using a multi-
layer technology, with suitably shaped collecting electrodes
connected to readout lines routing the signals on the edges of
the detectors; the semicircular TOTEM TGEM chambers have
one coordinate provided by circular concentric strips and the
second by radial pad rows (Bagliesi et al., 2010).

To cope with the high beam intensity in the central region
of the detector, the COMPASS tracker group has developed an
upgraded detector with a readout board having a matrix of
32x32, 1 mm? pixels individually readout, the remaining
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Figure 34 The 400-um pitch 2D readout pattern used for the COMPASS
chambers. The width of the strips is adjusted for equal charge sharing
between the coordinates.

area being covered by conventional perpendicular projective
strips (Figure 35; Kramer et al., 2008).

8.22.6 GEM Chambers Construction

A variety of mechanical assemblies for GEM detector structures
have been developed, suited to the experimental requirements;
only few examples will be given here.

A general-purpose system, appropriately named ‘GEM-in-
the-box’ developed at CERN by the Detectors Development
Group (GDD), exploits parts used for previous work with
microstrip chambers. A printed circuit board with the readout
pattern, usually perpendicular projective strips, is glued to a

Figure 35 The readout board of the COMPASS upgrade GEM
chambers. The central region has a matrix of 32 x 32, 1 mm? pixels,
individually readout; the remaining area is covered by projective X- and
Y- strips at 400 um pitch.

fiberglass frame having the gas inlet and outlet; the PCB has
also several solder pads to make the high-voltage connections
to the internal structure (Figure 36; Bressan et al., 1999a). One
or more GEM foils, of the standard design shown in Figure 8,
are stretched and glued to thin insulating frames, that can be
assembled in the box on insulating pillars fixed on the four
corner holes visible in the figure; when needed, spacers are
inserted between the frames to provide the desired gaps. A
drift electrode, usually made with a framed, thin metal-coated
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polymer foil completes the detector. HV connections to the
various electrodes are made with insulated wires soldered be-
tween the GEM lids and the pads on the base PCB. A framed
thin window, bolted to the main box and with rubber joints,
ensures the gas tightness. Needless to say, all the construction
has to be done in controlled clean room conditions.

While for small-size detectors the GEM electrodes are
monolithic, larger areas have to be sectored in order to reduce
the stored energy in the case of a discharge; systematic studies
have indicated in ~ 100 cm? the safe limit to avoid permanent
damages. Larger foils are divided in sectors on one side, with
individual high-value protection resistors connecting to the
high voltage; in the case of discharge in one sector, the poten-
tial of the lower electrode, facing another GEM, is only slightly
increased, preventing propagation of the discharge through the
whole structure.

The described assembly has the advantage to be flexible in
the choice of components and permits the replacements of
damaged parts; it is, however, rather expensive and bulky, and
has been mostly used for laboratory developments or beam
measurements. As an alternative, an all-glued light assembly
has been developed for the COMPASS GEM tracker (Altunbas
et al., 2002); used to build the chambers used in the spectrom-
eter, it has been adopted for the GEM-based detectors in other

Figure 36 The general-purpose GEM-in-the-box assembly.

experimental setups, namely TOTEM (Bagliesi et al., 2010) and
LHCb (Alfonsi et al., 2004; Bencivenni et al., 2002c).

In the COMPASS chambers, a circular sector in the central
region can be down-powered to inhibit the local sensitivity
(the so-called beam killer). While the same function could be
obtained with a simpler mechanical obstruction, the possibil-
ity to restore efficiency by an external control allows alignment
runs on low-intensity beams. As mentioned before, the cham-
bers have an active area of 30 x 30 cm?, 2D projective readout
with strips at 400 um pitch; the drift gap of 3 mm is a compro-
mise between time resolution and ionization losses for fast
particles, and the 2-mm transfer and induction gaps provide
a moderate spread of the multiplying charge while relaxing the
mechanical tolerance requirements that would be needed for
less dispersive thinner gaps.

The assembly makes use of light honeycomb or expanded
polyurethane plates as supports of the active structures, framed
and glued in sequence on the base plate; Figure 37 shows
schematically the detector structure. The GEM foils are sequen-
tially stretched and glued to thin spacer frames (Figure 38);
machined in the 2-mm-thick high-quality fiberglass, they have
thin ribs to ensure the gap value over the area, thus relaxing the
requirements on the mechanical tension on the GEM foil and
compensate the electrostatic forces (metal-polymer compos-
ites, GEM foils have rather poor elasticity); the circular spacer
corresponding to the voltage-controlled beam killer sector is
visible in the center (Altunbas et al., 2002).

The chamber construction begins pasting the drift electrode
to the top honeycomb plate; then, a 3-mm fiberglass frame
defining the drift gap is glued to the plate. The first GEM foil is
stretched and glued to the composite; a spacer frame is then
added, and the assembly proceeds, in clean room conditions,
sequentially gluing the various electrodes. As last step, the
larger honeycomb plate holding the readout circuit completes
the detector; gas inlet and outlet are provided through minia-
ture tubes on the frame edges.

Essential during the construction is a verification of the HV
insulation of the various electrodes: at each step, the structure
is tested in a special gas box that permits a connection to
the various electrodes (Figure 39). After completing the me-
chanical construction, the high-voltage distribution and read-
out electronics are added.

More than 20 TGEM chambers having an active area of
30 x 30 cm? with 2D projective readout have been produced
and successfully operated for many years (Abbon et al., 2007);
Figure 40 shows Leszek Ropelewski with the first prototype of
the detector.
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Figure 37 COMPASS triple-GEM schematics.

Comprehensive Biomedical Physics, (2014), vol. 8, pp. 367-408



Gas Electron Multiplier (GEM) Detectors: Principles of Operation and Applications 385

Figure 38 A thin fiberglass frame with internal ribs serving as GEM
supports and spacers. The central round spacer corresponds to the beam
killer diameter.

Figure 39 A framed GEM during assembly in the clean box. The
individual lines providing the voltage to the sectors and to the beam
killer central pad are visible.

The TOTEM T2 tracker at CERN has been built with a
similar procedure; installed in the forward arms of the CMS
experiment, the detector has, on each arm, two sets of semi-
circular TGEM chambers with a shape suited for installation
very close to the collider vacuum tubes (Figure 41) (Bagliesi
et al., 2010). The geometry of the GEM electrodes used was
shown in Figure 11.

The flexibility of the thin GEM foils and the confinement
of the amplification in the holes permit the realization of
nonplanar detectors. Figure 42 shows several self-supporting
GEM electrodes assembled and glued to a circular-shaped
frame with the help of a removable mandrel (unpublished
work of the GDD group at CERN). Using similar technolo-
gies, a radial TPC has been built and operated for the BoNus
experiment at the Jefferson Laboratory aimed at studying the
neutron structure from electron-neutron interactions. The
device has a cylindrical gas volume with radial electric field
surrounding a long, thin gas target, and a set of semi-
cylindrical TGEM detecting the ionized trails drifting radially
(Figure 43; Fenker et al., 2008).

Figure 40 Leszek Ropelewski with a COMPASS triple-GEM prototype
(picture by the author at CERN).

A set of semicircular GEM chambers before their installation
in the TOTEM experiment; a second symmetric set closes around the
beam tube from the left side.

Figure 41

Figure 42 A set of cylindrical self-supporting GEM electrodes
(picture by the author at CERN).
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Figure 44 Cylindrical triple-GEM prototype for the KLOE-2 inner
tracker.

Light cylindrical GEM detectors have been built and tested
for the KLOE-2 inner tracker upgrade (Bencivenni and
Domenici, 2007); a prototype is shown in Figure 44. System-
atic measurements of efficiency and localization accuracy in
magnetic fields confirm that the detector meets the experimen-
tal requirements (Balla et al., 2011).

8.22.7 GEM Detectors’ Operation and Performances:
Charged Particles

8.22.7.1 Fast Tracking and Triggering Systems

GEM devices have been used in a wide range of conditions, gas
fillings and pressures, depending on the application and on the
most critical experimental requirements: efficiency, energy
resolution, space accuracy, and time resolution. For detectors
used for high-intensity beam tracking in particle physics, addi-
tional requirements are possible rate dependence of efficiency,
long-term operating stability, and, perhaps most critical of all,
radiation resistance or aging properties.

The summary of performances presented here is based on the
results obtained in the laboratory and in operating conditions
with the COMPASS TGEM chambers. As operating gas, a 70-30
mixture of argon and carbon dioxide ensures full efficiency and
stability of operation, and satisfies the nonflammability require-
ments met in most experimental setups.

The response of the detector depends critically on the
performance of the readout electronics; the results described
here have been obtained with the 128-channel amplifier-
shaper ASIC APV25-S0, originally designed and widely used
for the readout of silicon microstrip detectors (French et al.,
2001). For the use with gaseous devices, a front-end external
diode protection has been added (Noschis et al., 2007). While
a detailed description of the circuit is outside the scope of this
note, a short functional summary is provided here as reference
to the results. The input signals from each strip are amplified
and shaped with a 50-ns peaking time; the amplifier output is
sampled at 40 MHz and stored in a 128-deep analogue
pipeline. On an external request, generated by the fast trigger
selection of the experiment, the analogue content for three
adjacent cells in the time sequence corresponding to the trigger
delay is read sequentially and digitized. The recorded informa-
tion for each event corresponds then to the charge measured,
in coincidence with the trigger, over the full detector area in
three consecutive time intervals, 25 ns apart.

Due to the large strip capacitance, around 50 pF, the circuit
has a noise of around 1500 electrons when connected to the
detector. For minimum ionizing tracks, releasing ~ 30 ion pairs
in the drift gap, at gains around 4000 per coordinate and for an
avalanche shared between three readout strips, the signal/noise
ratio is about 15.

Use of the circuit, that does not provide a fast signal output,
requires an external trigger for starting the readout and is there-
fore suited to the detection of charged particles. A simple method
permits the recording of neutral events can, however, be used:
the overall signal on the last GEM electrode is sensed with a
separate fast amplifier, and after discrimination used as trigger
with suitable timing. The method can be used for x-ray imaging,
as well as for detector calibration (Bressan et al., 1999b).

The event reconstruction program finds the signal clusters,
defined as the groups of adjacent strips with recorded charge
above a preset threshold value, and determines the total charge
of the cluster, its center (weighted average) and width.
Although the time of the tracks is not directly measured, it
can be deduced from a fit on the triple charge sample.

With reference to Figure 37, Table 1 provides a summary of
typical values of voltage applied to the various electrodes in the
structure and of the corresponding effective incremental gains. As
indicated before, a single power supply is used, with a resistive
divider, to provide all voltages; the asymmetric gain configura-
tion is the one that gives the highest immunity to discharges
induced by heavily ionizing tracks. When reading out the space
coordinates on two sets of strips, the effective charge gain for
each projection is, of course, about half of the total.

In what follows, the most relevant operating performances of
the COMPASS detectors, measured in high-energy charged parti-
cle beams, are described (Altunbas et al., 2002; Bachmann et al.,
2001). Figure 45 shows the total cluster charge measured on one
coordinate for MIP perpendicular to the chamber; the smaller
peak corresponds to the noise, measured with random off-beam
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Table 1 Typical applied voltages and fields on the various electrodes
of a TGEM chamber, operated in A-CO, 70-30 at atmospheric pressure
Electrode Voltage  Field AVeem Effective
) kVem™) (V) gain
Drift 4100 2.49
GEM1 Top 3353 410 50
GEM1 Bot 2943 3.73
GEM2 Top 2196 374 23
GEM2 Bot 1822 3.73
GEM3 Top 1075 328 8.5
GEMS3 Bot 747 3.73
Readout 0 TOT 9775
350
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Figure 45 Noise and MIPS pulse height spectra measured with the
COMPASS triple-GEM at standard operating conditions.

triggers. Figure 46 provides, for one coordinate, the detection
efficiency and signal-to-noise ratio as a function of voltage; full
efficiency is reached at —4100 V, corresponding to a total effective
charge gain of around 9000 (see Table 1). (With the described
equal sharing of charge between the two projections, the effective
gain for each coordinate is 4500.) Similar results are obtained for
the other coordinate; the linear correlation between cluster
charges in the two projections (Figure 47) can be exploited to
resolve ambiguities in the case of multiple tracks.

The uniformity of efficiency over the detector area in data-
taking conditions is apparent in Figure 48, showing also the
suppression of counting in the central region (the beam killer);
the small local efficiency reduction due to the spacer’s ribs is
also visible.

The development of TGEM chambers with pixel readout,
mentioned in Section 8.22.5 (Figure 35), permits the detection
of high-intensity beams in the central region of the spectrometer;
full efficiency has been obtained in muon beam runs at a flux up
to 1.2 x 10> mm ™2 s~ " (Kramer et al., 2008). To reduce multiple
scattering, the detector construction is very light in the sensitive
area, accounting for about 0.2% of radiation length.

The position accuracy that can be achieved with GEM
trackers is a convolution of various dispersive effects: initial
ionization, drift diffusion, and avalanche spread. For charged
particles and analogue strip readout, the space coordinates of
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>
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:8 0.7 130 >
=
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Figure 46 Efficiency and signal/noise on one coordinate for MIP as
a function of applied voltage.
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Figure 47 Cluster charge correlation for fast particles between the
two coordinates.

tracks are obtained as weighted center of gravity over the cluster
charge distribution, after pedestal subtraction and gain correc-
tions. A position accuracy around 80 pm rms is obtained in
both projections for fast particles perpendicular to the cham-
bers, as shown in Figure 49 (Ketzer et al., 2004).

In their development of the x-ray polarimeter, to be described
later, using a narrow pitch GEM and a dedicated solid-state pixel
readout, Bellazzini et al. (2007b) have demonstrated an intrinsic
position accuracy better than 50 pm.

The time resolution of the chambers, deduced from afit to the
charge measured in three consecutive time bins, is around 12 ns
rms. In view of the use of GEM detectors for a fast trigger selec-
tion, systematic studies aimed at improving the intrinsic time
resolution have been made, comparing the results obtained in a
range of detectors’ geometry and gas filling (Alfonsi et al., 2004;
Bencivenni et al., 2002c). As expected, the best resolutions are
obtained with thin transfer gaps and fast gases, reducing the
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electrons dispersions in the drift and the avalanche propagation:
for a mixture containing carbon tetrafluoride, the rms of the
resolution is 4.5 ns, a factor of two better than with a standard
argon-carbon dioxide mixture (Figure 50). Full efficiency can
then be reached within a 25-ns time window, corresponding to
the beam crossing separation of the LHC.

8.22.7.2 End-Cap Readout for TPC

Use of the new technologies to instrument the end-cap detector
in TPC has been considered by many groups. Compared to
conventional MWPC readouts, MPGDs have several potential
advantages: a simpler and more reliable mechanical construc-
tion, better single- and multitrack resolution, absence of mag-
netic field-induced track distortions due to the nonparallel
field geometry close to the anode wires (the so-called ExB
effect), and substantial reduction of the field-distorting effects
of positive ions.

Initially motivated by the ongoing development of detec-
tors for the International Linear Collider, the GEM-TPC con-
cept has been adopted in other fields of particle and nuclear
physics. Thorough experimental and simulations works aim at
optimizing the operating conditions of a GEM-TPC to achieve
the best performances (Carnegie et al., 2005; Kappler et al.,
2004; Killenberg et al., 2004; Ledermann et al., 2007; Yu et al.,
2003). Figure 51 shows a large-size TPC prototype with three
GEM readout modules being inserted in a magnet for resolu-
tion studies (Schade and Kaminski, 2011).

Particular attention has been given to the study of shape,
geometry, and size of the readout pads, in view of reducing the
number of readout electronics channels needed to instrument
large detectors; examples of patterns analyzed both theoretically
and experimentally are shown in Figure 52 (Kaminski et al.,
2006; Ledermann et al., 2007). Despite some advantages of the
chevron-like patterns, particularly for inclined tracks, preference
is given usually to the simpler parallel pad geometry; staggered
rows permit to improve localization, partly obliterating the
quantization error due to the discrete pad sizes (Carnegie
et al.,, 2005; Karlen et al., 2005; Oda et al., 2006; Schade and
Kaminski, 2011). Figure 53 shows an example study of the effect
on resolution of the pad size (Kaminski et al., 2006).

A way to preserve and even improve the localization prop-
erties of detectors while reducing the number of readout pads
has been devised, introducing a high resistivity foil between the
active part of the device and the signal pickup electrodes (Dixit
et al.,, 2004). With proper balance of the foil resistivity and
local capacitance, the induced signal is spread over a larger
area, thus reducing the required number of pads or strips for
readout. In Figure 54, a comparison of transverse resolution
measured with a GEM-TPC prototype with and without a
resistive foil shows the advantage of the resistive dispersion
approach (Boudjemline et al., 2007). Possible drawbacks of
the method are the difficulty to achieve a uniform response
over large areas and reduced rate and multitrack resolution,
due to the longer integration time of signals.

For large TPC detectors, the most suitable choice is a gas with
low electron diffusion in magnetic field and high drift velocity at
moderate values of field. Because of the very large volumes, a
major constraint is the use of nonflammable gas filling; perfor-
mances in mixtures of argon, carbon dioxide, methane (below
5%), and carbon tetrafluoride have been extensively compared.
A good compromise is found in the so-called TDR (TESLA
Technical Design Report) gas (Ar-CH4-CO, 93-5-2); in
Figure 55, measurements of transverse resolution as a function
of drift length are given for several values of the magnetic field
and two pad rows geometries (Janssen et al., 2006). Mixtures
containing CF, are a good option, because of the reduced
electron diffusion (Kobayashi et al, 2011); as shown in
Figure 56, a transverse resolution below 100 pm rms is achieved
at 1 T with an Ar-CF;-iC4H,o 95-3-2 mixture.

Due to its extremely low electron diffusion, particularly in
high magnetic fields, use of pure CF, provides the best localiza-
tion accuracy, both in the transverse and in the longitudinal drift
direction. As noted before (Figure 25), the operation requires,
however, GEM potentials almost double compared to other
mixtures. A GEM-TPC detector has been tested in pure CFE,,
demonstrating its superior performances as compared to
other gases (Figure 57): without magnetic field, the transverse
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Figure 50 Time resolution for fast particles measured with the LHCb chambers in Ar—CO, (a) and Ar-CF4—C4H+o mixtures (b).

Figure 51

A prototype large-size TPC with modular GEM readout for
International Linear Collider.

resolution obtained with CF, is comparable to those measured
with other gases at high values of the magnetic field (Oda et al.,
2006).

GEM-based TPC of various designs are in operation
or under development for application in nuclear physics.
Figure 58 shows an event recorded with the BoNus radial TPC,
described previously (Fenker et al., 2008). Other examples are
the GEM-TPC for LEGS, the Laser Electron Gamma Source at
BNL (Yu et al., 2005), the PANDA detector at the Facility for
Antiproton and Ion Research at Darmastadt (Fabbietti et al.,
2011), AMADEUS at DA®NE in Frascati (Poli Lener et al.,
2010), and the detector aiming at the observation of two-proton
radioactive decays (Blank et al., 2010). Figure 59, from the last
reference, shows an example of reconstructed two-proton tracks
in the decay of an **Fe ion stopping in the sensitive gas volume.

Using TIMEPIX, an ASIC chip originally designed for read-
ing solid-state pixel detectors (Llopart et al., 2007), the single
cluster imaging properties of a small volume TPC have been
demonstrated; Figure 60 shows an ionizing particle crossing the
sensitive volume and ejecting a long-range delta electron

(Bamberger et al., 2007). Along the same lines, and manufactur-
ing a MICROMEGAS-like gaseous amplifier directly over the
electronics chip, a large effort is under way to implement
micro-TPC with single-electron detection capability and very
high granularity (Campbell et al., 2005; van der Graaf, 2009;
van der Graaf et al., 2006). Since the active chip can be easily
damaged by a discharge, several methods of protection making
use of resistive layers have been developed (Bilevych etal., 2011).

8.22.7.3 Positive-lon Feedback

As mentioned, only electrons are collected on the readout
electrode; positive ions, produced in the avalanche process,
recede along the field lines and are collected by the various
electrodes, in proportions that depend on geometry and fields.
For a single GEM, at the values of drift field used for detection
of ionizing tracks, the upper GEM and the drift electrodes
almost equally share the collection of positive charge. In
multi-GEM structures, as most of the ions are produced in the
last stage, the fractional ion backflow reaching the drift gap is
substantially reduced. Measured with a double-GEM detector,
Figure 61 (Bachmann et al., 1999) shows the electron trans-
parency of the first GEM and the fractional ion current reaching
into the drift gap as a function of drift field, for an operation
that favors the gain in the second multiplier. (The fractional
ion feedback is defined as ratio of positive current on the drift
electrode to the (negative) current collected at the anode.) At a
drift field around 500 V.cm ™}, ensuring full collection of the
primary ionization, the fractional ion feedback is ~5%.
Systematic studies have attempted to reduce this value,
particularly relevant in large-volume TPC as it might affect
the drift fields with the consequent track distortions. (The
perturbation induced by the accumulation of positive ions in
TPC depends on the detected particles flux. An often quoted
‘rule of thumb’ says that, as far as the fractional feedback is
lower than the inverse gain of the detector, the effect is
comparable to the one produced anyhow by the primary ion-
ization.) Figure 62 (Bondar et al.,, 2003) gives the gain
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Figure 54 Comparison of transverse localization accuracy measured
with a GEM-TPC detector without and with resistive charge dispersion on
the readout.
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Figure 55 Transverse resolution measured with the International

Linear Collider GEM-TPC prototype as a function of magnetic field and
pad geometry (TRD gas).

dependence of the fractional ion feedback measured with a
TGEM in various conditions; at a gain of 10*, an upper limit for
TPC operation, the feedback is below 1% for low drift fields.

The operation of a GEM-TPC in a strong magnetic field,
parallel to the electric drift field, reduces the fractional ion
backflow, probably as a result of the increase in electron trans-
parency due to the reduction of transverse diffusion; an exam-
ple is given in Figure 63 (Killenberg et al., 2004).

Ways to reduce the ion feedback exploiting the difference in
diffusion of electrons and ions have been investigated, requir-
ing the construction of multi-GEM detectors with an offset in
the facing holes, achievable with THGEM electrodes (Sauli
et al., 2006).

In photosensitive GEM detectors, ions reaching the photo-
cathode may result in permanent degradation of the quantum
efficiency; special ion-gating structures capable of reducing this
problem have been studied in the development of sealed
devices sensitive to visible light, and will be discussed in
Section 8.22.8.2.
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8.22.7.4 Rate Capability and Radiation Resistance

In wire-based proportional counters and chambers, the buildup
of space charge due to slow positive ions, with the ensuing
electric field modifications, determines a quick drop of gain,
and therefore detection efficiency, at high radiation fluxes. Inde-
pendent from the detector gain and the source of ionization, the
gain drop begins at charge production rates of around 10° elec-
trons per second per millimeter of wire (Walenta, 1981); in
normal operating conditions, this corresponds to an MIP flux
around 10* s™" mm™? (Breskin et al., 1974). Despite decades of
research, this is still a limit in modern wire detectors (Alexa et al.,
2002); only the introduction of the new families of MPGD has
allowed one to improve the rate capability of gaseous devices by
several orders of magnitude (Sauli, 1998).

In GEM detectors, the increased rate capability is a conse-
quence of two factors: the short, high field transfer gaps result-
ing in a fast clearing of the ions, and the screening effect from
external fields due to the holes’ narrow geometry. Moreover,

since the multiplying charge is spread over several holes, due to
the avalanche confinement effect each hole acts indepen-
dently; the gain, measured with a soft x-ray (Figure 64)
(Benlloch et al.,, 1998a), is unaffected up to a flux above
10°s™ ' mm™?, two orders of magnitude higher than for
MWPCs. To avoid errors due to occupancy, the measurement
is done in a pulse mode only up to rates of ~10°s™' mm 2,
and in the current mode above. Due to their coarser geometry
or current-limiting electrodes, tick-GEM and resistive-GEM
structures have a more limited rate capability (Peskov et al.,
2012b).

Prolonged exposure to radiation is known to cause progres-
sive degradation of performances in gaseous counters, in a
process commonly named aging, due to the dissociation and
successive aggregation of organic molecules, either constituent
of the gas mixture or present as residual contaminants. The
formation of deposits on electrodes affects permanently the
electric field, and therefore the gain, a process particularly
effective in thin wire chambers and even more in MSGCs
(Capeans, 2003; Hohlmann et al.,, 2002). Thanks to their
conception, GEM devices are less affected by the presence of
deposits on electrodes, and are therefore more tolerant to the
presence of pollutants in the gas. In accelerated aging tests,
realized with continuous exposure to high-rate soft x-rays, no
degradation of performances has been observed up to an accu-
mulated charge of several tens of mC per mm? with argon-CO,
gas fillings (Altunbas et al., 2003; Guirl et al., 2002).

The addition of carbon tetrafluoride to the gas mixture,
thanks to its etching properties, has been demonstrated to
prevent and even cure the most insidious kind of aging in
wire chambers, due to the deposit of silicon compounds
(Openshaw et al,, 1991). Use of CF, in gaseous detectors
requires, however, special care, due to the strong reactivity of
fluorine released in the avalanches; combining with water, it
can produce hydrofluoridric acid, very aggressive for many
materials (Akesson et al., 2002).

Gas mixtures containing CF4 have been used to improve the
time resolution of GEM detectors, as discussed before; exposures
to high radiation levels, to study the tolerance of the detectors,
have clearly shown damages to the structures at low gas
flows (Alfonsi et al., 2005). With suitable control of materials
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Figure 59 A two-proton decay from a stopping “°Fe ion.

and gas flow, however, the detector lifetime under irradiation
mixture has been demonstrated to exceed the experimental
requirements. In Figure 65, the normalized gain of a TGEM
detector under continuous irradiation is given as a function
of collected charge (Alfonsi et al., 2004); there is no sign
of change up to 20 Ccm™2. For a typical detector gain of

a few thousand, this corresponds to an integral MIP flux
around 4 x 10" cm ™2,

It should be noted that accelerated aging tests are only
indicative, and often optimistic, due to the delicate balance
between etching and polymer formation in the dense charge
plasma generated at high radiation fluxes; confirmation
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window, or reflective, on the first GEM in a cascade. The
second geometry is particularly favorable, since the screening
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effect of the electrodes obscures feedback processes induced
by secondary photons emitted by the avalanches in the mul-
tiplication; the reduction of efficiency resulting from the op-
tical transparency of the GEM electrode is compensated
by the intrinsic larger efficiency of reflective photocathodes.
(Reflective photocathodes are also easier to manufacture,
since they do not need a rigorous thickness control.) As
seen in Figure 66, with an appropriate choice of the geometry
and voltages, all electron drift lines generated from the upper
GEM surface enter the holes, where the first step of amplifi-
cation occurs: further electrodes in a cascade then allow to
one attain the gain needed for detection (Meinschad et al.,
2004).

Efficiency, transmission, and localization properties of the
multi-GEM detector with photosensitive CsI deposits have
been extensively studied. Many parameters affect the detection
efficiency, starting with the photoelectron extraction probabil-
ity, that depends on the field on the photocathode surface and
on the filling gas; Figure 67 is a compilation of measured
extraction efficiency, relative to vacuum, as a function of field
for semitransparent CsI photocathodes in several gases at
atmospheric pressure (Breskin et al., 2002a). Due to their
large backscattering cross section, high fields are required to
reach efficiency in mixtures containing noble gases, while in
methane and carbon tetrafluoride full extraction is achieved at
lower fields (Cohelo et al., 2007). More recent measurements
(Figure 68; Alexeev et al., 2010b) show that quantum effi-
ciency close to the one of pure methane can be reached with
argon-methane mixtures.

The choice of the gas filling is particularly crucial using
reflective photocathodes, since the voltage applied to the
GEM electrode sets a limit to the surface field that can be
reached. Systematic investigations of surface field, collection
efficiency, and gain have been made, for both standard and
THGEM detectors. Figure 69 is an example of measured pho-
toelectron collection efficiency as a function of voltage for
several GEM geometries (Mormann et al., 2004); the curve
labeled dc140 corresponds to the standard GEM geometry
(50 pm polymer, 70 pm holes diameter at 140 pm pitch).
Not surprisingly, a larger pitch (200 um for the curve dc200)
results in a reduced efficiency.

A similar optimization work has been done for THGEM
geometries; Figure 70 is a comparison of measured electron
collection efficiency for a 0.4-mm-thick, 0.3-mm-hole-
diameter detector in argon-methane and carbon tetrafluoride
(Chechik et al., 2005). As expected, the operation in CF,
requires higher voltages, but similar efficiencies are obtained
at lower TGEM gains.

The hadron blind detector (HBD) is the first large-scale
application of photon-sensitive GEM devices; it consists of a
Cherenkov radiator operated in pure CF, directly coupled in
a windowless configuration to a TGEM detector with a Csl
photocathode and pad readout (Aidala et al., 2003; Fraenkel
et al., 2005). The detector has two identical arms of semi-
cylindrical shape, each with a 50-cm-thick radiator; photons
emitted by the Cherenkov effect in the radiator are detected
by an array of Csl-coated photosensitive GEMs (Figure 71;
Anderson et al., 2011). A reverse field applied to the radiator
volume ensures that no ionization electron charge is directly
collected. Successfully operating in the PHENIX experiment at
RHIC, the detector has reached the design goal for hadron
rejection.

A major motivation for the development of photosensitive
GEM s is their use as sensors for Cherenkov ring imagers. Com-
pared to the well-established multiwire chambers, the GEM
approach has several distinctive advantages: a reduction of
the sensitivity to direct ionization by charged particles, thanks
to the reverse field configuration in the gap between window
and photocathode; and high gains ensuring single photoelec-
tron detection and higher rate capability. To this, one should
add a better intrinsic localization accuracy and two-photon
resolution. Exposing a TGEM with reflective Csl photocathode
to a collimated UV photon source, position accuracies and

Comprehensive Biomedical Physics, (2014), vol. 8, pp. 367-408



Gas Electron Multiplier (GEM) Detectors: Principles of Operation and Applications 395

Photon
i
1
I -
q Window
------------ "------------- Mesh
1]
: Photosensitive
' layer

Figure 66
10 T T T T T T
Ar/N, (98/2)
o 08} § -
= Ar/CH, (95/5)
b r v 1
C
2 o6t -
> v
g L He/Ar/N, (50/48/2) )
o}
2 04 .
©
>
?) - -
©
O gol Hg lamp
| 185 nm
v
00 1 1 1 1 1 1
00 05 10 15 20 25 30 35

Ep (kV em™)

Figure 67 Quantum efficiency relative to vacuum of a semitransparent
Csl photocathode as a function of field in several gases at atmospheric
pressure.

two-photon resolutions around 200 pm have been achieved as
shown in Figure 72 (Meinschad et al., 2004).

For large systems, preference is given to the THGEM,
mechanically sturdier and easier to handle, particularly in
the delicate phase of the CsI deposition; this is the solution
adopted for the development of the COMPASS RICH up-
grade. Systematic studies aim at achieving the large gains
required for the efficient detection of single photoelectrons

|

Equipotentials and field lines in a GEM optimized for detection of electrons ejected from the upper photosensitive surface.
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Figure 68 Relative quantum efficiency of Csl photocathodes as a
function of field in several gases at atmospheric pressure.

(Alexeev et al., 2010a, 2011). A still open issue concerns the
reliability of such devices in realistic operating conditions,
particularly in the presence of ionizing background; al-
though high gains can be attained with single-THGEM
electrodes, multi-THGEM detectors ensure a more stable
operation.

A small-size Csi-THGEM detector, prototype for the ALICE
RICH upgrade, has been successfully tested in a beam; use of
neon-rich mixtures seems to permit reaching higher single-
electron gains (Martinengo et al., 2011). Figure 73 shows
integrated Cherenkov ring events from a liquid C¢F,4 radiator,
recorded with a composite triple-THGEM prototype with pad
readout operated in neon+10% methane (Peskov et al.,
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2012a); the central area corresponds to the direct detection of
the beam.

8.22.8.2 Sealed Detectors of UV and Visible Light

In view of possible scientific and commercial applications,
several attempts have been made to manufacture sealed
photosensitive gaseous detectors, including one or more GEM
electrodes. To avoid damages to the photocathode, thorough
cleaning and outgassing procedures have to be followed; this
has been rather successful using Csl semitransparent or reflec-
tive sensitive layers and three or four standard small-size GEMs
in cascade with the small-size prototype shown in Figure 74;
high gains and quantum efficiencies close to vacuum could be
attained (Breskin et al., 2001). Similar results have been de-
scribed by Tokanay et al. (2011). In the medium term however,
due to both residual contamination and ion feedback
damages, the quantum efficiency deteriorates with exposure
to light (Breskin et al., 2002b).

To try and solve the ion damage problem, particularly in
view of the development of visible light detectors with bialkali

photocathodes, several structures aiming at reducing the ion
feedback have been devised; some of these patterns were
shown in Figure 16. In the MHSP GEM, insertion of thin
independently powered strips on the back side of the first
GEM in a cascade permits to reduce the ion backflow by an
order of magnitude compared to a standard geometry (Maia
et al., 2004); with more complicated structures, medium-term
stable operation with bialkali K-Cs-Sb has been demonstrated
at gains up to 10° (Breskin et al., 2010; Lyashenko et al., 2009).
Figure 75, from the last reference, compares the gain obtained
with different structures having semitransparent CsI and bialk-
ali photocathodes. The onset of a gain divergence due to
feedback is seen for the standard double-GEM device at a
voltage exceeding 270 V.

8.22.8.3 Detection and Imaging of Soft x-Rays

Soft x-ray sources are commonly used in the development of
detectors. As for other gaseous counters, the energy resolution
is limited by the avalanche statistics; local gain variations due
to the tolerance in hole diameters and to charging-up processes
add up to the dispersion. Figure 76 shows an example of *°Fe
5.9 keV spectrum measured with a small single-GEM detector
at a gain of 5x 10% (Bressan et al., 1999b); the FWHM of the
main peak is about 20%. While not exceptional, this resolution
is generally good enough for many applications, in particular
medical imaging. Systematic resolution studies have been
reported in a range of gas mixture, gain, drift, and transfers
fields, and also in combination with other MPGD structures
(Mir et al., 2007).

The self-triggering capability of the detectors, obtained
exploiting the positive-induced signal on the last GEM electrode,
and the sub-mm position accuracy make them interesting for
medical imaging; the detection efficiency can be enhanced using
thick drift gaps and/or heavier gas fillings. Figure 77 shows a soft
x-ray absorption radiography of a small mammal (Sauli, 2001).
While of limited interest due to the low energy, the measurement
illustrates the imaging properties of the detector.

A GEM-based one-coordinate soft x-rays detector for wide
angular scattering experiments is shown in Figure 78
(Aulchenko et al., 2007, 2009). It consists in a radial conver-
sion and drift volume, with an arc-shaped TGEM detector;
radial readout strips provide the scattering angle. This geome-
try permits to use thick conversion volumes without parallax
errors caused by the photon conversion depth.

The very high-rate capability of GEM devices has been
exploited for fast 2D imaging of the VUV and soft x-ray emis-
sions in magnetic fusion plasmas (Pacella et al., 2001). The
images, consisting in a small-size pinhole camera with 128,
2 mm? pixels readout, have been demonstrated to have a linear
response up to rates of 4 MHz per pixel, and provide time-
resolved 2D images of the plasma activity at sampling frequen-
cies up to 20 kHz. With thin input windows and helium or
vacuum separation from the source, the imager efficiently de-
tects photons from few hundred eV to several keV (Figure 79;
Pacella et al., 2003); the field of view can be changed adjusting
the detector-plasma distance. Figure 80 shows an example of
time-resolved image of x-ray plasma activity recorded at the
Italian National Spherical Tokamak Experiment. Other
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Figure 74 Small-size sealed GEM gaseous photomultiplier.
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applications of fast GEM x-ray imagers include time-resolved 200 220AV 240 d i?/o 280 800

structure research at synchrotron light sources (Orthen et al., AC-MHsP 8N cem (V)

2004; Wagner et al., 2004). Figure 75 Single photon gain of sealed multi-GEM detectors with
Coupled to a high-resolution pixel readout, GEM detectors semitransparent Csl and bialkali phtocathodes: standard (lower curve)

allow one to image the path of photoelectrons produced in the and with ion-blocking structures.
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Figure 77  Soft x-ray transmission radiography of a small mammal; the
image size is about 60 x 20 mm.

Figure 78 A TGEM wide-angle x-ray scattering detector.

gas by soft x-rays; as the photoelectron is ejected in the gas
preferentially in the direction of the photon electric field, an
accurate measurement of its trajectory gives information on the
polarization of the source, a promising tool in astrophysics for
the study of black holes and neutron stars emissions
(Bellazzini et al., 2003; Costa et al., 2001). Originally making

use of discrete electronics for the readout of the pixels, the x-ray
polarimeter has been improved with the development of active
solid-state pixel ASIC used as direct charge collecting anode
and the use of GEM electrodes with small pitch and holes’ size
(Bellazzini et al., 2004; Black et al., 2003). Figure 81 shows an
open instrument, separated in the active and sensing parts, and
Figure 82 shows an example of photoelectron track recorded
with the polarimeter (Bellazzini et al., 2007a). The detector
opens up a new window in the astronomical observation of
x-ray sources (Bellazzini and Muleri, 2010).

8.22.8.4 Hard x-Rays and Gamma Rays

As for all gaseous detectors, the efficiency of GEM devices
decreases very steeply for photon energies above few tens of
keV; xenon fillings and high pressures help, but as indicated in
Section 8.22.4, the gains that can be achieved decrease with
pressure. The use of internal converters extends the region of
sensitivity, at the cost of an increased complexity of the detec-
tor. To exploit a multi-GEM geometry, the converters have to
be partly transparent to electrons; the GEM electrodes them-
selves can be used as converters.

The gamma detection efficiency of the GEM foils can be
enhanced adding a layer of high-Z metal on the electrodes.
With 3 um of gold electroplated on both sides of a standard
GEM, efficiencies approaching 1% have been measures in the
100-keV energy range (Figure 83; Koike et al., 2011).

The high-rate capability and radiation hardness of GEM-
based detectors find promising applications in portal imaging,
the diagnostic tool used to monitor the treatment plans and
doses during cancer therapy with hard x-ray (lacobaeus et al.,
2000). A scheme of the detector is shown in Figure 84. For
high-energy photons, ionization released by electrons ejected
in the gas from the converters by photoelectric or Compton
effect drift through the multiple structure and multiply when
entering a GEM electrode. For calibration purposes, an upper
drift region can be added to detect soft radiation. Proper
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operation of the detector requires a thorough understanding
and optimization of the charge gain and transfer through the
layers; ideally, to avoid discharges or electronics saturation, the
total collected charge for an event should not depend on
the conversion depth. Detailed studies of the charge collection
properties and linearity of response of the structure are given in
Ostling et al. (2003). Essential for this application, the readout
electronics has to withstand the high stray radiation levels;
the system developed for portal imaging at the Karolinska
Figure 81 Open view of a GEM soft x-ray polarimeter. Institutet, mounted on the outer edges of the detector, has a
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dedicated ASIC readout of 1000 pixels in the sensitive area and
has been extensively tested under continuous irradiation
(Ostling et al., 2004).

The time-resolved imaging properties of the device are
demonstrated using an oscillating system of steel spheres
(Newton pendulum); Figure 85 shows consecutive images of
the pendulum at a frame rate of 70 Hz for 40 keV x-rays
(Ostling, 2006). The device has evolved into a commercial
instrument for portal imaging (Mitterlechner et al., 2011).

The low efficiency of an individual converter can be
increased using multiple GEM structures, as described. This
approach has, however, the inconvenience of resulting in a
poor time resolution, due to the variable collection time; for
nonparallel photon beams as in PET imaging, it suffers also
from an increasing error due to parallax. A way to improve
on both points is to determine the depth of the conversion
in multilayer devices, detecting the signal on the electrode
nearest to the conversion. The principle of the device is to
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Figure 85

Figure 86 The CASCADE neutron detector and imager.

alternate active GEM electrodes with metallic meshes serving
as both converters and controllers of electron transparency;
voltages applied on each cell impart a large enough gain to
permit direct detection of the charge released by the conver-
sion, and to transfer only a fraction of the electrons to the
next cell so that the effective gain is close to unity. Recording
the pulses on the GEM electrode in each cell permits to
determine the depth of conversion, while localization is
performed on strips or pads on the last collecting electrode
(Croci et al., 2007).

8.22.8.5 Detection and Imaging of Neutrons

Detection of thermal and cold neutrons in gaseous counters
can be achieved exploiting the large neutron cross section
of >He used as gas filling, through the reaction 3He +n— ;H+p.
This approach, however, suffers from several limitations: low

Seventy-Hertz time-resolved 40 keV x-ray images of a Newton pendulum.

efficiency, unless operated at high pressures, low-rate capability
due to the slow electron drift in helium mixtures, and availability
of the helium isotope itself. The use of internal converters
solves the above-mentioned problems. °Li, '°Be have very large
neutron capture cross sections releasing heavily ionizing alpha
particles; ">’Gd and '>>Gd generate a y cascade and low energy
conversion electrons that can be easily detected. Comparative
performances of *He and converter-based gaseous detectors are
discussed by Gebauer (2004).

CASCADE is a neutron detector and imager made with sev-
eral '°B-coated GEM electrodes in a stack and bidimensional
projective localization. First described in a PhD work (Klein,
2000), the device has evolved in a fully operational system
capable of detecting neutron fluxes at rates up to 10 MHz cm™>
(Klein and Schmidt, 2011). Figure 86 shows the assembled
detector with 20 x 20 cm? active area and the readout electronics.
With 128 strips readout on both coordinates, the detector has a
resolution of ~2.6 mm FWHM; Figure 87 shows a cold neutron
radiography of several office objects. The efficiency as a function
of neutron wavelength has been measured for three and eight
108 converter layers, and extrapolated to a 20-layer device
(Figure 88).

A high-rate neutron detector with a boron converter depos-
ited on the drift electrode and followed by a double GEM with
2D readout has been developed for beam monitoring at the
Japan Proton Accelerator J-PARC (Ohshita et al., 2010, 2012).

8.22.9 Cryogenic and Dual-Phase Detectors

Motivated by perspective applications in dark matter searches
and neutrino astrophysics, the operation of GEM-based detec-
tors at cryogenic temperatures has been thoroughly investi-
gated. In pure noble gases, the voltage dependence of gain
onn a TGEM detector is only slightly affected by temperature,
once the gas density is taken into account, as seen in Figure 89
for helium, argon, and krypton (Bondar et al, 2004);
owing to the avalanche confinement mechanism, discussed
in Section 8.22.4, high gains can be attained in the pure gases.

In a cryogenic vessel with controlled temperature and
pressure, the search has been extended to dual-phase systems,
in which the ionization electrons released in the liquid are
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extracted, multiplied, and detected within an overlaying gaseous
layer. Figure 90 (Bondar et al., 2006b) gives examples of gain
measured in various gases and conditions; even in the worst case
(for xenon), gains above a few hundred can be reached, suffi-
cient to ensure detection of ionization trails deposited in the
liquid. In a two-phase argon detector, gains are large enough to
detect single electrons (Bondar et al., 2007).

In TPC-like detectors designed for dark matter searches, the
primary scintillation in the liquid, providing the time of the
event, can be detected with photomultipliers or internal photo-
sensitive Csl layers; in both cases, the UV photon emission in
the gas-phase multiplication can be very disturbing. The

80 100 120

addition of a small percentage of methane to xenon acts as
quencher in the gas phase, still with a sufficient scintillation
yield in the liquid (Lightfoot et al., 2005).

A 10 x 10 cm? active area, 21-cm drift double-phase argon
TPC with an LEM in the gas phase has been successfully tested,
providing stable gains around 30, sufficient to obtain good-
quality images on cosmic rays ( Figures 91 and 92; Badertscher
et al,, 2010, 2011). The primary scintillation in the liquid,
detected by a photomultiplier, provides the trigger and time
reference for the drift time measurement; an additional grid in
the gas, just above the liquid surface, is used to help the
extraction of electrons.

8.22.10 Light Emission and Optical Detection
of Tracks

Electron-molecule collisions at high electric fields result in the
creation of excited states with the consequent emission of
photons. The amount and spectral distribution of the second-
ary photons depend on gas and applied fields, and can be
copious even before the onset of charge multiplication, a
process exploited in high-resolution proportional counters.

Photon emission in GEM structures with a semitransparent
anode was first reported by Fraga et al. (2002). With a xenon-
CO, gas filling, and using a high-resolution solid-state camera,
2D imaging of soft x-rays with ~100 um resolution was
demonstrated with single- and double-GEM detectors (Fraga
etal., 1999).

The emission spectrum of *He-CF, mixtures is centered
around 600 nm, matching the spectral response of
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commercial CCD systems. Figure 93 shows the optical re-
cording of neutron interactions on helium-releasing proton-
triton pairs, for 1 s exposure; the vertex of the interaction is
clearly identified, and integration of the scintillation light
provides information on the energy of tracks (Fraga et al.,
2002). Systematic measurements of charge gain and light
yield for He-CF,, Ar-CF,, Ar-TEA, Ar-TMAE, and Xe-
TMAE mixtures (TEA: triethylamine (C,Hs);N and TMAE:
tetrakis-dimethyl amino ethylene ((CHj3),N),C are photo-
sensitive vapors used in Cherenkov ring imaging and copi-
ous photon emitters in the near ultraviolet and in the
visible, respectively) are reported by Fraga et al. (2001,
2003). The addition of a wavelength shifter layer, deposited
either on the window or directly on the GEM electrodes,

extends the use of the technology to gases having most of
the scintillation in the ultraviolet, as is the case for pure
noble gases and their mixtures (Fraga et al., 2004).

The timing characteristics of the scintillation light have
been analyzed, coupling the optical GEM devices to photo-
multipliers (Margato et al., 2003); simultaneous detection of
the fast scintillation and of the optical images opens the way to
the development of GEM-based optical readout TPC (Margato
et al., 2003). To overcome the recording rate limitations of
commercial CCD imagers, systems using arrays of photomul-
tipliers or multianode PM have been developed with promis-
ing results (Fetal et al., 2007).

A gas scintillation detector using two cascaded GEMs for
charge multiplication has been developed for dose monitoring
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Figure 93 Proton-triton pairs produced by thermal neutrons in °He,
imaged with the optical GEM.

in clinical ion beams. Since the CCD imager cannot be exposed
to the beam, the image is reflected by a mirror and focused on
the solid-state sensor by suitable optics; measurements show
the good proportionality between the detected scintillation
light and the beam intensity, and compare favorably to stan-
dard scintillation screen (Fetal et al., 2003; Klyachko et al.,
2011; Seravalli et al., 2008, 2009; Timmer et al., 2002).
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