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Study and development of a new Electron Multiplier: 

GEM-MIGAS. 

Ana Sofia dos Santos Conceição 

Abstract 

The concept of gas counter was introduced by Geiger in 1908. The first proto-

types used wires to define the electrical field in the different detector regions, 

trough the application of voltage gradients. 

Over the years a lot of effort was put in the development of gas detectors in 

order to overcome some of the wire limitations.  In 1988 the microstrip gas 

chamber was introduced and has shown a better performance than precedent 

detectors: high rate capability, excellent localization and good granularity.  The-

se are some of the characteristics that make them attractive for applications 

such as charged particle tracking at high luminosity colliders.  

The use of printed circuit board technology made possible the development 

of microstructures, avoiding the subtract degradation under continued irradia-

tion.  The microstructures turned out to be a more reliable and cheaper solution, 

an advantage to exploit new applications.  

The Gas Electron Multiplier (GEM) and Micromegas are promising examples 

developed under the microstructure concept. They have been extensively stud-

ied over the years for many applications. The Gas Electron Multiplier with a 

Micro–Induction Gap Amplifying Structure (GEM-MIGAS), recently proposed 

by J. A. Mir, is a hybrid structure of a GEM coupled to a Micromegas induction 

gap, i.e. a GEM having a short induction gap from few tens to 300 µm.  

The development study and investigation of the GEM-MIGAS microstructure 

is the objective of this dissertation.  As starting point, a three-dimensional elec-

tric field simulation based on the element finite method was performed for the 

GEM-MIGAS detector, in order to determine the electric field profile in the dif-

ferent regions. The GEM-MIGAS performance, concerning charge gain and en-

ergy resolution, was investigated for an Ar/CH4 (90%/10%) gas mixture, pure 

CH4 and pure Ar using a 5.9 keV X-rays. This study was done for a convention-

al GEM-MIGAS with the induction gap set to 50 µm. 

In further studies the gap thickness was extended to values between 50 and 

300 µm. Using the single electron response method, the GEM-MIGAS charge 

gain was determined  for a  He/iso-C4H10 (85/15%) mixture, as a function of the 

induction region thickness.  



The ion back-flow was evaluated for the GEM-MIGAS microstructure with 

induction regions in the range 50-300 μm. For this study the GEM-MIGAS was 

coupled to a semitransparent CsI-photocathode and operated in Ar/5%CH4 gas 

mixture at atmospheric pressure.  

Finally, the GEM-MIGAS viability to neutron detection was investigated by 

determining its gain capability at elevated gas pressures using pure CF4 and 

He/ CF4 mixtures. The gain was determined as a function of the induction re-

gion thickness (20 to 300 m) using a standard GEM (50 m hole diameter) for 

several CF4 pressures. Being also investigated the influence of the GEM hole 

diameter on gain at various CF4 pressures. Then the best configuration concern-

ing the GEM hole diameter and the induction region thickness was used for the 

charge gain measurements in a He/ CF4 mixture.  



Estudo e desenvolvimento de um novo multiplicador de 

electrões: GEM-MIGAS 

Ana Sofia dos Santos Conceição 

Resumo 

 
O conceito de detector gasoso foi introduzido por Geiger em 1908. O primeiro 

protótipo foi desenvolvido com base na aplicação de uma diferença de potenci-

al a um fio metálico, permitindo definir o campo eléctrico nas diferentes regiões 

do detector. 

Ao longo dos anos houve grande investimento no desenvolvimento de detec-

tores gasosos de modo a ultrapassar as limitações apresentadas pelos modelos 

baseados em fios. Em 1988 surge a camara gasosa de microfitas evidenciando 

melhor performance que os detectores precedentes, como por exemplo alta taxa 

de contagem e excelente capacidade de localização. 

No entanto, a camara gasosa de microfitas revelou problemas de degradação 

do substrato aquando exposição prolongada à radiação. A utilização da tecno-

logia de placa de circuito impresso possibilitou o desenvolvimento das microes-

truturas, evitando o problema de degradação do substrato. Assim, as microes-

truturas tornaram-se uma solução mais fiável e economicamente viável, permi-

tindo explorar novas áreas de aplicação. 

O Gas Electron Multiplier (GEM) e a Micromegas são exemplos de microestrutu-

ras, bastante utilizadas ao longo dos anos em diversas aplicações. O Gas Elec-

tron Multiplier with a Micro–Induction Gap Amplifying Structure (GEM-

MIGAS) proposto por J. A. Mir apresenta-se como uma estrutura hibrida que 

resulta da combinação de um GEM com uma Micromegas através de uma regi-

ão de indução que varia entre 20 a 300µm 

O objectivo desta dissertação baseia-se no estudo e desenvolvimento da mi-

croestrutura GEM-MIGAS. Nesse sentido, foi inicialmente desenvolvido um 

modelo electromagnético 3D utilizando o método de elementos finitos para es-

tudar o perfil do campo eléctrico nas diferentes regiões da estrutura. A perfor-

mance do ganho e resolução em energia da estrutura GEM-MIGAS foi avaliada 

em CH4 e Ar puros e numa mistura gasosa Ar/CH4 (90%/10%) usando raios X 

de 5.9keV. Este estudo foi realizado para a estrutura convencional, caracteriza-

da por uma região de indução de 50 µm 



A seguinte etapa passou pela avaliação da espessura da região de indução pa-

ra valores entre 50 e 300 µm. Nesse sentido foi utilizado o método de resposta 

por electrão único para a determinação do ganho em carga em função da espes-

sura numa mistura He/iso-C4H10 (85/15%). 

O fenómeno de refluxo de iões da estrutura GEM-MIGAS foi estudado para 

regiões de indução entre 50 e 300 µm, utilizando um fotocátodo semitranspa-

rente de iodeto de césio a operar em Ar/5%CH4 à pressão atmosférica.  

Por último, foi analisada a possibilidade de aplicação da estrutura GEM-

MIGAS na detecção de neutrões, determinando para o efeito as características 

do ganho em carga para diferentes pressões de CF4 puro e para uma mistura de 

He/CF4. O ganho foi determinado em função da região de indução (20 a 300 

m) usando um GEM convencional (50 m de diâmetro do orifício). Sendo 

também investigada a influencia do diâmetro do orifício no  ganho para dife-

rentes pressões de CF4. 
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Chapter 1 

Micropatern Gas Detectors 

The use of gas counters for radiation detection was introduced in 1908 by 

Geiger in Rutherford’s laboratory. Geiger found out that, when radiation was 

stopped in the counter a current flowed through the electrodes and could be 

detectable with an electrometer of moderate sensibility. 

The classic gas counter consists of two electrodes, cathode and anode, be-

tween which a potential difference is applied. When the ionizing radiation in-

teracts with the gas, a part or the full amount of its energy is dissipated by gen-

erating electron-ion pairs. The electrons and ions created by the radiation inter-

action move under the influence of the electric field in opposite directions, elec-

trons go to the anode while ions move to the cathode. The charge flow induces 

a current that can be measured and, through appropriate electronics, a pulse 

can be obtained and the interactions counted individually. 

Gas detectors were subject of many research studies leading to considerable 

progress and improvement on this field.  A brief description about gas detector 

development will be done. 

1.1 Brief History of Gaseous Detectors 

The first gas counter prototypes were based on wires, for example the Propor-

tional Counter (PC) and Multi-Wire Proportion Chamber (MWPC). In these 

types of detectors the charge multiplication take place near the wires, were the 

electric field is very strong. The PC was introduced in the late 1940s and has 

been widely used for measurements of energy loss by radiation.  However, the 

PC space localization capability is limited to the information of particle passing 

through the counter volume or not. To overcome this limitation a stack of many 

independent counters was implemented, which resulted in the Multi Wire Pro-

portional Chambers (MWPC) development. 
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A second generation of gas detectors emerged after a few years, where the 

wires were replaced by strips, the Microstrip Chamber [4]. The new devices are 

produced by means of the photolithography technique, a procedure commonly 

used to fabricate masks for integrated circuits, enabling the production of very 

precise thin strip structures, in the micrometer range. In this type of devices, the 

gas amplification takes place at a low voltage difference compared to wire 

based detectors.  

Innovative detector designs have been developed, with encouraging perfor-

mances and higher reliability, and gave origin to a new family of gas detectors: 

Micro Pattern Gas Detectors [6]. Their name is due to the fact that the elemen-

tary cells are at least one order of magnitude smaller than the ones of the prece-

dent detectors. Examples of this kind of detectors are the Micro-Dot Avalanche 

Chamber, Micro-Groove Detector, Micro-Wire Detector and Micro-Gap Cham-

ber. The most advanced micro pattern detectors are the MicroMegas and the 

Gas Electron Multiplier (GEM), which are the subject of research for this thesis. 

The micropattern gaseous detectors have a better performance than the classic 

MWPC. The combination of excellent position resolution, high counting rate 

capability and good granularity make them very attractive detectors for particle 

tracking in high luminosity colliders, as well as in other fields, like medical x-

ray imaging applications, neutron imaging, x-ray polarimetry, UV and single 

photon detection.  

All the micropattern detectors suffer from the appearance of discharges dur-

ing their operation when the total avalanche charge exceeds the Rather limit, 

which is between 107 and 108 electron-ion pairs [66]. The electric field in front 

and behind the avalanche is increased locally and this induces the fast growth 

of a filament like streamer.  

Recently, a millimetre-size pixilation detector was developed, Thick GEM-like 

(TGEM) [58], based on the GEM concept. The TGEM is manufactured with 

standard PCB technology by precise drilling and Cu etching, of double-face Cu-

clad G-10 plate.  

A description of the Multi-wire Proportional Chamber, Microstrip Gas Coun-

ter, Micromegas and GEM will be done in this chapter, discussing with more 

detail the GEM and Micromegas properties, since those are the base of the de-

vice proposed for investigation in this thesis.  

1.2 Multi-Wire Proportional Chamber 

The Multi-Wire Proportional Chamber was introduced in 1968 by Charpak 

[3]. It’s composed by a set of anode wires closely spaced, all at the same poten-
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tial, and each wire acts as an independent proportional counter. For his inven-

tion Charpak was awarded the 1992 Nobel Prize in Physics. Figure 1. 1 shows a 

schematic of a MWPC. The MWPC consists essentially of a set of thin, parallel 

and equally spaced anode wires, symmetrically sandwiched between two cath-

ode planes. For proper operation the gap, L, should be three or four times larger 

than the wire spacing, d. A negative voltage is applied to the cathodes, while 

the anodes are grounded. The electrons produced in the gas volume, by radia-

tion or charged particles, drift towards the anode wires due to the electric field. 

A gas avalanche amplification takes place in the high electric field around the 

wires. The ions generated in this avalanche drift towards the cathodes.  Unfor-

tunately, the ions limit the counting rate capability of MWPC. For rates 

above~104/(s mm2) the ions produce a high space charge around the wires re-

ducing the electric field-strength and consequently the gain [6]. 

The position accuracy in a multi wire proportional chamber is determined by 

the anode wire spacing: less than  1 mm is difficult to operate [5].  The spatial 

resolution, σx, can be calculated as 12/dx , where d is the distance between 

two wires. The typical spatial resolution is about 300 µm for a spacing of  1mm. 

The upper limit for the resolution is given by the wire spacing, which cannot be 

reduced arbitrarily, due to the electrostatic repulsion of the wires. As result, the 

chamber has limitations in granularity.  

The possibility to determine the position of an incoming particle using only 

one detector instead of arrays of proportional counters is the main objective of 

technologic development. 

 

Figure 1. 1- Multi-wire Proportional Chamber and the field map around the wires [5].  

The MWPC has undergone continuous improvements over the years, where 

different prototypes of MWPC have been developed, such as the drift chamber, 

time projection chamber, time expansion chamber and ring imaging chambers. 

Multi-wire devices of various designs remain a major task in high energy phys-

ics. 
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1.3 Microstrip Gas Counter 

The Microstrip Gas Counter (MSGC) was introduced by Oed in 1988 as a first 

approach to the Micro Pattern Detectors [4], the wires being replaced by small 

metal strips engraved on a thin isolating substrate. The MSGC is produced 

trough photolithography technology. The anodes, smaller strips with a width 

of some microns, are located between the cathodes, larger strips, with a typi-

cal pitch of 100 µm. This corresponds to a reduction on the electrode thickness 

by one order of magnitude when compared to the MWPC. The insulating 

substrate is usually made of glass with a diamond coating and the strips are 

made of gold or chromium. A schematic view of MSGC is depicted in Figure 

1. 2. 

 

Figure 1. 2 - Schematic view of the Microstrip Gas Counter. Typical dimensions are indicated 

together with the electric field lines [5].  

The electrons resulting from radiation interactions with the gas drift to the 

microstrip plane experiencing avalanche amplification due to the strong electric 

field around the anodes. The electrons are collected on the anodes while the 

ions are collected by the cathodes. However, the ions can reach the substrate 

surface during their flow, being practically fixed there due to the extremely re-

duced ion mobility on insulators. As a consequence the insulator surface will be 

charged until the applied electric field redress it.  

The MSGC was presented as an alternative to the MWPC in order to over-

come some of its limitations. In a MWPC the ions from the avalanche multipli-

cation have to drift a long way to the cathode, typically a few mm. In the MSGC 

they drift to the closest cathode, typically 50µm. Therefore, the MSGC can reach 

higher count rates before the detector performance starts to suffer from space 



5 
 

charge effects. This also results in faster signals and a better time resolution. The 

spatial resolution is also better, since the strips are at a smaller distance com-

pared to the wires. The electric field configuration of a MSGC is also advanta-

geous for the energy resolution, having a better performance compared to the 

MWP C. 

One of the disadvantages of the MSGC is the difficulty to cover large areas, 

which can be overcame using several microstrip planes  together, as was done 

in physic experiments like HERMES[7] and HERA-B [7]. 

One limitation of the MSGC is the fact that the avalanche multiplication does 

not exceed 104, due to breakdown of the insulator surface. The positive ions cre-

ated during the avalanche process and accumulated on the insulator, modify 

locally the electric field and cause a drop of the gain in the irradiated area of the 

detector. The poor stability resulting from the surface charge caused by stucked 

ions can be minimized using a conducting substrate or special treatment of the 

surface. However, the conductivity can not be very high otherwise there will be 

currents flowing from the anode to the cathode, which can compromise the de-

tector operation. The development of a glass with the right electronic conduc-

tivity, good mechanical and chemical properties, was studied by several 

groups.  

Systematic laboratory research revealed two fundamental degradation 

sources that affect the MSGC performance, polymer growth and discharges [7].  

The polymer growth in the gas, under sustained avalanches, results in insulat-

ing layers deposited on electrodes, which affect the gain. From previous experi-

ence with wire chambers, this effect was expected to occur, but not with the 

swiftness and the degree of sensitivity to residual organic pollutants experi-

mentally found. The occurrence of discharges during the operation is more cru-

cial, often fatal for the structures. The discharge probability is voltage-

dependent and largely enhanced by the exposure to high fluxes and heavy ion-

izing particles.  

In order to overcome these problems and satisfy  scientific needs a new gen-

eration of Micro Pattern Gas Detectors emerged,  based on the working princi-

ples of the MSGC. Examples of this kind of detectors are the MicroMegas and 

the Gas Electron Multiplier (GEM), which have been the most successful. 

1.4 Micromegas 

The Micromegas, Micro Mesh Gaseous Structure, was introduced by Gioma-

taris in 1996 [8]. It operates as a two stage parallel plate avalanche chamber, 

with a narrow amplification gap, defined between the anode and cathode 
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planes.  The cathode is thin metallic micromesh made of Nickel, with a thick-

ness of a few microns. The anode microelements (strips or pads) are printed on 

an insulator board. The cathode-anode distance, about 100 µm, is kept via small 

insulating pillars deposited by standard photographic methods on the anodes, 

covering a small part (~1%) of the surface. The amplification occurs between the 

mesh plane and the microstrip plane.  Figure 1. 3 show a schematic view of the 

Micromegas. A study to optimize the detector geometrical parameters has 

shown the virtue of using narrow amplification gaps below 100 µm [9]. 

 

Figure 1. 3 - Micromegas [10]. 

In the majority of the applications, a third electrode is placed parallel to the 

mesh defining the drift region. The ionization electrons, created by energy dep-

osition of an incident charged particle or radiation in the conversion gap, drift 

towards the cathode micromesh. The electrons reaching the mesh are then 

transferred to the amplification gap, between anodes and cathode, being multi-

plied through an avalanche process due to the high electric field in this region. 

The amplification inside the mesh holes is negligible. The electron cloud is col-

lected by the anode microstrips, while the positive ions drift in the opposite di-

rection and are collected by the micromesh. The charge signal is mainly due to 

positive ions drifting towards the micromesh electrode, which takes place typi-

cally within 100 ns, depending on the thickness of the amplification gap and on 

the gas mixture. However, the fast current signal is mainly due to the electrons 

given their high mobility, about 100 times faster than the ions [10]. 

The electric field has to be uniform in the conversion and amplification re-

gions. However, the electric field shape is disturbed near the micromesh holes. 

The knowledge of the field lines near the micromesh is essential for the detector 

operation, concerning the efficiency of the electrons passage through the mi-
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cromesh and the fast evacuation of the positive-ion. The Micromegas configura-

tion is an advantage for the electric field ratio between the drift and the amplifi-

cation region, which can be adjust to large values, as required for an optimal 

operation device. Such a high ratio is also required in order to capture the ions 

produced in the small amplification gap, reducing the fraction that escapes to 

the conversion region. 

The Micromegas is a high gain gaseous detector, which can stand up alone 

without additional pre-amplification. As a result of the small gap and therefore 

high electric field, there is a fast collection time of ions, typically less than 100 ns 

[9]. This is an advantage to reduce the space charge effect that limits the gain at 

high counting rates, being measured high charge gain values, at rates beyond 

106 particles/mm2/s [8]. Studies in Ar-CH4 (90/10%)at atmospheric pressure 

have shown  gains close to 105, allowing single electron detection [8]. The Mi-

cromegas has been used in a large number of research experiments, as the 

COMPASS experiment, where the Micromegas was used for the up-stream 

tracking system [68]. 

1.4.1 Bulk Micromegas 

The manufacture techniques used for the first generation of Micromegas im-

pose some limitations to the size and shape of the detector. A collaboration be-

tween CERN and IRFU (Institute of Research into the Fundamental Laws of the 

Universe - CEA) developed new methods to simplify the production and there-

by enlarge the scope of possible applications [67]. The effort was focused on 

producing an amplification region as a single piece, using the newly developed 

bulk and microbulk methods.  

 In bulk Micromegas a woven wire mesh is used instead of the usual electro-

formed micromesh. The anode plane carrying the copper strips, a photo resis-

tive film having the right thickness and the cloth mesh, are laminated together 

at a high temperature, forming a single object. The photo resistive material is 

subsequently etched by photolithograph method, producing the pillars. In Fig-

ure 1. 4 a scheme of the fabrication procedure is show.  

 The pillars have a cylindrical shape of 300 µm diameter printed with a dis-

tance of 2 mm, as shown in Figure 1. 5. The first prototypes were characterized 

by an active area of 9x9 cm2.  
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Figure 1. 4- Schematic of the fabrication procedure of the bulk Micromegas. 

Figure 1. 5- Photographs of the bulk detector elements. The picture at left shows a 

small area of the detector; the 400 μm in diameter pillars every 2 mm are visible. On the 

right side is a microscopic view showing details of the woven wire mesh [67]. 

 With this technique the micromesh can have a wide border at the edge, of a 

few milimiters, avoiding the need of an additional frame to support the mi-

cromesh. This semi-industrial assembly process allows the regular production 

of large, stable and inexpensive detector modules, in thin and flexible configu-

rations. Such a bulk Micromegas is robust and can be made in a large single 

piece, up to areas of 50x50 cm2. 

Several applications have recently benefited from this technological develop-

ment, such as the CAST (Cern Axion Solar Telescop) experiment where the two 

TPC detectors were replaced by two Micromegas detectors, obtaining remarka-

ble results, excellent stability and an unprecedented background level («10-

5/keV/cm2/s).  
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1.5 Gas Electron Multiplier 

The Gas Electron Multiplier (GEM) was introduced by Sauli in 1996 as a 

charge pre-amplification structure in gas detectors [11].  The GEM consists of a 

kapton foil, metal-coated on each side and perforated by a high density of holes, 

typically 50 to 100 per mm2 [19]. Under the application of a suitable voltage dif-

ference, each hole acts as an independent proportional counter. The electrons 

released in the gas, by ionizing radiation, drift into the holes where charge mul-

tiplication occurs in the high field inside the channels. Most of the electrons 

generated in the avalanches are collected in a passive electrode or are trans-

ferred to another amplifying device, a cascade configuration, where higher 

gains can be achieved. 

1.5.1 Structure  

The GEM is produced through conventional photo-lithographic methods 

used on multi-layer printed circuits [11]. The basic element is a 50 µm thick kap-

ton foil, metal-clad on both sides with a 5 µm copper layer and perforated in a 

regular matrix of holes. The kapton foil is passivated with photoresist and ex-

posed to light through a mask. After curing, the metal is patterned on both 

sides by wet etching, which serves as a self-alignment mask for the etching of 

the insulator in the open channels. The chemical etching produces double-

conical shape holes with wider diameter in the entry sides, which improves the 

dielectric rigidity. The manufacture technology, developed by the CERN Sur-

face Treatment Service can be easily extended to larger areas.  

The GEM is characterized by the distance between the centers of two consecu-

tive holes, the pitch, the hole diameter in the metal and the hole diameter in the 

kapton. The upper face is designed top and the down face is the bottom. 

 Figure 1. 6 shows  an image of a typical GEM geometry: 5 µm thickness cop-

per on a 50 µm kapton foil, 70 µm diameter holes in the metal, 55 µm diameter 

holes in the kapton and a pitch of 140 m. A cut view obtained with an electron-

ic microscope is shown in Figure 1. 7, illustrating the conical shape of the holes.   
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Figure 1. 6 – Image of a GEM electrode, etched on a metal-clad, 50 µm thick polymer foil. The 

hole's diameter and spacing distance are 70 µm and 140 µm, respectively [17]. 

 

 

Figure 1. 7 - Cut view of a GEM obtained with an electronic microscope [17]. 

Several GEM grids, with different designs and geometries, were manufac-

tured and tested [18] . Studies of gain for different geometries have shown that 

the maximum gain increases for narrower holes, as can be seen in the compila-

tion of Figure 1. 8 [18], were different GEM geometries are characterized for a 

gas mixture of argon and carbon dioxide. The different geometries are indicated 

in the picture legend; for example the code A19 (140/95/60), A19 refers to the 

GEM model, 140 is the pitch, 95 the hole diameter in the metal and 60 the hole 

diameter in kapton, values in m. Figure 1. 9 depicts the electric field profile for 

different hole diameters, where an electric field increase for narrower holes is 

evident [21]. Owing to the exponential dependence of the Townsend coefficient 

on the electric field, the proportional gain increases considerably as the hole 

size is reduced.  However, for very narrow holes, a saturation effect appears, 

probably due to the loss of charges by diffusion. 

The pitch does not influence the gain characteristics, but limits the drift field 

values and consequently the electron collection efficiency into the holes. The 
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hole diameter also affects the electron collection efficiency. The maximum volt-

age that can be safety reached is determined essentially by local defects and by 

the gas mixture, the geometry does not have a big influence.  

In summary, the maximum achievable gain depends essentially on the kapton 

thickness, the hole diameter, the gas mixture and the applied voltage. 

An important characteristic of the GEM is the optical transparency (OT), de-

fined as the ratio between the open area (hole diameter in the kapton, Dk) and 

the total area of the GEM. OT can be calculated from Dk and Pitch (P) dimen-

sions:   

2

32_

_
.

P

D

areatotal

areaopen
TO k  

(1. 1) 

 

Figure 1. 8- Compilation of gains factors for several GEM geometries [18].  

 

Figure 1. 9 - Electric field computed along a line through the center of the holes, for different 

hole diameters [21]. 
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1.5.2 GEM performance  

The GEM is an amplification detector where the charge multiplication occurs 

inside the holes. Upon the application of a suitable voltage difference between 

the two copper electrodes, an electric field develops inside the GEM holes. The 

profile of the electric field and equipotential lines in the GEM holes is depicted 

in Figure 1. 10 [17]. The huge concentration of lines in the centre of the hole 

means that the electric field is very high there. The drift and the induction field 

transport the electrons trough and out of the holes, respectively.  

The electrons released in drift region by ionizing radiation move along the 

field lines into the GEM-holes. Due to the high electric field the electrons ac-

quire enough energy to ionize the gas thereby resulting in an avalanche of elec-

trons. The majority of the avalanche electrons proceed to the lower region 

where they can be collected on a passive electrode or carry on to another multi-

plier device. Some of the avalanche electrons are lost to the GEM bottom elec-

trode consequently the effective gain of the multiplier is lower than the total 

number of ions produced by a single electron.  

 

Figure 1. 10- Scheme of the electric field and equipotentials lines in the GEM upon application 

of a voltage difference between the two metal sides. [17]. 

The GEM can be operated in single mode or in a multiple configuration with 

several elements in cascade, Figure 1. 11 . In a single GEM configuration two 

different regions are identified, the drift and the induction regions. In the dou-

ble-GEM configuration there is also the region between the two GEMs, called 

transfer region. The cascade configuration allows higher gain performance 

compared to the single GEM, the gain enhancement is related with the number 

of multiplier elements. 

 A unique feature of GEM detectors is that charge multiplication and charge 

collection take place in separate electrodes, which is an advantage to prevent 
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the propagation of accidental discharges to the sensitive electronics.  The signal 

induced on the readout board are only  due to electron collection, without tails 

due to the slow component of ions, as  in other gas detectors, and therefore are 

very fast. 

  

 
. 

Figure 1. 11- Different GEM operating modes a) Single GEM configuration b) Double-GEM 

detector, c) Triple-GEM detector [17] 

The multiplication process in the GEM can be described, approximately, us-

ing the parallel-plate approach: 

Pd
GEM

VPE

PdMP
d

eM

//

/ln/
)(

 
(1. 2) 

Where M is the GEM multiplication factor, d the inter electrode distance, α first 

Townsend coefficient, the number of secondary electrons produced per centi-

metre on the free electron path, P is the gas pressure, E the electric field inside 

the GEM hole and VGEM the voltage applied across the GEM electrodes. This 

simplified approach considers the avalanche development in uniform electric 

field inside the hole over a distance of 50 µm, the typical GEM thickness. 

The GEM gain is defined by the ratio between the number of electrons pro-

duced in the GEM holes and the number of primary electrons focused into the 

holes. This value is usually defined as the real GEM gain. The gain increases 

exponential with the applied voltage and the maximum gain corresponds to the 
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value achieved just before the onset of discharges or significant leakage cur-

rent. The discharge probability depends on the gas used, being lower for gases 

operating at lower voltages or having higher diffusion coefficients. There is also 

dependence on the radiation energy and on the irradiation flux. Imperfections 

in the geometry or impurities also contribute to increase the discharge probabil-

ity. A leakage current may appear in the electrodes due to the infinite resistance 

of the insulator.  

 Figure 1. 12  depict the charge gain as a function of the voltage applied to the 

GEM, obtained for several Xe pressures [59]. It is evident the exponential de-

pendence of the gain with VGEM.  The decrease of the gain for increasing pres-

sures is caused by a drop of the reduced electric field value (E/p) in the GEM 

holes, were the multiplication occurs. The increase of pressure should be fol-

lowed by a proportional increase on the GEM voltage, to keep E/p constant.  

However, that is not possible due to intrinsic GEM properties; witch limits the 

maximum applied voltage before the onset of discharges.  

 

Figure 1. 12- Charge gain as a function of the voltage applied to the  GEM for different xenon 

pressures [59]. 

Different gas mixtures may achieve higher gains, for example, as shown in 

Figure 1. 13, gain values of the order of 104 were achieved for argon based mix-

tures.   

Figure 1. 14  depict a graph with the gain performance of single, double and 

triple-GEM configurations, where it is evident that multiple GEM configura-

tions can achieve higher gain values. The voltage applied to the GEM in the dif-

ferent configurations is however lower for multi-GEM configurations.  Figure 1. 

14  also indicate the discharge probability for the different configurations.  



15 
 

  

Figure 1. 13- Effective gain dependence on 

GEM voltage for two gas mixtures [17]. 

 

Figure 1. 14-Gain and discharge probability for 

irradiation with alpha particles in single, double 

and triple GEM configuration [17]. 

The electric field values in the drift and induction regions, as well as the 

transfer field for multiple GEM configurations, influence the charge transfer 

mechanism of the GEM and consequently the gain performance. The collection 

efficiency (C) is the fraction of electrons collected into the GEM holes per num-

ber of electrons (ions) arriving in the drift volume. The extraction efficiency (X) 

is the fraction of electrons (ions) extracted from the GEM holes to the induction 

volume per number of electrons produced in the holes. The effective gain 

measured in a separated electrode, Geff, is related to the real GEM gain, Greal, by 

[22]: 

Geff=CGreal X (1. 3) 

The optimization of the transfer coefficients, collection and extraction, is es-

sential to improve the performance of the GEM.  In Figure 1. 15 it is plotted the 

dependence of the collection and extraction efficiencies with the electric field 

proportion  Eext/Ehole. Eext is the external field strengh, given by the relation be-

tween the flux onto an external electrode and it size. The Ehole can be parameter-

ized by [22]: 

 Ehole= a VGEM + b (Edrift + Eind) (1. 4) 

where Edrift is the drift field, Eind the induction field, VGEM the GEM voltage and 

a and b parameters depending on the GEM geometry. From Figure 1. 15 it can 

be concluded that the collection efficiency is better for low drift field values, a 

field augment will cause a decrease in the fraction of electrons that go into the 

GEM holes. The extraction efficiency is better for higher Eext/Ehole values, more 

electrons are extracted from the GEM holes as the external field increases. Thus, 
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the drift field should be kept at low values while the induction field shoul d 

have high values. 

A proper choice of the applied potentials is also important to reduce the ion 

re-injection in the drift volume, the ion back flow, which affects the detector 

performance. 

 

Figure 1. 15- Simulation of the extraction efficiency X and collection efficiency C for several 

GEM voltages, VGEM, as a function of the ratio between external and hole fields [22]. 

The occurrence of discharges is one of the main problems of the GEM opera-

tion, which in certain situations can be irreversible. The sequence of events 

leading to a discharge is initiated when the avalanche size (product of ioniza-

tions and gain) exceeds a critical value, the Rather limit [69], of a few107 ion–

electron pairs. When a particle crossing the detector releases an exceptionally 

high number of electron-ion pairs in the active gas volume of the detector, the 

total charge created in the subsequent amplification process may exceed a cer-

tain value, corresponding to the Rather limit, for the development of a stream in 

the avalanche. The stream produces an ionized and therefore conductive chan-

nel between the anode and the cathode where the discharge takes place. Some 

studies, [70][71], suggest that the absolute charge value that corresponds to the 

Raether limit is not  fixed, but depends on the specific operating conditions, like 

the voltage applied to the GEM.  

An advantage of GEM configurations relies in the fact that the charge readout 

electrode is independent, therefore a GEM discharge will not affect directly the 

sensitive electronics.   

The photon and ion feedback, release further electrons from the detector sur-

faces by photoelectric effect or ion collisions, respectively, also limiting the 

GEM operation. The electrons released from the surfaces drift to the GEM holes 
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resulting in an augment of the original signal amplitude, limiting also the max-

imum achievable gain. 

1.5.3 Aplications 

The Gas Electron Multiplier was subject of considerable progress in the last 

years motivated by the growing interest in their potential applications. The ad-

vanced features of GEM based detectors like high counting rate, excellent spa-

tial resolution, good imaging capability, operation in magnetic fields, large sen-

sitive area, flexible geometry, capability to operate in cascade and low cost [2] 

make them attractive to applications in high-energy physics, like TOTEM (Total 

Cross Section, Elastic Scattering and Diffraction Dissociation) at the Large Had-

ron Collider [72]  and  COMPASS ( COmmon Muon Proton Apparatus for 

Structure and Spectroscopy) [73].  

GEM detectors have shown a good capability to provide X-ray absorption ra-

diographies of small mammals. The spatial resolution obtained with the GEM is 

0,1 - 0,2 mm. Figure 1. 16 a) shows an X-ray absorption radiography of a bat 

obtained with an X-ray tube of 8 keV [23].  

Studies regarding the scintillation in GEM-based detectors show that, with 

appropriate gas mixtures the avalanche emits a large number of photons, in the 

UV, visible and/or NIR bands. Using CCDs as readout, imaging detectors can 

be developed to be used with X-rays, alpha particles and neutrons. Figure 1. 16 

b) is an image of alpha particle tracks obtained with a triple GEM configuration 

using a CCD for the readout of the light emitted in the avalanches [74]. 

 

Figure 1. 16- a) X-ray absorption radiography  of a small mammal.  The grey scale indicates the 

number of photons counted in the pixels [23]. b) Individual alpha particle tracks visualized with 

the imaging triple- GEM detector coupled to a CCD camera [74]. 

1.6 GEM-MIGAS 

The Gas Electron Multiplier with a Micro–Induction Gap Amplifying Struc-

ture (GEM-MIGAS) was recently proposed by J. A. Mir as an alternative elec-
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tron multiplier configuration [25]. The GEM-MIGAS is a hybrid structure based 

on the GEM coupled to a Micromegas induction gap, i.e. a GEM having a short 

induction gap of few tens of microns, where additional charge multiplication 

take place.  

1.6.1 Origin & Structure 

A typical GEM configuration sets the induction region gap, distance between 

the bottom and the readout plane, at 1 mm or more. Kapton GEMs are suscep-

tible to absorption by water vapour and other counter gases, which origin the 

sag of the GEM foil and thereby modify the initial induction gap value.  As ob-

served in Figure 1. 15 the effective GEM gain is strongly dependent on the in-

duction field, therefore GEM sagging leads to effective gain instability. One 

way to circumvent this is to introduce dielectric pillars between the GEM foil 

and the readout plane at regular intervals. Studies with a standard GEM cou-

pled to a micromesh plane with Kapton pillars of 50 m were carried out by J. 

A. Mir at the Rutherford Appleton Laboratory, that was the origin of  the GEM-

MIGAS device [25]. 

The GEM-MIGAS operation principle is based on electron multiplication in 

GEM holes as well as in the induction gap, thus combining the charge amplifi-

cation properties of a GEM and a Micromegas in a single device. This results in 

elevated charge gains, more efficient charge extraction from the GEM-holes and 

charge collection by the anode readout. The lower operational voltages in the 

GEM, with minimum sparks rate, make the device lifetime longer. Due to the 

existence of higher induction fields, GEM-MIGAS also exhibits a better gain 

stability when compared with the conventional GEM, operated with induction 

fields of about 1kV/cm [26].  

In the first GEM-MIGAS prototype, the gap thickness was 50 m and kapton 

pillars ensure the parallelism between the GEM and the induction plane.  The 

induction electrode is a micromesh manufactured at CERN TS-DEM workshop, 

made of a 5 µm thick copper foil with 25 µm diameter holes etched with a pitch 

of 50 µm. The kapton pillars are 50 µm tall and 150 µm in diameter, distributed 

at 2 mm intervals. The micromesh was glued to a 10 10 mm2 anode readout (G-

10 board) and stacked together with the GEM frame. A schematic view of the 

GEM-MIGAS is shown in Figure 1. 17 a, while in Figure 1. 17 b is a photomicro-

graph of the micromesh, where the Kapton pillars are seen in detail. 
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Figure 1. 17- Schematic view of GEM-MIGAS detector.  

A few improvements have been done in the induction electrode in order to 

increase the gap thickness. The second GEM-MIGAS model was also manufac-

tured at CERN TS-DEM workshop. It consists of a 10x10 mm2 copper anode 

where insulating pillars of height ranging from 50 to 300 m were placed at 1 

mm intervals. In order to construct the GEM-MIGAS, the anode readout was 

coupled to the GEM frame, the pillars being in direct contact with the GEM. 

1.6.2 Preliminary studies 

The first studies carried out with a GEM operated with a micromesh readout 

plane were performed with argon-isobutane and helium-isobutane gas mix-

tures [25] [26], at Rutherford Appleton laboratory by J. A. Mir.   

The experimental work carried out with Ar/iso-C4H10 (75/25%) evaluates the 

performance of GEM-MIGAS, measuring the essential operational parameters 

of this detecting system using a 5.9 keV X-ray source [25]. The characteristics 

investigated include the effective gain, the gain stability and the energy resolu-

tion. These studies demonstrated several advantages of this detector configura-
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tion when compared with the standard GEM operation, such as lower opera-

tional voltages, higher effective gains and effective gain stability. The highest 

effective gain was approximately 27000 when the voltage across the GEM holes 

(VGEM) was set at 500V and the induction field (Eind) at 30 kV/cm. The best en-

ergy resolution obtained for 5.9 kev X-ray was 15.2% (FWHM) for VGEM= 470V 

(effective gain 1900) and Eind= 6kV/cm.  

The GEM-MIGAS effective gain is depicted in Figure 1. 18 as a function of Eind 

for different VGEM values and as a function of VGEM for several Eind values. The 

highest effective gain at the lowest induction field of 6kV/cm was around 6000. 

Increasing the induction field the gain improves up to about 27000 when the 

induction field is 30kV/cm. The effective gain increases almost linearly with the 

induction field, given that further electron multiplication begins in the induc-

tion region (parallel plate amplification mode). 

  

 Figure 1. 18- a) GEM-MIGAS effective gain using Ar(75%)-isobutane(25%) gas mixture: a) as a 

function of the induction field for  VGEM=400, 450 and 500V; b) as a function of the VGEM  for  

different induction fields. The drift field was 3.5 kV/cm in both cases [25]. 

The energy resolution is depicted in Figure 1. 19 as a function of Eind (a) and the 

effective gain (b). The optimum X-ray energy resolution was observed for Eind 

values between 2and 15 kV/cm, beyond which a fast deterioration is observed 

as a result of the gain augment. An optimum pulse height spectrum for 5.9 keV 

X-ray was achieved for a gain of 1900 (VGEM= 470 V, Eind=6kV/cm) with an en-

ergy resolution of 15.2%. 
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Figure 1. 19- a) Energy resolution of  5.9 keV X-rays in Ar(75%)-isobutane(25%) as a function of  

Eind for a VGEM= 400, 450 and 500V (a) and as a function of  the effective gain for several Eind 

values (b). The drift field was -3.5kK/cm in both cases [25]. 

Further studies of GEM-MIGAS operation evaluate the gain properties at 6 

keV  X-rays using argon-isobutane (IB) and helium-isobutane gas mixtures [26].  

For the argon-based mixture, the highest effective gain was approximately 

2x104 as seen in Figure 1. 20 a). No further gain enhancement was observed by  

increasing the induction field up  to 100kV/cm. Higher gains were obtained for 

a  He(75%)-IB(25%) gas mixture as seen in Figure 1. 20 b). In this case the in-

crease of Eind up to 100kV/cm leads to a significant gain enhancement. In gen-

eral, the highest effective gains of about  105 were obtained when using lower 

voltages across the GEM holes, between 100 and 300V, and highest induction 

fields.  The gain values obtained with He(75%)-IB(25%) are  high enough to use 

the GEM-MIGAS as a single-electron counting device. 

  

Figure 1. 20- Effective charge gain as a function of the Eind for several VGEM values, for  a) 

Ar(75%)-IB(25%) mixture  and  b) He(75%)-IB(25%) mixture . Edrift=0.25kV/cm  in both cas-

es[26]. 

The best energy resolution (Figure 1. 21) was approximately 18% and 32%, 

(FWHM), for Ar(75%)-IB(25%) and He(75%)-IB(25%), respectively. The opti-

mum resolution for each curve occurred when the effective gain exceeded 103.  
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The energy resolution is optimum for voltages across the GEM holes between 

300 and 500 V. 

  

Figure 1. 21-Energy resolution for 5.9 keV X-rays as a function of the effective charge gain for 

different VGEM values in Ar (75%)-IB(25%) mixture (a)  and   He(75%)-IB(25%) mixture (b). 

Edrift=0.25kV/cm, in both cases [26]. 

The GEM-MIGAS response to single electrons was investigated for He/iso-

C4H10 (85/15%) mixtures [27]. The single-electron pulse height distributions, 

Figure 1. 22 a), obtained for the GEM-MIGAS operated in GEM mode, i.e low 

induction field values, were fitted to a Polya distribution in order to determine 

the average charge gain. The average gain determined, Figure 1. 22 b), reaches a 

maximum value about 7x104. A good agreement was found between the gain 

values obtained with two different sources, the UV and the X-ray source. 

  

Figure 1. 22- a) Single-electron pulse-height distributions  measured with the GEM-MIGAS 

detector operated in GEM mode, in He/iso-C4H10 (85/15%) gas mixture for VGEM  in the range 

of 460–550 V. The induction field was  6 kV/cm and the drift field 0,25 kV/cm. b) the average 

charge gain as a function of  GEM. Obtain with UV and X-ray sources. 

Extending the induction field range applied to the GEM-MIGAS, Figure 1. 23 

a), a better Polya fit to the single-electron pulses is observed, when compared to 

the GEM-mode operation. The electron multiplication within the GEM holes as 

well as in the induction gap results in higher average charge gain of about 
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7x105, which is a 10 times improvement over the GEM mode operation, Figure 

1. 23 b). 

  

Figure 1. 23- a) Single-electron pulse-height distributions obtained with the GEM-MIGAS detec-

tor in He/iso-C4H10 (85/15%)  gas mixture, for several values of induction field with ∆VGEM = 

500 V. The drift field was 0,25 kV/cm. b) Average charge gain as a function of the induction 

field measured with the GEM-MIGAS detector in He/iso-C4H10 (85/15%) gas mixture for sin-

gle-electrons, E, and  for voltages across the GEM, ∆V , in the range of 100–500 V. In all cases E 

= 0,25 kV/cm. 

In GEM mode operation, a detection efficiency of about 95% was obtained for 

a charge gain of 7x104, Figure 1. 24 (a).  For the GEM-MIGAS mode operation, 

detection efficiencies over 98% are possible when the average gain exceeds a 

few 105 Figure 1. 24 (b) 

  

Figure 1. 24- Single-electron detection efficiency as a function of the average gain q. for a) GEM 

mode operation  with Eind = 6kV/cm and  Edrift= 0,25 kV/cm; b)GEM-MIGAS operation  mode  

for several GEM voltages with  Edrift= 0,25 kV/cm. 

In summary, charge gains above 105 and well above 104 were obtained for the 

He-based and Ar-based mixtures, respectively, with GEM voltages as low as 

200 V, ensuring GEM operation conditions well below the GEM discharge limit. 

These gains present a factor of about 5 times higher than to those obtained in  

the GEM-mode operation. The GEM-MIGAS response to single electrons, in 

He/iso-C4H10 (85/15%) mixtures, reaches charge gains as high as 7 105, one 
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order of magnitude above the GEM-mode values.  The detection efficiency for 

the GEM-MIGAS configuration is also higher compared to single GEM configu-

ration.  

1.6.3 Road Map  

The good performances obtained in the previous studies motivate a deeper 

investigation of GEM-MIGAS operation, resulting in the subject of this PhD 

programme work. The investigation work is focused essentially in four aspects: 

 Electric field simulations using Maxwell 3D field simulator from Ansoft in 

order to evaluate the electric field profile within GEM holes and in the in-

duction region. 

 GEM-MIGAS operation in Argon-Methane based mixtures: studies  in the 

standard quenched gas mixture Ar/CH4 (90/10%) and in pure CH4 and 

pure Ar. CH4 has the advantage of presenting one of the highest photoe-

lectron extraction efficiency, important for gaseous photomultipliers 

(GPMs), while Ar is useful in sealed chambers, e.g. for rare-event detec-

tion . 

 GEM-MIGAS single-electron response for different induction Gap thick-

nesses. Larger induction gap thicknesses may sustain larger voltage dif-

ferences, which may lead to higher effective gains. In this work, is investi-

gated the average charge gain derived from the induction gap for several 

gap thicknesses, d, of 50,100, 150, 200, 250 and 300 μm. 

 GEM-MIGAS ion back-flow suppression capability, the fraction of total 

avalanche-ions that reach the semi-transparent photocathode, for induc-

tion gap thicknesses in the range of 50 300 µm.  

 Viability of GEM-MIGAS as a neutron gaseous detector. This study in-

cludes optimization of the GEM-MIGAS gaps in the 20-250 m range 

whilst operating in pure CF4. Study of the influence of the GEM hole di-

ameter whilst keeping the induction gap fixed in pure CF, and finally, the 

optimum GEM-MIGAS configuration (induction region gap and GEM 

hole diameter) in He/CF4 based mixtures. 
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Chapter 2 

Gas Detector Physics  

This chapter gives a brief summary about the most relevant processes in gas-

eous detectors.  The knowledge of the mechanisms by which radiation interacts 

and loses energy in its interaction with matter is essential.  The interaction pro-

cesses depends on the type of particle interacting in the medium and the gas 

mixture. 

2.1 Interaction of ionising radiation with matter 

 The radiation can be classified in two different type, ionising and non-

ionising radiation (Figure 2. 1).  Non-ionizing radiation refers to electromagnet-

ic radiation with a wavelength longer than 10 nm which does not have enough 

energy to ionize an atom or molecule, i.e. remove an electron from an atom or 

molecule. This part of the electromagnetic spectrum includes radio waves, mi-

crowaves, visible light (770 to 390 nm), and ultraviolet light (390 to 10 nm). In-

stead of producing charged particles when passing through the matter, the elec-

tromagnetic radiation has sufficient energy only for excitation, the shift of an 

electron to a higher energy state. Nevertheless, different biological effects are 

observed for each type of non-ionizing radiation, the most common are effects 

in the skin and eyes. The extension of the effects depends on the radiation ener-

gy. 

The ionizing radiation consists of highly-energetic particles or waves that can 

remove at least one electron from an atom or molecule, corresponding in the 

electromagnetic spectrum to X-rays (from 0.01 to 10 nm) and γ-rays, with short-

er wavelength. It also includes all the atomic and subatomic particles, such as 

electrons, positrons, protons, alphas, neutrons, heavy ions and mesons. Expo-

sure to ionizing radiation can cause damage to living tissue, like mutation and 

cancer. The severity of the effects is related to the radiation exposure dose and 
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time. Nevertheless, there are many practical uses of ionizing radiation, such as 

radiotherapy, medical radiography and also sterilization tools and equipment 

in medicine and biology fields. In biology and agriculture, radiation is used to 

induce mutations to produce new or improved species. 

The detection of radiation is based on the interaction processes and on the en-

ergy deposited by the radiation in the matter. In this chapter is presented a brief 

summary about the interaction mechanisms of ionizing radiation, including  

charged particles, photons and neutrons. 

 

Figure 2. 1- Electromagnetic spectrum.  

2.1.1 Interaction of charged particles with matter 

The interaction mechanisms of charged particles when they pass through the 

matter can be classified as: 

  Coulomb interactions with electrons and nuclei:    

- Inelastic collisions, responsible for  Ionization and Excitation 

- Elastic scattering by cloud electrons 

 Bremsstrahlung(electromagnetic radiation produced by radiative losses) 

 Emission of Cherenkov radiation 

 Nuclear interactions 

When fast electrons cross matter, part of their energy is converted into elec-

tromagnetic radiation in the form of Bremsstrahlung, which in German means 

braking radiation. The energy lost by the electron in this interaction appears in 

the form of an x-ray photon with energy equal to the change in the kinetic ener-
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gy of the electron. The fraction of electron energy converted into Bremsstrah-

lung increases with the augment of the electron energy and is larger for materi-

als of high atomic number. This process is important in the production of X-

rays in conventional X-ray tubes. The energy loss due Bremsstrahlung is negli-

gible in gaseous detectors, it is only important for particles with energy above 

511 keV. 

Cherenkov radiation is visible electromagnetic radiation emitted by particles 

travelling in a medium with a speed greater than the speed of light. It is im-

portant for particle physics applications in Cherenkov counters. However, it is 

negligible in gaseous detectors given the small energy fraction loss.  

The nuclear interactions only occur for higher energies, above a few MeV. A 

charged particle travelling through the detector medium can interact with the 

atomic electrons or the nucleus of the atom. Given that the nucleus radius is 

approximately 10-14 m and the atom radius is approximately 10-10 m, the colli-

sions with atomic electrons are more relevant than the ones with atomic nuclei 

[12]. Therefore, the nuclear collisions will not be considered here. 

The interaction processes relevant for this research work are the Coulomb in-

teractions.  

The Coulomb interactions between electrically charged particles and the de-

tector medium, inelastic or elastic collisions, result in energy loss. The major 

contribution comes from the inelastic collisions, originating excitation and ion-

izing.  

Inelastic collisions occur when the interaction between a free charged particle 

and atomic electrons results in atomic ionization or excitation. The collision can 

be considered as inelastic whenever a conversion from kinetic to potential ener-

gy occurs.  

The following relation gives the Coulomb force: 

2

2

r

ze
kF  (2. 1) 

being ze the charge of the free particle, k the dielectric  constant and r distance 

between the charged particle and the atomic electron.   The action of the Cou-

lomb force over a period can result in energy transference from the moving 

electron to the atomic electrons. Since a bound atomic electron is in a quantized 

state, the passage of the free electron can lead to ionization or excitation of the 

atom. 

The ionization occurs when the electron obtains enough energy to leave the 

atom, i.e. the energy deposited is larger than the binding energy of the atomic electron. 

As a result, the electron becomes a free particle with kinetic energy, Ee-, given by 
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the difference between a fraction of the energy of the free particle and the bid-

ing energy (ionization potential). 

The released electron will behave as a free charged particle, and can cause 

further ionizations if its energy is high enough. Fast electrons produced by ion-

izing collisions are called   rays. The ionization leaves behind a positive ion, a 

massive particle compared to an electron.  The ion has the tendency to recom-

bine with a free electron, becoming a neutral atom again. 

The excitation occurs when the atomic electron gets enough energy to move 

to an empty state with higher energy. The atomic electron jumps from a state 

with energy E1 to one with energy E2 > E1 producing an excited atom. In a short 

period of time (10-8 to 10-10 s) the electron will move again to a lower energy 

state. If the electron falls from E2 to E1, the energy E2-E1 is emitted in the form of 

an X-ray. 

The elastic collisions occur when free charged particles do not have enough 

energy to originate atomic ionization or excitation. In this interaction, the inci-

dent particle   loses the energy required for conservation of the kinetic energy 

and the linear momentum. The free electron is deviated from its original trajec-

tory. Elastic collisions are not very important for the energy loss and detection 

of charged particles. 

Stopping power  

 The linear stopping power (S) of a charged particle in a given material is de-

fined as the differential energy loss, dE, within the material divided by the cor-

responding differential path length, dx : 

dx

dE
 S (2. 2) 

The value dE/dx is also called specific energy loss and can be described by 

the Beth-Block formula: 

22
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(2. 3) 

being v and ze  the velocity and charge of the primary particle, N and Z  the 

density and atomic number of the absorber atoms, m0  the electron rest mass, e 

the electron charge and c  the speed of light. The parameter I represents the av-

erage excitation and ionization potential of the absorber and is normally treated 

as an experimental parameter for each element.  Figure 2. 2 represents the spe-

cific energy loss in air for different particles as a function of their energy. 
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Figure 2. 2- Specific energy loss in air as a function of energy for different charged particles [2]. 

The interaction of each particle has its own probability, therefore Beth-Block 

formula is slightly different for electrons, positrons and heavier charged parti-

cles like protons, deuterons and α-particles.  

For electrons, assuming that all the atoms and their atomic electrons act inde-

pendently, the specific energy loss due to ionization and excitation, i.e. the en-

ergy lost by collision interactions, per unit of distance travelled by an electron, 

is:  
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(2. 4) 

The electrons can also lose energy by radiative processes, like Bremsstrah-

lung. The total linear stopping power for electrons will be the sum of both com-

ponents, collisional and radiative. Since Bremsstrahlung process is negligible in 

gaseous detectors, this effect will not be considered. 

For low energetic electrons, << 1,   the Beth-Block formula is not valid any-

more because the charge exchanged between the particle and the absorber be-

comes significant, so the equation can be re-written as: 

8

7182.2
ln4
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dx

dE
(2. 5) 

As a conclusion, the stopping power is: 
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  proportional to z2 particle,  

 dependent on the speed  of the particle, increasing as velocity decreas-

es,  

  proportional to the density of the material.  

Range  

 A charged particle moving through a certain material loses its kinetic energy 

through the interactions with the material. For electrons the energy loss is es-

sentially due to the slowing down in the penetration through the matter. The 

material thickness necessary to stop a particle with kinetic energy T, mass M, 

and charge z is the particle range in the material. For electrons, which have a 

crisscross path, the range is lower than the path length. The path length is the 

distance travelled by a particle until it stops. 

The electron range can be calculated using a semi empirical equation devel-

oped by Tabata, Ito and Okabe, for electrons with energy in the range of 0.3keV 

to 30 MeV [12].   
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Where A is the atomic weight and Z the atomic number of the material. From 

the particle range the time required to stop a particle in the absorber can be cal-

culated knowing its average velocity. For a non-relativistic particle, with a mass 

mA and energy  E, the average velocity can be obtained from: 

Am

E
c

931

2
(2. 7) 

with E in  MeV and mA in amu. 

Interaction of photons with matter 

A photon represents one quantum of electromagnetic energy and is treated as 

a fundamental particle in the Standard Model of particle physics. In this model 

the photon is assumed to have no rest mass (although it is never at rest). When 
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the photon is traveling in a medium, it slows down due to interaction with the 

medium and acquires an effective mass. In vacuum, however, it is considered to 

be massless.  

The relation between the photon energy, E, wavelength, λ, and frequency, υ, 

is: 

c
hhE  (2. 8) 

where h is the Planck constant and c the speed of light. 

Another important property is that they carry momentum even though they 

have no rest mass, which can be expressed by: 

h

c

h

c

E
p (2. 9) 

X-rays are photons, typically produced by atomic transitions such as excita-

tion and ionization, while γ-rays are emitted in nuclear transitions.  

The most relevant interaction processes of photons with matter are the photo-

electric effect, Compton scattering, pair production and Rayleigh scattering, 

represented in  

Figure 2. 3. 

 

Figure 2. 3- Basic interactions of photons with matter [75]. 

The probability of each process is related to the energy of the incident photon 

and the atomic number of the absorber material. Figure 2. 4 shows the predom-

inant regions for each effect as a function of the photon energy and the atomic 
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number of the absorber. The Rayleigh scattering is not represented since it is 

negligible when compared to the other effects. 

 

Figure 2. 4- Regions of predominance of the effect as a function of the energy. The lines show 

the values of Z and E for which the two neighboring effects are just equal. [2]. 

 The attenuation of a photon beam when passing through a medium with 

thickness d, is [2] given by: 

deII 0
(2. 10) 

were I0 is the initial intensity of the beam and  µ is the linear attenuation coef-

ficient in the medium, which is given by the sum of the individual attenuation 

coefficients for each interaction process in the medium: 

)()()( pairComptonricphotoelect (2. 11) 

PHOTOELECTRIC EFFECT  

The photoelectric effect is a quantum process that occurs when the energy of 

the incident photon, Eγ, exceeds the biding energy of the electron in the shell, 

Eb. The photon energy and momentum are transferred to the interaction at-

om/molecule originating ionization. Therefore, the bond electron is ejected 

from the atom, creating a photoelectron. The photoelectron energy is equal to 

the difference between the energy of the incident photon and the bind energy of 

the shell from which the electron is liberated: 

Ee= Eγ -Eb (2. 12) 

The photon disappears after a photoelectric interaction with an at-

om/molecule. 
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The interaction leaves the atom in an ionized state, with a vacancy in one of 

its bound shells. This vacancy is quickly filled by an electron, leading to the 

emission of characteristic X-ray or an Auger electron. The emission of an Auger 

electron is higher for low Z elements, for which electron biding energies are 

small. For example in Argon, about 15% of the photoelectric absorptions are 

followed by the emission of characteristic X-rays, while in 85% an Auger elec-

tron is produced. Auger electrons have a very short range due to the low ener-

gy, on the other hand X-ray photons can travel a distance around millimeters.  

The characteristic X-ray cab be reabsorbed close to the original site through 

photoelectric effect, or they can also escape from the sensitive volume of the 

detector and influence their response, giving origin to Escape Peaks. The frac-

tion of de-excitation that gives origin to photon emission is called fluorescence 

yield.  

The momentum conservation leads to a recoil of the nucleus. Therefore, only 

electrons close to the nucleus contribute to the photoelectric absorption cross 

section, τ.  There is not a single analytic expression valid for the probability of 

photon electric absorption per atom, over all ranges of photon energy and Z, 

but an approximation can be made [2]:  

5.3
constant 

E

Z n

(2. 13) 

The photoelectric effect is predominant for lower energies, below 0.5 Mev, 

and absorber materials with high atomic number. 

COMPTON SCATTERING  

The Compton scattering is a collision between a photon and a quasi-free elec-

tron. This effect is dominant when the photon energy is higher then the binding 

energy of the innermost electron in the target atom.  

The initial photon collides with the electron, resulting in a recoil of the elec-

tron and the deflection of the photon with a certain angle, . The scattering an-

gle, which can change between 0 to .  For  =0, the scattered photon has almost  

the total amount of  energy of the initial photon and the energy of the recoil 

electron is approximately zero. For = , the initial photon transfers the maxi-

mum energy to the recoil electron. This behaviour leads to a continuum energy 

spectrum for Compton effect. 

 The recoil electron is quickly absorbed by the matter, but the Compton pho-

ton can have new interactions according to is energy. In the case of small vol-
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ume detectors, the scattered photon can escape to the exterior without being 

detected, so only the recoil electron is detected. If the scattered photon is ab-

sorbed in the detector (by photoelectric or Compton effect) its energy will be 

deposited in the detector adding up to the energy of the recoil electron, if both 

primary electron clouds are collected simultaneously. 

The energy of the recoil electron, Ee-, and the energy of the scattered photon, 

h ´,  can be calculated using the follow equations[2]: 
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The probability of Compton scattering per absorber atom depends on the 

number of electrons available as scattering targets and therefore increases line-

arly with Z. 

The differential scattering cross section, σ, is predicted by the Klein-Nishina 

formula [2]: 
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(2. 16) 

 

where = h /moc2 and  r0= 2.818 × 10−13 cm is the classical electron radius. With 

this expression the most probable scattered angle can be calculated and then the 

energy of the scattered photon. 

PAIR PRODUCTION  

The pair production is an interaction between a photon and a nucleus. As a result, the 

photon disappears and an electron-positron pair is created. This effect occurs for photon 

energies above 1.022 MeV. If the photon has energy greater than 1.022 MeV, the excess 

of energy is converted into kinetic energy, which is shared between the positron and the 

electron. The electron is quickly thermalized, while the positron annihilate after 

slowing down in the medium, producing two photons with energy of 511 KeV. 

The energy of the pair electron-positron is [2]: 

2

02 cmhEE ee (2. 17) 
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where Ee- is the electron energy, Ee+ is the positron energy, hv is the incident 

photon energy and 2moc2 is 1022 KeV. 

 There is not a simple expression for the probability of pair production 

per nucleus, but it is approximately proportional to the square of the absorber 

atomic number and it increases sharply with energy. 

RAYLEIGH SCATTERING  

In addition to the Compton scattering, there is the coherent scattering also 

known as Rayleigh scattering. This process neither excites nor ionizes the atom, 

and the original photon retains its original energy after scattering. Because vir-

tually no energy is transferred, this process is often neglected. However, the 

direction of the photon is changed.  

The probability of coherent scattering is only significant for low photon ener-

gies, typically below a few hundred keV, and it is most prominent in high-Z 

absorbers. The average deflection angle decreases with increasing energy. 

2.1.3 Interaction of Neutrons with matter 

The neutron was discovered in 1932 by Chadwick as a fundamental particle 

released in nuclear reactions and fission processes, characterized by the absence 

of charge and a mass number of 1.  

Neutrons are uncharged particles and do not interact with atomic electrons 

when they pass through the matter, they interact only with atomic nuclei. The 

nuclear force associated to these atomic interaction is very short ranged, which 

means the neutrons have to pass very close to the nucleus for an interaction oc-

curs. The neutron interactions are extremely weak electromagnetic forces unlike 

photon and charged particle interactions. When a neutron approaches a nucle-

us, it does not have to go through a Coulomb barrier, like charged particles, as a 

result the probability (cross section) for nuclear interactions is higher for neu-

trons than for charged particles. The small size of the nucleus compared to the 

atom leads to a low probability of neutron interactions and consequently they 

can travel considerable distances in matter without interacting. 

The neutron energy determines the type of interaction with matter. The ener-

gy range can be from a few eV to the order of MeV. According to their energy, 

neutrons are classified as Cold, Thermal, Epithermal, Fast, Medium Energy or 

High Energy neutrons. Figure 2. 5 summarize the energy range and the pre-

dominant interaction process. In this work, only the Thermal neutrons, with 
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energies bellow 0.5 eV, will be considered. The dominant interaction for these 

neutrons is the elastic scattering. 

 

Figure 2. 5- Classification of neutrons according to their energy. 

In scattering interactions, the neutron interacts with a nucleus and both parti-

cles reappear after the reaction. The scattering collision is indicated as (n,n) re-

action or: 

nXXn A

Z

A

Z  

The scattering interaction can be elastic or inelastic. In elastic scattering the to-

tal kinetic energy of the two colliding particles is conserved and i ts value is re-

distributed between the two particles. In  inelastic scattering, part of the kinetic 

energy is given to the nucleus, which goes to an excited state. After the collision 

the excited nucleus will return to the ground state by emitting one or more -

rays. 

The neutron cross section is defined individually for each type of reaction and 

isotope. The total cross section, i.e. total probability that a reaction of any type 

will take place, is given by the sum of the individual cross sections.  The cross 

section value is strongly related to the  neutron energy and the atomic weight 

and atomic number of the target nucleus. 

2.2 Charge Transport in Gases  

The transport properties of electrons and ions in a gas medium, such as drift 

and diffusion, are very important characteristics of gaseous detectors. This sub-

ject has been a very important research field since the first half of the 20 th centu-
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ry. The transport properties have been studied in a large variety of gas mix-

tures. The electric field applied in the detector determines the transport proper-

ties of charged particles, therefore is important to optimize it according to the 

properties of each gas mixture. 

2.2.1 Filling Gas 

Virtually any gas can be used in gas proportional detectors, as the basic re-

quirement for a detector to work as a proportional counter, the avalanche mul-

tiplication, occurs in all gases and their mixtures. However, specific experi-

mental requirements restrict the choice of the gas since several factors need to 

be taken into account, such as low working voltage, high gain operation, high 

rate capability, good proportionality, drift and diffusion properties of electrons 

and ions, and charge collection efficiency. 

The noble gases are the suitable choice because the avalanche multiplication 

occurs at much lower fields compared to complex molecules. This is a conse-

quence of the many non-ionizing energy dissipation modes available in polya-

tomic molecules. Excited and ionized atoms are formed during the avalanche 

process. The excited noble gases can return to the ground state only through a 

radiative process and the minimum energy of the emitted photon is well above 

the ionization potential of the cathode metal. Therefore, photo-electrons can be 

extracted from the cathode and initiate a new avalanche very soon after the 

primary cloud. The argon is the suitable choice, taking into account the expen-

sive price of xenon and krypton. However, a gas counter operated with argon 

does not allow gains above 103-104 without entering into a permanent discharge 

operation due to photon mediated feedback processes. Therefore, Ar based mix-

tures with CH4, CF4, CO2 are much used. The properties of several gases used in 

proportional gas detectors are summarized in Table 2. 1 [82].  

The behaviour of polyatomic gases is very different, especially when they 

have more than four atoms. Polyatomic molecules have a large amount of non-

radiative excited states (rotational and vibrational) which allow the absorption 

of photons in a wide range of energy. This is a common property of most organ-

ic compounds in the hydrocarbon and alcohol families and of several inorganic 

compounds like freons, CO2, BF3 and others. The molecules dissipate the excess 

energy either by elastic collisions or by dissociation into simpler radicals. This 

behaviour is also observed when an ionized polyatomic molecule neutralizes at 

the cathode, the secondary emission is very improbable. In the neutralization 

process, the radicals recombine into simpler molecules (dissociation) or form 

larger complexes (polymerization). 
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In noble gases, the excited atoms/molecules resulting from the avalanche 

multiplication process may return to their ground states by the emission of pho-

tons, which can interact again with the gas and produce additional charge, usu-

ally designated as secondary avalanche process. As a result, the proportionality 

between the number of primary electrons and the multiplied charge can be lost. 

This problem can be solved by adding polyatomic gases, such as methane or a 

few inorganic gases like CO2 or BF3.  These molecules act as quenchers, absorb-

ing the radiated photons and then dissipating this energy through dissociation 

or elastic collisions. The quenching efficiency roughly increases with the num-

ber of atoms in the molecule. Good photon absorption and suppression of the 

secondary emission allow gains above 106 before discharge. Organic com-

pounds, however, tend to cause aging effects in the detector due to the build-up 

of polymers in the  anode and cathode, which  in general  are flammable, re-

quiring special safety precautions. Therefore a suitable mixture of counting gas 

and quencher is essential for an effective and stable operation of gaseous detec-

tors. 

The gas properties can change considerably with a little concentration of a se-

cond gas whose ionization potential is smaller than that of the principal com-

ponent. This is the Penning effect and is related to the existence of long-lived or 

metastable excited states in the main gas. If the excitation energy is larger than 

the ionization energy of the added component, then a collision between the 

metastable excited atom and a neutral additive atom can ionize the additive. 

Because the excitation energy would otherwise be lost without the additive, a 

greater number of ions pairs will be formed per unit of energy lost by the inci-

dent radiation. 

The addition of small quantities of electronegative gases allows the achieve-

ment of higher gains before the saturation, given their photon quench capabi l-

ity. However, the gas multiplication depends essentially on free electron motion 

and electronegative gases capture free electrons forming negative ions that can’t 

induce avalanches. To optimize the detector efficiently it is necessary that the 

electrons do not recombine with gas molecules, therefore only limited amounts 

of electronegative gases can be used. 

A gas detector can operate in sealed or flow mode.  Sealed detectors usually 

are vacuum pumped to the order of 10-6 to eliminate the most part of impurities 

with the advantage of saving gas. The lifetime of the gas can be compromised 

by contamination from microscopic leaks. One way to avoid the gas deteriora-

tion is the use of a purifying system, for example Getters, where some gas im-

purities can be adsorbed and the lifetime of the gas increases. In flow mode 

larger gas suppliers are needed. Usually the gas is vented to the atmosphere 
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when going out of the detector. This limits the type of gas used for economical 

and  environmental reasons 

Table 2. 1- Physical properties of gases at 20º C and 760 Torr [82].  

 

2.2.2 Diffusion  

The radiation interaction in gaseous detectors trough ionization will produce 

a large number of low-energy electrons and ions. In absence of electric field, the 

charges will quickly achieve the thermal equilibrium with the gas assuming its 

thermal energy distributions. According to the kinetic theory of gases, the aver-

age value of the thermal energy is approximately 0,4 eV (3/2 kT) at room tem-

perature assuming, a Maxwellian probability distribution of the energies [13]: 

kTEeECEF /)( (2. 18) 

being E the energy, T the temperature in  Kelvin, k  the Boltzman constant fac-

tor and C a probability constant. The average thermal velocity of electrons is 

about 107 cm/s, and of the order of 104 cm/s for positive ions [14]. 

The charged particles resulting from the ionising interaction move about at 

random, continuously colliding and exchanging momentum, following a 

Gaussian law [13] .  
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(2. 19) 

Where dn/n is the fraction of charges found in the element dx at a distance x 

from the origin after a time t and D is the diffusion coefficient.  

 If the density, n, (number of particles per unit volume) is not uniform, the 

particles from the regions with higher concentration will transfer more momen-

tum in direction of the region with lower concentration. As result a net force 
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will drive the particles to the regions of lower concentration, with flow of j par-

ticles per second across unit area, described by [15]: 

gradnDj  (2. 20) 

The electrons,  due to their much smaller mass and consequent larger random 

velocity have diffusion coefficient orders of magnitude larger than ions. The 

diffusion coefficients D can be derived from the kinetic theory of gases for ions 

and electrons moving in their own gas [15]: 
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Were υ is the velocity and λ the mean free path.  In the diffusion process, the 

average mean free path is given by: 
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were σ(E) is the energy dependent collision cross section deduced from the 

Ramsauer of the gas considered and N the number of molecules per unit of 

volume. At the temperature T and pressure P, N is given  
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N (2. 24) 

In the presence of electric field the diffusion process is no longer isotropic 

which means that a longitudinal component, DL, and a transverse component, 

DT, have to be considered in the diffusion coefficient.   

During the diffusion process, ions and electrons can participate in different 

processes, such as charge transfer, recombination and attachment. 

 Charge transfer: When a positive ion comes upon to a neutral gas mole-

cule, an electron is transferred from the neutral molecule to the positive 

ion, reversing the role of each particle. This phenomenon is more im-

portant in gas mixtures with different types of molecules, where there is 

a tendency to transfer the net positive charge to the molecules with low-

er ionization energy. 

 Recombination: Some collisions between positive ions and free elec-

trons can result in recombination, being the electron captured by the 
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positive ion, the latter returning to a neutral charge state. Another re-

combination process, which is more probable, involves a collision be-

tween molecular ions and electrons. This results in the dissociation of 

the molecule leaving a neutral atom and an excited atom to share the ex-

cess of kinetic energy. 

 Attachment: Some types of gases exhibit a natural tendency to form 

negative ions by the attachment of the free electron to a neutral gas mol-

ecule.  The negative ion then shares several properties with the original 

positive ion, created in the ionization process, but with opposite electric 

charge. The attachment rate is significant in oxygen and in air since free 

electrons diffusing in air are quickly converted into negative ions. In 

opposite, nitrogen, hydrogen, hydrocarbon gases and noble gases are 

characterised by relative low electron attachment coefficients.           

2.2.3 Drift 

In the absence of the electrical field the electron-ion pairs created in a gas me-

dium by incident radiation have natural tendency to recombine forming neutral 

atoms. Under the application of an external electrical field, the resultant electro-

static forces will impose a specific charge flow. The net motion is a superposi-

tion of a random thermal velocity and a net drift velocity. The ions move in the 

electrical field direction, while the electrons move in opposite direction. The 

drift velocity, v, can be predicted from the relation: 

E
p

v (2. 25) 

being µ  the mobility of the charge particle, E the electric field intensity  and p  

the gas pressures. The ions have mobility fairly constant over wide ranges of 

electric fields and gas pressure, with no significant differences for positive or 

negative ions in the same gas. In opposite, the electrons do not have a constant 

mobility, so its drift velocity has to be measured for different electric field val-

ues.   

IONS 

A cloud of ions under the influence of an electric field will move in the field 

direction. The average velocity of this slow motion is called the drift velocity, 
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w+, which is linearly dependent on  the reduced electric field, E/p, up to very 

high fields. The drift velocity is related to the ion mobility by the follow equa-

tion: 

E

w
(2. 26) 

The ion mobility is a characteristic of each ion in a specific gas. The average 

energy of the ions remains practically constant during the drift, leading to a 

constant mobility. The Einstein relation correlates the diffusion constant D+ 

with the ion mobility if a thermal equilibrium is reached:  

e

kTD
(2. 27) 

The ions moving in a time interval t will diffuse with a probability distribu-

tion expressed by the Gaussian law, as explained before, with a standard devia-

tion  x given by the equation: 
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Therefore the r.m.s. linear diffusion is independent of the nature of the ions 

and the gas.  Considering the collection of all ions after  a drift length x,  the 

time spread, t depends on the ion mobility and thus on the type of ion and the 

neutral gas, being expressed by the following relation: 
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For a mixture of n different gases, the mobility µi+ of the ion iG is given by the 

Blanc’s law: 

n
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(2. 30) 

where pj is the volume concentration of gas j in the mixture, and iju  the mobili-

ty of ion iG in gas Gj.   

Table 2.2 represents the measured values for the mobility of several ions drift-

ing in gases commonly used in gas detector applications.  

Table 2. 2: Measured values for the mean free path  λ , the diffusion coefficient D and ion mobil-

ity µ in different gases [13] . 
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Gas λ 

(x10-5 cm) 

D 

(cm2/s) 

µ 

(cm2s-1V-1) 

H2 1.8 0.34 13 

He 2.8 0.26 10.2 

Ar 1 0.04 1.7 

O2 1 0.06 2.2 

H2O 1 0.02 0.7 

ELECTRONS 

A cloud of electrons moves in random directions trough the gas. Under the 

application of an electric field, the centre of the cloud exhibits a slow drift with 

direction opposite to the field. 

The average drift velocity can be derived in first approximation calculating 

the momentum, in the field direction, achieved by an electron moving along a 

free path, assuming that the entire momentum is spent in a collision. Since the 

mean free path is inversely proportional to the gas pressure p, and the electron 

energy is a function of the reduced field E/p, the drift velocity is also a function 

of E/p: 

p
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. (2. 31) 

being C a numerical constant between 2/3 and 1 and  e the electron mean free 

path, which is related with the electron mobility, e,  

r
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C (2. 32) 

The standard deviation  x for electron diffusion along an x direction is de-

scribed by a Guassian Law: 

w
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x
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(2. 33) 

where D is the diffusion coefficient.  This is applied only for moderate values of 

E/p, where one can assume that the electron energy remains practically con-

stant as the electric field augments. The mean collision time is considered con-

stant and the drift velocity increases linearly with the electric field according to: 

kT
w

D
eE (2. 34) 
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The standard deviation for electron diffusion is then: 

eE

kTx
x

2
(2. 35) 

This expression is often referred as the thermal limit to electron diffusion. 

For high electron energies, the behaviour of the molecular cross-section is 

very different. In some gases the average energy remains thermal up to rather 

large fields, but there are other types of gases where a small electric field aug-

ment, a few V/cm.atm, induce a considerable increase of the electron energy.  

Thus, the drift velocity and diffusion can be very different in various gases at 

given values of electric field and pressure. As a result, an accurate knowledge of 

the electron energy distribution is required for the drift field calculation. This 

has been already considered by electron transport theories which take into ac-

count the field dependence on the increase of the average energy: 

knkT
w

D
eE (2. 36) 

k denotes characteristic energy,  is  dependent on the reduced field E/P and 

can  be directly measured. The standard deviation can then be written as: 

p

x

peEeE

x kk
x

/

22
(2. 37) 

It was assumed that the diffusion is uniform in all directions, which is not really 

true especially at high fields, and so the longitudinal and transverse diffusion, 

(DL and DT, respectively) should be considered 

For a gas mixture the classic approach has some limitations. New mathematic 

formulation for transport theory is needed to accurately determine the gas mix-

tures parameters. 

The electron drift is responsible for the gas electrical conductivity (σ). The 

contribution of positive ions can in general be ignored given their small drift 

velocity. The current density, j, is given by:  

j=σE(2. 38) 

E
mv
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newj

r

e

2

(2. 39) 

where  is the frequency at which electrons hit the gas molecules. The con-

ductivity increases with the electrons concentration, and decreases with the 
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augment of gas pressure, since the number of obstacles also increase and the 

mean free path of electrons is lower. 

2.3 Gas Amplification  

The radiation interaction with the gas produces an average number of free 

electrons. These electrons constitute the primary electron cloud and travel 

through the gas under an external electric field with a drift velocity and a mean 

energy determined by the value of E/p. Given their spread of velocities, a frac-

tion of the electrons acquire enough energy to take part in ionizing phenomena 

(collisions between the electrons and the atoms/molecules). The average num-

ber of ionizing collisions an electron undergoes per unit of drift length in the 

field direction is defined as the Townsend primary coefficient α. The average 

distance that an electron has to travel before an ionizing collision takes place is 

the mean free path for ionization λ.   The Townsend coefficient is the inverse of 

the mean free path. For a given E/p value the mean electron energy is fixed and 

a constant ionization probability per collision is expected.  The mean free path 

is inversely proportional to the gas pressure p, so the ionization probability will 

be proportional to α/p. 

The collisional ionization is the basis of the avalanche multiplication in pro-

portional counters. Considering an electron liberated in a region of uniform 

electric field, after a mean free path α-1 one electron-ion pair will be produced. 

The two electrons will continue the drift generating new ion-electron pairs and 

so on. Figure 2. 6 illustrate the Townsend avalanche process. 

If n is the number of electrons at a given position, after a length dx, the in-

crease in the number of electrons will be: 

dxndn (2. 40) 

Integrating the previous equation: 

xenn 0 (2. 41) 

 



46 
 

 

Figure 2. 6- Townsend avalanche process. 

The multiplication factor is given by the relation between n, the number of 

electrons obtained in the ionizing process and n0 the initial number of electron 

produced by the radiation interaction with the gas: 

xe
n

n
M

0

(2. 42) 

For  non-uniform electric fields, the Townsend coefficient should not be con-

sidered constant and a  dependence on the electric field   need to be taken into 

account, α=α(x). Knowing the Townsend coefficient dependence on electric 

field the multiplication factor can be calculated for any field geometry: 

2

1

)(exp

x

x

dxxM (2. 43) 

The behaviour of the first Townsend coefficient in gas mixtures does not fol-

low a simple rule. As general trend, the addition of a polyatomic gas to a noble 

gas leads to an increase of the electric field value required for amplification. 

The multiplication factor is limited by some effects like secondary processes. 

The secondary photon emission induces the generation of avalanches spread 

over the gas volume and space charge deformation of the electric field, which is 

strongly increased near the front of the avalanche, thus can result in a spark 

breakdown.  

A phenomelogical limit for multiplication before breakdown is given by the 

Rather condition: 

20x (2. 44) 
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The statistical energy distribution of the electrons does not allow values 

above the Rather limit if breakdown want to be avoid. Increasing the gap thick-

ness x the Rather limit will be achieved at lower values of . For a given field 

strength, the breakdown probability increases with the gap thickness. 

An interesting aspect of avalanche is its geometric progression, which as-

sumes the shape of a liquid drop due to the large difference between the drift 

velocities of electrons and ions, Figure 2. 7. The electrons, lighter than ions, 

move faster and leave behind a long tail of positive ions drifting slowly towards 

the cathode. There is a time delay between the initial creation of ion-electron 

pairs and the formation of the droplet.  

 

Figure 2. 7- Typical droplet shape of the avalanche in a gas filled detector [16]. 

2.3.1 Operation Regimes 

The gas detectors can be classified according to their voltage region operation. 

Figure 2. 8 show the relation between the applied voltage region and the type of 

detector suitable for each operation regime.  

REGION I- RECOMBINATION REGION 

In this region, the electric field is very low so the electron- ion pair created 

will move with a slow speed with a significant recombination rate. An electric 

field augments leads to a decrease of the recombination rate, reaching zero at a 

certain point which corresponds to the transition for a next region. There is no 

counter operating in this region. 
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Figure 2. 8 – Variation of pulse height produced by different types of detectors with respect to 

applied voltage. The two curves correspond to two different energies of the incident radiation 

[12]. 

REGION II- IONIZATION  REGION 

In this region, the recombination rate is zero and all charges created by ioni-

zation are collected. There is no multiplication process, the output signal is pro-

portional to the particle energy deposited   in the detector. As a result, this re-

gion is suitable for particle energy measurements. For example, the photon flux 

absorbed in the gas. 

The signal resulting from ionization is not very large, therefore only strongly 

ionizing   particles, such as alphas, protons, fission fragments and other heavy 

ions can be detected.  

The ionization chamber operates in this region. 

REGION III- PROPORTIONAL REGION 

The electric field in this region will be strong enough and so primary elec-

trons obtain enough energy to produce additional ionization.  The electrons lib-

erated in these secondary ionizations can also acquire enough energy to induce 

further ionizations and so on, leading to an ionization avalanche.  However, the 

output signal is still proportional to the energy dissipated in the detector.  The 
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proportional counter operates in this region, being suitable for identification 

and energy measurement. 

REGION IV- GEIGER- MULLER REGION 

This region is characterized by strong electric field values so that single elec-

tron-pair created in the chamber is enough to initiate an avalanche of electron-

ion pairs. This avalanche will produce further secondary avalanches until the 

local E field drops to values that disable additional charge multiplication. Due 

to positive charge accumulation in the gas volume a strong signal with a shape 

and height independent   of the primary ionization and the type of particle is 

obtained. The signal depends only on the electronics, so the proportionality is 

lost.   

This is the operation region of Geiger Muller detectors. These detectors are 

very useful given their simple operation and the very strong signal without pre- 

amplification.  Geiger –Muller detectors can be used for all ionizing radiation 

types, different levels of efficiency to measure interaction rates. One of the dis-

advantages is the incapability to distinguish different types of particles. Since 

the output signal is independent of the particle type and energy, it only pro-

vides information about the number of particles.  

REGION V- STREAMER REGION 

In this region, a single ionizing event initiates a continues discharge in the gas 

and the device is not a particle detector anymore. No gas counter should oper-

ate in this region. 
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Chapter 3 

Electric Field Simulation 

In order to predict the electrical field behaviour in the GEM-MIGAS a detec-

tor 3D model was developed using the Maxwell Ansoft software [24].  Maxwell 

3D simulator is an electromagnetic finite element method solver that can be 

used for electrostatic problems. It is a computerized solution process where us-

ers are only required to specify the geometry and boundary conditions, as well 

as select the materials properties. Then, a finite element mesh is automatically 

generated, which can be refined, and the problem is solved to a defined preci-

sion error. 

A three-dimensional electric field simulation of a GEM-MIGAS detector was 

performed in order to evaluate the electric field profile in the different regions 

of the structure. Different electrostatic conditions were undertaken to forecast 

the detector performance in gas medium  

3.1 The Model 

The model geometry is depicted in Figure 3. 1  and is based on standard GEM 

dimensions: a 50 m Kapton substrate with 5 m thick copper clad on both 

sides, bi-conical holes with a diameter of 50 m in the Kapton and 70 m  in the 

copper, arranged in a hexagonal lattice with 140 µm pitch. The micro–induction 

gap was initially set at 50 μm,  and after was  extended to values between 50 to 

300 m .The drift region thickness was set at 200 µm.  

The default mesh created by Maxwell was refined in order to improve the so-

lution accuracy. The mesh used is shown in Figure 3. 1. 
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Figure 3. 1- Scheme of the GEM-MIGAS model used for the electric field simulation with the 

Maxweel 3 D. Mesh used in GEM-MIGAS simulation, manually refined.  

3.2 Electric field strength  

The first GEM-MIGAS archetype was proposed with an induction region 

length of 50 m.  This Maxwell 3D model was subject of a more detailed study.  

The evaluation of the electric field profile in GEM-MIGAS focus essentially 

two aspects: simulation of GEM voltage for fixed induction field values and the 

effect of the induction field for fixed GEM voltages.  

The electric field strength was computed along the GEM hole axis (coordinate 

z, where z =0 corresponds to the centre of the hole), for induction fields E ind in 

the range 0-100 kV/cm and for different GEM voltages. The drift field Edrift was 

kept at 0.25 kV/cm for all simulations. 

3.2.1  50 m Induction region gap 

The electric field behaviour along the GEM hole axis is depicted in Figure 3. 2 

as a function of  z, for Eind values in the range 0 - 100 kV/cm and for fixed VGEM 

of 100, 300 and 500 V, respectively in figures a, b and c.  A typical 50 m induc-

tion region was considered. The graphs show that, for a fixed GEM voltage, as 

Eind increases, the maximum electric field strength gradually moves from the 

hole centre towards the induction region. The maximum electric field value is 
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reached out of the GEM hole for Eind around  20, 50 and 80 kV/cm for VGEM 

values of 100, 300 and 500 V, respectively. For high VGEM and low Eind values, the 

maximum electric field occurs in the channel, so the channel plays the more 

important role in the charge multiplication process. On the other hand, for low 

VGEM and high Eind values, the induction gap has the main role in the multiplica-

tion process. 

  

 

Figure 3. 2- – Electric field strength along the axis of a GEM hole (coordinate z) for induction 

field values in the range 0-100 kV/cm and for GEM voltages of: a) 100 V, b) 300 V, c) 500 V. The 

vertical lines indicate the different regions of GEM-MIGAS structure, with 50 m induction 

region gap 

 Figure 3. 3  depicts the electric field strength along the axis of the GEM hole 

for VGEM values in the range 0-500 V and Eind values of 10, 20, 60 and 80 kV/cm. 

For low values of the ratio between VGEM and Eind, the electric field has a 

smooth variation along z, and the maximum value of the electric field is ob-

tained in the induction plane, the induction gap plays the more important role 

in the multiplication process.  

For higher VGEM values, e.g. above 50, 100, 300 and 400 V for Eind values of 10, 

20, 60 and 80 kV/cm, respectively, curves start to exhibit a peaked behaviour, 

where the maximum electric field value is achieved within the GEM holes. It is 
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evident that, for high values of the ratio between VGEM and Eind, the GEM chan-

nel has the more important role in the charge multiplication process. The par-

ticular conditions for which the electric field (along the axis of the hole) in the 

induction gap is approximately  uniform were found for VGEM values of about 

50, 100, 400 and 500 V for Eind values of 10, 20, 40 and 60 kV/cm, respectively.  

  

  

Figure 3. 3- Electric field strength along the axis of the GEM hole (coordinate z) for VGEM values 

in the range 0-500 V and for Eind values of: a) 10 kV/cm, b) 20 kV/cm, c) 60 kV/cm, d) 80 

kV/cm. The vertical lines indicate the different regions of the GEM-MIGAS structure. 

3.2.2 100 m Induction region gap 

 The electric field behaviour for GEM-MIGAS with a 100 m thick on the 

induction region is depicted in Figure 3. 4 for VGEM  values in the range 0-500V 

and Eind values of 10, 20, 60 and 80 kV/cm. 

For the lowest Eind configuration, 10kV/cm (a), the electric field has a peaked 

behaviour for VGEM values above 50 V and the maximum electric field value 

occurs at z=0 i.e. in the center of the GEM hole. Increasing the induction field to 

20 kV/cm, (b), the peaked behaviour stills exists but now for a VGEM value 
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above 100 V. The position of the maximum field value has a slight shift to the 

induction region compared to the 10kV/cm situation.   

It is evident that the minimal GEM voltages necessary to observe a peaked 

behaviour increase with  Eind, being about 300 and 400V for Eind values of 40 

and 60 kV/cm, respectively. For lower voltages, the maximum electric field 

value occurs in the induction region. For higher Eind values, a slight shift of the 

position of the maximum electric field is observed towards the induction re-

gion.   

  

  

Figure 3. 4- Electric field strength along the axis of the GEM hole (coordinate z) for VGEM values 

in the range 0-500 V and for Eind values of: a) 10 kV/cm, b) 20 kV/cm, c) 40 kV/cm, d) 60 

kV/cm.  A 100 m induction region gap was considered. 

3.2.3 200 m Induction region gap 

The electric field behaviour obtained for the 200 m gap configuration is de-

picted in Figure 3. 5 for VGEM values between 0 to 500V and Eind values of 10, 20, 

40, 60 kV/cm (figure a, b, c and d respectively).  

The electric field behaviour is similar to the one described for previous GEM-

MIGAS configurations. The electric field curve has a peaked behaviour, achiev-

ing its maximum value in the GEM hole,  for VGEM values above 50, 100, 300 
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and 400 V for Eind values of 10, 20, 60 and 80 kV/cm,  respectively. The position 

of the maximum electric field value shifts to the induction region as  Eind in-

creases. For low VGEM the electric field has a smooth variation along z, and the 

maximum value of the electric field is obtained on the induction plane.  

  

  

Figure 3. 5- Electric field strength along the axis of the GEM hole (coordinate z) for VGEM values 

in the range 0-500 V and for Eind values of: a) 10 kV/cm, b) 20 kV/cm, c) 40 kV/cm, d) 60 

kV/cm. A 200 m induction region gap was considered 

3.2.4 250 m Induction region gap 

Figure 3. 6 depict the electric field behaviour computed for the 250 m GEM-

MIGAS, for Eind values of 10, 20, 40 and 60kV/cm and VGEM in the range 0-500V.  

The electric field behaviour is in agreement with the behaviour observed for 

the low gap configurations. The peaked behaviour on the electric field curve 

occurs for VGEM values above 50, 100, 300 and 400 V for Eind of 10, 20, 60 and 80 

kV/cm, respectively, where the maximum electric field occurs in the GEM hole. 

For the opposite conditions, i.e VGEM bellows 50, 100, 300 and 400 V for Eind of 

10, 20, 60 and 80 kV/cm, respectively, maximum electric field value occurs in 

the induction region. 
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Figure 3. 6- Electric field strength along the axis of the GEM hole (coordinate z) for VGEM values 

in the range 0-500 V and for Eind values of: a) 10 kV/cm, b) 20 kV/cm, c) 40 kV/cm and d) 60 

kV/cm. A 250 m induction region gap was considered 

3.2.5 300 m Induction region gap 

The highest GEM-MIGAS gap evaluated was 300 µm. The electric field behav-

iour is depicted in Figure 3. 7 for Eind values of 10, 20, 40 and 60kV/cm with 

VGEM values in the range 0-500 V. The electric field profile follow the behaviour 

described for the other induction region gaps. As the induction field increases 

the Gaussian behaviour is less significant and the position of the maximum 

field value deviates gradually to the induction region.  
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Figure 3. 7- Electric field strength along the axis of the GEM hole (coordinate z) for VGEM values 

in the range 0-500 V and for Eind values of: a) 10 kV/cm, b) 20 kV/cm, c) 40 kV/cm and d) 60 

kV/cm. A 300 m induction region gap was considered 

3.2.6 Synthesis  

The electric field profiles depicted for the different induction region thick-

nesses have a similar behaviour.  Figure 3. 8 depict the electric field behaviour 

in GEM-MIGAS models with different induction region dimensions: 50, 100, 

200, 250 and 300 μm. 

The electric field strength was computed along the axis of a GEM hole  for a 

VGEM=300 V and induction fields Eind of 10, 20, 40 and 60 kV/cm. The drift field, 

Edrift, was kept at 0.25 kV/cm.  

The electric field profile has approximately a Gaussian behaviour for the low 

induction field configurations, 10 and 20 kV/cm. Increasing the induction field 

value, the Gaussian  behaviour is lost and, for  60 kV/cm the maximum field 

value is achieved in the induction region.  

For low induction field values, the situation Eind=10kV/cm fig. (a),  the maxi-

mum electric field value occurs practically in the centre of the GEM hole. In-

creasing the induction field the position where the maximum electric field oc-

curs is gradually shifted towards the induction region. 
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Figure 3. 8- Electric field strength along the axis of a GEM hole (coordinate z) for  different in-

duction regions and for Edrift=0.25 kV/cm, VGEM= 300 V and induction field Eind: a) 10 kV/cm, b) 

20 kV/cm, c) 40 kV/cm and d) 60 kV/cm. 

3.3 Electric Field Map 

An electric field coloured map, having colours according its intensity, is a 

visual approach to represent the electric field behaviour, as some aspects are 

clearly illustrated.  An electric field coloured map of GEM-MIGAS for a low 

induction field value of 5 kV/cm is represented in Figure 3. 9 while Figure 3. 10 

represent the same map for a high induction field value of 40kV/cm. In both 

situations were used 100 and 400 volts across the GEM holes. 

The 5kV/cm maps show that an increase of the GEM voltage influences the 

electric field in the induction region as well as in the drift region. It is observed 

an augment of the field intensity for VGEM=400V. It’s clear the penetration effect 

of high electric field from the holes in the induction region. At lower VGEM val-

ues the influence of GEM voltage in the induction region is very smooth or even 

absent. The maximum electric field strength occurs inside the channel for both 

VGEM values. 
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Analysing the 40kV/cm maps, Figure 3. 10, it is evident that the GEM voltage 

does not have a big influence on the induction field intensity contrasting to 

what was observed for Eind= 5kV/cm. The difference of field intensity between 

the induction region and the GEM hole is not evident for the two different GEM 

voltages.  

 
 

 

Figure 3. 9- Electric field color map of GEM-MIGAS for an induction field of 5kV/cm and VGEM 

values of a) 100 V and b) 400V. The scale color represents the electric field intensity 

  
 

Figure 3. 10 - Electric field color map of GEM-MIGAS for an induction field of 40kV/cm and  

VGEM of a) 100 V and b) 400V. The scale color represents the electric field intensity. 

The electric field frontier lines were represented for the previous situations. 

These lines indicate the electric field boundaries along the GEM-MIGAS struc-

ture. The 5kV/cm induction field case is illustrated in Figure 3. 11 for VGEM val-

ues of 100 and 400V, a) and b), respectively. The number of lines directed to the 

induction region is more significant VGEM voltage of 400V, while for  VGEM=100 

V  a significant part of them are redirected to the bottom GEM electrode. For the  

Eind= 40kV/cm case, Figure 3. 12 , the electric field in the induction region is 

practically constant and for that reason there are no lines in the induction re-

gion.  
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As a conclusion, for a low induction fields, the voltage across the GEM has 

more influence on the induction electric field intensity. For higher induction 

fields the influence of the GEM voltage is practically negligible and the induc-

tion field profile is mainly controlled by the induction field value.  For  

VGEM=100V the increase on Eind from 5 to 40kV/cm leads to a considerable 

change of  the electric field profile. 

The induction field also affects the drift field profile, which can be observed 

comparing the figures of different Eind values for a fixed GEM value, Figure 3. 

11 and Figure 3. 12. 

 
 

 

Figure 3. 11- Electric field map of GEM-MIGAS for an induction field of 5kV/cm, and  VGEM 

values of a) 100 V and b) 400V. The scale color represents the electric field intensity. 

 

 

 

Figure 3. 12- Electric field map obtained for an induction field of 40kV/cm, and VGEM of a) 100 V 

and b) 400V. The scale color represents the electric field intensity. 

The electric field vectors were also represented for the same situations report-

ed before, induction fields of 5 and 40kV/cm Figure 3. 13- and Figure 3. 14-, 
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respectively.  Figure 3. 14- shows that high Eind fields allow the defocusing of 

the field lines into the holes. Therefore, the representation of the electric field 

vectors is useful to support the ion back-flow (IBF) measurement that will be 

the subject of chapter 5. Since ions follow the electric field vector and electrons 

drift in the opposite direction, this representation is helpful to predict the ion 

back flow results.  

It is clear that for higher induction fields all vectors are directed to the induc-

tion plane. This is an advantage for the electron collection efficiency since the 

majority of the electrons will achieve the induction plane. For lower induction 

fields the behaviour is different since a few vectors are not pointed to the induc-

tion plane but to the bottom GEM electrode, which decreases the collection effi-

ciency in the induction plane, when compared to higher induction field values. 

In addition, low induction fields lead to an increasing focusing of the field lines 

into the holes, increasing the transport of the positive ions produced in this re-

gion into the holes.    

In the lower Eind the VGEM effect is considerably, looking to the figures is evi-

dent a change on the vectors direction in the different situations. 

 
 

 

Figure 3. 13- Electric field vector map for induction field of 5kV/cm, for a VGEM of a) 100 V and 

b) 400V. 
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Figure 3. 14- Electric field vector map for induction field of 40kV/cm, for a VGEM of a) 100 V and 

b) 400V. 

3.4 Conclusions 

These electric field maps were obtained for the 50 m GEM-MIGAS model. 

The difference to the other models is only for the induction region thickness, so 

the aspects analysed are very similar for all GEM-MIGAS models.  

The simulation results are valuable for a first approach to charge multiplica-

tion process localization in-between the two amplification regions. This helps to 

set the electric field values in GEM-MIGAS in order to guarantee a stable opera-

tion of the detector through the control of potential secondary effects in the dif-

ferent gas mixtures, resulting in high performance in terms of charge gain and 

stability. 

The electric field vectors representation is useful for the ion-back flow per-

formance. Forecast the electron and ion paths are an advantage on the IBF op-

timization. Of course, diffusion and drift effects, specific for each gas, need to be 

taken into account. 
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 Chapter 4  

GEM-MIGAS operation in Argon-Methane mixtures 

This chapter describes an experimental study of a GEM-MIGAS detector with 

a standard 50 m induction gap operating in Ar/CH4 (90/10%) gas mixture, 

pure CH4 and Ar.  The performance characteristics include the charge gain and 

the energy resolution for 5.9 keV X-ray, evaluated as a function of induction 

field and the GEM voltage.  

4.1 Introduction 

The GEM-MIGAS operation combines the charge amplification properties of 

GEM [11] and Micromegas [9] in a single device. This results in elevated charge 

gains, more efficient charge extraction from the GEM-holes and more efficient 

charge collection by the anode readout. The lower operational voltages in the 

GEM minimize the sparks rate allowing a longer lifetime of the device. 

 Studies with GEM-MIGAS in Ar/iso-C4H10 (75/25%) and He/iso-C4H10 

(75/25%) penning gas mixtures, performed with 5.9 keV X-rays  [25][26], have 

demonstrated  charge gains of about 2× and , respectively. The best ener-

gy resolution obtained was around 20% and 30%, respectively. The charge mul-

tiplication in the induction gap resulted in a gain increase up of 4 to 5 times rel-

ative to GEM-mode operation. The response to single-electrons of a GEM-

MIGAS in He/iso-C4H10 (85/15%) revealed a charge gain improvement of 

about 10 times when compared to GEM-mode operation, reaching about 

7× . The good performance obtained in these studies motivated the eval-

uation of the GEM-MIGAS operation in other standard gases.  

The GEM-MIGAS operation will be evaluated in a standard quenched gas 

mixture of Ar/CH4 (90/10%),  in pure CH4 and in pure Ar. CH4 has the ad-

vantage of presenting one of the highest photoelectron extraction efficiency, 

important for gaseous photomultipliers (GPMs) [28], while Ar is useful in 
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sealed chambers, e.g. for rare-event detection [29]. The performance characteris-

tics include charge gain and energy resolution as a function of GEM voltage for 

different induction field values using a soft X-rays from a 55Fe source (5.9 keV 

X-rays). 

4.2 Experimental Setup 

The experimental setup used for this investigation consists of a gas chamber, 

where the GEM-MIGAS is assembled, connected to the gas flux system and the 

electronic chain.  

  The gas chamber is made of aluminium, has a rectangular shape and a 5 mm 

diameter window on top made of a 25 µm mylar foil. Inside the chamber are 

placed 4 teflon pillars, in a square geometry, to support the frames containing 

the GEM-MIGAS structure as well as the grid frame to establish the drift region.  

Figure 4. 1 shows two photographs of the chamber used in this experimental 

work. The Figure 4. 1 a) is an outside view of the chamber, illustrating the win-

dow and the in/out connection for the gas flow. An inside view is depicted in 

Figure 4. 1 b with the GEM-MIGAS structure already assembled and BNC con-

nectors to provide the electrical contacts.   

The detector was operated with a constant gas flow rate at atmospheric pres-

sure. Gas tightness is provided by Orings between the cap and the detector 

body. 

  

Figure 4. 1- Images of the gas chamber used in this experimental work. a) External b) Internal 

view. 

The drift grid and the top and bottom GEM electrodes, were individually bi-

ased by HV power supplies from CAEN, model N471A with current limitation 

to 50 nA.  The HV signal goes through a low pass RC filter before biasing the 

electrodes. Figure 4. 2 shows a schematic diagram of the GEM-MIGAS detector, 

with the RC filters used for each electrode. 

The drift grid and the GEM electrodes were operated with negative voltage 

while the micromesh was at ground. The signals from the micromesh were fed 
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through a Canberra 2006 preamplifier with a sensitivity of 1.5 V/pC. The pre-

amplifier output was fed into a Tennelec amplifier (model 243) with shaping 

time constants adjusted to 0.5 s. The amplifier output was fed into a Nucleus 

PCA-II multichannel analyser with 1024 channels. 

The HV power supplies, pre-amplifier and amplifier biased is provide by 

NIM-Bin(EG&G ORTEC).  

 

Figure 4. 2- Schematic diagram of the GEM-MIGAS detector, including the RC filters for each 

electrode. 

The pre-amplifier converts the detector charge signal into a voltage signal, al-

lowing the detector signals to be transmitted through long distances. The pre-

amplifier works also as an impedance adaptor, since the signals are transmitted 

by coaxial cables which are characterized by low impedance. The pre-amplifier 

should be able to actuate over this low impedance without considerable signal 

losses. 

The amplifier provides amplification and formats the signal from the pre-

amplifier. The formatting consists of two sequential processes, differentiation 

and integration, resulting in an output voltage signal with amplitude propor-

tional to the charge collected in the detector. 

The low pass RC filters, used to limit the bias current in the presence of 

sparks, consist of a resistor in series with a capacitor Figure 4. 2. The compo-

nents used were R=20  resistance and C=10 nF capacitor. 
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4.2.1 Electronic Calibration  

The electronic chain sensibility was calibrated in order to determine the abso-

lute detector gain, using a calibration capacitor instead of the detector. The elec-

tronic chain setup used for calibration is depicted in Figure 4. 3. 

The anode readout signal follows the electronic chain in the sequence: pre-

amplifier, amplifier and multichannel analyser. The amplifier output signal is 

digitized by the multichannel analyser (MCA), resulting in a Gaussian pulse 

height distribution. For charge gain calculation, the channel corresponding to 

the Gaussian mean value or centroid is taken. The detector gain, Gd, is then de-

termined by the MCA channel and by the charge deposited in the detector by 

the incident radiation.  

C1

2pF 

Pulser Pre
amplifier

Linear
amplifier

MCA

Scope

 

Figure 4. 3- Setup charge calibration scheme. 

In the calibration process the detector is replaced by a calibrated capacitor.  

The calibrated capacitor, C0= 2pF, is connected to a precision pulse generator 

BNC, with rectangular pulses characterized by an amplitude Vi, rise time of 

several tens of ns,  fall time of few µs and a  frequency of few KHz. The signal 

from the pulse generator will induce a charge on the capacitor, given by: 

nii VCQ 0  (4. 1) 

The charge signal from the capacitor is driven to the electronic chain, follow-

ing exactly the same setup described above for the detector signal. The MCA 

distribution obtained from the capacitor signal is a very narrow peak (2-3 chan-

nels) resulting in a precise MCA channel, corresponding to the input signal 

provided by the pulse generator with fixed amplitude, Vin. Repeating the pro-

cedure for different Vin values, and so different Qi values, a calibration curve 

can be obtained, with the number of charges integrated, Ne,total, versus MCA 

channel. Figure 4. 4 depict the obtained calibration curve.  

The Ne,total is given by the relation: 

channelaV
e

C

e

Q
N i

oi
totale, (4. 2) 

where e is the electron charge and a the slope parameter from the linear fit to 

the calibration curve.  
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The effective charge gain of the detector is given by: 

primaryNe

totalNe
G

,

,
det

(4.3) 

Where Ne,total is the total number of electrons at the anode readout, corre-

sponding to the MCA channel of the centroid of the pulse height distribution,  

and Ne, primary  is the number of primary electrons produced by the X-ray interac-

tion in the gas. 

The number of primary electrons is given by: 

W

E
N primarye,

(4. 4) 

where E is the X-ray energy and W is the average energy necessary to create an 

electron-ion par in the gas. This value is specific for each gas. 

As referred above, Ne,total can be given also by the follow relation: 

e

VC

channel

channel
N i

MCA

Det
totale

0
, (4. 5) 

where Detchannel  and  MCAchannel  corresponding to the centroide of the distribu-

tions  obtained from  X-ray pulses and BNC pulses, respectively. 

Therefore, the effective charge gain of the detector is given: 

Det

RX

Det

MCA

i

ector channel
E

W
achannel

E

W

channel

VC
G 0

det
(4. 6) 

The previous equation defines a calibration factor to calculate the detector 

gain. It should be noted that, the calibration factor will be adjusted to each gas, 

according to the respective w -value. 

 

Figure 4. 4- Calibration curve of the electronic chain used in this experimental work. 
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4.3 Experimental Results 

The GEM-MIGAS performance in Ar-CH4 based mixtures was evaluated as a 

function of voltage across the GEM holes and the induction field. The amplifica-

tion dependence on GEM voltage (VGEM) is well known for a large variety of gas 

mixtures, where the increase of VGEM value leads to an exponential increase of 

the charge gain. The maximum voltage applied, before the onset of discharges, 

is related with the gas. The induction field (Eind) augment contributes to an effi-

cient extraction of electrons from the GEM holes and at high Eind values electron 

multiplication in the induction region is expected. 

The MCA pulse-height distributions are fitted to Gaussian distributions, 

providing the parameters for charge gain and energy resolution calculation tak-

en from the Gaussian centroid and from the full with at half maximum, respec-

tively. Figure 4. 5 a) depicts a typical pulse-height distribution for 5.9 keV X-

rays from a 55Fe source obtained for VGEM=350V and Eind=5kV/cm in an 

Ar/CH4(90/10) mixture. Figure 4. 5 b) shows the Gaussian fit. 

  

Figure 4. 5- a)  Typical pulse-height distribution for  5.9 keV X-rays from a 55Fe radioactive 

source  obtained for Eind=5kV/cm and VGEM=350 V, in an Ar/CH4(90/10%) mixture.  b) Gaussi-

an fit to the distribution to calculate the gain and energy resolution.  

4.3.1 Charge Gain 

Figure 4.6  depicts the effective charge gains obtained in Ar/CH4 (90/10%)  

gas mixture, pure Ar and pure CH4  as a function of VGEM for several Eind values 

and as a function of  Eind for different VGEM values.  

In Ar/CH4 (90/10%) for the charge gain measurements as a function of VGEM, 

the maximum GEM values applied before the onset of discharges was around 

480V across the GEM, while maximum electric field applied to the induction 

region was 45kV/cm, Figure 4.6 a. The charge gain curves follow an exponen-
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tial behaviour, typical of a proportional avalanche process. For all Eind curves it 

is a clear a gain increase with VGEM. Analysing the charge behaviour for  

5kV/cm on induction field, a gain improvement of about 45 times is obtained, 

increasing  the GEM voltage from 350V to 900V corresponding to gains of 20 

and 900, respectively). The gain improvement with GEM voltage increase is 

more significant for  Eind=45 kV/cm, where the gain rises  from 60 to 5000 for 

GEM voltage of 310 and 480 V, respectively.  In Figure 4.6 a, it is also observed a 

gain augment with the induction field. Therefore, the maximum charge gain 

achieved with P10 was 5×103 for VGEM = 480 V and Eind = 45 kV/cm. The charge 

gain behaviour as a function of Eind for fixed GEM values 350, 400 and 480V, 

Figure 4.6 b, shows a gain improvement as the induction field increases, which 

is more evident for lower GEM values. For example, at VGEM= 350 V the in-

crease on gain is about  9 times, from 20 to 180 at  Eind values of 5 and 45 

kV/cm, respectively. At the highest GEM voltage applied the growth factor was 

about 7 times, from 700 to 5000, for Eind values of 5 and 45kV/cm, respectively. 

The charge gain behaviour as a function of GEM voltage in pure Ar (Figure 

4.6 c) reveals a photon-feedback effect for the highest gains, where charge gain 

growth with VGEM is supra-exponential. This effect is due to secondary ava-

lanches initiated by photoelectrons extracted from the top GEM electrode, as a 

result of the charge avalanche extension outside the GEM-holes with the conse-

quent emission of avalanche photons (wavelength ~120 nm in Ar) that induce 

photon feedback. It should be noted that the maximum charge gain, without 

secondary effects, was around 6×103 measured for the highest value of Eind (40 

kV/cm) for VGEM = 270 V. The maximum charge gain, without secondary ef-

fects, decreases as Eind decrease and VGEM augments. The GEM voltage is re-

sponsible for the augment of the electric field penetration from GEM-holes to-

wards the gap with consequent augment of the avalanche extension towards 

the gap (Ar ionization threshold is ~ 4 kV/cm). The charge gain behaviour as a 

function of the induction field (Figure 4.6 d) shows a gain augment as Eind aris-

es. The few points depicted are due to considerable change on the GEM voltage 

for the different induction fields.  

The charge gain measured in pure CH4 as a function of GEM voltage for fixed 

Eind values (Figure 4.6 e) exhibits an exponential behaviour. The highest charge 

gain was around 3×103 for VGEM = 765 V and Eind = 35 kV/cm. The maximum 

voltages applied were 765 V to the GEM while the maximum electric field that 

could be applied to the induction gap was 40 kV/cm. A significant charge gain 

augment with the induction field was observed for fields up to about 20 

kV/cm.  For higher Eind values, in the 25 40 kV/cm range, the charge gain in-

crease is too small, saturating for the highest Eind values where the charge gain 
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curves almost overlap. The saturation effect can be also observed in Figure 4.6 f, 

where it is clear a gain improvement until 20kV/cm on the induction field, after 

which the gain values remains practically constant.  This behaviour can be ex-

plained attending to the low multiplication in the induction region, for the ap-

plied Eind values.  As the induction field increases, the exit electric field at the 

GEM-holes is reinforced, leading to an enhancement of the electron extraction 

efficiency from the GEM holes into the induction gap until its saturation. This is 

observed by the gain curves overlapping. This effect is not visible in P10 and 

pure Ar due to lower charge multiplication threshold for both gases relative to 

CH4, allowing a significant charge multiplication in the induction gap for the 

electric fields that can be applied to the induction region. 
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Figure 4.6 - Charge gain as a function of VGEM and as a function of Eind, measured in 

Ar/CH4(90/10%), pure Ar and pure CH4 at 1 bar with 5.9 keV Xrays. 

The charge gain values obtained for the different gases doesn’t differ signifi-

cantly, being the highest gain achieved for Argon 104, with a slight decrease to 

5 103 for P10 and 3 103 for CH4.  

In P10 the Eind enhance has a most important rule on gain improvement being 

the best values achieved for the higher E ind applied. In Ar, the gain improve-

ment with the induction field is also evident. However, attending to photon 

feedback effects the charge gain achieved doesn’t increase considerably with 

Eind. The gain enhancement in CH4 due to Eind  occurs until 20 kV/cm, after this 

value the curves overlap.  

The VGEM influence on charge gain behaviour has the same trend for all gases, 

where the increase on GEM voltage leads to an exponential increase of the gain 

augment. The GEM voltage necessary for charge multiplication is higher for 

CH4, between 620 and 780 V, decreasing to values in the range of 300 to 500 V 

for P10 and for values below 400 V in argon. The low GEM voltages in Ar, be-

low 300V, are related to Eind values, being lower as  Eind increases. The induction 

field was in the range of 5 to 45 kV/cm for the three gases. 

The comparison of the charge gain obtained for GEM-MIGAS with the refer-

ence structures, GEM and Micromegas, in  similar conditions, reveals that the 

gain achieved with GEM-MIGAS operating with P10 is  lower than that 

achieved with Micromegas or triple-GEM structures, which are higher than 104 

[30][31]. The GEM-MIGAS maximum gain in Ar is better than the one measured 

for single-GEM structures, about 700 [32].  In pure CH4, the GEM-MIGAS gain 

value is higher than the gains reported in the literature for single-GEM and Mi-

cromegas, about 70 [33] and 1.5×103 [34], respectively. 
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4.2.2 Energy Resolution 

The energy resolution, defined by the Full With at Half Maximum (FWHM) 

of the pulse-height distribution divided by the respective centroid, was calcu-

lated for the conditions established for the charge gain measurements. The pa-

rameter FWHM as obtained by adjusting a Gaussian curve to the distribution 

obtained in the MCA.  

 Figure 4. 7a) depicts the energy resolution obtained for 5.9 keV X-rays in P10, 

Ar and CH4 as a function of GEM voltage for several Eind values and as a func-

tion of Eind for different GEM voltages. 

The best energy resolution obtained for P10 was approximately 20%, achieved 

for VGEM in the range of 420 to 450 V and for 10kV/cm in the induction field, 

Figure 4. 7 a. This value is slightly lower than the threshold for charge multipli-

cation in P10, ensuring a high extraction efficiency of electrons from the GEM 

holes to the induction gap, while no charge multiplication takes place in the 

induction gap, avoiding additional fluctuations in the charge multiplication 

process and leading to optimum energy resolution.  The energy resolution be-

haviour as a function of  Eind (Figure 4. 7 b) points out that the increase on  Eind 

value leads to a degradation of the energy resolution, caused by the fluctuations 

on charge multiplication.  

In pure CH4 (Figure 4. 7 c), the minimum energy resolution of 20% was 

achieved for GEM voltage in the range of 700 to 765 V and for Eind of 20 kV/cm. 

Once more, the induction field is inferior to the charge multiplication threshold 

in CH4 and the optimum energy resolution obtained is similar to P10. The ener-

gy resolution improvement with Eind augment until 20kV/cm is explained by 

the increase on the extraction efficiency of electrons from GEM holes. For E ind 

values higher than 20 kV/cm, the electrons extraction efficiency does not cause 

further improvement of the energy resolution. This can be concluded from Fig. 

d, where the energy is depicted as a function of the induction field 

In pure Ar (Figure 4. 7 e), a minimum energy resolution around 35% was 

achieved at VGEM around 350 V and Eind of 5 kV/cm, the lower induction field 

applied. For higher Eind values, the energy resolution degrades, exhibiting a 

minimum value around 50% for the highest induction field of 40 kV/cm at 

VGEM of 220 V. The energy resolution degradation of GEM-MIGAS structure 

with GEM voltage decrease was already detected in [27], being observed an in-

crease of the relative variance of the avalanche gain with the reduction of VGEM 

and with the increase of Eind. Therefore, it should be expected a deterioration of 

the energy resolution in the two-multiplication stages when compared to the 

operation of the device in GEM-mode (Eind  4 kV/cm). In addition, for all the 
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energy resolution curves it is observed a strong deterioration, beyond its mini-

mum value, with the VGEM augment. This behaviour is attributed to photon-

feedback effects. 

  

  

  

Figure 4. 7- Energy resolution for 5.9 keV X-rays obtained in: (a) P10 gas mixture,(b) pure Ar 

and (c) pure CH . The dot-lines in Ar are only to guide the eye. 

The poor energy resolution achieved in Ar can be explained by the low drift 

velocity of electrons and the subsequent higher diffusion in the gap, being the 

charge distributed over a large area of the structure. As a consequence, the non-
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uniformities of the structure cause additionally local variations in the charge 

gain, which leads to the deterioration of the energy resolution. 

As expected, the avalanche relative variance in GEM-MIGAS is similar to the 

single-GEM for induction fields below the gas ionization thresholds. The multi-

plication in the induction gap will increase the avalanche relative variance con-

tributing to the degradation of the energy resolution.  

The behaviour of the energy resolution is similar for P10 and CH4, improving 

with GEM voltage augment. The best value obtained was around 20% for Eind 

values of 10 and 20 kV/cm, respectively. The enhancement of the electrons ex-

traction efficiency from the GEM holes, as well the absence of charge multipli-

cation for lower Eind values, contribute to the absence of energy fluctuations. In 

argon, the energy resolution was also better for low induction field values, be-

ing the best value, 35%, measured for 5 kV/cm on the induction region. How-

ever, due to the photon feedback is observed a huge degradation of the values 

as the VGEM increase. 
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4.4 Conclusions

The performance characteristics, including charge gain and energy resolution 

for soft X-rays, of a GEM-MIGAS based detector were investigated in pure Ar, 

pure CH4 and in P10 gas mixture. Maximum charge gains of about 104, 3 103 

and 5 103 were measured, respectively. The best energy resolutions achieved 

for 5.9 keV X-rays are 35% for Ar and 20 22% for CH4 and P10. Table 4. 1 sum-

marizes the maximum charge gain and the respective conditions. The values 

corresponding to the minimum energy resolution are presented in Table 4. 2. 

An important observation is that the maximum gain, without secondary ef-

fects, obtained in pure Ar is about 10 times higher than the gain measured in a 

single-GEM. The charge gains obtained in pure CH4 and in pure Ar with GEM-

MIGAS are higher than the values obtained with single-GEM and Micromegas 

electron multipliers. The gain measured in P10 is higher than the obtained in 

single-GEM, but lower relatively to Micromegas. This result was expected at-

tending the two multiplication stages of GEM-MIGAS and due to the efficient 

electron extraction and collection in the anode readout, which minimizes the 

loss of electrons to the GEM bottom electrode.  

Table 4. 1- Resume of the maximum charge gain obtained and the respective conditions. 

 Gain VGEM  (V) Eind (kV/cm) FWHM (%) 

Ar/CH4(90/10)   5×103 480 45 20 

Ar 1×104 375 40 35 

CH4 3×103 765 35 20 

Table 4. 2- Resume of the minimum energy resolution obtained and the respective conditions. 

 FWHM (%) VGEM  (V) Eind (kV/cm) 

Ar/CH4(90/10)   20 420-450 10 

Ar 35 350 5 

CH4 20 700-765 20 
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Chapter 5 

GEM-MIGAS with different gaps  

In conventional GEM-MIGAS structure the induction gap is set around 50 

m. However, thicker gaps may result in higher gains given the avalanche de-

velop through larger distances. On the other hand, the applied voltage to the 

induction gap has to increase in order to maintain similar electric fields. The 

charge gain characteristics of GEM-MIGAS will be evaluated as a function of 

induction gap thickness, using the single electron response method. In the pre-

sent study, the induction gap was varied between 50 and 300 m and the GEM-

MIGAS was operated in gas flow mode using a He/iso- C4H10 (85/15%) gas 

mixture.  

5.1 Introduction 

The charge gain of a GEM is mainly dependent upon the hole diameter [8], its 

counterpart in the induction region depends upon the induction gap thickness, 

d. A simple parametric charge gain model, similar to the one used with mi-

cromegas [85][86], was used to fit the experimental charge gains associated to 

the GEM-MIGAS induction region [5]. This enabled to demonstrate that the 

charge gain sensitivity of the GEM-MIGAS is least prone to variations in d and 

to changes in the ambient conditions, i.e. pressure and temperature, when the 

induction gap is set around 50 m [35]. In addition, the optimum gap for sus-

taining the highest charge gains was calculated to be in the 40-60 m range, for 

detector operation in He/iso-C4H10 (85/15%) at atmospheric pressure [35]. This 

model was based on a uniform field approximation in the induction gap. In-

deed, this situation is not present under regular operational conditions. Electric 

field simulations of the GEM-MIGAS device [63] have shown that the maxi-

mum electric field intensity is only reached in the induction gap, and not in the 

GEM holes, for a range of GEM and induction voltage conditions. Therefore, 
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there is a motivation to evaluate the performance of the GEM-MIGAS with in-

duction gap thicknesses above 50 m. Larger induction gap thicknesses may 

sustain larger voltage differences, which may lead to higher effective gains. In 

this work the average charge obtained by GEM-MIGAS is investigated for sev-

eral gap thicknesses, d, of 50,100, 150, 200, 250 and 300 μm. The GEM-MIGAS 

single-electron response was investigated as a function of the induction gap 

voltage, with the voltage across the GEM holes, VGEM, set at 100 V, i.e. no charge 

multiplication within the holes. 

5.2 Experimental Setup 

The experimental arrangement for measuring the single electron response as 

a function of induction field is based on the single-electron response method, 

and is shown in Figure 5.  1 for the case of d= 50 μm.  

The GEM was fabricated in the CERN TS-DEM workshop and consisted of a 

50-µm thick copper clad (5 µm in thickness) Kapton foil with 70 /50 µm diame-

ter holes in copper /Kapton patterned at 140-µm hole pitch in an hexagonal 

distribution. The GEM has an active area of 10 10 mm2 and is supported on a 

G-10 frame. 

The induction electrode was also fabricated in the CERN TS-DEM workshop. 

This consisted of a 10×10 mm2 copper anode onto which insulating pillars of 

height  d, ranging from 50 to 300 μm, were placed at 1 mm intervals. In order to 

construct the GEM-MIGAS, the anode readout was coupled to the GEM frame 

so that the GEM was in direct contact with the pillars, thereby defining the in-

duction gap. The drift electrode consisted of a thin quartz disc with a thin coat-

ing of indium tin oxide and was mounted above the GEM at a distance of 4 mm. 

A Mercury lamp (model UVP 90-0012-01-11SC-1) with a peak emission at 254 

nm (  4.88 eV) was used to illuminate the detector drift gap perpendicular to 

the GEM plane, resulting in a constant flux of photoelectrons emitted from the 

GEM-top copper electrode, operating as a reflective photocathode (work func-

tion ~4.5 eV). For a given operational voltage of the GEM-MIGAS, these photoe-

lectrons were focused into the GEM holes, undergoing multiplication, and then 

extracted into the induction region for additional multiplication. Count rate in 

the order of 30 kHz was maintained throughout these measurements. 
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Figure 5.  1- Schematic diagram of the GEM-MIGAS based detector used for this study. 

In these studies, He/iso-C4H10 (85/15%) gas mixture was flowed through 

the chamber. The drift-electrode and the GEM electrodes were operated at neg-

ative voltages while the anode readout was held at ground potential and con-

nected electrically to an Ortec charge preamplifier (model 142A). The preampli-

fier output was then fed into an Ortec shaping amplifier (model 575A) with 

shaping-time constants adjusted to 0.5 µs. The bipolar output of the shaping-

amplifier was in turn fed into an Ortec pulse-height analyzer (model ASPEC-

927). 

For a given induction gap thickness, the single electron response from the in-

duction gap region was examined as a function of induction gap voltage, Vind. 

The gain contribution from the GEM holes was set to unity. For this purpose, 

maintaining VGEM=100 V was found to be enough to transfer electrons from the 

drift region into the induction gap region without undergoing electron multi-

plication in the GEM holes. The drift field, Edrift, was maintained at approxi-

mately 0.25 kV/cm. 

5.3 Results 

Figure 5.  2 shows a typical single-electron response of GEM-MIGAS with the 

300 m induction gap using He/iso-C4H10 (85/15%) for several induction volt-

ages Vind, for a VGEM=100 V and the drift field Edrift = 0.25 kV/cm. It is well ac-

cepted that the single-electron pulse height spectra in gaseous detectors are 

predicted by a peaked distribution known as Polya distribution [2], [87]: 
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The Polya distribution is characterized by the parameter q , which represents 

the number of electrons in an electron avalanche (i.e. the avalanche charge 

gain), and by an empirical parameter , which is related to the first Townsend 

coefficient and being q the average avalanche gain. Thus, by fitting the observed 

single-electron pulse height distributions to Eq. 5.1, for the different Vind, it was 

possible to determine the associated average charge gain as a function of induc-

tion voltage. 

Figure 5.  3 shows the average charge gain as a function of induction voltage 

Vind for the induction gap thicknesses of 50, 100, 150, 200, 250 and 300 μm, as 

obtained from the fit of eq.1. As can be seen from these results, the uppermost 

gains, achieved before the onset of detector electrical instabilities, occur when d 

is set between 150 to 300 μm. For this region, gains above 106 can be reached in 

the induction gap. The gains obtained for the 50 m gap are similar to those ob-

tained using Micromegas devices with He/isobuthane mixtures, with a rela-

tively small percentage of the quencher gas [88][89][90]. The attainment of high 

charge gains is attributed to the Penning effect which effectively reduces UV 

photon feedback  processes. This effect involves the transfer of the energy of the 

excited metastable He atoms (19.8 eV) to ionize the isobutane molecules (10.6 

eV). 

 

Figure 5.  2 - Single-electron pulse-height distributions measured with the GEM-MIGAS detec-

tor with the gap set at 300 m and using He/iso-C4H10 (85/15%) gas mixture, for several values 

of induction voltages, Vind. The voltage across the GEM and the drift field were set to VGEM = 

100 V and to Edrift = 0.25 kV/cm, respectively. Solid lines show Polya fits (Eq. 5.1) to the experi-

mental data, from which the average charge gain was obtained. 
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Figure 5.  3 - Average charge gain as a function of induction voltage Vind applied across a num-

ber of different induction gaps in the He/iso-C4H10 (85/15%) gas mixture. In all cases, VGEM 

was set to 100 V, ensuring no multiplication in the GEM-holes. Curve fits of the form of Eq. 5.2 

were applied to the experimental data (solid lines). 

For a given induction gap thickness, the dependence of the average charge 

gain on Vind can be written as follows [9,10]: 

indV

AB

Aeqln    (5.2) 

where the parameters A=λ/d and B=W are related to the electron mean free 

path between inelastic collisions λ , and the threshold of potential energy re-

quired to cause ionisation by electron impact with the gas atoms/molecules, W. 

Both parameters A and B (hence λ and W) can be derived, using Eq. 5.2, from 

the fit of the average charge gain characteristic curve ( q versus Vind) as shown 

in Figure 5.  3. 

Figure 5.  4 shows the values of λ and W as a function of induction gap thick-

ness, obtained from the fits. As expected, the W parameter does not depend on 

the gap thickness, while λ increases linearly with increasing induction gap 

thicknesses due to the comparatively lower electric fields that exist in wider 

gaps. In Table 5.1, we present the values of λ and W for the different induction 

gap thicknesses, as well as the electric field range used for each gap. 
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Figure 5.  4 - Ionization mean free path, , and ionization threshold potential, W, as a function 

of induction gap thickness in the He/iso-C4H10 (85/15%) gas mixture, at atmospheric pressure. 

Table 5. 1- and W values obtained for the different induction gap thicknesses, and the electric 

field ranges used in each case. 

Induction gap thickness 

(µm) 

Eind 

(kV/cm) 

λ 

(µm) 

W 

(eV) 

50 70-95 1.16 14.7 

100 40-60 1.53 14.6 

150 35-45 1.79 15.0 

200 30-40 1.92 14.9 

250 25-35 2.16 14.8 

300 20-30 2.21 14.9 

The knowledge of and W, combined with the average gain formula shown 

in Eq. 5. 2 permits an evaluation of the average gain as a function of gap thick-

ness, d, for a fixed Vind. For example, for and W values obtained for the d=50 

μm curve of Fig.3, = 1.2 μm and W=14.7 eV, and for the case where Vind = 

450V, one can obtain the variation of the gain as a function of induction gap 

thickness. Figure 5.  5 shows the gain curves as a function of induction gap 

thickness, using the and W pair of values shown in Table 1, for the d=100, 150, 

200, 250 and 300 μm curves of Figure 5.  4. These experimental results confirm 

the analysis made in ref. [15], namely that the optimum induction gap thickness 

ranges between 50 and 70 μm for the present detector operation, at atmospheric 

pressure. This is also seen in Figure 5.  3, where the gain curve obtained for the 

50 m gap presents the highest values, even when extrapolated to the whole Vind 

range studied in this work. However, the physical limit of electric insulation of 
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the device does not permit to apply the highest Vind to the 50 m induction gap. 

Therefore, the highest effective gains can be obtained using induction gaps in 

the range of 150-300 m, owing to the higher voltage differences that can be 

applied to the induction gap. The higher voltage difference that can be estab-

lished in thicker gaps allows for more energy available from the electric field for 

electron multiplication, thus achieving higher gains. 

 

Figure 5.  5 -Average charge gain as a function of induction gap thickness, d, in the He/iso- 

C4H10 (85/15%) gas mixture, as predicted by Eq. 5.2 for Vind=450 V. For each induction gap 

thickness, the associated and W values (see Table 5.1) are used to calculate the average charge 

gain curve. 

5.4 Summary 

A GEM-MIGAS was successfully operated in the parallel-plate mode using 

the He/iso-C4H10 (85/15%) gas mixture at atmospheric pressure to measure the 

charge gain characteristics with the induction gap set to 50, 100, 150, 200, 250 

and 300 m. For this purpose, the voltage difference in the GEM holes was set 

to 100 V, i.e. without charge multiplication in the holes. 

The uppermost charge gains, before the onset of detector’s electrical instabili-

ties, occurred when d was set between 150 and 300 μm, reaching values above 

106. The charge gain response agreed well with the classical parallel plate gain 

formula, in spite of the existence of non-uniform electric fields in the induction 

gap [63].  
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Chapter 6 

The Ion Back-Flow Measurements 

The performance of GEM-MIGAS device will be evaluated regarding the Ion 

Back-Flow and charge gain for an induction region length between 50 to 300 m 

The studies were carried out with a GEM-MIGAS coupled to a semitransparent 

CsI-photocathode operated in Ar/5%CH4 gas mixture at atmospheric pressure.  

6.1 Introduction 

The GEM-MIGAS can exploit the good ion back-flow (IBF) reduction capabil-

ity achieved in Micromegas [39]. By using strong electric fields in the induction 

gap, it is expected to achieve an improved reduction of the ion back-flow to-

wards the conversion/drift region and towards the GEM-top electrode, as it 

was observed in other detectors [40]. Furthermore, the optical transparency of 

the GEM-MIGAS should be lower compared to a single GEM (typically 10%) 

[11] and to a Micromegas (typically 50%) [9]. The extension of the electron ava-

lanche into the induction gap allows the spurious UV-photons to be almost con-

cealed from the GEM-top electrode and from the drift electrode.  

The ion back-flow quantifies the fraction of avalanche ions that leave the am-

plification stage of the detector and reach the drift volume.  In Gaseous Photo-

multipliers (GPM), most of the back-flowing ions are collected on the photo-

cathode inducing secondary effects and photocathode aging. In Time Projection 

Chambers (TPC) the ion back-flow constitutes a slowly drifting space charge 

reducing the local electric field. The ion back-flow fraction is given by the flux 

of ions collected in a cathode divided by the flux of electrons collected in the 

anode. The electron and ion transport properties have an effect on the IBF per-

formance, thus the optimization of the electric field along the different regions 

of the detector is very important.  
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The micropattern gaseous multipliers used in photodetectors could reduce 

the ion back-flow to the photocathode since a large number of ions are neutral-

ized in the multiplier electrodes. However, a fraction of avalanche ions follows 

the electric field lines through the multiplier holes colliding with the photocath-

ode. In GPMs, the expected reduction of the ion- and photon-feedback effects is 

an advantage if the multiplier is coupled to a solid photocathode, either in semi-

transparent mode or in reflective mode (directly deposited in the top face of the 

GEM), [41]-[45]. The impact of avalanche ions on the photocathode limits the 

performance of GPMs, it strongly limits the multiplier gain, damages the pho-

tocathode surface and deteriorates its quantum efficiency (QE). Furthermore, 

the reduction of the ion back-flow towards the conversion/drift region is also 

important for tracking detectors and TPCs, where the ion back-flow to the drift 

region modify locally the electric field due to space-charge effects [46] ,[47]. This 

results in dynamic particle-track distortions, which seriously affects the track-

ing properties of TPCs in high-multiplicity experiments, e.g. in relativistic 

heavy-ion physics applications [64].  

In this chapter it will be reported the investigation on ion back-flow suppres-

sion capability of the GEM-MIGAS with induction gap thicknesses in the range 

of 50 300 µm. The charge gain and the IBF  defined as the fraction of total ava-

lanche-ions that reach the semitransparent photocathode – were measured for 

the several thicknesses of the induction gap as a function of electric fields and 

voltages applied to the electron multipliers. The main motivation of this study 

is to establish the conditions for achieving the lowest IBF with the GEM-

MIGAS. The experimental studies, charge gain and ion back-flow, were carried 

out in an Ar/CH4 (95/5%) gas mixture. 

6.2 Experimental Setup 

The GEM-MIGAS was assembled in a stainless-steel cylindrical chamber con-

nected to a vacuum/gas system. The chamber has a quartz window with a 

thickness of 5 mm on top and four SHV-connectors on bottom used as feed-

throughs. The chamber was pumped down to 10-6 mbar and then filled with 1 

bar of Ar/CH4 (95/5%). The gas circulation was maintained by convection 

through SAES St707 getters, operated at 160ºC. Figure 6.  1 is a photograph of 

the chamber, with the GEM-MIGAS and the photocathode already assembled. 
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Figure 6.  1- Photograph of the gas chamber used for this experimental work. 

A CsI photocathode with a square geometry of 12 12 mm2 and a thickness of 

250 Å, was deposited in a quartz disk with 5 mm thick, in a dedicated vacuum 

evaporation plant. An aluminium layer of 150 Å was previously vacuum-

evaporated on the quartz to provide electric contact. A schematic diagram of 

the detector is depicted in Figure 6.  2. 

The GEM-MIGAS electron multiplier has an active area of 10 10 mm2. The 

induction/anode electrode is a copper micromesh deposited on a G-10 board.  

In this work, micromeshes with different induction gap values, between 50 to 

300 µm were used. The drift region is established between the photocathode 

and the top of the GEM, with a thickness of 4.5 mm. 

The detector was illuminated with a continuous UV Hg(Ar)-lamp (model 

6035 Newport), collimated to 7 mm  in diameter. Attenuators were used on the 

top of the chamber window to reduce the photon rate, maintaining the currents 

on the various electrodes below charging-up levels.  

The electrodes were individually biased by HV-power supplies (CAEN mod-

el N471A) and the current was limited to ~50 nA. Additionally, protection resis-

tors (after an RC-filter) were used in order to limit the bias current to the GEM 

electrodes in presence of sparks. The photocathode was connected to a ground-

ed digital electrometer (Keithley, model 614) to measure the photocathode cur-

rent (Iph), while the current on the induction/anode electrode (IA) was meas-

ured with a floating digital multimeter Fluke 175 True RMS, 10 M  input im-

pedance, by recording the voltage drop on a 33 M  resistor, placed between the 

power-supply and the electrode, Figure 6.  2. 

The gain and IBF were measured as a function of the GEM voltage for differ-

ent Eind values and a fixed drift field, Edrift=0.5kV/cm. These parameters were 

also measured as a function of Eind for a fixed VGEM=350V and Edrift values be-
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tween 0.1 and 1kV/cm. Additionally, for the 50 µm configuration, the IBF was 

measured as a function of Edrift for the highest Eind value. 

The charge gain, G, is given by the current in the micromesh, IA, normalized 

to the primary photocathode current (Iph0),  

G= IA/ Iph0  (6. 1) 

where Iph0 is the current measured in the photocathode while applying a voltage 

to the GEM top, interconnected to the GEM bottom and to the induction elec-

trodes. The ion back-flow ratio, IBF, is given by: 

IBF=( Iph-Iph0)/ IA   ((6. 2) 

where Iph is the total current measured in the photocathode, which includes 

both the photoelectron and the positive ion currents. 

 

 

Figure 6.  2- Schematic diagram of the GEM-MIGAS detector used for IBF studies. 

6.3 Charge Gain  

The charge gain was evaluated as a function of the GEM voltage, the induc-

tion field and the drift field for GEM-MIGAS with induction region lengths of: 

50, 100, 200, 250 and 300 µm.   

6.3.1. 50 m Induction region gap   

The 50 μm thick GEM-MIGAS gain behaviour in Ar/CH4(95/5%) as a func-

tion of  GEM voltage is depicted in Figure 6.  3 a) for different induction field 

values. The drift field was kept constant, Edrift=0.5 kV/cm. 
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 The gain behavior with the voltage applied to the GEM has an exponential 

dependence, achieving the maximum value, around 104, for VGEM=425V and 

Eind=50 kV/cm. The increase on the induction field from 5 to 50 kV/cm leads to 

considerable gain augment, almost two orders of magnitude. The induction 

field contribution to the gain improvement can be also observed in Figure 6.  3 

b), where the gain is depicted as a function of Eind for VGEM values of 350 and 

425 V.  

The effect of the drift field on the gain is depicted in Figure 6.  4 c, showing 

the residual influence of the different drift field on the maximum gain value 

achieved. 

  

 
Figure 6.  3 - Charge gain in Ar/CH4 (95/5%) as a function of: a) VGEM for different Eind values 

(Edrift=0.5 kV/cm), b) Eind for VGEM values of 350 and 425 V (Edrift=0.5 kV/cm), c) VGEM for differ-

ent Edrift values (Eind=50 kV/cm),.   

6.3.2  100 m Induction region gap  

The gain performance obtained for the 100 µm GEM-MIGAS configuration is 

depicted in Figure 6.  4. In Figure 6.  4 a) the gain is depicted as a function of 

GEM voltage for different induction fields and Edrift= 0.5kV/cm. In figure b) the 

gain is depicted as a function of  Eind for different drift field values: 0.1, 0.25, 0.5, 

0.75, 1 kV/cm, for  VGEM of 350V.  
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The gain improvement with the GEM voltage, Figure 6.  4 a), follow an expo-

nential dependence being the highest gain about 2×104, for VGEM=425V and 

Eind=40 kV/cm, the maximum values before the onset of discharges. The auge-

ment of Eind from 5 to 40 kV/cm results in a gain increase of two orders of mag-

nitude, from 2×102 to 2×104 at VGEM=425V.  

The relation between the gain and the induction field, for a fixed VGEM=350V, 

is depicted in Figure 6.  4 b). The maximum induction field applied was 47.5 

kV/cm. This increase on Eind allows a slight gain improvement to about 6×104, 

VGEM=350V. A good performance is also obtained by increasing the induction 

field and keeping VGEM in lower values. This is an advantage to reduce the 

GEM discharge probability and prolong its life time.  

The gain behaviour for different Edrift values, Figure 6.  4 b), shows a slight 

difference in the maximum achieved gain values, varying from 104 to 7.0×104.  

 

Figure 6.  4 - Charge gain as a function: a) VGEM for different Eind values and for Edrift=0.5 kV/cm. 

b) Eind for different Edrift and VGEM=350V, for a 100µm induction gap.  
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6.3.3  200 m Induction region gap 

The gain measured for the 200 µm GEM-MIGAS configuration is depicted in 

Figure 6.  5 a) as a function of VGEM for different induction field values and 

Edrift=0.5 kV/cm. The gain increases exponentially with  GEM voltage, achiev-

ing a maximum value around 2 104 for 350V and 30kV/cm, the highest voltag-

es applied before the onset of discharges. The gain increases approximately two 

orders of magnitude from the lowest to the highest Eind values, 5 and 30kV/cm. 

The gain behaviour as a function of Eind is depicted in Figure 6.  5b) for a fixed 

VGEM=350V and different drift fields. In this set of measurements the little in-

crease on Eind from 30 to  32.5 kV/cm is traduced in a slight  improvement of 

the maximum charge gain to 3×104, for VGEM=350 Vand Edrift=0.5kV/cm . 

The influence of the drift field in the gain performance is not very significant. 

For Edrift values in the range of  0.1 to 1 kV/cm  the  gain varies   between  2 104  

and  3 104.  

 

Figure 6.  5 - Charge gain as a function: a) VGEM for different induction field values and Edrift=0.1 

kV/cm. b) Eind for different drift field values and VGEM=350V, for a 200µm induction gap. 
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6.3.4. 250 m Induction region gap 

Figure 6.  6 a) depicts the gain as a function of the VGEM, for different induc-

tion field values and a drift field of 0.5 kV/cm. The gain improves exponentially 

with  GEM voltage, achieving a maximum value of 1.4×104 for the highest Eind 

value applied, 30 kV/cm,  and VGEM=350 V. 

The gain dependence on Eind is depicted in Figure 6.  6 b) for several Edrift val-

ues and a GEM voltage of 350V. The gain improves with increasing induction 

field values, achieving the maximum value, in the order of  104, for the highest 

Eind value 30kV/cm. The maximum gain is practically constant for the different 

drift fields applied.  

 

Figure 6.  6- Charge gain as a function: a) VGEM for different induction field values and 

Edrift=0.5kV/cm, b) Eind for different drift field values and VGEM=350V, for a 250µm induction 

gap. 

6.3.5. 300 m Induction region gap 

 For the 300 m gap configuration, it was not possible to depict the gain 

behaviour as a function of GEM voltage, given the several instabilities during 

the GEM-MIGAS operation.  
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The gain behaviour as a function of Eind is depicted in Figure 6.  7 for different 

Edrift values and fixed VGEM=350 V.  The maximum gain measured was of the 

order of 105, obtained for the highest induction field applied, 25 kV/cm and 

Edrift=0.5 kV/cm. The drift field has a considerable influence on the gain ob-

tained, from 4×104 at Edrift=0.1kV/cm to  7×105 at Edrift=1kV/cm . 

 

Figure 6.  7 - Charge gain as a function of Eind for different drift field values and VGEM=350V, 

for the 300µm induction gap. 

6.3.6 Summary 

In order to compare the results from the different induction region thickness-

es and set the main conclusions, Figure 6.  8 shows a compilation of the charge 

gain obtained for the different gaps as a function of Eind,  for VGEM=350Vand 

Edrift=0.5 kV/cm.  

The maximum induction field reached before the onset of microdischarges 

depends on the gap, decreasing as the induction region thickness increases. For 

the smaller region, 50 m gap, the maximum Eind value was  50kV/cm, decreas-

ing to 25kV/cm for 300 m gap. 

The induction region enlargement leads to a gain improvement from 103 for 

the 50 μm gap to 105 for the gap of 300 μm. Due to the lower induction fields 

reached for the thicker induction gaps, the higher voltages that can be applied 

result in more energy available from the electric field for charge multiplication.  

The GEM-MIGAS performance concerning the maximum achieved gain com-

pares favourably with the gain achieved in 3- and 4-GEMs configurations 

[48][49] and in Micromegas [8].  
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Figure 6.  8 - Effective charge gain as a function of Eind for different induction gap thicknesses in 

the GEM-MIGAS operated in a Ar/5% CH4 gas mixture at atmospheric pressure.  
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6.4 Ion back-flow results 

The ion back-flow was evaluated as a function of the GEM voltage and as a 

function of the gain for GEM-MIGAS with induction region lengths of: 50, 100, 

200, 250 and 300 µm.   

6.4.1 50 m Induction region gap 

The ion back-flow (IBF) measured for the 50 μm induction gap is represented 

in Figure 6.  9 a) as a function of VGEM, for induction fields in the range of 5 to 50 

kV/cm and  Edrift=0.5 kV/cm. For each Eind value the IBF improves as the voltage 

applied to the GEM increases, as expected since more ions are captured by the 

top-GEM electrode. In addition, the Eind increase contributes to a considerable 

IBF reduction, from ~60% to 16% (at 5kV/cm and 50 kV/cm, respectively) for a 

GEM voltage of 425V. The increase in Eind reduces the focusing effect of the field 

lines from the induction region into the GEM holes, reducing the IBF as a result 

of electron diffusion during the avalanche processes in the induction gap. 

 In Figure 6.  9 b), the IBF values of figure (a) are depicted as a function of 

charge gain (measured by varying VGEM), where it is observed an IBF improve-

ment as the gain increase, for the reasons referred above. 

The effect of the drift field in the IBF is depicted in Figure 6.  9 c) where IBF is 

plotted as a function of charge gain (measured by varying VGEM), for Edrift values 

between 0.1 to 0.75 kV/cm, and Eind=50 kV/cm. As observed, IBF improves for 

lower values of the drift field, achieving 2.5% for Edrift=0.1 kV/cm, while at 

Edrift=0.75 kV/cm it is about 20 %. As ion diffusion in gases is low, the ions will 

follow approximately the field lines and an increasing number of field lines ex-

iting the holes will end up in the GEM-top electrode as the drift electric field is 

reduced. This allows a decrease on the back-flow of ions to the drift region. 
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Figure 6.  9 - The ion back-flow ratio for 50 µm induction gap as a function of (a) VGEM  and (b) 

charge gain, both for different Eind values and for Edrift=0.5 kV/cm. (c) Ion back-flow ratio for 50 

µm induction gap as a function of charge gain for different Edrift and for Eind=50 kV/cm.  The 

errors are within the symbols. 

6.4.2 100 m Induction region gap 

For the 100 µm GEM-MIGAS IBF is depicted in Figure 6.  10. Figure 6.  10 a) 

shows the IBF as a function of VGEM  for induction fields in the range of 5  to 50 

kV/cm and Edrift=0.5 kV/cm. As observed, IBF improves as VGEM augments un-

til 250V, remaining practically constant for values above. It is however observed 

a slight increase for the highest GEM value applied. The increase of the induc-

tion field leads to a significant IBF improvement.  IBF decreases from values in 

the order of 70% at 5kV/cm to values in the order of 10% at 40kV/cm. The best 

value was 11% obtained for  Eind=40 kV/cm and VGEM=300V.  

In Figure 6.  10 b) IBF is depicted as a function of Eind for different drift fields 

from 0.1 to 1 kV/cm. In this configuration, the maximum induction field was a 

little higher, 47.5kV/cm, compared to the 40kV/cm of figure (a). This Eind in-

crease will affect positively the IBF values. For  Edrift=0.5kV/cm and VGEM= 

350V, the lowest IBF value for Eind=47.5 kV/cm was around 9%, which corre-
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sponds to an absolute improvement about 3%, relative to the 11% measured for 

Eind=40kV/cm for the  same Edrift and VGEM values. 

The drift field reduction contributes to a considerable IBF reduction and a 

value of 1.2% was measured for the lowest Edrift value applied 0.1 kV/cm, at 

Eind= 47.5 kV/cm.  

The IBF behaviour as a function of gain is represented in Figure 6.  10 c), for 

different Edrift values and VGEM=350V. It is evident an IBF improvement as gain 

increases. 

  

 

Figure 6.  10 - Ion back-flow  for 100 µm induction gap as a function of: a) VGEM  for different Eind 

values and  Edrift=0.5 kV/cm, b) Eind and c) charge gain,  both for different Edrift values and VGEM 

=350 V.   

6.4.3 200 m Induction region gap 

The IBF behaviour was studied for the 200 µm induction gap configuration 

and is depicted in Figure 6.  11. 

Figure 6.  11 a) depicts IBF as a function of  VGEM for induction fields between 

5 to 30 kV/cm and  for Edrift=0.1kV/cm. The augment of VGEM contributes to an 

IBF decrease, behaviour observed up to a GEM voltage of 300 V, above which 

IBF remains practically constant. The induction field effect on the IBF values is 
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obvious, there is a decrease from values around 9% at 5kV/cm to values of the 

order of 2% at 30 kV/cm. The best value was approximately 1.6% for 

VGEM=300V and Eind=30 kV/cm.  

In Figure 6.  11 b), IBF is depicted as a function of Eind for  VGEM=350 V and 

different Edrift values, in the range of 0.1 to 1 kV/cm. The induction field aug-

ment leads to a reduction on IBF, as it was observed in previous graph. The best 

IBF values correspond to the lowest Edrift field configuration, where a value of 

1.4% was measured for Edrift=0.1 kV/cm. This is a considerable progress, attend-

ing to the value of 16% measured for Edrift=1kV/cm, or 9% measured for 

Edrift=0.5 kV/cm. 

The relation between IBF and gain is depicted in Figure 6.  11 c) for different 

drift fields. As expected, the minimum IBF value is obtained for higher gains. 

  

 

Figure 6.  11 - Ion back-flow  for 200 µm induction gap as a function of: a) VGEM  for different 

Eind values and  Edrift=0.1 kV/cm; b) Eind and c) charge gain, both for different Edrift values 

and VGEM =350 V.   
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6.4.4 250 m Induction region gap 

The IBF results obtained for the 250 µm GEM-MIGAS configuration are de-

picted in Figure 6.  12. In figure a)   the IBF is represented as a function of  VGEM 

for  Eind values between 5 to 30 kV/cm and a drift field of 0.5 kV/cm. The best 

IBF value is about  6 %, achieved for VGEM=350 V and an induction field of 30 

kV/cm, which is a good improvement attending to the 48% measured at 

5kV/cm for the same GEM voltage.  

The IBF measurement for different drift fields, with  VGEM=350V, are depicted 

in Figure 6.  12 b). The decrease on the drift field to 0.1 kV/cm leads to an IBF 

value of 1.5%.  

The IBF behaviour as a function of gain is depicted in Figure 6.  12 c), where it 

is visible the typical IBF improvement as gain increases. 

  

 

Figure 6.  12 - Ion back-flow  for 250 µm induction gap as a function of: a) VGEM  for different Eind 

values and  Edrift=0.1 kV/cm; b) Eind and c) charge gain,  both for different Edrift values and VGEM 

=350 V.   
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6.4.5 300 m Induction region gap 

The highest induction region length studied was 300 µm.  The IBF perfor-

mance obtained in this case as a function of induction field and gain is depicted 

in Figure 6.  13 a) and b), respectively, for a fixed GEM voltage of 350V. 

 IBF improves with increasing  Eind, as seen in all GEM-MIGAS configurations 

studied. The best value was around 1.3% for Edrift =0.25kV/cm.  

The IBF behaviour as a function of charge gain demonstrates an improvement 

with gain, like it was observed for the other gaps. 

 

 

Figure 6.  13 - Ion back-flow for 300 µm induction gap as a function of: a) Eind and b) charge 

gain, for different Edrift values and VGEM =350 V.   

6.4.6 Summary 

The IBF performance has a similar behaviour for the several induction region 

gaps, improving with the increase on   GEM voltage and induction field. The 

best IBF values are obtained for the lower Edrift configuration. With the increase 

of the GEM voltage more ions are captured by the top-GEM electrode which 

contributes to an improvement of IBF.  In addition, the induction field augment 
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contributes to a considerable IBF improvement, since it reduces the focusing 

effect of the field lines from the induction region into the GEM holes. As a re-

sult, IBF is reduced due to electron diffusion during the avalanche processes in 

the induction gap.  

In order to compare the performance of each GEM-MIGAS configuration,  a 

compilation of the IBF behaviour as a function of induction field and gain is 

presented.  Figure 6.  14 depicts the IBF performance as a function of  Eind for  

Edrift=0.1 kV/cm (Figure 6.  14 a) and Edrift=0.5 kV/cm (Figure 6.  14 b), while in 

Figure 6.  15 the IBF values of Figure 6.  14 are depicted as a function of  charge 

gain. The induction gaps are in the range from 50 to 300 μm. For all the meas-

urements the GEM voltage was kept constant at 350 V.  

 

 

Figure 6.  14 - The ion back-flow, IBF, as a function of Eind for different induction gaps in the 

range of 50 300 m and for VGEM=350 V: (a) Edrift=0.5kV/cm and (b) Edrift=0.1kV/cm. 
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Figure 6.  15 - Ion back-flow as a function of charge gain  for different induction gaps in the 

range 50-300 µm,  for VGEM=350 V: a) Edrift=0.5kV/cm and b) Edrift=0.1kV/cm. 

As already mentioned IBF decreases with Eind and gain, for all the gaps. It is 

also observed an IBF improvement as the gap thickness increases.  

For the smaller induction region thickness (50 µm) the best IBF values were 

about 16% and 3%, obtained for Edrift values of 0.5 kV/cm and 0.1 kV/cm, re-

spectively. The increase of the induction region gap allows a considerable im-

provement of IBF. For the 300 μm gap, it was achieved an IBF of about 4% and 

1.5%, for Edrift values of 0.5 kV/cm and 0.1 kV/cm, respectively. The IBF en-

hancement is more accentuated for Edrift=0.5kV/cm, where it is noticed a de-

crease of about four times from the 50 µm gap to the 300 µm gap configuration. 

For the 0.1 kV/cm drift field configuration the improvement is only about two 

times. The IBF improvement with increasing induction gap thickness is a con-

sequence of the diffusion of the avalanche electrons and the increase of the 

charge gain as the induction gap increases. The electron cloud transverse diffu-

sion in Ar/CH4 (95/5%) [30] is about 11 μm and ~39 μm (rms) for the  50 µm 
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and 300 μm gaps , respectively [91]. The increase in Eind reduces the focusing 

effect of the field lines of the induction region into the GEM’holes, owing to 

electron diffusion during the electron avalanche processes in the induction gap, 

as a consequence the IBF reduces. 

The reduction on the drift field will reduce the back-flow of ions to the drift 

field, since  ion diffusion in gases is low, the ions will follow approximately the 

field lines and an increasing number of field lines exiting the holes  will end in 

the GEM-top electrode as consequence  the number of ions that achieve the drift 

volume decreases. 

The values achieved for the 50 m configuration are similar to the total IBF 

achieved in a single MHSP [41] and result in a 4-fold suppression of IBF rela-

tivel to a single-GEM .   

The values obtained for the ion back-flow in GEM-MIGAS are similar to those 

obtained in a triple-GEM configuration in Ar/CH4, for Edrift=0.5 kV/cm and 

charge gain ~105 [28], and in a Micromegas operating in Ar with 2-3% CH4 [17]. 

A 4-GEM configuration achieved an IBF of about 3% for a gain ~105 and 

Edrift=0.5kV/cm [29]. One of the best IBF achieved in electron multiplier cas-

cades were obtained from a configuration combining a Flipped-

MHSP/GEM/MHSP, with an  IBF value of 0.02% at gains ~104, for Edrift=0.2 

kV/cm [31]. Nevertheless, IBF values of few percent are low enough to allow a 

safe operation of CsI-photocathodes in GPMs. 

Table 6. 1- Resume of the best IBF and gain values obtained for the different GEM-MIGAS con-

figuration. 

GAP (µm) Maximum Gain Lowest IBF VGEM(V) 

50   11045 
 Edrift=0.75 kV/cm, Eind=50 kV/cm 

0.020 
Edrift=0.1 kV/cm, Eind=50 kV/cm 

425 
 

100  30739 
Edrift=1 kV/cm, Eind=45 kV/cm 

0.029 
Edrift=0.1 kV/cm, Eind=45kV/cm 

350 

200  34778 
Edrift=0.75 kV/cm, Eind=32.5 kV/cm 

0.014 
Edrift=0.1 kV/cm, Eind=32.5 kV/cm 

350 

250  32334 
Edrift=1 kV/cm, Eind=30 kV/cm 

0.015 
Edrift=0.1 kV/cm, Eind=30 kV/cm 

350 

300  885647 
Edrift=1 kV/cm, Eind=25 kV/cm 

0.012 
Edrift=0.1 kV/cm, Eind=25 kV/cm 

350 
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6.5 Conclusions 

The GEM-MIGAS performance operating in Ar/CH4 (95/5%)  was evaluated 

in terms of charge gain and ion back-flow reduction for induction gap thick-

nesses ranging from 50 to 300 µm.  

It was successfully demonstrated that increasing the induction gap of the 

GEM-MIGAS multiplier from 50 m to 300 m higher gains are achieved,  gains 

above 105, sufficient for the detection of single electrons with high detection 

efficiency. The IBF is reduced by a factor of 5, down to the few percent level. 

The electron diffusion in the gap explains the capability of the GEM-MIGAS to 

reduce the ion back-flow and its correlation with the gas mixture characteristics, 

such as electron transverse diffusion and electron multiplication in the induc-

tion gap. Minimum IBF values were achieved for the 300 µm gap, 4% for 

Edrift=0.5 kV/cm and 1.5% for Edrift=0.1kV/cm.  

The values obtained for ion back-flow to the drift volume, in GEM-MIGAS, 

are similar to those obtained in triple-GEM configurations and in a Micromegas, 

but are much higher than those obtained in a flipped-MHSP/GEM/MHSP elec-

tron multiplier cascade (IBF ~ 0.02% at gains of 104 and Edrift=0.2 kV/cm).  

The IBF measurements demonstrate that the IBF improves with  increasing  

induction field. The advantage of the GEM-MIGAS is the simplicity compared 

to other cascade configurations, delivering higher gains and similar IBF values. 

However, the increase in the pulse duration due to the drift of positive ions in 

the 300 µm induction gap may be a drawback in some applications. 
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Chapter 7 

GEM-MIGAS for Neutron Detection 

In this section the GEM-MIGAS performance will be evaluated in order to 

check its viability as thermal neutron detector.            

The work focus the optimization of the induction region thickness and the in-

fluence of the GEM parameters on the achieved gain, both performed in pure 

CF4 at different pressures. Finally, the GEM-MIGAS configuration with better 

performance was operated in a CF4-He mixture. 

7.1 Introduction 

The development of thermal neutron detectors is important for applications 

such as nuclear industry, material research, imaging and medical physics. A 

new generation of neutron gaseous detectors for accelerator based sources 

(spallation sources) is under development at various laboratories, requiring mi-

crosecond time resolution, millimetre position resolution, low gamma sensitivi-

ty and count rates up to 1MHz/mm2. These efforts will lead to the next genera-

tion of position-sensitive thermal neutron detectors (see [53][56] and references 

there in). Gaseous detectors based on micropatterned electron multipliers are 

good alternatives for this purpose, using   3He gas for thermal neutron detection 

due to its low gamma sensitivity and high efficiency to neutron capture. Boron 

Trifluoride (10BF3 ) can be also used as a detection medium, but its operation at 

high pressure is problematic due to electron attachment.  For high detection 

efficiency the helium pressure must be increased.  

The neutron capture reaction with 3He is: 

MeVpTnHe 764.01313

 (7.1) 

The nuclear interaction of a thermal neutron with an atom of 3He releases 764 

keV of energy, which is shared between two ionizing particles, the proton (573 

keV) and  the triton (191 keV), emitted in opposite directions. 
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The position resolution of neutron detectors based on 3He is limited by the 

range of the reaction products in the gas, the 573 keV proton and  192 keV tri-

ton. Since the reaction products deposit their energy in the gas in an asymmet-

ric way, the interaction position can only be determined with a precision direct-

ly proportional to their range in the gas [54]. To reduce this range, stopping 

gases having heavy molecular weight and low gamma sensitivity are added to 
3He to reduce the proton and triton ranges. 

Therefore, stopping gases like CF4 and CH4 are used at high pressures. They 

also act as quenchers for He scintillation and provide high electron drift veloci-

ties and low electron diffusion [52],[76]. To have a 1 mm thermal neutron posi-

tion resolution, a pressure of about 2.6 bar is required for CF4 and CH4 [76]. Fig-

ure 7. 1 shows the proton and tritium ranges for 2.6 bar of CF4.  Figure 7. 2 and  

Figure 7. 3 depict the energy lost by the proton and the tritium, respectively, for 

CF4 pressures of 1 and 2 bars. The use of Ar at high pressure was also proposed 

[53], with the advantage of having a full noble gas mixture, easy to handle and 

to purify in a closed system, but requiring higher filling pressures, of the order 

of 6 bars. Xenon can also be used but it is less attractive because it has relatively 

high gamma-ray sensitivity. 

 

Figure 7. 1- Proton and Tritium Range for 2.6 bar of CF4. 

The MicroStrip Gas Chamber (MSGC) [4] was the first gaseous micropattern 

detector to be used for thermal neutron detection [52]. The GEM [11] has also 

been the subject of many studies for neutron detection [54] [76]. High charge 

gains could not be achieved at high pressures [54] [57][76], but the readout of 

the scintillation produced in the electron avalanches, using a CCD camera, al-

lowed the development of GEM-based neutron detectors [55][56]. To the best of 

knowledgement, there is a single citation in the literature of studies with Mi-

cromegas [9] operation in CF4, where the operation above 2.4 bar was not possi-

ble [77]. It is expected that higher CF4 pressure may be feasible using the new 
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type of bulk Micromegas [67]. Previous studies of a hybrid microstructure, the 

Micro Hole & Strip Plate (MHSP) [78], which merges the GEM and a MSGC in a 

single micropattern structure [79], have shown that the MHSP could operate at 

much high CF4 pressure (~ 2.6 bar) than using a single conventional GEM [80]. 

In this work, it is  investigated the viability of another hybrid configuration, 

the GEM-MIGAS, as a neutron gaseous detector with gaps in the 20-250 m 

range, in pure CF4 for the pressure of 1, 2 and 2.6 bar. The influence of the GEM 

hole diameter in the gain is also evaluated.  

The CF4 properties make it a suitable choice, since it acts as a quenching gas, 

provides high electron drift velocities, low electron diffusion and it is a good 

and fast scintillator. The molecules of the stopping gas must have a high coll i-

sion cross section for fast charged particles, such as the proton or triton.  In-

creasing the CF4 pressure has several advantages: 

 The localization error due to the drift between the neutron interaction po-

sition and  the centre of the charges is reduced; 

 The number of tracks interacting with the detector wall  is reduced; 

 By concentrating the primary charge cloud in a smaller volume, the dead 

time of the detector is reduced. As the drift velocity of electrons in He-CF4 

mixtures increases with the CF4 concentration, increasing its partial pres-

sure contributes also to the dead time reduction. 

CF4 is used for its short attenuation thickness, however it contains Freon impu-

rities which are electronegative and corrosive, so the gas needs to have a very 

high purity. 

  

Figure 7. 2- Energy lost by the proton for 1 bar  (a) and 2.6 bars (b) of CF4.  
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Figure 7. 3 - Energy lost by the tritium for 1 bar (a) and 2.6 bars (b) of CF4. 

Optimization of GEM-MIGAS induction region length:  

The GEM-MIGAS performance in pure CF4 will be evaluated for induction re-

gion lenght of 20, 30, 50, 150 and 250 µm for different gas pressures (1, 2 and 2.6 

bar) using a standard GEM. The goal is to choose the induction region length 

with better performance, in terms of charge gain t and operation stability, main-

ly at high CF4 pressure.  

Calculations relying on experimental data show that the best gains would be 

achieved for induction gaps around 50 m [35]. Nevertheless, as the maximum 

voltages applied to micropattern devices are limited by the onset of discharges, 

the effective gains achieved in these multipliers are higher for larger induction 

gaps. For the GEM-MIGAS operating at 1 atm of  He-15% isobuthane, the high-

est charge gains, achieved before the onset of detector instabilities, were ob-

tained for a  gap thickness  between 150 and 300 m, reaching values around 

106  [38]. However, for high pressure operation, the applied voltage increases 

and it can compromise a stable operation of the structure, due to the increase of 

the discharge probability. 

On the other hand, the optimum Micromegas gap, sustaining highest charge 

gains with low statistical fluctuations, for atmospheric pressure operation, is 

well known to lay in the 50 to 100 µm region [35].  Induction gaps greater than 

100 µm are suited for low pressure micromegas operation [81], while gaps 

shorter than 50 µm may achieve higher gains at high pressures [9]. Therefore, 

the GEM-MIGAS gain was investigated for induction gap thicknesses of 20, 30, 

50, 150 and 250 µm, in 1, 2 and 2.6 bar of pure CF4. These measurements were 

taken with a type 1 standard GEM with 50 µm hole diameter and 140 µm pitch. 
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Influence of the GEM Parameters:  

The influence of the GEM geometry, on the GEM-MIGAS performance is evalu-

ated for different hole  diameters of 50, 40 and 30 m. Table 7. 1  summarises 

the different GEM geometries;  the standard GEM (50 µm hole diameter) as well 

as GEMs with hole diameters of 40 and 30 µm. 

Table 7. 1- GEM geometrical designs used in this work 

GEM Type Kapton  
 thickness 

(µm) 

Hole Diameter  
(µm) 

Pitch 
(µm) 

1 
50 

 
50 140 

2 50 
40 

 
70 

3 
 

50 30 50 

A decrease in the GEM hole diameter leads to higher electric fields inside the 

holes for lower applied voltages. Consequently, higher gains are expected when 

using smallest GEM hole diameters [54][55][21]. 

At high pressure it is expected a better performance for the smaller diameter 

GEM, given that the electron cloud is smaller, which implies lower charge loss 

from the GEM hole. The electric field threshold for gas multiplication increases 

for higher pressure, so the high electric field achieved in small hole diameters 

can be an advantage. 

Helium measurements:  

The helium measurements will be made using the best GEM-MIGAS 

configuration, in terms of induction region length and GEM hole geometry. Fix-

ing the CF4 pressure at 2.6 bar, helium is gradually added in step of 1 bar. Regu-

lar helium will be used since the 3He is expensive and right now is very difficult 

to buy, however the results obtained with 4He are valid. Since the tests will be 

made with X-rays, using regular He does not compromise the validation for a 

possible application on neutron detection, as the present study are concentrated 

in the charge amplification gain that can be achieved with this microstructure 

configuration. 

Finally, is investigate the GEM-MIGAS gain for  a 50 µm induction gap geome-

try and a GEM with 30 m hole diameter, using 2.6 bar of CF4 added to 1 and 2 

bar of helium. 



108 
 

7.2 Experimental Setup 

The GEM-MIGAS was mounted inside a stainless-steel cylindrical chamber-

with a Mylar window, 5 mm thickness, in the top surface and four SHV-

connectors on the bottom face, used as feedthroughs. A photograph with the 

GEM-MIGAS and drift electrode assembled in the chamber bottom face is de-

picted in Figure 7. 4.  

 The chamber was connected to a vacuum/gas system and pumped down to 

10-6 mbar range before filling. The gas circulation was maintained by convection 

through SAES St707 getters, operated at 110ºC. The detector was irradiated with 

an X-ray beam from a 55Fe source and collimated to 1 mm in diameter. 

 

 

Figure 7. 4- Photograph e of the detector and schematic diagram of GEM-MIGAS detector. 

The GEM-MIGAS electron multiplier has an active area of 10 10mm2. Three 

different GEM designs were used in these studies, all manufactured at CERN:   

the standard GEM (50 µm hole diameter) as well as GEMs with hole diameters 

of 40 and 30 µm (see Table 7.1).  

In order to examine the effect of the induction gap thickness on gain, induc-

tion gap values between 20 to 250 µm were used.  

The drift region, between the top GEM electrode and the grid, has 5 mm 

thickness.  The drift electrode and the GEM electrodes were operated with neg-

ative voltages while the micromesh was set to ground. The signals from the mi-

cromesh were fed through a Canberra 2006 preamplifier (sensitivity of 1.5 

V/pC) and the preamplifier output was then fed into an amplifier (Canberra, 

model 2025) with shaping time constants adjusted to 0.5 μs. The amplifier out-

put was fed into a Nucleus PCA-II multichannel analyzer. 

The electronic chain sensitivity was calibrated for absolute gain determination 

using a calibrated capacitor directly connected to the preamplifier input as well 

as to a precision pulse generator (see section 4.2.1). The charge gain was deter-
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mined from the obtained pulse-height distributions. A 100% electron transmis-

sion through the GEM-holes was assumed and a w-value of 54 eV and 41 eV 

was taken for CF4 and He, respectively [82]. To calculate the w value for 2.6 bar 

CF4/1 bar He and 2.6 bar CF4/2 bar He gas mixtures we use the empirical 

model for binary mixtures[83].  

7.3 Optimization of GEM-MIGAS induction region gap  

The charge gain and energy resolution will be measured as a function of the 

GEM voltage for fixed induction field value and as a function of the induction 

field for a fixed GEM voltage. The measurement will be done in pure CF4 for 1, 

2 and 2.6 bar, with induction region gap lengths of 20, 30, 50, 150 and 250 µm.. 

7.3.1  250 m Induction region Gap 

The charge gain was measured as a function of GEM voltage and is repre-

sented in Figure 7. 5  for different induction fields, in the range of 5 to 

30kV/cm, and CF4 pressures of 1, 2 and 2.6 bar.  The gain exhibits an exponen-

tial dependence on GEM voltage, as expected. The measurements were done 

also for a configuration where the bottom GEM electrode is connected to the 

grid, in short circuit (sc), which is an approach to single GEM mode operation, 

being useful for comparison with the GEM-MIGAS mode.  The Edrift was kept at 

0.5kV/cm for at 1 and 2 bar and at 0.3kV/cm for 2.6 bar pressure. 

 At 1 bar, the maximum gain is approximately 2.5x104, achieved for the high-

est induction field value, 30 kV/cm, and a GEM voltage of 775V. For  induction 

fields up to 10kV/cm, the gain is lower than the one achieved for the sc config-

uration. Only for Eind values above  20 kV/cm  the gain exceeds the sc values. 

The  increase of the induction field leads to a gain improvement  from 5 x103  to 

2.5x104   for 5 and 30 kV/cm, respectively, for VGEM=775V. 

The increase of the CF4 pressure up to 2 bar is followed by an increase of 

GEM voltage up to about 700V compared to the 550V at 1 bar. The maximum 

gain was ~7x103 for  VGEM=975V and Eind=20kV/cm, the highest value. For in-

duction fields up to 10 kV/cm, Eind increase is not traduced in a gain improve-

ment compared to the sc configuration.  The induction field enhancement from 

5 to 20 kV/cm is followed by a slight increase of gain, from 103 to 7x103for  

VGEM=975V. 

The sc configuration allows collecting 100% of all electrons from the ava-

lanche. However, this configuration is not desirable for most of the applications 

where the readout electrode is decoupled from the GEM-bottom electrode (e.g. 
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to have a 2D readout possibility). For low E ind values part of the electrons pro-

duced in the avalanche are diverted to the GEM bottom electrode and the gain 

is smaller than that obtained with the sc configuration. Increasing E ind the elec-

tron collection efficiency in the induction electrode increases and eventually 

becomes higher than 100% as electron multiplication take place in the induction 

gap, compensating for the possible loss of electrons produced in the GEM holes 

and further increasing the total charge gain when compared with the sc opera-

tion mode.  

The detector operation at 2.6 bar was followed by some instabilities. Only  a 

few measurements  were feasible before the structure breakdown.  In the first 

attempt Edrift was set at 0.5 kV/cm, with voltages above 2000V on the drift elec-

trode.  As a consequence, discharges became evident, compromising the detec-

tor operation at this drift field. To overcome this situation the drift field was 

decreased to 0.3 kV/cm, allowing detector operation for a while. However, after 

a period of time, discharges started again, the operation of the detector become 

irreversible. For this CF4 pressure it was not possible to measure the gain in 

short-circuit mode given the low signal/noise ratio. The maximum gain 

achieved was about 400, measured at Eind=10kV/cm and VGEM=1100V.  At 

Eind=20kV/cm, the voltage applied to the GEM before breakdown is lower than 

at  Eind=10kV/cm. 

The add up of CF4 pressure is followed by a GEM voltage increase. At 1 bar 

the range is  550 to 775V, increasing to values from 700 to 1000V at 2 bar and at 

2.6 bar the GEM voltage is between 900 and 1100V.  A gain reduction is also 

observed from 104 at 1 bar to 103 at 2 bar and only a few hundred at 2.6 bars.  
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Figure 7. 5- Gain as a function of : a)VGEM for different induction field values and sc mode; b) 

induction field for different GEM voltages and pressures. Edrift was kept at 0.5 k/cm for 1 and 2 

bar and at 0.3kV/cm for 2.6 bar. 

The gain as a function of induction field for fixed GEM values is depicted in 

Figure 7. 5 b). At 1 bar the maximum Eind value was 35kV/cm, decreasing to 

25kV/cm at 2 bar. It is obvious the gain enhancement as the induction field in-

creases. However, at 1 bar curves show a smooth increase, being the impact of 

the Eind increase for higher pressures. 

The maximum gain values obtained are similar to the previus configuration, 

2x104  and 1x104 for  1 and 2 bars , respectively.  

The energy resolution, obtained for 5.9 keV X-rays, is depicted in Figure 7. 6 

a) as a function of VGEM for induction field values in the range of 5 to 30kV/cm.  

It is observed an improvement on the energy resolution with  the GEM voltage 

up to  the middle of the VGEM range applied. For higher voltages, the energy 

resolution starts to deteriorate.  At 1 bar, the best value was about 22%, 

achieved for the bottom GEM in short circuit with the grid and VGEM=650V. The 

increase of the induction field, to values above 5 kV/cm, leads to the deteriora-

tion of the energy resolution, exceeding 30%. At 2 bar the best energy resolution 

was about 35%, measured for the sc configuration and a VGEM=925 V, reaching 

values above 40% for induction fields higher than 5kV/cm. The best energy 

resolution at 2.6 bar was also around 35%, measured for Eind=5kV/cm and 

VGEM=1100V. 

In Figure 7. 6 b) the energy resolution is represented as a function of the in-

duction field for fixed GEM voltages, CF4 pressures of 1 and 2 bar. The energy 

resolution improves with Eind  up to 10 kV/cm and the best values are achieved 

in the range of 10 to 20 kV/cm. For increasing Eind values, up to 10 kV/cm, the 

improvement is due to the increase of the electron extraction efficiency from the 

GEM holes. For values between 10 and 20 kV/cm the electron extraction effi-

ciency is not traduced in energy improvement. For Eind values above 20 kV/cm 
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the increase of charge gain leads to energy resolution degradation. The energy 

resolution deteriorates as the CF4 pressure increase, exhibiting a better perfor-

mance for the low induction field configurations as well as low GEM voltages. 

 

Figure 7. 6- a) Energy resolution at 1, 2 and 2.6 bar  as a function of the  GEM voltage for differ-

ent induction field values. b)Energy Resolution  as a function of the induction field for diferent 

GEM voltages and pressures. The Edrift=0.5 k/cm for 1 and 2 bars, 0.3 for 2.6 bar.  

7.3.2  150 m Induction region Gap 

The charge gain obtained for the 150 µm induction gap geometry is depicted 

in Figure 7. 7 a) as a function of GEM voltage, for different induction field val-

ues. The measurements were performed for 1, 2 and 2.6 bar of CF4 bars and  

Edrift was kept at 0.5 kV/cm at  1 and 2 bar and at 0.4 kV/cm at 2.6 bar. 

As in the last case the short circuit configuration exhibits better performance 

than compared to the GEM-MIGAS mode for induction field values up to  

10kV/cm.  Higher  Eind  values are  traduced on gain enhancement. 

 At 1 bar the maximum gain is 1.2×104 for VGEM=720 V and Eind=30kV/cm. 

The increase of the CF4 pressure to 2 bar leads to a gain reduction of about one 

order of magnitude, 103   for VGEM=940 V and Eind=20kV/cm. At 2.6 bar the gain 

obtained is only about 400 for VGEM=1080 V and Eind=10kV/cm.  
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The charge gain behaviour as a function of the induction field is depicted in 

Figure 7. 7 b).   The maximum Eind at 1 bar is 45 kV/cm, decreasing to 35kV/cm 

at 2 bar. At 2.6 bar the maximum Eind is about 25kV/cm.  The charge gain im-

prove with the induction field enhancement, at 1 bar the best value is 6.2x104, 

decreasing to 2.8x102 at 2 bar and 865 at 2.6 bar. 

 

 

Figure 7. 7- Gain as a function of VGEM for different induction field values a) and as a function of 

induction field for different GEM values. b) Edrift=0.5 k/cm for 1 and 2 bar and 0.3kV/cm for 2.6 

bar. 

The energy resolution obtained for the 150 µm gap is depicted in Figure 7. 8 a) 

as a function of VGEM. An improvement on the energy resolution is obtained 

with increasing GEM voltage. At 1 bar the best values were about 20% for the sc 

configuration and VGEM=725V. Nevertheless, the energy resolution for the other 

induction field curves is not very different, varying from 20 to 25 %. The in-

crease on pressure is followed by degradation of energy resolution.  At 2 bar the 

best energy resolution is about 30%, obtained for Eind in the range of 5 to 20 

kV/cm. At 2.6 bar the best energy resolution is about 35% for 5 and 10 kV/cm 

induction fields. For the sc curve the energy resolution is worse as a result of 

the poor signal/noise ratio. This is more relevant at high pressure. 
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The energy resolution behaviour as a function of  Eind, is depicted in Figure 7. 

8 b). It is evident an improvement of the energy resolution as  Eind  increases, up 

to a certain value, above which it is  observed  a deterioration. At 1 and 2 bar, 

the deterioration occurs for values above 30kV/cm.  The 2.6 bar curves are 

characterized by a smooth variation of energy resolution with Eind. Owing to the 

lower SNR, the energy resolution degradation occurs above higher E ind values, 

as the pressure increases. 

 

Figure 7. 8 – a) Energy resolution at 1, 2 and 2.6 bar as a function of the  GEM voltage for differ-

ent induction field values. b) Energy Resolution as a function of the induction field for different 

GEM voltages and pressures. The Edrift=0.5 k/cm for 1 and 2 bars, 0.3 for 2.6 bar.  

7.3.3  50 m Induction region Gap 

Figure 7. 9 a) depicts the gain as a function of  VGEM for diferent induction 

field values  for gas pressure of 1, 2 and 2.6 bar. Edrift was kept at 0.5 kV/cm for 

1 and 2 bar and at 0.4 kV/cm for 2.6 bar in order to avoid discharges in the drift 

grid. 

The gain increases exponentially with GEM voltage, improving also for high 

induction field configurations. The Eind value at which the gain exceeds the sc 

configuration is about 30 kV/cm at 1 bar and 20 kV/cm at 2 and 2.6 bar. At 
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higher pressures the induction field contribution to the gain improvement is 

more significant than at atmospheric pressure. 

The maximum gain at 1 bar is about  104 for VGEM=775 V and Eind=50 kV/cm,  

decreasing about one order of magnitude for 2 bar pressure, reaching 2x103 for  

Eind=50 kV/cm and VGEM =990V.  At 2.6 bar the maximum gain is approximate-

ly 400 for VGEM=1075V and Eind 50kV/cm. As expected, the gain decrease for the 

higher pressures. 

 

 

 

Figure 7. 9- Gain as a function of: a)VGEM for different induction field values and pressures. b) 

Induction field for different VGEM values and pressures. Edrift=0.5 k/cm for 1 and 2 bar and 

0.3kV/cm for 2.6 bar. 

The gain behaviour as a function of induction field is depicted in Figure 7. 9 

b).  For  Eind values up to 20-30kV/cm it is   evident  a considerable gain im-

provement, becoming  smooth for higher E ind values. However, the curves ex-

hibit an exponential trend (linear curve in the log graph). For 1 bar, the maxi-

mum induction field applied before discharges was between 110 and 120 

kV/cm, about  50 kV/cm more than the values applied in previous configura-

tion (150 µm). However, this increase was not traduced in a significant gain im-

provement, as the highest gain is about 2×104. This is a consequence of the 
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shorter distance that the avalanche has to develop. For CF4 pressures of 2 and 

2.6 bar, the highest Eind values were more or less the same as in the previous 

configuration. As result, the charge gain didn’t improve. 

The energy resolution is represented in Figure 7. 10 as a function of  VGEM (a) 

and the Eind (b). The best values were obtained  for the sc configuration were: 

20, 30 and 40% at  1, 2 and 2.6 bar, respectively. It  is observed a considerable 

deterioration on the energy resolution with  increasing  pressure. 

At 1 bar the energy resolution is similar for all Eind values except for the sc 

configuration. As observed in the figure (b), the increase of Eind  is not traduced 

on a deterioration of the energy resolution.  At 2 and 2.6 bar the energy resolu-

tion does not exhibit such a smooth behaviour. There are significant differences 

for the several induction field values.  

 

 

Figure 7. 10 - a) Energy resolution at 1, 2 and 2.6 bar  as a function of the GEMd voltage for dif-

ferent induction field values. b) Energy Resolution  as a function of the induction field for dif-

ferent GEM voltage and pressures.  The Edrift=0.5 kV/cm for 1 and 2 bar, 0.3kV/cm for 2.6 bar.  
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7.3.4  30 m Induction region Gap 

The charge gain performance for the 30 m induction gap configuration, in 

pure CF4, is depicted in Figure 7. 11 a) as function of VGEM for the for several 

Eind values. The maximum gain measured at 1 bar was about 104 (VGEM=800V, 

sc configuration). The increase on  CF4 pressure to 2 bar leads to a considerable 

charge gain drop to about  500 (VGEM=950V, sc configuration). For both 

situations, the  sc configuration curve practically match the 30kV/cm induction 

field curve. The increase of the induction field above  30kV/cm is not traduced 

in a significant gain augement.  

The performance at 2.6 bar is very poor due to the signal/ noise ratio and a 

leakage current between the bottom-GEM electrode and the grid. Only  

measurements at  10kV/cm were possible, which correspond to a charge gain of 

about 200 for a VGEM =1075V. 

 

 

Figure 7. 11 - Gain as a function of: a)VGEM for different induction field values;  b) induction 

field for VGEM values of 700 and 750V. Edrift=0.5 kV/cm for 1 and 2 bar and 0.3kV/cm for 2.6 bar. 

 In Figure 7. 11 b) the charge gain is depicted as a function of the induction 

field for fixed GEM voltages and pressures. The maximum gain is also in the 
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order of 104 for 1 bar. For 2 and to 2.6 bar the maximum gain values were 

around 500 e 100, respectively. These values do not present an improvement in 

spite of the higher induction fields that were reached. 

In the 30 m gap configuration, it  was not observed any gain improvement  

compared to single-GEM mode operation given that the  induction field 

increase is not traduced in a significative gain augment, in opposite to what 

happens in the  sc configuration. 

The energy resolution behaviour as a function of  VGEM is depicted in Figure 7. 

12  a). At 1 and 2 bar the best performance is achieved for the sc configuration, 

with values around 20% and 30%, respectively. At 2.6 bar the energy resolution 

is very poor with the best value of the order of 50%. Analysing the energy be-

haviour, excluding the sc configuration, at 1 bar the energy resolution behav-

iour obtained for the different induction field curves does not have a significant 

degradation. At 2 bar the best energy resolution values are between 35 and 40%.  

 

 

Figure 7. 12 -Energy resolution at 1, 2 and 2.6 bar as a function of the GEM voltage for different 

induction field values. b)Energy Resolution  as a function of Eind for different GEM voltages and 

pressures. Edrift=0.5 kV/cm for 1 and 2 bar and 0.3 kV/cm for 2.6 bar 

The energy resolution behaviour as a function of the induction field, depicted 

in Figure 7. 12 b), is in agreement with the behaviour described above. A good 
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stability between the results obtained for the 1 bar measurements and a consid-

erable fluctuation for the 2 bar results. 

7.3.5  20 m Induction region Gap  

Attending to the poor performance obtained for the 30 m induction gap, the 

performance of a 20 m gap configuration was tested only for 2.6 bar. The 

charge gain is depicted as a function of  VGEM  for several Eind values in Figure 7. 

13 a). In similarity to what was observed for the 30 m gap configuration, the 

increase of Eind is not traduced in a gain improvement compared to the sc con-

figuration. The best value was about 200 measured for sc mode and 

VGEM=1080V. 

 

 

Figure 7. 13- a) Gain as a function of  VGEM for different induction field values at 2.6 bar. The sc 

on the legend means that the bottom GEM and the microgrid were connected. b) Gain as a func-

tion of  Eind for  GEM values of 1000 and 1080V. Edrift=0.4k/cm for all measurements. 

The charge gain as a function of Eind for fixed GEM voltages is depicted in 

Figure 7. 13 b). It is shown a slow increase of the charge gain as  E ind increases, 

being the best value of the same order of the one obtained in the previous con-

figuration. This is due to the fact that shallow gaps do not allow a significant 
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development of the electron avalanche, even for high induction fields, for one 

electron can produce a reduced number of ionizations in such short distances. 

The energy resolution is depicted as a function of  GEM voltage in Figure 7. 

14  a) and as a function of Eind in  Figure 7. 14 b). The best energy resolution  

obtained was about  35%, the higher GEM voltage of 1080V and an induction 

field of 30kV/cm. 

 

Figure 7. 14- Energy resolution: a) versus VGEM for different induction field values, b) as a func-

tion of induction field for GEM values of 1000 and 1080 V 
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7.3.6 SUMMARY 

    The influence of the induction region on the GEM-MIGAS performance con-

cerning charge gain and energy resolution was evaluated for gaps in the range 

of 20 to 250 µm operating in pure CF4 at pressures of 1, 2 and 2.6 bar. The 

charge gain behaviour for each CF4 pressure was compiled for the several in-

duction regions using a fixed GEM voltage at a given pressure. 

Figure 7. 15  depicts the charge gain as a function of  induction field region for  

pressures of 1, 2 and 2.6 bar (a, b and c respectively). As  seen, for high induc-

tion fields the gain increases exponentially with E ind due to electron multiplica-

tion in the induction region. For low induction fields, the gain increase with Eind 

is steeper due to the improvement of the charge collection efficiency by the in-

duction electrode. The results also show that smaller gaps do not have a better 

gain performance at high pressures. This may be due to the penetration of the 

very intense electric field present in the GEM holes into the induction gap, 

which for smaller gaps may extend to the entire region..  

Table 7. 2 summaries the maximum gain achieved for each induction region 

thickness at different operation pressures.  At 1 bar of CF4, the highest gain was 

about 6  104, decreasing one order of magnitude for 2  bar ( 3  103).    For  2.6 

bar, the maximum charge gain was bellow 103. The decrease of the gain with 

pressure was expected due to intrinsic limits of the GEM, given that increasing 

the pressure leads to a decrease in the maximum E/p value that can be applied 

to the induction region. 

At 2.6 bar of CF4 the maximum achieved gain for a gap  of 150 µm, only a fac-

tor of about 2 higher than that achieved using a 50 µm gap. However, the GEM-

MIGAS was unstable for the 150 µm and 250 µm induction gaps owing to high-

er voltages necessary to create the same field when compared with smaller 

gaps. Concerning operation stability, and as final goal of this experimental 

work, it was chosen the 50 µm gap for operation with helium. The objective is to 

increase the He pressure in the detector, to about 3 bar, which requires an in-

crease of the applied voltage. The 50 µm gap will also make it possible to oper-

ate at gains high enough for neutron detection, with lower voltages and conse-

quently better stability.  
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Figure 7. 15 - Gain as a function of induction field  for different inductiongaps, obtained at  a 

pressure of 2.6 bar and with Edrift=0.4 kV/cm. 

Table 7. 2-  Maximum gain ahieved with different GEM-MIGAS induction gaps and different 

pressures.  

Gap 1bar 2 bar 2.6 bar 

20 - - 228 
VGEM=1080 V 

30 13864 
Eind=30 kV/cm, VGEM=800V 

735 
Eind=40 kV/cm, VGEM =950V 

170 
Eind=20 kV/cm, VGEM =1080V 

50 23200 
Eind=110 kV/cm, VGEM =775V 

2100 
Eind=50 kV/cm, VGEM =990V 

430 
Eind=50 kV/cm, VGEM =1080V 

150 23700 
Eind=40 kV/cm, VGEM =700V 

2830 
Eind=35kV/cm, VGEM =900V 

865 
Eind=20 kV/cm, VGEM =865V 

250 28636 
Eind=35 kV/cm, VGEM =750V 

16663 
Eind=25 kV/cm, VGEM =975V 

360 
Eind=10 kV/cm, VGEM =1100V 
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7.4 Influence of the GEM Parameters 

The geometric properties of a GEM, such as hole diameter, influence its per-

formance. Studies carried out with different GEM hole diameters, at atmospher-

ic pressure, indicate that there is no advantage in reducing the diameter for 

values below 60 µm, since low diameters lead to a saturation effect, probably 

due to the loss of charges by diffusion. Further studies for pressures above the 

atmospheric demonstrate that the use of small hole GEMs may be an advantage 

for charge gain improvement since it will be possible to increase the E/p inside 

the holes, for the same voltage bias.. 

The influence of the GEM geometry was investigated using different GEM 

characteristics: hole diameter, thickness and pitch, (see Table 7.1).  

7.4.1  GEM 40  

The GEM 40 is characterized by a hole diameter on kapton of 40 µm, a pitch 

of 70 µm and a kapton thickness of 50 µm.  

Figure 7. 16 shows the charge gain performance for this GEM geometry. Fig-

ure 7. 16 a) depicts the gain as a function of VGEM for different gas pressures. In 

a first analysis, a lower operational voltage is used compared to the standard 

GEM. It is practically impossible to differentiate the voltage range for 1 and 2 

bar of CF4. This behaviour was not expected given that the increase of CF4 pres-

sure is followed by an increase of the GEM voltage.  The maximum charge gain 

obtained at 1 bar is about 104 (VGEM=600V, Eind=20kV/cm) decreasing to 103 for 

2 bar (VGEM=500V, Eind=40kV/cm). The operation of this GEM-MIGAS configu-

ration was not possible at 2.6 bar due to the presence of electrical discharges. 

The maximum pressure fasible was 2.4 bar. In this case, it is observed an in-

crease of the GEM voltage, as expected, and the decrease of the maximum gain 

achieved  to 600 (Eind=20kV/cm and VGEM=760V). 

Figure 7. 16 b) depict the charge gain as a function of the induction field for 1 

and 2 bars of CF4. The charge gain improves with Eind augment and the maxi-

mum values are in the order of 104.  
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Figure 7. 16 -Gain as a function of : a)VGEM for different induction field values and b) induction 

field for a VGEM of 700 and 750V. Edrift=0.5 k/cm. 

The energy resolution is depicted in Figure 7. 17 as a function of the GEM 

voltage (a) and as a function of the Eind (b). For all CF4 pressures, the energy 

resolution improves as the voltage applied to the GEM increases, deteriorating 

with pressure. The best values were about 25 % at 1 bar, increasing to 30% at 2 

bar, and to 35% for the highest pressure of 2.4 bar.  
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Figure 7. 17 - Energy resolution at 1, 2 and 2.4 bar as a function of the  GEM voltge for different 

induction field values. b)Energy Resolution  as a function of the induction field for Edrift=0.5 

k/cm.  

The measurements were performed with two different 40 µm hole diameter 

GEMs, and both have shown instabilities during the operation, being periodi-

cally evident the presence of small discharges even when the voltage applied to 

the GEM was far from the electric limit. This maybe the cause of the uncommon 

performance obtained with this GEM configuration, which lead to some insta-

bility of the gain and energy resolution measurements.  The limitations ob-

served may be related to the quality of this batch of GEMs, the real causes are 

difficult to evaluate. 

7.4.2 GEM  30 

The GEM with 30 µm hole diameter has a pitch of 70 µm and kapton thick-

ness of 50 µm. The gain characteristics of GEM 30 geometry are depicted in Fig-

ure 7. 18 a), as a function of the GEM voltage, for a different induction fields at 

1, 2 and 2.6 bar pressures. 

 The maximum gain achieved in the GEM-mode was 1x104, 5x103 and 3x103 at 

1, 2 and 2.6 bar, respectively. The increase of the induction field is only tra-

duced in a gain augment, compared to the GEM mode operation, for Eind values 

above 10kV/cm,  leading to a three-fold increase in the maximum gain for all 

the pressures.   At 1 and 2 bar, the maximum gain was measured for  50kV/cm 

on the induction field, reaching values of  3×104 and 2×104, respectively. For  2.6 

bar  the highest charge gain was  about 7×103 for  Eind=20kV/cm.  

The maximum achieved gain in GEM-MIGAS mode at atmospheric pressure 

is similar to that obtained with the GEM-MIGAS having a standard 50 µm hole 
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diameter GEM. However, for 2 and 2.6 bar of CF4, it is noticeable an improve-

ment of about one order of magnitude.  

The gain behaviour as a function of the induction field is depicted in Figure 7. 

18 b). For induction field values up to  20 kV/cm, the gain  improvement is 

more significant, being smooth for higher Eind values. 

 

Figure 7. 18- Gain as a function of : a)VGEM for different induction field values; b) induction field 

for  different VGEM values and pressures. The Edrift=0.5 k/cm for 1 and 2 bar and 0.4kV/cm for 

2.6 bar. 

The energy resolution performance was evaluated as a function of the GEM 

voltage and also as a function of the induction field for the CF4 pressures of 1, 2 

and 2.6 bars as seen in Figure 7. 19 a) and b), respectively. The behaviour is sim-

ilar to the one observed for the other GEM-MIGAS configurations, improving 

as the GEM voltage increase and became worst for higher filling pressures. At 1 

bar the best energy resolution was between 25 and 30 %, increasing to 30-40 % 

at 2 bar and to 35-40% at 2.6 bar. 
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Figure 7. 19 -Energy resolution at 1, 2 and 2.6 bars as a function of the applied voltage on GEM 

for different induction field values. b) Energy resolution as a function of the induction field. 

Edrift=0.5 k/cm, for all the pressures.  

7.4. 3 SUMMARY 

The charge gain performance of GEM-MIGAS was evaluated for GEM hole 

diameters of 50, 40 and 30 µm. The operation of the 40 µm prototype were fol-

lowed by several instabilities, for this reason this configuration was not  consid-

ered for further analysis concerning the influence of GEM hole diameter on 

charge gain performance.     

Figure 7. 20  plots the gain as a function of induction field for a number of dif-

ferent GEM voltages, for 30 µm and 50 µm hole diameter GEMs. The figure-

shows the benefit of using GEMs with reduced hole diameter for high pressure 

operation. The gain obtained for the 30 µm hole diameter GEM is one order of 

magnitude higher than the standard GEM.  

The better performance of the 30 μm hole GEM in terms of higher gains at el-

evated pressure, compared to the 50 μm hole, is attributed to higher electric 

field strength inside of the GEM channels, which increases as the hole diameter 
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decreases. As a consequence, the gain increases considerably as the hole diame-

ter is reduced [20]. These results show that reducing the GEM hole diameter is a 

more efficient way to improve the gain of GEMs in view of their application to 

neutron detection, instead of selecting standard GEMs that are capable of with-

stand higher voltages and, thus, reach the needed gains. 

The gain improvement  working in the GEM-MIGAS mode is limited to a fac-

tor of 3-4 (plus another factor of about 3 if an induction gap about  150 µm is 

used). This way, the main benefit of using a GEM-MIGAS configuration is re-

lated to the possibility of using lower GEM voltages, reducing the discharge 

probability and increasing the life time of the GEM. 

Since for neutron detection with He/CF4 mixtures only gains of a few tens are 

required, and a CF4 pressure of 2.6 bar is enough to achieve 1 mm position 

resolution, figures 4 and 5 show the potential of the GEM and/or GEM-MIGAS 

configuration operating in He/CF4 mixtures to achieve sub-millimetre position 

resolution in neutron detection. 

As a conclusion, the 30 m GEM is the one with better performance, especial-

ly for high pressure values where the gain does not drop significantly. For this 

reason, the 30 m GEM was chosen for the measurements with CF4/ He mix-

tures. 

 

Figure 7. 20 -  GEM-MIGAS gain as a function of  induction field using type 1 (50 μm) and type 

2 (30 mm) GEMs. The filled symbols correspond to the 50μm GEM, while the open symbols are 

for the 30 μm GEM. 

7.5 Measurements with He-CF4 mixtures 

The measurements with a mixture of helium and CF4 were done for the GEM-

MIGAS configuration with 30 m GEM hole diameter and an induction region 

of 50 m, the one with better performance at high pressures. The detector was 

operated at 2.6 bar of CF4 mixed with 1 and 2 bar of helium. For He pressures 
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above 2 bar some electrical instabilities were observed, limiting the detector 

operation for higher pressures.  

The charge gain as a function of  GEM voltage for 2.6 bar of CF4 mixed with 

He is depicted in Figure 7. 21. The addition of 1 and 2 bar of He to 2.6 bar of CF4 

results in an increase of the GEM voltage of about 100 and 330 V, respectively, 

to obtain a similar gain.  The maximum gain decreases slightly with the addi-

tion of He. For  pure CF4, the gain was about  5 x103, decreasing to 3x103 and to 

2x103 with the addition of 1 and 2 bar of He, respectively.  

 

Figure 7. 21 - GEM-MIGAS gain as a function of VGEM for the 30 µm hole diameter GEM. The 

filled symbols correspond to 2.6 bar of CF4, the open and half-filled symbols correspond to 2.6 

bar of CF4 added with 1 and 2 bar of He, respectively. 

The gain performance is depicted in Figure 7. 22  for GEM-MIGAS operating 

in 2.6 bar CF4/1 bar He and 2.6 bar CF4/2 bar He mixtures, as a function of in-

duction field, for two different VGEM values. As in pure CF4, the increase of the 

induction field results in an increase of the maximum gain by a factor of about 

three.  

The augment of He pressure and/or drift region depth is necessary to in-

crease the detection efficiency, which results in a decrease in the achieved gain. 

However, since the maximum gain at 2 bar of He is almost two orders of mag-

nitude above what is necessary and the decrease in the maximum gain presents 

a slow decrease with the He pressure, it is expected that a gain high enough can 

be be achieved as the He pressure increases up to several bar, until the physical 

limit of the GEM-MIGAS electrical breakdown is achieved.  
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Figure 7. 22- Maximum gain achieved in the GEM-MIGAS as a function of  induction field for 

the 2.6 bar  CF4/1 bar He and 2.6 bar  CF4/2 bar He mixtures and for different VGEM values. The 

square symbols correspond to 1 bar of He, while the circles are for 2 bar of He 

7.6 Conclusions 

It was successfully demonstrated that GEM-MIGAS, with 50 μm induction 

gap and 30 μm hole diameter GEM, is a viable choice to be used in neutron gas-

eous detectors based in He/CF4 mixtures. The gain achieved at 2.6 bar CF4/2 

bar He, above 103, is large enough for neutron detection,  almost two orders of 

magnitude higher than what is needed. 

Higher He filling pressures can be used before the degradation of the gain 

down to few tens. The investigation of GEMs with different hole diameters 

shows that the geometrical properties concerning the hole size have a big influ-

ence on the gain properties. The electrical field strength increases for narrower 

holes resulting on gain enhancement. It was also verified that for the 30 µm 

GEM, the increase on CF4 pressure is not traduced in a so drastic decrease of 

gain, in opposite to what happens in the 50 µm GEM, where the increase on 

pressure leads to an accentuated decrease of gain. 

When compared to single-GEM operation, the use of high fields in the induc-

tion gap of the GEM-MIGAS may lead to about one order of magnitude in-

crease in gain (e.g. using induction gap thicknesses around 150 µm) and present 

the possibility of using lower voltages for the GEM biasing, benefitting its oper-

ation with reduced discharge probability. 
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Chapter 8 

THICKGEM-MIGAS 

The THICKGEM (THGEM) is a gas electron multiplier based on the GEM 

concept, developed as an amplification of the standard GEM parameters by fac-

tors ranging from 5 to 50. Attending to the good performance obtained in some 

applications, the THGEM will be evaluated as a substitute for  the conventional 

GEM  operated with a micromesh readout plane. The investigation concerns the 

performance of the THGEM coupled to a micromesh readout plane (THGEM-

MIGAS) operated in Ar/CH4 and CF4, for induction region gaps of 50 and 250 

m. 

8.1 Introduction 

The investigation of new gas multiplication structures is being done since the 

introduction of the Microstrip Gas Counter, namely the hole-based multiplica-

tion structures. The GEM is the extensively studied hole multiplier. The thick 

GEM-like (THGEM) structure was developed under the GEM concept [58]. 

The THGEM is fabricated with Printed Circuit Board (PCB) technology, by a 

standard drilling and etching process, out of double–clad G-10 plates. The G-10 

plates have thickness t of 0.4-3.2 mm and a pitch, a, of 0.7-4 mm. The holes are 

drilled in the PCB and a chemical etching of copper is made in the rim, with a 

0.1 mm distance, around each hole. The chemical etching is essential to reduce 

considerably the discharges at the hole’s rim, resulting in higher applied volt-

ages and higher detector gains. Erro! A origem da referência não foi encontra-

da. shows a microscope photograph of a THGEM with thickness t=0.4 mm, hole 

diameter d = 0.3 mm, pitch a = 0.7 mm and a rim of 0.1mm. 

The THGEM is mechanically an expansion of the standard GEM, with the 

various dimensions being enlarged by factors ranging from 5 to 50. Although 

the geometrical dimensions are expanded by large factors, most parameters 
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concerning its operation, e.g. operation voltage, electric fields, electron diffu-

sion, do not scale accordingly. Therefore, an investigation of the THGEM pa-

rameters, as hole diameter, hole spacing and electrode thickness, is required for 

different applications, at atmospheric and low gas pressures. 

 

Figure 8. 1- A microscope photograph of a THGEM with thickness t=0.4 mm, hole diameter d = 

0.3 mm and pitch a = 0.7 mm. A rim of 0.1mm is etched around the mechanically drilled holes  

[65]. 

The THGEM operation principle is similar to the standard GEM, each hole 

acts as an individual proportional counter. Under the application of a suitable 

potential across the THGEM a strong  field develops within the holes. The elec-

trons released by ionizing radiation in the region above the THGEM  drift to the 

holes due to a  drift electrical  field action, being multiplied within the holes 

under  high electric field, in the range 25-50 kV/cm. The majority of the elec-

trons generated in the avalanches are transferred to a charge collection elec-

trode or to another amplifying device.  Some percent of them are collected by 

the THGEM bottom electrode, depending  on the size and direction of the trans-

fer an induction field.  

 The avalanche confinement within the holes has the advantage of reducing 

photon-mediated secondary effects, leading to high-gain operation in a large 

variety of gases. 

Several studies have been performed with THGEM, measuring essential pa-

rameters such as effective gain, counting rate response, ion back flow, X-ray 

energy resolution. In addition, simulations with Maxwell and Garfield have 

been performed in order to evaluate the suitable electrode geometries and un-

derstand the processes involved in the THGEM operation.  

A resume study [65], demonstrates that THGEM is an attractive robust and 

economic electron multiplier, suitable for applications at atmospheric gas pres-

sure. The gain measured was about 104 to 105 in a single multiplier increasing to 

10 - 100 times in a double configuration. The  pulse rise-time is in the order of a 

few ns and the counting rate capability is up to 10 MHz/mm2 at a gain of 104. 
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The 5.9 keV X-ray energy resolution is about 20%. The IBF is typically below 

10%, quite similar to that obtained with a 3-GEM cascade, under similar condi-

tions. 

The study indicates that in terms of operation mechanisms and electric field 

role, the THGEM is quite similar to the standard GEM. The maximum voltage 

applied across the holes before the onset of sparks does not scale with dimen-

sions, so the field inside the holes is smaller than in GEM. However, due to the 

larger dimensions, in particular the thickeness, higher gains are obtained. The 

bigger hole size, larger than the electron diffusion, contributes to a more effi-

cient electron focusing into the holes. Changing the thickness and the hole size 

the THGEM can be optimized for different operation conditions, for example 

the operation at very low gas pressures, of the order of mbar. 

Attending to the THGEM performance it is important to study the viability of 

the MIGAS concept with a THGEM instead of a GEM. This evaluation was 

done only for a few situations. The viability of the THGEM-MIGAS device was 

investigated using induction region thicknesses of 50 and 250 m in 

Ar/CH4(95/5) and in CF4 at atmospheric pressure. 

8.2 Experimental Setup 

The THGEM-MIGAS was mounted inside the stainless-steel cylindrical 

chamber used in the previous study. The chamber was pumped down to 10-6 

mbar before filling with CF4 or Ar/CH4 mixture. Gas circulation was main-

tained by convection through SAES St707 getters, operated at 110ºC. The detec-

tor was irradiated with an X-ray beam (from a 55Fe source) collimated to 1 mm 

in diameter. Figure 8. 1 depicts the schematic diagram of THGEM-MIGAS. 

The THGEM-MIGAS electron multiplier has an active area of 10 10 mm2.  

The THGEM is made of a G-10 plate with a thickness of 0.4 mm, drilled with a 

hexagonal pattern of holes with a diameter of 0.3 mm and a pitch of 0.7 mm. 

The copper was etched 0.1 mm around the holes. The readout electrodes are the 

same described in the previous chapter. 

 

Figure 8. 2- Schematic diagram of THGEM-MIGAS. 
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The drift region, between the top THGEM electrode and the drift grid, was 

kept at 5 mm. The drift and THGEM electrodes were individually biased by HV 

power supplies with the current limited to 50 nA, and operated with negative 

voltages, while the micromesh of the induction plane was set to ground.  

The electronic system associated to this THGEM-MIGAS detector is the same 

used in the previous studies for GEM-MIGAS. 

8.3 Results 

The THGEM-MIGAS performance was evaluated at atmospheric pressure 

operation in Ar/CH4 and pure CF4, for induction field gaps of 50 and 250 µm. 

The results include the charge gain behaviour as a function of the THGEM volt-

age and of the induction field. The THGEM voltage range was also investigated 

in order to compare with the standard GEM. 

8.3.1  50 m Induction region Gap  

The gain results obtained for pure CF4 for an induction region gap of 50 µm 

are depicted in Figure 8. 3, as a function of THGEM voltage in (a) and induction 

field in b). 

The charge gain as a function of THGEM voltage follows an exponential be-

haviour, achieving the maximum value, about 3× 103, for the highest induction 

field of 40 kV/cm and for a THGEM voltage of 2760 V.  The charge gain as a 

function of induction field shows an improvement as Eind augments. A gain of 

about 6×103 was obtained for a Eind=45kV/cm and VTH-GEM=2700V.  

Comparing with the gain obtained for GEM-MIGAS, 104 for VGEM=775Vand 

Eind=50kV/cm, the difference is residual. The main difference is related with the 

increase of THGEM voltage compared to the standard GEM. 

  

Figure 8. 3- a) Gain as a function of  VGEM for different induction field values. b) Gain as a func-

tion of  Eind for  THGEM voltages of 2700 and 2800V . Edrift was kept at 0.5k/cm. 
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The Ar/CH4 measurements are depicted in Figure 8. 4, where the charge gain 

is represented as a function of VTHGEM, a), and as a function of the Eind, b).  

The charge gain increases exponentially with VTHGEM, reaching the maximum 

value of about 3×103 for Eind=40 kV/cm and a THGEM voltage of 1125 V. The 

gain improvement due to the induction field increase is very clear in Erro! A 

origem da referência não foi encontrada. b).  

The best charge gain measured for the GEM-MIGAS was about 104 for VGEM= 

425V and Eind=50kV/cm, which is better than the value obtained for the 

THGEM configuration. The increase of the THGEM voltage was not as signifi-

cant as that verified in the CF4 measurements. 

  

Figure 8. 4- Gain as a function of: a) VTHGEM for different induction field values; b) Eind for 

THGEM values of 1000 and 1100V.  Edrift was kept at 0.5k/cm. 

8.3.2   250 m Induction region Gap 

Using 250 µm as induction region gap the operation of THGEM-MIGAS was 

not possible in CF4. Attending to the high voltage required, several discharges 

developed across the drift electrode, being impossible to apply the voltages re-

quired for multiplication.  

The measurements made with the Ar/CH4 mixture are depicted in Figure 8. 

5. The charge gain as a function of THGEM voltage, Figure 8. 5a), shows signifi-

cant differences concerning the THGEM voltage range for each Eind curve, rela-

tive to the behaviour observed for the 50 µm configuration where the THGEM 

voltage range was practically the same for each induction field value. The max-

imum gain was about 2×103, which means that there is no improvement on gain 

as the induction region gap increases. Compared to GEM-MIGAS, where gains 

above 104 are obtained, the 250 µm gap operation shows no improvement, rela-

tive to the GEM-MIGAS configuration. 
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The gain behaviour as a function of induction field Figure 8. 5b) shows a large 

increase of gain with Eind which is different from the standard configuration, 

where the gain improvement due to the induction field has a smooth variation. 

  
Figure 8. 5- Gain as a function of: a) VTHGEM for different induction field values; b) Eind for 

THGEM values of 1000 and 900V. Edrift=0.5k/cm for all measurements. 

8.4 Conclusions 

The first approach on THGEM-MIGAS studies does not show improvement 

in terms of charge gain. This can be explained by the extension of the avalanche 

to the induction gap, since the avalanche is supposed to be larger there is no 

space for further multiplications. Any improvement compared to the single 

THGEM operation is due to the improvement on charge efficiency collection.  

The use of small induction region gaps does not bring any improvement for the 

THGEM performance. Maybe the use of larger induction gaps, larger than the 

avalanche penetration shows some benefits. 

The high voltage needed for the THGEM-MIGAS compared to the conven-

tional GEM-MIGAS can compromise potential applications on gas detectors. 

In a first approach, the THGEM-MIGAS was not characterized for best per-

formance, compared to the standard GEM-MIGAS. Further studies are needed 

to investigate its performance with more detail    
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Chapter 9. 

Conclusions 

The purpose of this work is the development and study of a new electron 

multiplier, the GEM-MIGAS. This multiplier was developed under the concept 

a standard GEM assembled with a Micromegas induction region.  

Initially, the GEM-MIGAS was introduced combined with an induction re-

gion of 50 µm thickness. The operation performance of this configuration, in 

terms of charge gain and energy resolution, was evaluated in typical gases, Ar 

and CH4 as well as for the standard gas mixtures of Ar-CH4 (90/10%). The 

highest charge gain of about 104 was achieved for Ar, with a slight decrease to 

5 103 for P10 and 3 103 for CH4. The values obtained for Ar and CH4 corre-

spond to an improvement compared to single-GEM and Micromegas configura-

tions. The P10 gas mixture has a better performance for GEM-MIGAS than the 

single-GEM configuration, however  worse than Micromegas. The best energy 

resolutions obtained are about 35% for Ar and 20 22% for CH4   and P10.  

The good performance obtained with the first prototype motivated further 

developments of the structure by increasing the induction region gap from 50 

up to 300µm, expecting that larger induction gap thicknesses may sustain larger 

voltage differences and consequently lead to higher effective gains. The GEM-

MIGAS performance concerning the single electron response, the ion back-flow 

reduction and the viability for neutron detection were evaluated for the extend-

ed gap model. 

A GEM-MIGAS prototype was successfully operated in the parallel-plate 

mode using the He/iso-C4H10 (85/15%) gas mixture at atmospheric pressure 

to measure the charge gain characteristics with the induction gap set to 50, 100, 

150, 200, 250 and 300 µm. The highest charge gains, about 106, occurred for in-

duction regions in the range of 150 to 300 µm. 

The ion back-flow reduction and charge gain measurements in Ar/CH4 

(95/5%), successfully demonstrated that increasing the induction gap of the 
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GEM-MIGAS multiplier from 50 m to 300 m leads to higher gains, reaching 

values above 105. The IBF is reduced by a factor of 5, being the minimum values 

achieved for the 300 µm gap, about 4% for Edrift=0.5 kV/cm and about 2% for 

Edrift=0.1kV/cm. The IBF obtained is similar to that obtained in triple-GEM 

configurations and in Micromegas, but much higher than those obtained in a 

flipped-MHSP/GEM/MHSP electron multiplier cascade (IBF ~ 0.02% at gains 

of 104 and Edrift=0.2 kV/cm). This amount of IBF is sufficient to operate CSI 

photocathode with this electron multiplier. The advantage of the GEM-MIGAS 

is the simplicity compared to other cascade configurations. 

The GEM-MIGAS viability for neutron gaseous detectors based in He/CF4 

mixtures was evaluated in terms of the induction region gap and the GEM hole 

diameter, being demonstrated that the 50 μm induction gap and the 30 μm hole 

GEM configuration  is a viable choice. The gain achieved in 2.6 bar CF4/2 bar 

He, above 103, is large enough for neutron detection, above 2x103, almost two 

orders of magnitude higher than what is needed. 

In conclusion, in most experimental studies the GEM-MIGAS exhibits a better 

performance compared to the single-GEM and Micromegas. The GEM-MIGAS 

structure successfully demonstrated its viability for typical applications of gas 

detector, with confirmed results and with advantages on its simple structure 

and easy assembling.  

Future work will extend the GEM-MIGAS concept to the THGEM. Prelimi-

nary work, performed under this thesis, have demonstrated that the induction 

region should be thicker than 250um to take full advantage of the induction 

field to further increase the multiplier   gain. 
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