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Abstract 

Various experiments and measurements in the field of natural sciences have 
given us a great body of information about structure of matter and the 
evolution of the Universe.  Though the increase in knowledge in these fields 
has been remarkable, further studies are required to answer the questions 
that have arisen. In the fields of nuclear structure and astrophysics, central 
questions concern the processes which lead to production of the chemical 
elements. It is assumed that the elements heavier than iron originate from 
collapsing stars or stellar collisions, the process depending on the nuclear 
forces and symmetries in the rare isotopes. 

Nuclear Structure, Astrophysics and Reactions (NUSTAR) collaboration 
in the Facility for Antiproton and Ion Research (FAIR) will utilize the 
intensive secondary beams from Superconducting Fragment Separator 
(Super-FRS) to investigate the processes leading to production of the 
elements. The secondary beams are produced by accelerating and colliding 
ions up to Uranium into a target, and then by steering the secondary particles 
that are produced in the collision through the Super-FRS. The Super-FRS 
separates the desired isotopes from other secondary particles and steers 
them to the experiments.  

The first part of this thesis describes a detector that can be used as a beam 
monitoring detector in the Super-FRS. The detector is a novel concept, 
combining the best parts of two gas filled detector types, Time Projection 
Chamber (TPC) and Gas Electron Multiplier (GEM). The TPC part is based 
on the knowledge obtained on the TPC-detectors that are in use in the 
current fragment separator of GSI-facility, the predecessor of the FAIR-
facility. The addition of GEM-detector as an amplification stage, in addition 
to adjustment of the amplification, it will reduce the ion feedback that impair 
the resolution and the efficiency of the standard TPC-detectors. 

The second part focuses on the GEM-amplification part. In the harsh 
environment of the Super-FRS, the detectors that will be installed have to be 
well defined and manufactured from high quality components. Because of 
these reasons, an optical scanning system was developed to support the 
quality assurance chain that is needed in the manufacturing of the GEM-
detectors. The system was also used in the endeavors to understand the 
processes that lead to possible breakdown of the detectors. In addition of the 
breakdown, studies of recovering broken detector components were initiated. 
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Tiivistelmä 

Eri luonnontieteiden osa-alueet ovat pyrkineet tutkimaan ja selittämään 
aineen rakennetta ja maailmankaikkeuden kehitystä. Vaikkakin edistys näillä 
alueilla on ollut valtavaa, lisätutkimuksia tarvitaan, jotta kyetään lisäämään 
tietämystä puuttuvista yksityiskohdista. Ydinfysiikan ja ydinastrofysiikan 
aloilla yhtenä merkittävää kysymyksenä on aineen, erityisesti alkuaineiden 
muodostuminen. Nykytietämyksen mukaan kaikki rautaa raskaammat 
alkuaineet syntyvät raskaiden tähtien elinkaaren loppupuolella tähtien 
romahtaessa tai niiden törmätessä toisiinsa. 

Nuclear Structure, Astrophysics and Reactions (NUSTAR) –kollaboraatio 
tulee tutkimaan FAIR-tutkimuslaitoksessa tapahtumasarjoja, jotka johtavat 
alkuaineiden syntyyn. Tätä tarkoitusta varten FAIR-tutkimuslaitokseen 
rakennetaan ydinfragmenttiseparaattori Super-FRS, joka kykenee 
erottelemaan siihen tuotetuista sekundäärisuihkuista halutut isotoopit ja 
ohjaamaan ne koealueille erilaisia mittauksia varten. 

Tämän väitöskirjan alkuosa esittelee Sper-FRS separaattorin, sekä 
uudenlaisen ilmaisintyypin, jota voidaan käyttää ydinfragmenttiseparaat-
torin hiukkassuihkun seurannassa. Ilmaisin yhdistelee parhaat puolet 
kahdesta erilaisesta kaasutäytteisestä hiukkasilmaisimesta, 
aikaprojektiokammiosta (TPC) ja GEM-ilmaisimesta. Tutkimuksen 
lähtökohtana olivat  FAIR-laitoksen edeltäjän, GSI-tutkimuslaitoksen 
ydinfragmenttiseparaattorilla käytössä olevat aikaprojektiokammiot, joissa 
modernia GEM-tekniikkaa ei ole käytetty. Lisäämällä GEM-ilmaisimet 
vahvistuselementiksi, aikaprojetiokammioiden tehokkuutta voidaan 
parantaa uuden separaattorin vaatimalle tasolle. 

Toinen osa keskittyy GEM-ilmaisimiin. Super-FRS –separaattorin säteily-
ympäristössä sinne asennettavilta ilmaisimilta vaaditaan hyvää 
säteilynkestoa. Lisäksi ilmaisimien toiminta eri tilanteissa tulee olla hyvin 
määriteltyä, jotta laitteiston käyttöikä olisi mahdollisimman pitkä. 
Käyttöikään vaikuttaa asennetun laitteiston laatu. Tämän vuoksi kehitettiin 
optinen kuvantamisjärjestelmä, jolla voidaan tarkkailla GEM-ilmaisimien 
laatua. Käyttämällä erilaisia menetelmiä, voidaan mitata ja tutkia hyvin 
pieniä yksityiskohtia, kuten kalvossa olevien reikien halkaisijaa ja muotoa.  
Laitteistolla kyetään myös paikallistamaan kalvoissa olevia oikosulkuja, jotka 
heikentävät ilmaisinkalvojen signaalinvahvistusta. 

Tehtyä tutkimusta GEM-tekniikkaan perustuvien ilmaisimien käytöstä 
voidaan suoraan hyödyntää myös muissa sovelluksissa ydinfysiikallisten 
kokeiden ulkopuolella. Kehitetyt säteilynilmaisimet ovat omiaan säteilyn 
mittaukseen kaikissa ympäristöissä, joissa tarvitaan laaja-alaista helposti 
muokattavaa mittalaitteistoa. Tälläisiä aloja ovat esimerkiksi lääketieteen 
kuvantaminen, säteilynvalvonta ja erilaiset avaruussovellukset. 
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1 Introduction 

The understanding of the evolution of the Universe and the structure of 
matter has increased over the past century. Theoretical models to describe 
the subatomic constituents, and the fundamental forces binding them, as 
well as, models describing how these building blocks came into being. 
Regardless of these advances, there are notable gaps in the cognizance of the 
nature and evolution of matter.  Questions that need to be explored cover 
areas from sub-microscopic to cosmic scale. 

In nuclear structure and astrophysical studies, measurements of the 
nuclear properties far from the valley of beta-stability provide information on 
the nuclear binding energy, and determine the structure and decay 
properties of the atomic nuclei. Systematic studies produce new information 
on global properties of nuclides, such as shell closures, limits of existence 
and changes of nuclear shapes and pairing. The masses of the exotic nuclei 
are important in testing and developing nuclear models and in studying the 
processes taking part in the stellar nucleosyntehesis [1]. 

Nuclear beam facilities are employed in the production of exotic nuclei. 
Two main production mechanisms to generate exotic nuclei at high primary 
beam energies are projectile fragmentation and projectile fission. By using a 
system with bending magnets and degrader stages, monoisotropic nuclear 
beams can be produced [2]. 

To produce as monoisotopic nuclear beams as possible, a detector system 
for monitoring the beam properties throughout the flight path in the 
magnetic system is needed. The detectors to be used should be able to 
measure and track beams of different particle densities and energies with a 
good resolution. In order to be used as in-beam detectors, they should have 
minimal interference with the beam. The detectors should also sustain large 
amounts of radiation, since constant maintenance is not possible in these 
kinds of environments. A critical part in manufacturing the beam monitoring 
detectors consists of the quality assurance (QA) during each manufacturing 
stage. 

This thesis describes a novel type of a detector system, GEM-TPC, which 
could be used as the beam monitor in the magnetic system Super-FRS 
separator, of the nuclear beam facility FAIR now under construction. Chapter 
2 introduces the future FAIR facility and gives a general overview of the 
planned experiments at the facility. Chapter 3 presents the nuclear fragment 
separator Super-FRS and Chapter 4 the planned NuSTAR-experiments, 
which utilize the nuclear beams from the separator. 

The detector concept is discussed in Chapter 5. In this chapter, the first 
prototype for preliminary analysis is also discussed. In Chapter 6, some of 
the key issues in the performance of the detector at the Super-FRS are 
analyzed using various simulation tools.  
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To support the detector construction and to analyze possible issues that 
might come along at the final application, an optical scanning system was 
developed. This is presented in Chapter 7 together with the other quality 
control measures that are recommended to be used while assembling the 
detectors. In Chapter 8, matters that might reduce the lifetime of the 
detectors are addressed with strategic ways to recover damaged components. 
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2 Facility for Antiproton and Ion Research 

The Facility for Antiproton and Ion Research, FAIR, will be an international 
accelerator facility for the research based on antiprotons and ions. It will 
consist of eight ring colliders, two linear accelerators, two synchrotrons and 
about 3.5 kilometers of high energy beam lines including Superconducting 
Fragment Separator (Super-FRS). The facility is being built as an extension 
of the current GSI research institute at Darmstadt, Germany and will utilize 
the current facility as pre-accelerator and injector for the new complex. 

The new facility will be able to perform experiments in various fields of 
physics, in a region that was previously inaccessible. The research programs 
include investigations with beams of short-lived radioactive nuclei, studies of 
hadronic matter at sub-nuclear level, studies of dense hadronic matter on 
nucleus-nucleus collisions, studies of high-density plasma and studies of 
quantum electrodynamics of ion-matter interactions [3]. The planned 
experiments required the development of a new accelerator facility with 
substantially higher beam intensities, and a collection of storage and cooling 
rings.  

2.1 Accelerators  

A schematic view of the planned accelerator complex is shown in Figure 1. 
The central part of the accelerator facility is the SIS100 superconducting 
synchrotron with a circumference of about 1,100 meters. For the highest 
intensities, the synchrotron will be operated at a repetition rate of 1 Hz. The 
goal of the SIS100 is to achieve intense pulsed uranium beams at 1 GeV/u 
and intense pulsed proton beams at 29 GeV. 

Beams with average intensities up to 3×1011 ions per second at the 
energies of 1 GeV/u, can be provided with the double synchrotron. This can 
be done directly with the SIS100 or by transferring and slowly extracting the 
beam from the SIS300. The SIS300 can provide high-energy ion beams of 
the maximum energy of 45 GeV/u in case of Ne10+ ions and close to 35 GeV/u 
in case of fully stripped U92+ ions. 

The present SIS18 has basic intensity limitations for primary beam ions 
due to space-charge effects and the fixed magnetic rigidity of 18 Tm. These 
shortcomings can be reduced, if the projectiles are accelerated in lower ionic 
charge stages with the SIS 100/300 [4].  

An important feature of the FAIR accelerator facility is that, due to 
intrinsic cycle times of the accelerator and storage-ring cooler rings, up to 
four research programs can be run in a parallel mode. This allows an 
efficient, cost-effective and multidisciplinary research program [5]. 
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Figure 1 A schematic view of the FAIR facility. The currently existing components at GSI are 
the UNILAC linear accelerator and SIS18 synchrotron. 

2.2 Experiments 

FAIR allows carrying out several physics programs in parallel. The main four 
experiments or collaborations of experiments are APPA, NUSTAR, CBM and 
PANDA. Experiments of the NUSTAR collaboration will be discussed in 
Chapter 4.  

2.2.1 Atomic, Plasma and Applied Physics 
The Atomic, Plasma Physics and Applications (APPA) is a collaboration of 
experiments dedicated to studies of different fields of materials science, 
biology and atomic physics and their applications. It consists of five different 
sub-collaborations: biology and material science (BIOMAT), facility for low-
energy antiproton and ion research (FLAIR), high energy density matter 
generated by heavy ion beams (HEDgeHOB), stored particles atomic 
research collaboration (SPARC) and warm dense matter collaboration 
(WDM). 

The BIOMAT irradiation facility is dedicated to biophysical experiments 
with main focus on space radiation effects and experiments for ion-induced 
changes in solids. Experiments in both fields require access to a broad range 
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of beams (protons up to uranium) and ion energies from the SIS18 as well as 
the SIS100 synchrotron [6]. 

FLAIR uses the beams of antiprotons and highly-charged ions from NESR 
to further decelerate and cool them in two storage rings (LSR and USR) and a 
universal trap facility HITRAP. Antiprotons will be provided in both slow and 
fast extraction down to the keV-range with high intensities and phase space 
densities [7]. 

For most of the metals, only rough theoretical estimates of the critical 
point parameters are available. A broad area of the phase diagram below the 
shock adiabates including the critical point region, states of expanded hot 
liquid and strongly coupled plasma as well as warm dense matter region is 
still unexplored experimentally. This is the area which will be accessible in 
the HEDgeHOB experiments using the intense heavy ion beams at FAIR [8]. 

In SPARC, there are experiments in two major research areas: collision 
dynamics in strong electromagnetic fields and fundamental interactions 
between electrons and heavy nuclei up to bare uranium. The detection 
methods using reaction microscopes enable the coincident measurement of 
the momentum vectors of electrons and ions after the fragmentation of 
atoms or molecules. For medium and low energies, the cooler rings NESR 
and the low-energy ring LSR will be exploited for the collision studies. 
Fundamental atomic processes can be investigated in a kinematically 
complete fashion for the interaction of cooled heavy-ions up to bare uranium 
with photons, electrons and atoms. These studies extend into the low-energy 
regime, where the atomic interactions are dominated by strong perturbations 
and quasi-molecular effects [9]. 

The WDM collaboration focuses on high-density finite-temperature 
regime, where free and bound electrons become strongly correlated. This 
occurs when condensed matter reaches temperatures near and above Fermi 
temperature, when plasmas are cooled and simultaneously or separately the 
density is increased. The experimental arrangement for Warm Dense Matter 
research is based on a dynamic confinement scheme for solid hydrogen and 
neon samples [10]. 

2.2.2 Nuclear Matter Physics with CBM 
The Compressed Baryonic Matter experiment (CBM) is designed for the 
investigation of highly compressed nuclear matter. This can be produced 
with the relativistic heavy-ion collisions. By varying the beam energy and the 
reaction system, different states and phases of strongly interacting matter are 
expected to be produced. 

The core of the CBM is a Silicon Tracking System, which is located in a 
dipole magnet. In addition a Micro-Vertex Detector will be implemented for 
the determination of primary and secondary vertices. The electron 
identification is provided in conjunction with a Ring Imaging Cherenkov 
detector and a system of Transition Radiation Detectors. The hadron 
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identification is facilitated by a Time-of-Flight measurement by a wall of 
timing Resistive Plate Chambers. An electromagnetic calorimeter is used for 
the identification of photons [11]. 

2.2.3 PANDA 
The PANDA experiment operates at the HESR. The main scientific goals of 
the experiment consist of the following: 1) search for exotic particles, 2) 
measurement of the hadronic properties, 3) study of the in-medium effects of 
hadronic particles, 4) study of the nucleon structure, and 5) measurements of 
nuclear properties including the strangeness degree of freedom. 

PANDA is a fixed target experiment, for which the HESR will provide a 
high resolution antiproton beam. This enables the study of antiproton-proton 
and antiproton-nucleus interactions at the beam momenta of 1.5 GeV/c to  
15 GeV/c. 

 The detector consists of an electromagnetic calorimeter and a precise 
tracking system. The detector has two parts, a central tracker with a 
superconducting solenoid and forward spectrometer for small-angle 
trajectories based on a dipole magnet [12]. 

2.3 Modularized Start Version 

Based on the cost estimates in 2007, the construction of the FAIR facility was 
divided into six modules which will be realized in two main stages, A and B. 
The modules are described in Table 1. In stage A, the modules 0-3 will be 
finalized. Diagram of the phase A in modularized start version can be seen in 
Figure 2. The phase B will be realized gradually with a schedule depending 
mainly on its funding profile [13].  
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Table 1. Overview of the modules in the modularized start version of the FAIR-facility 
[14]. 

Phase Module Construction Scientific users 

Phase A Module 0 Central accelerator unit SIS 100 

with connection to existing GSI 

accelerators. 

All research programs.

Module 1 Buildings housing the CBM 

detectors and experiment set-

ups for BIOMAT and APPA 

CBM and APPA 

Module 2 Super-FRS without CR and 

Low-energy branch building. 

NUSTAR 

Module 3 Components for the antiproton 

beams: p-linac, antiproton 

target, CR and HESR. 

PANDA 

Phase B Module 4 NESR ring, FLAIR hall and 

Low-energy branch building for 

NUSTAR 

APPA and NUSTAR 

Module 5 RESR storage ring NUSTAR, APPA and 

PANDA 

 

 

Figure 2 The FAIR Modularized Start Version. Coloring of modules: 0 – green; 1 – red; 2 – 
yellow; 3 – orange. The Modules 4 and 5 are not marked in color. Not shown is the 
additional experimental area above ground, which is part of Module 1. On the left 
hand side of the figure, the existing GSI facility is shown [14]. 
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3 Superconducting Fragment Separator 

The fundamental interactions between the nucleons play a major role in 
atomic nuclei. The sum effect of the interactions is connected to the binding 
energy and thus directly to the mass of the nucleus. Experimental nuclear 
masses are often used as a tool to reveal new nuclear structure effects.  

Measurements of masses, lifetimes and excited states of exotic nuclei, 
close to the border of their existence, can reveal new nuclear properties due 
to their large asymmetry in the proton-neutron ratio. The measurements can 
also be used to test and improve the nuclear theories and models.  The 
measurement of these kinds of nuclei is difficult due to their short lifetime 
and small production cross-sections. For this, efficient and fast experimental 
techniques are needed [15]. 

The fragment separator FRS at GSI provided high energy, spatially 
separated monoisotopic beams of exotic nuclei of all elements up to uranium. 
Although the contribution of the device to the field of nuclear structure 
physics was important, improvements to the current device were desirable 
[4][16]. 

  Based on the experience obtained from the FRS, a new fragment 
separator with superconducting magnets and two separator stages, the 
Super-FRS, was proposed to be built for the new FAIR facility. The new 
separator will have a much larger phase-space acceptance and thus ten times 
higher transmission compared to the current FRS. In combination with the 
FAIR accelerators it is possible to access new regions in the nuclear 
landscape. Figure 3 shows a nuclear chart where the new regions that will 
become accessible with the Super-FRS are marked with blue color. 

3.1 In-Flight Separation 

The production of high-energy radioactive nuclear beams relies on the 
kinematic focusing in nuclear reactions that occur with heavy projectiles at 
relatively high incident energies. The emergent exotic ions can be rapidly 
separated by in-flight techniques before they decay or come to rest in matter. 

Projectile fragmentation is a process through which very high energy 
nuclei are broken into smaller residues that retain most of the vector 
momentum of the beam. The beam of exotic nuclei must be separated from 
the primary beam and from the other reaction products by a combination of 
magnetic elements acting on the distribution of ions. Selection to magnetic 
rigidity gives a set of isotopes with a single momentum-to-charge ratio [17]. 
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Figure 3 A chart of nuclei. The stable nuclei are marked with black color, the known nuclides 
with gray and the nuclei measured with FRS-ESR with dark gray color. The regions 
that become accessible with Super-FRS are marked with light gray [18]. 
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The radial deflection in a homogenous sector field is characterized by the 
magnetic rigidity. The main separation characteristics can then be derived 
from the rigidity relations.  Since fragments produced by the projectile 
fragmentation in a thick production target typically have very wide 
momentum distributions centered on the beam momentum, many of them 
fulfill the B� condition and are transmitted through the momentum slits. For 
fully stripped ions this is equivalent to A/Z selection [19].  

The primary beam passes through the production target and retains a 
large fraction of its initial kinetic energy. Therefore, the beams can be 
produced and delivered at high energy without the need for reacceleration. 
The process can be extremely efficient, and the production target needs to be 
able to dissipate a fraction of the beam power. The part of the primary beam 
that does not interact with the target is collected in a beam dump at some 
point in the separator. 

The separation is realized in practice with a specially shaped energy 
degrader in the dispersive intermediate focal plane of an achromatic 
magnetic separator system. The first stage of the separator separates the 
projectile fragments according to A/Z since the velocity of the primary beam 
is approximately conserved. The separation method also requires that the 
fragments emerge fully ionized from the production target. For this the 
relativistic velocities are required [20].  

The main advantage of the in-flight technique is due to the short 
separation times. The time-of-flight is of the order of microseconds in devices 
used near the Coulomb barrier, and decrease to few hundred nanoseconds 
within separators of relativistic nuclei. This gives access to all nuclei up to the 
extreme limits of nuclear stability and the high sensitivity to single atoms 
[21]. 

The in-flight separators are not designed for high momentum or energy 
resolving power because of the large phase space of the reaction products. 
The primary goal is thus to extract efficiently a pure beam of a selected rare 
isotope out of the flood of other reaction products. A high-resolution system 
such as an ion-optical spectrometer can follow the separation phase [21]. 

3.2 Design of the Super-FRS 

The Super-FRS will be an in-flight separator designed to spatially separate 
rare isotopes emerging from a high-power production target impinged by 
heavy-ion beams up to uranium at relativistic energies and with intensities 
up to 1011 ions/s. The rare isotopes are produced by projectile fragmentation 
and fission of relativistic projectile beams accelerated by the current heavy-
ion synchrotron SIS-18 or by the superconducting synchrotrons SIS-100 and 
SIS-300. The Super-FRS consists of a two-stage magnetic system, the Pre-
Separator and the Main-Separator. Both separator stages are individual 
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achromatic systems with an intermediate dispersive focus at the degraders 
[2] [22]. The planned layout of the separator is depicted in Figure 4.  

The intensities that the accelerator complex will provide to the Super-FRS 
will be 100-1000 times higher than with the current FRS separator [23]. 
Compared to the current separators of radioactive-isotopes, the BigRIPS at 
RIKEN, the energies of the primary beams will be four times higher [24]. The 
parameters of the Super-FRS compared with the FRS at GSI and BigRIPS at 
RIKEN can be seen in Table 2. 

 

 

Figure 4 Layout of the Superconducting Fragment Separator. 
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Table 2. The key parameters of the Super-FRS compared with the FRS at GSI and 
BigRIPS at RIKEN [16][25]. 

Facility Max. Magnetic 
Rigidity 

Momentum 
Acceptance 

Angular Acceptance 

 B�max/[Tm] �p/p �x/[mrad] �y/[mrad]
FRS 18 ± 1 % ± 7.5 ± 7.5 
BigRIPS 9 ± 3 % ± 40 ± 50 
Super-FRS 20 ± 2.5 % ± 40 ± 20 
 

The higher primary beam intensity leads to correspondingly higher 
production rates of parasitic fragments in the degrader [26]. Secondary 
fragments produced in the degrader from intense fragments can pass to the 
exit of the pre-separator due to the changing mass and charge. Therefore, an 
additional degrader stage which acts as pre-selector before the fragments 
enter onto the main degrader is included.  

The separation will be done within hundreds of nanoseconds, and the 
separated ejectiles will then be injected to one of the three branches 
connecting different experimental areas of the NuSTAR experiments. The 
High-Energy branch will host experiments of reaction studies similar to the 
ALADIN-LAND experiments at the FRS, Ring branch studies with the cooled 
beams and the Low-Energy branch precision experiments with the energy-
bunched beams stopped in a gas cell.  

To access the most neutron-rich nuclei created with projectile fission, a 
large acceptance high-energy separator is required. The corresponding 
acceptance of the pre-separator can be obtained by means of large apertures 
and high fields in the magnets. The projectile beam emerging from the 
production target has to be separated from the selected fragments and 
stopped in a catcher system. The high-intensity primary beam should not 
impinge on the first degrader to maintain the high-quality separation power 
of the two separation power achromatic stages. 

Besides the reduction of the contaminants the two-degrader stages can 
introduce cut lines at different angles in the separation if the mean velocities 
substantially differ in the Pre- and the Main-Separator. This contributes to 
the separation performance and reduces the contaminants at the final focal 
plane [22]. 

In the case where the Pre-Separator is already sufficient, the Main-
Separator can be used as a high resolution spectrometer. On this account, the 
higher ion-optical resolution of the Main-Separator, compared to the Pre-
Separator, is highly motivated [22]. 
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3.3 Separation in Super-FRS 

The requirements for the production targets are determined by the 
parameters of the primary beam. The different experiments require different 
types of targets depending on the extraction mode. The experiments at low- 
and high-energy branches require slow extraction, whereas the fast 
extraction is needed for the ring branch in order to get efficient injection of 
secondary beams. 

The lower limit for the spot size is determined by the physical material 
properties of the target. The dispersive spot size at the target is varied in the 
range of 1 mm � �x � 4 mm and 2 mm � �y � 15 mm. The magnetic system 
has to operate under different magnetic rigidity and phase-space regimes 
depending on the properties of the extracted primary beams. The separator 
will be run in two different extraction modes, fast and slow, depending on the 
requirements of the experiments.  In fast extraction mode the bunch length 
will be 25-100 ns with 1.5 Hz repetition rate. For the fast-extracted beams the 
total power deposited inside the target material can induce high radiation 
damage. Thus the beam spot size will artificially be enlarged in order to avoid 
destroying the production target [23]. 

The detection system for the Super-FRS will be used commonly by the 
experiments. It will be used to set up and adjust the separator, to provide 
necessary measures for machine safety and monitoring and to allow particle 
identification, tracking and characterization of the ions. An online 
monitoring has to detect the possible deviations of the primary beam 
position and set an immediate interlock to the system [16].  

The slow extracted beam in Super-FRS has a spill length of 1-10 s. The 
beam diagnostics detectors that will be used in this part are placed in all 
intermediate foci of both main and pre-separator. The area of the dispersive 
mid-focal plane of the main separator is (40 × 20) cm2 [16]. In Figure 5, focal 
planes of the Main-Separator along the magnetic system are shown and 
indicated by MF1-MF9.  

The total particle rates vary along the separator giving limitations to the 
possible detector types that can be used. Six different scenarios are listed in 
Table 3. 
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Figure 5 The main separator of the Super-FRS with the different focal planes indicated by 
MF1-MF9 [16].  

 

Table 3. Total particle rates for different beam types at various positions along the Super-
FRS [27]. 

 Degrader 1 PF4 Slits Degrader 2 Final focus 
132Sn to HEB 1.9×1010 1.2×1010 1.8×108 4.6×106 
90Sr to HEB 3.4×109 1.2×109 1.1×107 1.9×106 
132Sn to RB 1.5×1010 6.3×109 9.7×107 3.2×106 
104Sn to RB 1.9×109 5.7×107 9.3×105 3.9×104 
210Hg to LEB 1.8×1010 1.9×107 7.9×104 9.7×102 
78Ni to LEB 3.9×108 4.6×107 5.5×105 2.2×102 

 



Nuclear Structure, Astrophysics and Reactions 

26 
 

4 Nuclear Structure, Astrophysics and Reactions 

NuSTAR is a collaboration of experiments that all benefit from the secondary 
beams coming from the Super-FRS. The experiments will study the structure 
and dynamics of unstable nuclei. The scientific goals include: 1) finding the 
limits of existence of nuclei, 2) studying isospin dependence of the effective 
nucleon-nucleon interaction, 3) probing of the equation of state of nuclear 
matter, 4) understanding how the shell structure is modified in exotic nuclei, 
and 5) how do new collective modes appear far away from stability and 
finding out how the heavy elements are produced in the universe [28]. 

To investigate these questions of nuclear structure, the NuSTAR 
collaboration will build a setup consisting of complementary experiments. 
Each one of the experiments will specialize in particular observables. The 
experiments are divided between the three branches of the Super-FRS 
according to the energy region they plan to study. The Ring-Branch will 
utilize the fast extraction, while the other branches use slowly extracted 
beams. 

4.1 High-Energy Branch 

The High-Energy Branch supplies experiments with fast secondary beams up 
to B�max of 20 Tm. It combines the in-flight separator with an efficient 
reaction setup. At the High-Energy Branch, Reactions with Relativistic 
Radioactive Beams (R3B) setup aims to study a broad spectrum of reactions 
at relativistic energies to investigate single-particle and collective excitations 
in nuclei near driplines, as well as nuclear matter properties and reaction 
rates for astrophysics. 

The experimental setup is based on the know-how obtained with the 
Large Area Neutron Detector (LAND) [29] reaction setup at GSI. The 
improvements to the LAND setup rest on the improvements of the beam 
properties provided by the Super-FRS. The setup is adapted to the highest 
beam energies targeting to the highest possible transmission of secondary 
beams [30].  The most essential upgrades concern the target recoil detector 
and the two magnetic spectrometers. 

The incoming secondary beams are tracked and identified on an event-by-
event basis. Measurements of the magnetic rigidity B� (position 
measurement at the dispersive focus in the Super-FRS), time-of flight ToF, 
and energy loss �E provide unique isotope identification and momentum 
determination. Although the secondary beam has a momentum spread of 
±2.5%, the momentum will be determined with a resolution of �p/p ~ 10-4 
(event-wise). After the secondary target, the kinematically forward focused 
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projectile residues are again identified and momentum analyzed. A scheme 
of the R3B experimental setup is shown in Figure 6 [30]. 

Figure 6 A scheme of the experimental setup of the R3B. 
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The use of the Super-FRS implies that no other experiments with 
radioactive beams for Low-energy or Ring branch can be operated in parallel. 
The experiment will accept beams from Super-FRS making use of the full 
acceptance with an emittance of 200 � mm mrad and a momentum spread of 
±2.5%. A beam spot size of 3×3 cm2 is considered. Typical experiments to be 
performed at R3B need two to three weeks of beam time [30]. 

4.2 Low-Energy Branch 

At the Low-Energy Branch, various detector systems are used in precision 
measurements. The branch will have an energy buncher-spectrometer for 
particle identification, precision momentum spectroscopy and longitudinal 
phase-space compression. Together with the stopping cell, re-accelerated 
low-energy beams for trapping and laser spectroscopy experiments will be 
provided. 

The setups at the Low-Energy Branch consist of experiments of High-
Resolution In-Flight Spectroscopy (HISPEC), Decay Spectroscopy (DESPEC) 
[31], Precision Measurements of very short-lived nuclei using Advanced 
Trapping System for highly-charged ions (MATS) and Laser Spectroscopy 
(LaSpec) collaborations [32]. Figure 7 shows a schema of the originally 
planned locations of the experiments. At the modularized start version the 
experiments are included in phase A, while the building for the experiments 
is constructed during phase B. Therefore, an alternative design of the 
positioning of the experiments at the end of the Super-FRS has also been 
introduced. 

4.2.1 HISPEC/DESPEC 
The HISPEC/DESPEC experiments study nuclear structure, reactions and 
astrophysics using radioactive beams with energies of 3-150 MeV/u or 
stopped and implanted beam species. The beams delivered by the energy 
buncher of the Low-Energy Branch will be used for �-ray, charged particle 
and neutron spectroscopy [31]. 
The HISPEC setup will perform beam tracking and identification with 
detectors before and behind the secondary target. These detectors include 
Advanced Gamma Tracking Array (AGATA) germanium detector, charged 
particle detectors, a plunger, a magnetic spectrometer and other 
supplementary detectors. Figure 8 shows the planned lay-out of the HISPEC 
detectors at the end part of the Low-Energy Branch with a highlight of the 
AGATA detector. 

A unique feature of the Super-FRS will be the access to regions where the 
waiting points for the r-process occur. For the understanding of the r-process 
nucleosynthesis of heavy elements in supernova explosions one needs to 
know the �-decay half-life, the neutron branching ratios and the neutron (or 
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two-neutron) separation energy of these nuclei. The DESPEC set-up will 
enable to measure the first two quantities. Another very important aspect of 
DESPEC is the possibility to study the decay properties of isomeric levels in 
nuclei which survive the flight time from the moment of production until the 
time of arrival to the set-up [33]. 

The DESPEC setup will use silicon based implantation and decay 
detectors, a compact germanium array, neutron detectors, fast BaF2 
detectors, a total absorption spectrometer and equipment for g-factor and 
quadrupole moment measurements. A rough schematic of the DESPEC 
detectors can be seen in Figure 9. 

The beams from the Super-FRS allow gain of the order of 103 for 
fragmentation and 104 for fission products compared to the beams available 
currently at the FRS. The Super-FRS can also provide exotic nuclei with 
lifetimes down to a few 100 ns and ion beams composed of single or several 
isotopes and beams in high spin isomeric states. The beam intensities will be 
from 10-5 to 107 particles/s. All of the experiments anticipated at DESPEC 
involve implantation of the ions in an active stopper prior to the decay. 

 

Figure 7 A schematic view of the experiments at the end of the Low-Energy branch of Super-
FRS. 
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Figure 8 The HISPEC setup with the AGATA Ge detector. 

 

Figure 9 A schematic presentation of the DESPEC setup. 
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4.2.2 MATS and LaSpec 
High-accuracy mass values give an access to the nuclear binding energies 
that represent the sum of all the nucleonic interactions [34]. Accurate mass 
values contribute to a variety of fundamental studies including tests of the 
Standard Model and the weak interaction [35]. The MATS and LaSpec setups 
at the Low-Energy Branch plan to study nuclear ground state properties 
including masses, charge radii, spins and moments. These will be studied 
using techniques such as the Penning-trap based mass spectrometry and 
laser spectroscopy [32].  

The proposed project aims for a relative mass precision of better than 10�8 
even for nuclides with half-lives of only 10 ms. Depending on the speed of 
extraction for the Low-Energy branch gas catcher, the charge-breeding and 
trapping time at overall efficiency of about 1–5%, nuclides with yields of only 
a few 10/s are accessible. By using highly-charged ions, resolving powers of 
above 107 will be easily obtained, enough to resolve low lying isomers with 
excitation energies of a few 10 keV. 

MATS setup can profit from all beams of both neutron and proton-rich 
nuclides far from stability delivered by Super-FRS. For the LaSpec the high-
intensity beams allow measurements of proton and neutron drip lines with 
high accuracy and efficiency. In standard ISOL facilities the production of for 
example refractory elements is not available.  

Figure 10 shows a schema of the MATS and LaSpec setups at the end of 
the Low-Energy Branch. The MATS beamline is shown schematically in red 
with the Electron Beam Ion Trap (EBIT) junction. The MATS setup consists 
of the off-line ion source and the preparation Penning trap section at the 
ground floor and of the measurement Penning trap section at the first floor.  

The LaSpec beamline is represented by green components starting from 
the common supply line divided to the ion beam line on the right and on the 
left the atom beam line with beta-NMR marked with cyan color. At the first 
floor is located the setup for neutron decay and total absorption 
spectroscopy.  

The common components before the MATS and LaSpec setups are the 
buncher section marked with purple color, the multi-reflection time-of-flight 
mass spectrometer marked with orange and the switchyard between the two 
setups marked with gray color. 
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Figure 10 A schematic of the MATS and LaSpec experiments at the end of the Low-Energy 
Branch of the Super-FRS. 

4.3 Ring Branch 

The Super-FRS will be connected via the Ring Branch to Collector Ring (CR) 
which will be used in mass and half-life measurements of very short-lived 
nuclides. Longer lived nuclides will be stochastically pre-cooled in the CR 
and will be transferred to the New Experimental Storage Ring (NESR). It is 
also possible to inject ions directly to NESR while CR is used in other 
experiments [36]. 

For the mass and lifetime measurements very thin degraders will be used 
in the Super-FRS to produce a wide range of stored elements with similar 
mass to charge ratio. With thick degraders, the production of ejectiles of 
certain isotopes and for investigations of special decay branches will be done. 
For heavy nuclides the combination of the Super-FRS separation and the 
stochastic cooling in the CR is needed. With full acceptance the cooling time 
in the CR is about 1 s for all fragment species. In this case the selection of the 
studied nuclei is limited by their half-life. 
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Fast extracted beams from the SIS-100/300 synchrotrons will be required 
to efficiently inject the beam into the ring system. For experiments on mass 
and half-life measurements in the CR, beam pulses of 100 ms can be used. 
Experiments in the NESR will require beams to be delivered every few 
seconds or every few minutes depending on the types of the measurements. 
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5 GEM-TPC for Beam Diagnostics of the Super-
FRS 

As described in Section 3.3, the beam diagnostics system of the Super-FRS 
will be used by all the NuSTAR experiments located in one of the three 
experimental branches of the separator. Due to varying conditions and 
different requirements of the experiments, the beam monitoring is done with 
several different types of detectors.  

Time Projection Chambers (TPCs) have successfully been used in beam 
monitoring in the FRS [37]. The performance of the detectors in the 
measurements has proved the suitability of the detector type in this kind of 
application. Therefore it was seen practical to develop these detectors further 
to the Super-FRS environment.  

The higher intensity of the Super-FRS requires a detector with shorter 
time to clear the drift volume from the charge. This cannot be achieved with 
the basic TPC technology. Therefore, Gas Electron Multipliers (GEMs) were 
suggested to be included in the readout part of the TPC. 

5.1 Time Projection Chamber 

The Time Projection Chamber consists essentially of a large gas container, 
the sensitive volume, in which the electrons produced in the ionizing tracks 
drift along a suitable electric field to an end-cap. The electric field in the drift 
region has to be as uniform as possible and ideally similar to an infinitely 
large parallel-plate capacitor. Ideally there would be a constant uniform field 
inside the detector [38].  

In Figure 11, a basic box shaped TPC is described. The field uniformity at 
the drift volume inside the detector is ensured by constructing the field cage 
around the volume from metalized strip electrodes. The electrodes are 
connected together with a resistor chain that is used to decrease step-wise 
the voltage potential from the maximum negative value at the cathode, to 
usually zero value at the anode readout. 

 The event topology inside the detector, sliced in narrow time intervals, is 
rapidly stored in a large system of analogue shift register, then multiplexed 
and read out at a conveniently lower speed. The order number of the 
considered time slice gives the elevation of each projection. The induced 
pulse heights in the anodes give the coordinates of each segment in the 
projection. Therefore both the geometry and energy deposit of the events are 
measured with an excellent point density [39]. 
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Figure 11 The field cage of a Time Projection Chamber. 

The Time Projection Chambers were originally developed for particle 
physics experiments but were rapidly adapted in research of relativistic heavy 
ions. The large acceptance of the TPC is ideal for tracking particles in high-
density environments. However, operating a conventional large TPC as a 
continuously sensitive drift chamber has a limitation in performance. The 
track and momentum resolution suffer from positive ions from charge 
multiplication which eventually will drift back into the drift space. These 
track distorting space charges tend to interfere with the performance of the 
detector. Due to the low mobility of the ions, the effect will worsen the overall 
performance at high rate environment [40].  

The ionization power of a fully stripped U ion is 8464 times higher than 
the ionization power of a proton of the same energy. Figure 12 shows the 
tracking efficiency of the TPC detectors that are in use at FRS as a function of 
the intensity of 238U at the beam energy of 1 GeV/u [41]. 

 

Figure 12 Tracking efficiency of the TPC detectors used in FRS as a function of the intensity 
of 238U ions at 1 GeV/u energy [41]. 
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5.2 Gas Electron Multiplier 

The Gas Electron Multiplier (GEM) consists of two metal layers separated by 
a thin insulating polymer layer. The foil is etched with regular matrix of open 
channels using photolithographic methods. Upon application of a suitable 
difference of potential between electrodes, an electric field in a GEM-hole 
develops. Electrons released by ionization in the upper gas volume, drift into 
the holes, avalanche in the high field region and leave towards the electrode 
[42].  

Figure 13 shows a sketch of GEM-foil dimensions made with the double-
mask method. Standard GEM-foil has bi-conical holes with an outer 
diameter, D1, of 70 μm and an inner diameter, D2, of 50 μm. The pitch P is 
140 μm. The thickness of the polyimide layer is 50 μm, with 5 μm copper 
coating on both sides. 

 

Figure 13 Sketch of dimensions of standard bi-conical GEM-foils. Outer diameter D1 of holes 
is 70 μm and inner diameter D2 is 50 μm. The pitch P is 140 μm. 

With new developments in etching methods the foils can be perforated by 
using a single mask method [43]. In this method the hole is made from one 
side of the foil producing conical holes with top diameters of 90 μm and 
bottom diameters of 45 μm. The diameters on holes depend on the etching 
time and processing temperature. 

In order to achieve higher gains, the field density in the amplifying 
channel can be increased by raising the potential difference between upper 
and lower GEM electrodes. This could also be achieved by decreasing the 
diameter of the holes. In this case, a saturation effect due to increasing losses 
of electrons has been seen at diameters below 60-70 μm [44]. However these 
losses are likely to be caused by the small inaccuracies and impurities from 
the manufacturing technique.  

With a single foil, amplifications of a factor of few thousand can be 
achieved. The limiting factors come from the gas properties and from the 
impurities in the insulating layer. Limitation for the avalanche in gases is set 
by the Raether limit of multiplication in an ionization avalanche process, 
An0<108 electrons, where A is the gas gain and n0 the number of primary 
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electrons. If the charge density evolves above this limit, streamers are formed 
and gas discharges will occur. For micro-pattern gas detectors, such as 
GEMs, the Raether limit is limited to 106-107 electrons [45] [46]. 

Assembly of several GEM foils in cascade permits to reach to higher gains 
and extend the range of tolerated charge before discharges will occur. 
Cascading foils allow single foil to be kept in lower potential while the overall 
gain of the detector can be increased. However, even with several stages in 
cascade, the maximum obtainable gain drops with the counting rate and in 
the presence of heavily ionizing particles [47] [48]. Schema of a basic triple-
GEM detector is shown in Figure 14.     

 

Figure 14 Schema of components on a triple-GEM detector. 

5.3 GEM-TPC 

The positive ions produced in the avalanches accumulate in the drift volume 
and modify the field inside the TPC. This results in track distortions and 
increases the closing time of the detector. By cancelling the gain of the 
positive ions the number of distortions will be reduced significantly. The only 
remnant ion distortion source would then be the primary ionization, effect of 
which can be considered negligible in the overall resolution [49] [50]. 

When using GEMs for the gas amplification at the anode, the signal 
formed in the readout strips will be fast and narrow. The fine hole shaping of 
the GEM allows the detection of the charge cloud with high spatial 
resolution. By using different electric fields on the sides of the GEMs, the 
drift of ions created in the avalanches can be suppressed and thus no gating 
grid is required. Other advantages include the robustness and freedom of 
shape as the polyimide foil can be tailored to the needs [51] [52]. 

For a single GEM the fraction of ions receding into the drift volume equals 
approximately the ratio of drift and transfer fields above and below the foil. 
In multi-GEM structures, most of the ions are generated in the last 
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multiplication stage and thus are partly collected by the other stages. In these 
cases the total number of ions reaching the drift volume is further reduced 
[52].  

By using conical or single-mask foils where the diameters of the holes 
between the sides are of different size the ion feedback can be reduced even 
further. In this case the larger holes are set to face towards the drift region to 
give maximal transparency for electrons drifting towards the anode. The ions 
drifting back will have smaller transparency due to the smaller sizes of the 
holes at the bottom. The downside of these types of foils is lower maximum 
gain but at environments such as measurements with heavily ionizing 
particles, the lower gains might also be desirable.   

5.4 Requirements for Super-FRS 

At the Super-FRS the beam intensities vary along the beam line from 1011 
particles per second after the target to less than one particle per second. 
Because of this, a wide variety of detectors are needed to effectively monitor 
and analyze the beam properties at different positions. The GEM-TPC 
detectors are planned to be positioned to all focal planes of the Main-
Separator. At the mid focal plane the detectors are expected to operate at 
rates of 106 ions per second or less. 

The active gas volumes of the GEM-TPC detectors have to cover the size of 
the beam pipe of the separator. Thus the width of the field cage has to be at 
least 40 cm and the height at least 20 cm. The thickness has to be optimized 
to fit the detector with other diagnostic detectors and accelerator 
components to the focal planes between the magnets. Schema of a planned 
diagnostic chamber for the MF4 focal plane can be seen in Figure 15. 

 

Figure 15 Planned diagnostics chamber at the MF4 focal plane. The GEM-TPC detectors 
would be placed on two of the detector ladders marked as Detector [16]. 
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5.5 First GEM-TPC Prototype 

The first GEM-TPC prototype detector was build to study the performance of 
the TPC detectors with GEM amplification. The detector concept was based 
on the experience obtained with the TPC detectors at the FRS [37] and GEM 
detectors at TOTEM experiments at LHC at CERN [53].  

5.5.1 Design 
The TPC detectors that were used in tracking and particle identification at 
FRS consisted of a drift space in a uniform electric field. The drift space was 
formed from high-voltage cathode and field forming Mylar strips that are 
aluminum coated on both sides. The thickness of these strips is 30 μm and 
they are 3 mm wide. The strip pitch that was used in the detectors is 5 mm. 
The detectors were designed to be used in electric fields up to 400 V/cm 
using P10 or Ar/CO2 (90:10) gas mixtures [41]. 

The drift spaces of the TPCs for the FRS were 240 mm wide and 70 mm 
long. The heights of the detectors varied from 60 mm to 120 mm. From these 
the 240 mm × 70 mm × 100 mm field cage was selected to be used in the first 
prototype. In Figure 16 one of the field cages built in Bratislava is shown. 

 

Figure 16 Field cage design of the prototype GEM-TPC. 
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The GEM-foils were designed to cover the bottom area of the field cage 
and thus the dimensions for the foils were correspondingly 240 mm × 70 
mm. To replicate the TOTEM design, triple-GEM stack was assembled for the 
readout with 2 mm induction and transfer gaps. 

5.5.2 Assembly 
The assembly of the first prototype detector was divided into two separate 
tasks, the assembly of the field cage for the TPC part and the assembly of the 
GEM-readout [54]. The group in Helsinki focused on GEM-part of the 
detector. 

For the first prototype 12 GEM-foils were commissioned from CERN 
workshop. From these three triple-GEM stacks were assembled. One of the 
stacks was selected to be used with the TPC and was transported to 
Bratislava where it was assembled to the GEM-TPC prototype. Photograph of 
the first GEM-TPC prototype assembled in Bratislava can be seen in Figure 
17. The detector is read out with delay lines in order to keep the overall setup 
as close as possible to the ones that are in use at the FRS. 

 

Figure 17 GEM-TPC Prototype assembled at a laboratory at Comenius University. 

The GEM-foils and the assembled stacks should go through diverse 
quality control chain before they are tested and available for assembly in the 
detectors. The quality assurance chain is discussed in Chapter 7. After the 
assembly, the stacks are tested with radiation sources to monitor the 
performance and uniformity of the full area.  

For one of the prototype stacks a setup with 3 mm drift region was made. 
Drift foil was made from one sided aluminum coated Mylar foil. The detector 
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was read out with a readout board with 512 strips divided in two parts giving 
total number of channels of 1024. CAD-drawing of the readout board is seen 
in Figure 18. The stacks were irradiated with 5.9 keV X-rays from 55Fe source. 
Figure 19 shows a photograph of a measurement container. The foils were 
put in a container with a flow of Ar-CO2 (70:30) at room temperature in 
standard pressure. 

 

 

Figure 18 Image of a CAD-model of the readout-board. The strips are divided in two parts 
from the middle giving total number of channels of 1024. 

 

Figure 19 Measurement setup of GEM-stacks. 
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Measurements were made by combining 128 half strips and terminating 
the others by 50 	 resistor. The set of 128 half strips was changed four times 
and the average resolution was calculated from these measurements. An 
average energy resolution of 24.6 ± 0.2% was measured. The settings at the 
measurements were with VGEM1 = 400 V, VGEM2 = 360 V and VGEM3 = 320 V. 
The transfer and induction fields were Etrans1 = Etrans2 = Eind = 3.55 kV/cm. 
Drift field was set to Edrift = 2.38 kV/cm. A spectrum from one of the 
measurements can be seen in Figure 20. 

 

Figure 20 Measured 55Fe spectra with energy resolution of �E = 24.3 ± 0.2 % using Ar/CO2 
(70:30). 

5.5.3 Tests 
In the first tests with the assembled detector, a 55Fe source was used to 
ensure the compatibility of the detector setup. After the verification 
measurements the detector was delivered to GSI and mounted to the beam 
line of FRS. The detector was placed on air at the final focus of the separator 
in front of the last degrader before the experiments. It was surrounded by 
two TPCs that were used in measuring the external resolution of the GEM-
TPC detector. The prototype and the TPC detectors can be seen in Figure 21. 
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Figure 21 GEM-TPC prototype mounted at the FRS. 

The measurements with the prototype GEM-TPC detector were made 
using a voltage divider model taken from the preliminary TOTEM setup. In 
this setup the ratio of the voltages over the three foils was 1: 0.9: 0.8. The 
fields in the induction and transfer gaps had equivalent values with each 
other and the drift field was 0.7 times the values for the other gaps. Since the 
drift field inside the TPC was factor of five times smaller than with the 
divider, a gap of few millimeters between the foils and the last electrode of 
the field cage was made to create region with higher field. This reduced the 
transparency approximately by 17 percent. 

The detector was filled with P10 gas at very high flow. This was done to 
ensure as high uniformity as possible for different regions of the detectors. 
The detector was also opened several times between the measurements. 
Because of this the high flow was needed to keep the foils as dry as possible 
for the measurements. 

The measurements were made using gas gains below 800 to limit the 
avalanche size. The ejectiles traversing through the detectors were selected 
by the requirements of the experiments at the experimental area. Figure 22 
shows a beam profile measured with the GEM-TPC. The readout that was 
used in the beam tests was based on delay lines, the readout that was used 
also in the other TPCs [55].  
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Figure 22 Beam profile measured with the GEM-TPC. 

The detector resolution was determined externally by using the 
information from the two pre-calibrated TPCs located about 1.1 meters 
before and right behind the GEM-TPC detector. Since the focus point of the 
beam was 1.2 meters behind the GEM-TPC, the measured resolution is 
slightly worse than with a beam that would be focused to the GEM-TPC. 
Figure 23 shows the measured external resolutions of the GEM-TPC 
detectors measured with 64Ni-ions. The resolution in X-dimension was 
measured to be �x = 400 μm and in Y-dimension �y = 300 μm.  

 

Figure 23 X and Y beam profiles of 64Ni-ions traversing through the GEM-TPC detector. The 
external resolutions �x = 400 μm and �y = 300 μm were measured by using the 
surrounding TPCs. 

The measured resolutions were made with voltage divider and GEM-
configuration that were initially designed for a completely different 
application. The design is also made to be used with Ar/CO2 (70:30) gas that 
has smaller lateral diffusion than the P10 gas that was used in the tests. To 
optimize these parameters, a series of simulations were made. These are 
discussed in the next chapter. 
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6 Analysis of GEM-TPC Performance at the 
Super-FRS 

As described in the previous chapters the beams at the Super-FRS will 
consists of all types of ejectiles from fragmentation and fission of primary 
beams up to uranium at intensities up to 1011 particles per spill. 

The GEM-TPC detectors are designed to perform over wide dynamic 
range. The performance is limited by the properties of the detector 
components and the selected gas for the measurements. These issues are 
addressed with series of simulations that were made to analyze and optimize 
the design of the GEM-TPC detectors to meet the high requirements of the 
Super-FRS environment [56][57]. 

6.1 Simulation Environment 

Simulation of detector performance at the Super-FRS environment is a 
complex task and therefore several different simulation toolkits were used. 
The beam properties and the performance of the separator was studied using 
the LISE++ program, intended to calculate the transmission and yields of 
fragments produced and collected in a fragment separator [26]. Particle 
interactions with the detector components and drift volume were studied 
with the Geant4 software toolkit [58] using the beam information at different 
focal planes provided by the LISE++ software. Gas properties and drift of 
secondary particles inside the field cage were analyzed using Garfield [59] 
computer program and its interfaces to Magboltz [60] and Heed [61] 
programs. 

6.2 Gas Properties 

The detection gas to be used in the GEM-TPC detector should support the 
performance of the TPC and the GEM stages. For the TPC gas mixture should 
allow a high electron drift velocity at very low electric fields [62]. The size of 
an electron cloud drifting from the point of ionization is determined by 
diffusion. The longitudinal diffusion should be small for obtaining a good 
resolution in the direction parallel to the electric field.   

The reference gas for the simulations is P10 that is commonly used in the 
TPC applications. The benefit of P10 is its high drift velocity at low field 
values. The other gas that was used in all of the simulations was Ar/CO2 
(70:30) mixture. This gas has been used in TOTEM experiments because of 
its smaller diffusion properties. Figure 24 shows drift velocities of electrons 
in Ar/CO2 (70:30) and in P10 (Ar/CH4 (90:10)). It can be seen that the P10 
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gas has the highest drift velocity at the region of the TPC fields while the 
Ar/CO2 mixture performs best at the region of the fields between the GEM-
foils. The diffusion properties of the gases are shown in Figure 25. In both 
gases there is a local minimum in the distribution of the longitudinal 
diffusion. This is by change in the region of GEM-operation allowing 
maximum gain performance.  

 

Figure 24 Magboltz simulation of drift velocities of electrons in Ar/CO2 (70:30) and Ar/CH4 
(90:10) gases as a function of electric field. The marked regions for the field inside 
TPC and in drift and transfer gaps of the GEMs are for a detector with dimensions 
similar to the first GEM-TPC prototype. 

With faster gases, such as CF4, the drift velocity of the electrons can be 
increased. With pure CF4, drift velocities above 10 cm/μs would however 
require electric field of 900 V/cm or more. Though the gas is fast and the 
diffusion is smaller than with Ar/CO2 mixtures the gas suffers from low gain 
and gain fluctuations from electron attachments [63]. 
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Figure 25  Longitudinal and transverse diffusion in Ar/CO2 (70:30) (left) and in Ar/CH4 (90:10) 
(right). 

Inside the GEM-holes the electric fields are strong enough for the 
electrons to reach energies where they can ionize gas molecules.  During the 
avalanche, a large number of ions are produced [64]. The mobility of the ions 
is many times slower than the mobility of electrons and thus it is essential to 
minimize the number of ions in the TPC part of the detector. Figure 26 shows 
measured values of mobility of different ions in pure argon as function of 
electric field. 

 

Figure 26 Mobility of different ions in argon at room temperature. At the electric field values of 
the field cage of the GEM-TPC the mobilities are below 1 cm/ms [65][66][67][68]. 
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6.3 Charge Distribution 

The performance of the TPC at the Super-FRS was studied at the focal planes 
of the separator. Using CAD software, different detector models were 
constructed and converted into Geant4 detector construction models through 
GDML parser. An example detector model converted to Geant4 simulations 
model can be seen in Figure 27. The main detector geometry that was used in 
the simulations follows the design of the prototype GEM-TPC presented in 
Section 5.5. 

The detector model has drift volume of 40 cm in width, 20 cm in height 
and 5 cm in depth along the beam line. The field cage consists of 5 μm thick 
aluminum coated Mylar strips with 3 mm strip width and pitch of 6 mm. The 
main gas in the simulations was P10.  

The intensities and the kinematical properties of the ejectiles at focal 
planes were calculated using LISE++. The performance of the detector was 
studied by simulating the production of 132Sn through fragmentation of  
1500 MeV/u 238U ions by abrasion-fission. At MF1 the total rate of the beam 
is at the level of 109 particles per second with fragment energies of around  
1.05 GeV/u. Beam properties of the 15 most prolific fragments were used as 
input of the Geant4 simulations of the field cage performance. Figure 28 
shows a cutout image of Geant4 simulation of fragments traversing the drift 
volume of the GEM-TPC detector. To reduce the output file size, only 1000 
fragments were plotted in the picture. 

 

Figure 27 Geant4 model of a GEM-TPC detector used in the simulations. 
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Figure 28 Geant4 simulation of fragments traversing through the field cage of the GEM-TPC 
detector at MF1. The blue lines are ions and red negatively charged particles such 
as electrons. 

To reduce the required CPU-time for the calculations, beam intensities 
were reduced by a factor of 1000 for MF1 in the simulations.  Figure 29 
shows a XY-profile of fragments traversing the drift volume with the 
secondary electrons released in the gas. 

 

Figure 29 XY-profile of the beam and the secondary electrons released in the gas volume. 
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By dividing the drift volume of the TPC into unit volumes with base areas 
of 1 cm2 in XZ-plane and by selecting a time period of 50 ns, mean charge 
densities at different drift velocities can be compared. 50 ns is the rise time of 
the signal with the drift velocity of 4 cm/μs with 2 mm induction gap. Figure 
30 shows two electron density distributions at different drift velocities. The 
drift velocity of 4 cm/μs corresponds to a volume of 10 mm × 10 mm × 2 mm 
and the velocity of 6 cm/μs a volume of 10 mm × 10 mm × 3 mm. The unit 
volume corresponds to the total number of electrons traversing a one square 
centimeter area in the selected time period. 

  

Figure 30 Number of electrons in unit volume at MF1 for beam of 238U fragments. The 
distribution on the left corresponds to a drift velocity of 4 cm/μs and the distribution 
on the right to a drift velocity of 6 cm/μs. 

6.4 Properties of the Field Cage 

The field cage used in the prototype GEM-TPC was constructed using 
aluminum coated Mylar strips as field forming electrodes with a pitch of few 
millimeters. This kind of structure allows construction of a detector with 
minimal material budget and with fairly good field uniformity over the drift 
volume. Figure 31 shows simulation of drift times from different points 
inside the prototype GEM-TPC projected in comparison to the width and 
depth of the drift volume. The XY-plane is orthogonal to the beam and the 
ZY-plane parallel to the beam direction. It can be seen from the distributions 
that the tracking resolution is good in XY-direction but in ZY, some 
distortions can be seen in the middle part of the detector.  

With the dimensions of the prototype the effects of the distortions in ZY 
directions are small but when the size of the detector is expanded to the size 
that will be used in Super-FRS beam monitoring, the effects should be 
examined with care. The field inside the detector can be improved for 
instance by adding a secondary row of electrodes on top of the gaps between 
the strip electrodes. 
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A)  

B)  

Figure 31 Drift times projected from different points inside the drift volume of the prototype 
GEM-TPC detector. Image A shows a projection in XY-plane which is parallel to the 
beam and image B a projection in ZY-plane. These Garfield simulations were made 
using drift gas of P10 and electric field of 250 V/cm by releasing electrons in 
different points and by tracking the drift times from these. 

Additional material on the beam line might create non-desired effects to 
the beam properties. Therefore simulations to analyze the effects of different 
field cage materials and geometries were performed. Figure 32 shows side 
views of different detector wall geometries that were studied. Geometry A is 
the structure that is shown also in Figure 27. In B the strips are the same size 
as in A but their positions are interlocked between the sides. In C, double 
strip structure is shown. The gap between the intersecting strips is 2 mm. In 
D the Mylar strips are replaced with structure made from copper coated 
Kapton. In this structure Kapton covers the whole wall area. The copper 
strips are at the same size as with Mylar strips but in this case the pitch is 
narrowed to 1 mm.  
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Figure 32 Side view of different detector wall geometries used in the simulations. The 
dimensions of the elements are not in scale. A represents the configuration used in 
the prototype GEM-TPC, B with interlocked strips, C with double strips and D with 
strips etched on copper coated Kapton foil. For visualization the dimensions of the 
drift volume are shrunk. In all cases, drift thickness of 5 cm was used. 

The drift gas used in the simulations was P10. Other gases were not used 
in the modeling since the focus was on the effects of the wall materials to the 
beam properties. Figure 33 shows an example distribution of the fragments 
from 1.5 GeV/u 238U-beam traversing the detector gas volume at MF7. The 
total rates of the most prolific fragments at this point are in the level of 105 
particles per second.  

From the distributions the XY-values for the beam can be obtained. These 
values are shown in Table 4. It can be seen that the addition of materials in 
front of the beam will have only small effects in comparison to the volume 
that has only the 5 cm thick drift gas of P10. 

Table 4. Beam properties for different field cage materials. 

 Mean X RMS X Mean Y RMS Y
P10 -5.71 19.85 100 1.9 

Single -5.75 19.85 100 1.9 
Double -5.51 19.82 100 1.9 

Polyimide -5.76 19.84 100 1.9 
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Figure 33 XY-distribution of fragments after flying through the drift volume of the GEM-TPC. 

By comparing the energy losses inside the detector due to different 
geometries, larger deviations can be seen. In Figure 34 the energy loss 
distribution of the fragments traversing the drift volume filled with P10 can 
be seen. In the plots the number of entries for all fragments is scaled to one. 
From the distribution it can be seen that for plain gas the energy loss for the 
132Sn fragments is about 43 MeV. 

Figure 35 shows the energy loss in a detector consisting of a single strip 
Mylar structure and the gas volume, corresponding to geometry A in Figure 
32. The strips introduce a secondary peak in the distribution. For 132Sn the 
mean value of the secondary peak is about 51 MeV. This is identical to what 
can be observed with the setup B. 

 

Figure 34 Energy loss distribution of the fragments traversing plain drift volume of GEM-TPC. 
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Figure 35 Energy loss of the fragments when traversing the drift volume and single Mylar field 
cage structure. 

For the double strip structure the effects from the strips begin to 
dominate in the energy loss distribution. Figure 36 shows the energy loss of 
the fragments traversing the double strip structure and the gas volume of the 
detector. This corresponds to geometry C in Figure 32. A tertiary peak is 
introduced at 59 MeV broadening the full energy loss distribution. The 
secondary peak is still at 51 MeV as with the single strip structure. 

 

Figure 36 Energy loss of the fragments when traversing the drift volume with the double Mylar 
field cage structure. 
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For the polyimide wall structure, corresponding to geometry D in Figure 
32, a secondary peak is shifted to 60 MeV for 132Sn. The primary peak 
originating from the gas is clearly separable. This can be seen in Figure 37. 

 

Figure 37 Energy loss of the fragments when traversing the drift volume with Kapton field 
cage and copper strips. 

The mean energy loss of the fragments traversing the GEM-TPC is about 
0.4 – 0.6 ‰ depending on the materials of the field cage. This effect is 
minimal and hardly affects the performance of the separator. However the 
effects of the materials on the performance of the detector itself are more 
eminent. If the geometry of the field cage is similar as in D in Figure 32 the 
field uniformity inside the detector is highest when compared to the other 
geometries. At the same time the energy loss of the fragments is also highest 
when compared to the other geometries and the energy loss distributions 
diverge the most when compared to the energy loss of the fragments that 
traverse only the gas. This divergence has to be taken into account if this kind 
of structure is chosen since it will affect the identification of the fragments. 

6.5 GEM-amplification 

As mentioned in Section 5.3 the most important contribution of the GEM-
amplification to the performance of the GEM-TPC detector is the reduction 
of ion feedback from the avalanches. For a single foil the fraction of ions 
receding to the drift volume equals approximately the ratio of drift to transfer 
fields. By using small drift fields such as normally in TPCs and setting the 
transfer field in the order of 20 times higher the ion feedback is reduced to 
few percents [52]. 
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With the triple-GEM structure the ion feedback can further be reduced. 
Since the number of the secondary electrons released in the interactions with 
the fragments is high the total effective gain can be kept low. The foils can be 
kept at low gain mode while the ratio of drift and transfer fields can be made 
high. The last foil would be used as the main amplification stage while the 
other foils would contribute to ion feedback reduction. 

By using conical or single mask foils the ion feedback could be reduced 
even further by installing the foils with the larger holes pointing towards the 
drift volume. Though this kind of setup would also reduce the overall gain it 
would have a notable effect on ion feedback suppression. Larger holes at the 
top allow for good electron transparency while smaller holes at the bottom 
reduce the transparency for the ions drifting back to the drift volume 
[69][70]. 

With the rates presented in Section 6.3 the GEM-foils are exposed to high 
radiation levels. This requires that the detector components are clean and of 
good quality. Small defects or non-uniformities in the GEM-foils can affect 
the performance or damage the detector. Therefore for the selection and 
analysis of the GEM-foils to be used in detector, a comprehensive quality 
control chain has been developed. This will be discussed in the next chapter. 

 



 

57 
 

7 Quality Control of GEM-Foils 

Detectors that will be installed for the beam diagnostics are expected to be 
operational as long as possible without any need for maintenance. Due to the 
hard radiation environments, replacing the detectors can be impossible 
during the operation period of the accelerator. Thus the keeping the good 
quality of the detectors is crucial for operation of the whole measurement 
system. 

GEM-TPC detectors for Super-FRS require over hundred GEM-foils to be 
manufactured. It can be expected that with these quantities the quality 
control at the manufacturing and the assembly stages will be an important 
part of the construction. The quality control includes the measurement of the 
resistivity and the leakage current measurements and the optical analysis of 
the foils.  

7.1 Leakage Current Measurements 

When the foils are obtained from CERN workshop they should be tested for 
leakage current. In the first measurement the voltage should be ramped up to 
maximum value to burn out possible dust that might have accumulated on 
the foils in packaging and transportation of the foils. The ramp-up should be 
done in a single step to at least 600 V [71] but since the setup made for 
TOTEM quality control did not allow voltages this high, maximum of 500 V 
was used.  

For a good foil the leakage current between the sides of a foil has to 
remain under 0.5 nA at 500V for 30 minutes at dry air. An example of 
leakage current measurements of an accepted foil and a foil with short-circuit 
between the sides can be seen in Figure 38. Foils are generally measured in 
dry air in desiccators. If the leakage current is high or has lot of jitter, foils 
are flushed with nitrogen gas.  

7.2 Optical Scanning System 

The major upgrade to the quality control system developed for the TOTEM 
detector construction [72] was the commissioning of an optical scanning 
system that can be used to monitor the uniformity and the quality of the 
components to be assembled into the GEM-TPC detectors [73][74]. A picture 
of the system can be seen in Figure 39. With the system all the detector 
components can be scanned with high resolution. The images from GEM-
foils can be analyzed simultaneously or stored for further examination 
depending on the purpose of the scan. 
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Figure 38 Leakage currents of an accepted GEM-foil and a foil with a short circuit between the 
sides. The dotted line shows the level of acceptance. The sawtooth-pattern is 
caused by ramp-up of the voltage in steps of 100 V. This can be seen also in the 
short-circuited foil as a rise in the current level in each step. 

 

 

Figure 39 Picture of the Optical Scanning System. 
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7.2.1 Components 
The optical scanning system consists of precision positioning table, lighting, 
optical and the operating systems. For GEM-foils there is also a separate 
analysis computer for the foil property studies. 

The movement over the scanning area is done with SMC LJ1 high rigidity 
direct acting guides with linear actuators [75]. The linear actuators in XY-
plane have slide screws with screw lead of 20 mm and direct acting guides. 
The maximum speed for the guides with non-standard Yaskawa Electric 
Corporation motors [76] is 500 mm/s with positioning repeatability of ±0.1 
mm over one meter of movement. For the vertical direction to adjust the 
camera focus there is SMC LTF series rolled ball screw with screw lead of 10 
mm. The maximum speed in Z-direction is the same as with the XY-guides 
but the positioning repeatability is ±0.05 mm. The maximum distance of the 
Z-movement is determined by the selected optics. 

The lighting system consists of the background and foreground lighting 
seen in Figure 40. The background is illuminated with Imagon [77] 
230V/50Hz 67W LED-matrix table with dimensions of 95 cm × 95 cm. The 
area is also the active scanning area of the table. The intensity of the LED-
matrix is fixed. Foreground of the analyzed sample is illuminated with HXD-
IA LED dimming fluorescent ring lamp. The intensity of the ring lamp can be 
adjusted manually with an external control unit. 

 

Figure 40 Lighting system of the optical scanning system consisting of 95 cm × 95 cm LED-
matrix table and dimming fluorescent lamp around the lens. 
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The imaging system consists of the camera, optics and the telemeter 
which is used to auto-adjust the focal distance during the scanning mode. 
The pictures are taken with 9.0 Mpix Artray [78] Artcam-900MI color CMOS 
camera with c-mount. It has pixel size of 1.75 μm × 1.75 μm and maximum 
resolution of 3488 × 2616 pixels. A picture of the camera mounted on the 
scanning system is seen in Figure 41. 

 

Figure 41 Artray Artcam-900MI mounted on the optical scanning system. 

Common entocentric optics introduces limiting factors to the accuracy 
and repeatability of the imaging. Problems occur among others in uniformity 
of magnification, distortions and perspective. To reduce these effects, 
telecentric optics is used. The main lens is Opto Engineering [79] TC 23 09 
bi-telecentric lens. It has a magnification of 1.000 with field of view of 6.4 
mm × 4.8 mm and field depth of 0.9 mm. The optimal working distance of 
the lens is 63.3 mm and the working F-number is 11. Maximum slope of the 
principal rays inside the lens is less than 0.08 degrees. The numerical 
aperture for both image and object sides is 0.045. 
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 Secondary lens is Opto Engineering TC 12 16 bi-telecentric lens with 
magnification of 0.35 and field of view of 16.6 mm × 12.5 mm. The optimal 
working distance of the lens is 45.3 mm and the working F-number is 8. 
Maximum slope of the principal rays inside the lens is less than 0.1 degrees 
and the field depth is 2 mm. The numerical aperture for the image side is 
0.062 and for object side 0.024. Picture of the two lenses can be seen in 
Figure 42. The one the left is the main lens TC 23 09 with 1.000 
magnification. 

 

Figure 42 Opto Engineering TC 23 09 and TC 12 16 lenses. 

To control the focal distance a MicroEpsilon [80] optoNCDT 1302-20 
laser telemeter seen in Figure 43 is used. It uses optical triangulation method 
to measure the distance from the target surface. In this method a point of 
light is illuminated to the target surface and the diffuse element of the 
reflection of the spot is imaged onto the CCD-array of the device.  
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Figure 43 MicroEpsilon optoNCDT 1302-20 laser telemeter mounted on the optical scanning 
system. The angle and position of the spot can be adjusted depending on the lens 
and analyzed surface. 

The device has a measuring range of 20 mm. The minimum distance from 
the target surface is 30 mm and thus end of the measuring range is 50 mm. 
The linearity of the device is 40 μm with averaged resolution of 4 μm from 64 
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samples and dynamic resolution of 10 μm with measuring rate of 750 Hz. The 
light source of the telemeter is class 2 IEC 60825-1 red 670 nm 
semiconductor laser. The spot diameter varies from start of the measuring 
range of 210 μm to the end of the measuring range of 830 μm when diffusely 
reflecting from matt white ceramic target. 

The measurement system is computerized. All the subsystems are 
controlled with LabView [81] based program that is being developed based 
on the information obtained from the scans. The LabView program also 
initializes the external routines that are used in the analysis and 
classifications of the images from GEM-foils.  

7.2.2 Operation 
The system can be operated in single image or scanning mode. In the single 
image mode the user operates and selects the position of the camera. In this 
mode there is no autofocus to keep the optimal focal distance to allow the 
user to take images from different distances from the surface. User can select 
and utilize the tools developed for the preparation of the automatic scanning 
or select and tune the settings manually by eye. Between the images taking 
the camera is in continuous mode so the user can immediately see the effects 
of the adjustments.  

For the scanning mode the optimal focal distance is determined by 
guiding the camera to the position on top of the object to be scanned. At the 
position the optimal focal distance of the Z-axis and the optimal settings for 
the lighting and exposure are measured. All the parameters are tuned 
preliminarily by eye and finally by using the intensity distributions of the 
imaging area. 

After the preparation stage, the user enters the dimensions of the area to 
be scanned. Then the camera has is moved back to the initial position at the 
corner of the measurement area. During the scanning the LabView program 
automatically monitors the focal distance, controls the movement according 
to the given step lengths, and performs the image taking, handling and 
storing. It can also simultaneously interact with the analysis computer to 
initialize the analysis routines. 

7.2.3 Performance 
The resolution of the imaging system was measured using USAF 1951 1X 
Resolving Power Test Negative Target from Edmund Optics [82]. Picture of 
the target taken with 10.0 megapixel Olympus E-510 digital single-lens reflex 
camera can be seen in Figure 44.  In the target the group numbers are 
marked horizontally on top of the patterns and the element numbers 
vertically next to the patterns. The resolution of the system in line pairs per 
millimeter can be calculated as 
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The resolution value chart in line pairs per millimeter is shown in Table 5. 

Table 5. Number of line pairs / mm in USAF resolving power test target 1951. 

    Group number    
Element 0 1 2 3 4 5 6 7 

1 1.00 2.00 4.00 8.00 16.00 32.0 64.0 128.0 

2 1.12 2.24 4.49 8.98 17.95 36.0 71.8 144.0 

3 1.26 2.52 5.04 10.10 20.16 40.3 80.6 161.0 

4 1.41 2.83 5.66 11.30 22.62 45.3 90.5 181.0 

5 1.59 3.17 6.35 12.70 25.39 50.8 102.0 203.0 

6 1.78 3.56 7.13 14.30 28.50 57.0 114.0 228.0 

 

 

Figure 44 Picture of USAF 1951 1X target that was used to determine the resolution of the 
optical scanning system. 

The theoretical limit for the minimum resolvable detail is given by the 
Rayleigh criterion. For telecentric lenses this is 
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(2) l = 0.61 ×  / (NA), 

where NA is the numerical aperture and � the wavelength of light. Using the 
values from Section 7.2.1 we get Table 6. Converting these values into line 
pairs per millimeter Table 7 with RGB-values is obtained. 

Table 6. Theoretical limits for the spatial resolution of the optical scanning system divided 
into three color channels of RGB-image. 

 TC 23 09   TC 12 16   

 Red Green Blue Red Green Blue 

Image 8.81 μm 6.91 μm 6.44 μm 6.40 μm 5.02 μm 4.67 μm 

Object 8.81 μm 6.91 μm 6.44 μm 16.52 μm 12.96 μm 12.07 μm 

 

Table 7. Theoretical resolution of the optical scanning system in lp/mm. 

 TC 23 09   TC 12 16   

 Red Green Blue Red Green Blue 

Image 113.5 144.6 155.3 156.4 199.3 214.0 

Object 113.5 144.6 155.3 60.5 77.1 82.8 

 
From the Table 7 it can be seen that with the optimal resolution the 

pattern 7-2 with 144 lp/mm should be separable with the TC 23 09 lens for 
both green and blue channel. From the Figure 45 we can see a picture taken 
with the lens divided into color channels. The pattern 7-2 is scarcely 
separable in both green and blue channels and inseparable in red channel.  

 

Figure 45 Picture of the resolving power test target taken with the lens TC 23 09 divided into 
color channels. 

The second limiting factor to the resolution comes from the Nyquist rate 
or the minimum sampling rate to avoid aliasing 

(3) fS > fN = 2B, 
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where fs is the sampling rate, fN is the Nyquist frequency and B the highest 
frequency at which the signal can have nonzero energy. With the pixel size of 
1.75 μm we get the limit for minimum sampling to be larger than 3.5 μm. In 
line pairs this is 142.8 lp/mm and thus limiting the resolving power seen in 
Figure 45. 

Using the same notation we get the resolving power for TC 12 16 to be 
54.978 lp/mm. This corresponds with the pattern 5-5 in USAF 1951 target. A 
picture focused on the pattern group 5 taken with TC 12 16 lens is shown in 
Figure 46. 

 

Figure 46 Picture of the resolving power test target taken with TC 12 16 lens separated into 
three color channels. The image is from pattern group 5. 

The depth of field of the optical system was determined by using the 
Edmund Industrial Optics DOF 5-15 depth of field target seen in Figure 47. 
The target has two sets of horizontal and vertical lines with 5 and 15 lp/mm. 

 

Figure 47 DOF 5-15 depth-of-field target. 
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Taking the intensity profile from the images the depth-of-field can be 
analyzed. In Figure 48 and Figure 49 pictures taken with TC 23 09 from the 5 
lp/mm DOF target and intensity distributions corresponding the red line 
marked in the picture A are shown. The picture in A is the actual image taken 
from the target. The top distribution in B shows the intensity distribution 
made from the points under the red line. The middle distribution shows the 
intensity distribution of the line pairs measured from the white lines that are 
above the selected threshold value of 125. The higher the intensity is the 
better the contrast between the black and white lines is. It can be seen that 
for blue channel the depth-of-field is shallower than with the other channels. 
The bottom distribution shows the intensity of the channels at threshold 
below 65. This shows the number of black lines in the image that can be 
isolated. 

A)    

B)  

Figure 48 Picture from area of DOF 5 horizontal lines taken with TC 23 09 lens. The intensity 
profile in B is taken from the region marked with a line in the picture A. The top plot 
in B is the full intensity distribution along the profile, the middle one the distribution 
of the maximum and the bottom one the minimum values in terms of line pairs. The 
angle of inclination of the target is 45 degrees. 
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A)  

B)  

Figure 49 Picture from area of DOF 15 horizontal lines taken with TC 23 09 lens. The intensity 
profile in B is taken from the region marked with a line in the picture A. The top plot 
in B is the full intensity distribution along the profile, the middle one the distribution 
of the maximum and the bottom one the minimum values in terms of line pairs. The 
angle of inclination of the target is 45 degrees. 

From the intensity profiles the dept-of-field distance in line pairs per 
millimeter can be determined as 

(4) DOF = N × sin(�) / lp, 

where N is the number of line pairs, lp line pairs per millimeter in the DOF 
target and � the angle of inclination of the DOF target. In the DOF 5-15 target 
the angle of inclination is 45 degrees. From this we get the estimations for 
the depth-of-field distances for optimal resolving power for target sizes of 
141.4 μm and 47.1 μm. The values for different channels are shown in Table 
8. The optimal focal distance for the lens is thus about 200 μm when 
studying objects less than or equal to 47.1 μm in size. For coarser resolution 
the optimal focal distance is about 1 mm.  
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Table 8. Estimations for the depth-of-field for TC 23 09 lens. 

Channel DOF 5 DOF 15 
Red 1414 μm 471.4 μm 

Green 1414 μm 235.7 μm 

Blue 989.9 μm 377.1 μm 

 
The vertical DOF targets were used to study the horizontal uniformity of 

the DOF region. Pictures of 5 and 15 lp/mm targets and the corresponding 
line profiles can be seen in Figure 50 and Figure 51. From the pictures and 
corresponding distributions it can be seen that the horizontal uniformity is 
high. The rise at the edges of the distributions is caused by higher reflectivity 
of the edges of the pattern. 

A)  

B)  

Figure 50 Picture from area of DOF 5 vertical lines taken with TC 23 09 lens. The intensity 
profile in B is taken from the region marked with a line in the picture A. The top plot 
in B is the full intensity distribution along the profile, the middle one the distribution 
of the maximum and the bottom one the minimum values in terms of line pairs. The 
angle of inclination of the target is 45 degrees. 
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A)  

B)  

Figure 51 Picture from area of DOF 15 vertical lines taken with TC 23 09 lens. The intensity 
profile in B is taken from the region marked with a line in the picture A. The top plot 
in B is the full intensity distribution along the profile, the middle one the distribution 
of the maximum and the bottom one the minimum values in terms of line pairs. The 
angle of inclination of the target is 45 degrees. 

Corresponding measurements were made also for the TC 12 16 lens. With 
this resolution both targets fit in single image area. This can be seen in Figure 
52. From the line profiles of Figure 53 and Figure 54 it can be observed that 
the optical performance of the TC 12 16 lens is more uniform than TC 23 09. 
The depth-of-field for all the channels for DOF 5 target can be calculated to 
be 5.7 mm and 940 μm for DOF 15.  
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Figure 52 Picture of the horizontal DOF targets taken with TC 12 16 lens. The vertical lines 
mark the regions from which the intensity profiles in Figure 53 and Figure 54 are 
determined. 

 

Figure 53 Line profile of the 5 lp/mm DOF target of TC 12 16 lens. The top plot is the full 
intensity distribution along the profile, the middle one the distribution of the 
maximum and the bottom one the minimum values in terms of line pairs. The peaks 
in green and red channel in the two bottom plots are errors in the line profile 
analysis routine.  



Quality Control of GEM-Foils 

72 
 

 

Figure 54 Line profile of the 15 lp/mm DOF target of TC 12 16 lens. The top plot is the full 
intensity distribution along the profile, the middle one the distribution of the 
maximum and the bottom one the minimum values in terms of line pairs. 

The repeatability of the movement system was determined by series of 
measurements where the system was initialized into the zero position and 
then moved onto the measurement positions. Each time an image of a bronze 
mesh with wire diameter of 50 μm and pitch of 90 μm, seen in Figure 55, was 
taken. The subsequent images were compared with the initial by reducing the 
images from each other. From the resulting image the deviation from the 
first image was calculated. Combining the results the repeatability of the 
system was found to be (5.2 ± 3.5) μm in X-direction and (4.9 ± 3.5) μm in Y-
direction.  

The accuracy of the system was measured by comparing the deviation of 
consecutive pictures after using minimum step length of 10 μm. From the 
images we get the length of single step to be (10.5 ± 3.5) μm in X-direction 
and (9.6 ± 3.5) μm in Y-direction. Thus the dominant factor in the accuracy 
of the minimum movement of the system is the limit for the minimum 
sampling of 3.5 μm. 

7.2.4 Analysis of GEM-Foils 
The surface reflectivity of GEM-foils varies substantially. This makes the 
scanning of the foils a challenging task. In addition, each image taken with 
the highest resolution has a high number of objects from which about 1500 
objects have significance in defining the properties of the foils.  

Scan of one side of standard 10 cm × 10 cm foil generates almost 400 
images with size of a single image of about 20 megabytes. Thus fast and 
elegant object classification and the analysis of the uniformity of the foil is 
one crucial part of the scanning. A sample picture taken during scanning of a 
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standard GEM-foil can be seen in Figure 56. The high resolution of the image 
allows examination small details by zooming in the area of interest inside the 
picture.  

 

Figure 55 Bronze mesh target that was used in the determination of the repeatability of the 
scanning system and an image where images from two consecutive measurements 
were reduced from each other. 

 
 



Quality Control of GEM-Foils 

74 
 

 

Figure 56 A sample 6 mm × 4 mm image of a GEM-foil taken with the optical scanning 
system. 

The foils can be classified according to the reflectivity of the foil. Coating 
material, oxidation and manufacturing stages have effects on increasing or 
decreasing the reflectivity. An example of different foil types can be seen in 
Figure 57 and Figure 58. The example pictures are taken with same settings 
for the lighting. From the intensity distributions the effects of reflectivity can 
easily be seen. In Figure 57 the foreground, edges of the holes in polyimide 
and the background light are all easily separable. Only the edges on copper 
are not separable due to the bright foreground reflection.  

The Figure 58 shows a picture and intensity distribution of highly 
reflective foil. The background and the edges of the holes in copper are 
clearly visible. The edges in polyimide have the same intensity as the 
foreground and thus are not separable in the intensity distribution. However 
the polyimide edges are clearly distinguishable from the copper edges and 
the background and thus can be identified.  

Mapping of the defects that are formed in different manufacturing stages 
of GEM-foils is one important phase when determining the suitability of a 
single foil for a detector application. Defects with certain type and size might 
expand and generate additional damage to the GEM-foils [83]. With the 
scanning system these defects can be easily located for further analysis and 
classification. In Figure 59 pictures of different types of defects are shown. A 
and B are taken from opposite sides of the same flaw formed in overetching 
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of the foil. In A the reflection from the bottom copper can be seen in the 
defect area. In B the surface is sagged due to the missing polyimide and 
copper surface. This results to a large bright area in the surface. In C the 
overetching has removed the full area without leaving any remnant to the 
defect area. In D solvent left from the foil treatment has been left on the foil 
surface. In E and F the etching has been incomplete making small or 
incomplete holes to the foils. 

Since the amount of data from a full area scan is huge, easily reaching 
tens or hundreds of gigabytes with thousands of images taken, the analysis is 
complex since the images have to be stitched together to obtain information 
on large scale features of the foils. This is time consuming and due to limited 
storage capacity, part of the data has to be deleted during the scanning. 
Optimally the analysis should not take more time than it takes to take a 
single picture. To reduce the computing time a series of online analysis steps 
are provided before the remaining data is analyzed offline and the mapping 
and distributions of foil characteristics are made. 

 

 

Figure 57 Intensity distribution of a mat GEM-foil measured with the camera system and a 
photograph of a mat foil. First peak on the left corresponds to the polyimide around 
the inner holes, the second peak the background light through holes and the right 
peak the illumination from the front copper surface of the foil. 
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Figure 58 Intensity distribution of a highly reflective GEM-foil measured with the camera 
system. First peak on the left corresponds to the light reflecting from the front 
copper surface, the second peak the edges of the holes and the one on right the 
background light through holes. The holes through copper are wider than the ones 
through the polyimide and thus the holes have visually two edges. 

The analysis stage uses various pattern recognition methods and edge 
detection algorithms such as basic Canny [84] or Marr-Hildreth [85]. These 
are used to locate holes and other regions of interest and to identify them. In 
Figure 60 a picture of a GEM-foil and an image showing the edges located 
with Canny operator are shown. It is clear from the figure that by using the 
basic operators without proper pre-filtering and threshold selections the 
identification of the features on a foil cannot be done. The basic pattern 
recognition operators locate all the scratches and granularity from the 
passivation and other solutions used on the foil surface. 
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A)  B)  

C)  D)  

E)   F)  

Figure 59 Sample pictures of different types of defects taken with the optical scanning system. 
A and B show a flaw formed by overetching of both copper and polyimide layer on 
the A side of the foil. This can be seen also on the B side due to the bending of the 
foil surface. In C the overetching has removed both of the surfaces. In D some 
solvent is left on foil surface. In E and F the etching has been incomplete on E side 
of the foil creating small or blocked holes to this area. 
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Figure 60 A picture taken with the optical scanning system and an image where the edges are 
identified by using basic Canny operator without pre-filtering or threshold selections. 

To get rid of the noise seen in Figure 60 the images are smoothed before 
employing the edge detection. For instance by using a basic rank-order filter 
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and by setting the threshold values to reasonable level the identification of 
the holes is simplified. The dimensions of the holes are then determined by 
fitting ellipses to the identified areas. Holes identified from Figure 60 are 
shown in Figure 61 after employing rank-order filtering and Canny operator. 

With these simple methods the dimensions of the inner holes or the holes 
that are pierced through the polyimide can be measured. The outer holes 
demand more thorough filtering and selection of the threshold values for the 
operators. After the features are located they are measured and classified as 
holes, etching defects etc. Classification is based on the size, shape and colour 
of the features. The located features, defects and distributions that are 
classified can be later used in the GEM-foil performance studies. This is 
discussed in the next chapter. 

 

Figure 61 Identified holes after employing rank-order filtering and Canny edge detection 
operator. 
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8 GEM-Foil Irregularities 

The GEM-foils that are planned to be used in the GEM-TPC detectors at 
Super-FRS will be manufactured at CERN’s printed circuit workshop. The 
manufacturing is based on microvia technology of the circuit boards by 
utilizing chemical processes in the production of the vias. In this method the 
holes are etched with different chemicals depending on the layer to be 
perforated [86]. The shape and size of a via depends on the time and 
temperature used in the perforation and on the homogeneity and cleanliness 
of the perforated materials. Since a 10 cm × 10 cm area of a standard GEM-
foil has about half a million of holes it is expected that not all of them are the 
shape and size of the definition given for example in Figure 13. 

Using the optical scanning system the deformities, inhomogeneous areas 
and the unclean parts on the foils can be located. By using standard 10 cm × 
10 cm foils with a detector setup that allows changing of the foils after 
measurements and the construction of different amplification structures, the 
effects of the different features can be studied. 

The possibility to detach the foils after the irradiation not only allows the 
optical post irradiation studies but also enables the change of a damaged foil 
that has a short circuit between the sides. To better understand the origin of 
the short circuits, different methods to remove and prevent them were also 
investigated [87]. 

8.1 Effects of Inhomogeneities 

Nonuniformities in the sizes of the holes over the foil area affects directly to 
the gain uniformity of a GEM-foil. This can be seen in Figure 62 where effects 
of areas of different amplification on GEM-foils are presented. In picture A, a 
foil with a uniform distribution of the sizes of the holes is shown. When a 
radiation source with a circular collimation profile is placed on top of the 
detector, an irradiation profile seen B is read out from the readout board. In 
this case the gain of the foil is completely uniform. 

Another foil with areas of smaller and larger holes is introduced to the 
setup. This can be seen in C where the area with relatively small holes is 
marked from red to black and the area with relatively large holes are marked 
from yellow to white. When the avalanche from A traverses through C the 
differences in amplification gains in the areas with holes of a different size 
shape the profile B to what can be seen in D.  

By adding another foil to the setup, again with areas of small and large 
holes the measured profile is further shaped. As in C the foil in E has also 
areas with small and large holes. The profile from D is again reshaped and 
the final profile F is measured at the readout.  
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a) b)  

c) d)  

e) f)  

Figure 62 Effects of areas of different amplification on GEM-foils. Picture A presents a foil with 
a uniform hole distribution and B the corresponding irradiation profile. In the foil in 
picture C areas of small holes and large holes have been seen. When the 
avalanche from B traverses through C the irradiation profile in D is obtained. In E 
the locations of the small and large hole areas are in different position. The profile 
from D is reshaped and the profile F is seen at the readout. 
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Though the Figure 62 shows only a rough model of the effects of different 
sized areas to the overall performance, it clearly shows how the variations in 
the dimensions of the holes could affect the measurements. This effect 
should be taken into account when selecting the foils to be used in the 
detectors. The effect of the diameter of the holes is known and observed in 
measurements and simulations [44][47][88]. The effect of the variation in 
the ratio of the inner hole perforating the polyimide and the outer hole 
perforating the copper surfaces is still unknown, but can be studied using the 
Optical Scanning System. Figure 63 shows two examples of foils with large 
variation in the sizes of the holes. 
In addition to the basic diameters of the holes the amplification is affected 
also by the charge-up phenomenon of the polyimide layer. By comparing the 
images to the areas with measured variations in gain, the effects caused by 
the inner hole can be sorted out. This information can then be used in the 
development of the analysis system of the Optical Scanning System. 

A)  

B)  

Figure 63 Two examples of foils with large variations in the sizes of the holes. In A the inner 
diameters of holes of a foil are mapped and in B different foil with large deviation in 
outer holes is shown. The values of the color bar indicate the diameter in 
micrometers. 
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8.2 Effects of Defects 

As mentioned above the GEM-foils are manufactured using chemical 
methods. In the manufacturing processes the copper clad polyimide is 
laminated on both sides with solid photoresist on which the GEM-pattern is 
transferred by UV exposure. After stripping the photoresist the holes are 
etched to copper coating.  

Since the target and the mask in the exposure phase are both flexible, 
some impreciseness or deformities to the shapes of the holes can occur. 
These deformities are then intensified in the etching phase. Deformed holes 
will have different field and amplification properties than the ones with no 
defects and consequently the performance and persistence of the detector is 
changed in these areas. The number of these deformities in single foil is 
usually small. In average only a dozen holes are affected. 

In the preliminary measurements [83], the focus was on defects with large 
size that can be located by naked eye. These deformations cover several holes 
and thus have more weight in the detector output. The deformations were 
formed due to overetching on one side. The copper surface was completely or 
partially removed over an area covering several holes. Consequently the 
Kapton between the surfaces was also partially or completely been removed. 
The measurements were divided in two parts determined by the orientation 
of the defect. Modeling of different orientations can be seen in 0. 

 

 
 

Figure 64 Orientation of an area with a defect. In the left image the defect is pointing 
downwards and the higher voltage is set on the intact part. In the right image the 
situation is reversed. 

The measurements were done with a detector using 100 mm × 100 mm 
foils with XY strip readout which was obtained from Cern workshop. This 
readout has 256 channels on both directions and is read out via 130-pin 
Panasonic connectors. The strip width in X is 100 μm and in Y 85 μm and the 
strip pitch is 190 μm for both directions. The mean capacitance of the X-
strips is 24 pF and of the Y-strips 14 pF. 
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The irradiation of the foils was done using collimated 5.9 keV X-rays from 
55Fe source. The measurement setup can be seen in Figure 65. The source is 
attached in a source holder and moved over the detector active area with 
slightly modified Star LC-10 Multifront device. 

 

Figure 65 GEM XY-detector and the Star LC-10 Multifront irradiation robot used in the 
measurements. 

Length of a single measurement was ten minutes. After one measurement 
the source was moved one step and the next measurement was made. The 
starting point for the measurements was outside the area with the defect 
under study to get reference values from undeformed areas. After the source 
had completely crossed the area with the defect the direction of movement 
was reversed for second crossing. Separate measurements were made for X- 
to Y-strips. 

The measured spectra from X and Y-strips, when the defect was pointing 
upwards, can be seen in Figure 66. The behavior of the detector is uniform 
until the source is moved right above the defect. This is seen as rise of the 
general noise level of the detector in the both distributions. This was seen 
only on the first crossing of the source over the defect area. Similar behavior 
was never observed when the defects were pointing downwards. 

Left picture in Figure 67 shows the defect before the irradiation. The 
picture on the right shows clearly visible marks on the foil after the area was 
irradiated with X-rays from collimated 55Fe-source. This kind of damage to 
the foil was only seen when the irradiated defect was pointing upwards. 
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When facing downwards, no difference between the image taken before and 
the image taken after the irradiation could be seen. Though some visible 
changes to the foil could be seen, the foil remained operational despite the 
damage. Figure 68 shows the leakage currents of the foil, before and after the 
irradiation. Slight rise in the leakage current can be monitored, but the level 
stays under the limit of acceptance. 

 

Figure 66 Measured spectra of 55Fe in Ar/CO2 from X and Y-strips. The values that can be 
seen deviating from the spectra were measured when the source was placed above 
the defect for the first time. 

Instead in the foils that were used with the defects facing downwards, 
short-circuits was generated by discharge spark at the voltage ramp-down. 
Though visible damage was seen in the foil where the defect was facing 
towards the source, the foil was able to discharge the charge-up continuously 
and larger discharge sparks were not evolved. If the foil would have been the 
bottom foil in a chain of avalanche the charge density would have been 
larger. In this case in combination with the charging-up, the avalanche could 
have broken the foil. 
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Figure 67 Etching defect in a GEM-foil before and after it was irradiated with X-rays from 55Fe-
source. 

 

Figure 68 Measured leakage currents of the irradiated foil with the defect facing upwards. 

8.3 Discharges 

When the GEM-detectors are operated in environment where they are 
exposed to high radiation fluxes a breakdown of the gas rigidity can be 
induced. This will eventually lead to streamer formation when the avalanche 
size exceeds the Raether limit of 107 electron-ion pairs and is followed by a 
discharge spark. The temperature of the discharge exceeds the temperature 
where polyimide ignites. Since at high temperatures the polyimide acts as 
self-quencher by carbonizing rapidly a layer of carbon may be formed at the 
vicinity of the plasma arc of the discharge. If the discharge spark strikes 
between the metalized surfaces the carbon trace can form short-circuit 
between the surfaces. 

In GEM-detectors the Raether limit is determined by the charge density 
in the avalanche and the surface charge density on the detector electrodes 
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[89]. When number of primary electrons is small the breakdown is caused by 
a combination of several effects such as dirt, impurities in the polyimide, 
humidity and deformations. These include microscopic particles that are 
attached to the foil surface with static electricity and remnants from chemical 
treatments of the foils. Some examples of microscopic particles and remnants 
located on the foils can be seen in Figure 69. 

A)  B)  

C)  D)  

Figure 69 Different microparticles that have been detected on the surfaces of GEM-foils. A 
and B show microfibers that have been found on GEM-foils. C shows a fiber that 
has either been created by the deformed hole or affected to the deformation of the 
hole. In D some remnant from the solution used in the foil manufacturing can be 
seen dried on foils surface blocking several holes. 

8.3.1 Pinpointing the Discharges 
GEM-foil with short-circuit can be identified using leakage current 
measurements described in Section 7.1. Short-circuit can also be identified 
with any ohmmeter since the resistivity of the foil has dropped to a few ohms. 
Due to the properties of the carbonized polyimide, the areas where a 
discharge has been occurred can be located with the Optical Scanning System 
by setting the camera to an overexposure mode [87]. The lower reflectivity of 
carbon induces a darker area in an image that can be identified automatically 
from the intensity distributions. Figure 70 shows pictures taken during 
normal and overexposure scans. 
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Figure 70 Comparison of a standard and an overexposured image. Overexposure increases 
contrast between the mark of a discharge spark and other parts of the foil. 

The images that contain areas below selected threshold are sorted out and 
mapped. The maps made from opposite sides are compared and if a same 
feature is located from both sides it is considered as a possible source of the 
short. An example map of the features located with the method described is 
seen in Figure 71. 

 

Figure 71 An example map of areas with low reflectivity. To be mapped the imprint has to be 
visible on both sides of the foil. The values on the axis refer to the corresponding 
image with the imprint.  

8.3.2 Removal 
Since short-circuits to GEM-foils can have several origins, different methods 
can be used in the attempt to remove them. Standard method to remove 
short-circuits is to use high current. In this method the GEM-foil is 
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connected directly to a high voltage power supply with high current limit. 
The voltage is increased in steps up to the level where first sparks are 
observed and dropped rapidly. The plasma arc forming in the sparks is 
expected to flake off the carbonized area and thus remove the short circuit. 
[90] . 

Figure 72 shows leakage current of a foil that had short-circuited after a 
discharge spark. It was cured by using the high current method. The two 
measurements, marked with blue and red, were done when short-circuit was 
not yet removed. The measurements were shorter than the usual 30 min 
measurement since there was no visible change to the leakage current at  
500 V. The foil was kept in dry nitrogen between the measurements to see if 
short-circuit could have been cause by humidity effects. 

Measurements made after the foil was cured show low leakage current of 
an acceptable foil. The bottom green line was measured right after the 
treatment and the cyan line after the cured foil was used in measurements 
with Am/Be-source. 

 

Figure 72 Leakage currents of a foil that had short-circuit. The blue and red lines are 
measured before implementing the high current pulse to the detector and green and 
cyan after the implementation. Though the leakage current is at acceptable level, 
several sparks can be seen in the measurement made after the foil was irradiated. 

The method should be used with care in order not to create any further 
damage to the foils. Since the foils might have several points with low 
resistivity the discharge spark can occur in any of these positions further 
damaging the foils. The spark can form a new contact between the sides of a 
foil or damage the copper clad surface. Mapping of high emissivity areas 
before and after one foil was treated with the high current method can be 
seen in Figure 73. The number of objects with high emissivity has exploded. 
The method is recommended, if no other method can be applied. Though the 
voltage was dropped immediately after the first spark, the damage to the foil 
is beyond repair. A picture taken of a foil that was treated with the high 
current pulse can be seen in Figure 74. Since the hole with the short-circuit 
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might not be the only one with impurities, the discharge can occur in any 
other location further damaging the foil. Instead of repairing the foil, several 
short-circuits can be induced. 

 

Figure 73 Maps of objects with a low reflectivity on a GEM-foil before and after the high 
current pulse was implemented to remove short-circuits. Though the voltage was 
dropped right after the first spark the foil was damaged beyond repair. 

 

Figure 74 Picture of an area on the foil of Figure 73. Black imprints on holes are marks from 
discharge sparks. 
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If short-circuit was caused by a microscopic dust on the foil, shaking the 
foil with different frequencies might loosen the dust and thus remove the 
short. By including a pulse generator and a loudspeaker to the leakage 
current setup the effect of different frequencies can be monitored.   Figure 75 
shows a leakage current measurement of a foil while simultaneously being 
vibrated with 62 Hz sound. After the tremble loosened the dust that caused 
short-circuit, the potential difference of 500 V caused the short-circuited 
area to spark and to remove the dirt. The current in this case is lower than in 
the standard method and thus is unlike to create secondary short-circuits.   

 

Figure 75 Leakage current measurement of a foil while trembled with 62 Hz. After the 100 
second mark in the plot the cause of short-circuit was disentangled and flaked of by 
the succeeding sparks. 

 The intensity of the vibrations can be increased by using ultrasonic 
devices with liquid bath. The foil will be placed in a bath with de-ionized 
water. No detergent should be used since the impurities in the solutions 
could interact with the foil materials and damage the foil. In ultrasonic parts 
washer the washing is done in intervals of 20 minutes at half power of the 40 
kHz device. After this the foil is dried by blowing with nitrogen and the 
leakage current is measured using voltage of 50 V between the metallic 
surfaces. If the leakage current shows that the foil still is in short-circuit the 
washing is repeated. If the short is removed the foil is left to dry in desiccator 
in nitrogen.  

Figure 76 shows leakage current measurements of a foil that short-
circuited and was cured with ultrasonic wash. The measurements shown in 
the figure are all made with 500 V potential differences between the sides. 
The first measurement in the figure marked with blue line was made right 
after the foils were obtained from CERN. It shows a leakage current of a 
standard acceptable foil. In one of the measurements the foil short-circuited 
and was removed from the detector. The measurement marked with red line 



GEM-Foil Irregularities 

92 
 

was made before the treatment was implemented. The current shows no 
variations and thus the measurement was kept short. After the foil was 
treated with ultrasonic washing and was left to dry for 24 hours the 
measurement marked with green line was made. It shows few sparks that 
remove the remnant of what caused the foil to short-circuit. Since the leakage 
current was still high the foil was left to dry for few days. The last 
measurement marked with cyan shows again a leakage current of a good 
acceptable foil. 

 

 

Figure 76 Leakage currents of a foil that short-circuited and was cured using ultrasonic wash. 
The first measurement was made right after the foil was obtained from CERN, the 
second before implementation of the treatment, third after the foil was washed in 
ultrasonic bath and was left to dry in desiccator for 24 hours and the final after the 
foil had been dried properly. 

The ultrasonic parts washer does not focus the intensity to the areas that 
might have short-circuited. By focusing the ultrasonic pulse only to the areas 
that are discovered using the overexposure method described above the time 
needed for the treatment drops to a fraction of what the parts washer 
requires. Therefore an ultrasonic processor with cleaning probe was also 
tested. The intensity and the effects of the cleaning were first tested in an 
area where a microfiber was observed. The first tests were done to study the 
endurance of the GEM-foil under the treatment and to see the effect on 
objects that are easy to locate. Figure 11 shows a foil with a microfiber on the 
surface before and after the treatment. The fiber is removed from the surface 
without any visible damage to the foil. 
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Figure 77 Surface of a GEM-foil before and after the use of the ultrasonic cleaning probe. The 
microfiber is removed from the surface without creating any damage to the foil. 

The method was also tested on an area which was already known to have 
damage on the surfaces from sparks. A defect of Figure 67 was treated using 
the ultrasonic probe. In this case due to the defect and the irradiation, the 
area had become weaker and less capable to withstand the shock from the 
cleaning probe. The vibrations eventually broke the foil surface cutting out 
the defect. Figure 78 shows the area under investigation before and after 
implementing the method on the foil. The foil remained operational though a 
part was cut off. 

 

Figure 78 Area with a defect before and after cleaning with ultrasonic probe. 

After the tests the method was implemented on a foil that had the areas 
with low reflectivity mapped. The probe was attached to a XY-gantry that 
allowed the movement of the probe above the mapped areas. Figure 79 shows 
an image of the setup. The probe was moved above the area and the 
ultrasonic processor was actuated. Selected marks were processed for 60 
seconds and then the probe was moved to next spot.  

Figure 80 shows located low reflectivity areas on a foil before and after 
the first cleaning run. One of the marks on the map can be seen in Figure 81 
where two pictures of a blocked hole that was treated with the method are 
shown. Dirt on the hole was removed without causing any damage to the foil 
itself.  



GEM-Foil Irregularities 

94 
 

 

Figure 79 Picture of the ultrasonic cleaning probe setup. 

 

Figure 80 Mapped areas of low reflectivity on a GEM-foil before and after the ultrasonic 
treatment. Due to the cleaning the reflectivity of some areas grew and appear larger 
on the after cleaning map. 
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Figure 81 A blocked hole that was opened using an ultrasonic probe. 
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9 Summary 

Facility for Antiproton and Ion Research will attempt to gain more 
understanding in the topics affiliated with the fundamental questions of the 
evolution of the universe including the characteristics of the structure of 
matter and its building blocks. 

NuSTAR is a collaboration of experiments that will focus on studies of 
structure and matter of unstable nuclei. By utilizing the beams separated by 
Super-FRS, the experiments can study uncharted areas in the nuclear 
landscape. 

A good beam diagnostic at the Super-FRS is crucial to operate the 
separator. The quality on the fragment separation depends also on the device 
used to observe and measure the effects of the magnetic beam adjustment. 
This thesis describes a detector concept based on GEM technologies that can 
be used in the beam monitoring at the Super-FRS. It was shown that the 
GEM-TPC prototype can also be used as a tracking detector. Though the 
operational settings for the GEM-foils were not optimized for the application, 
a reasonable tracking resolution was measured at FRS test beam.  

The optimization of the GEM-amplification stage is important for 
operating at high intensity rates. The new separator will produce beams 
where the particle densities at the focal planes can be substantial. To avoid 
decline in efficiency and in resolution, the field uniformity inside the drift 
volume has to be optimized. By using different geometries the optimization 
of the field uniformity can be made but at the same time care of the amount 
of matter and its homogeneity should be taken since the effects of the 
materials can change the charge profile that will be measured. 

The high rates and high ionization require that the GEM-part of the 
detector is made from the components that have thoroughly been checked. 
Though the GEM-detectors have been proven to be durable in high radiation 
environments, small defects and dirt can severely damage and reduce the 
lifetime of the components. By using the Optical Scanning System that was 
commissioned and further developed for the application a good quality of the 
GEM-foils and other detector components can be verified before they are 
installed in the detectors. 

With the optical inspection, also the uniformity of the GEM-foils can be 
analyzed. The uniformity or similarity of the foils can affect the resolution 
that will be measured with the detector.  

A discharge spark between the metallic surfaces of a GEM-foil might 
short-circuit the surfaces. A short-circuited foil is non-usable since a 
potential difference cannot be made between the surfaces. This type of 
damage is however in most cases repairable. Different methods to remove 
short-circuits preventing the use of a GEM-foil were studied. For this it was 
crucial to develop a method for locating short-circuits. 
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