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SUMMARY

The Compressed Baryonic Matter (CBM) experiment at the Facility for Antiproton and Ion
Research (FAIR) is designed to explore strongly interacting matter at high net baryon den-
sities using nucleus-nucleus collisions at unprecedented interaction rates, reaching up to 10
MHz in a free-streaming data acquisition paradigm. Meeting the stringent requirements of
high rate capability, radiation tolerance, and long-term operational stability demands detector
technologies that combine fast response, fine granularity, and robust performance under sus-
tained irradiation. For the Muon Chamber (MuCh) subsystem of CBM, large-area triple Gas
Electron Multiplier (GEM) detectors have been adopted as the baseline tracking technology for

the innermost stations.

This thesis presents a comprehensive study on the design, fabrication, characterization, quality
assurance, and system-level validation of large area triple-GEM detectors developed for the
CBM-MuCh system. The work begins with the mechanical and electrical design of full scale
trapezoidal GEM modules for MuCh stations, emphasizing detector robustness, gas tightness,
high-voltage stability, and seamless integration of front-end electronics. Novel fabrication solu-
tions, including multilayer readout PCB joining techniques and segmented high-voltage distri-
bution schemes, were developed and validated to ensure uniform performance over meter-scale

detector areas.

Extensive bench level characterization using radioactive sources and cosmic muons established
the fundamental detector performance. Gain measurements using *°Fe X-rays demonstrated
stable and reproducible amplification behavior, while efficiency studies confirmed detection
efficiencies approaching 98% with time resolutions at the level of tens of nanoseconds. These
studies verified the intrinsic suitability of the developed GEM modules for high-rate tracking

applications.



A major contribution of this thesis lies in the development and optimization of detector services,
particularly the gas delivery system and thermal management infrastructure, which are critical
for long term operation at high particle fluxes. A precisely calibrated mass flow controller
based gas mixing system was developed to deliver stable Ar:COy mixtures with controlled flow
rates. Systematic gas studies revealed a strong dependence of detector gain on flow rate, oxygen
contamination, and relative humidity, with optimal and stable performance achieved beyond
a threshold flow where oxygen levels fall below 160 ppb. Based on these results, a parallel
gas distribution architecture was proposed for the CBM-MuCh system, ensuring uniform gas

quality across all detector modules and enabling real time flow monitoring and leak diagnostics.

Thermal studies demonstrated the limitations of air based cooling under sustained high rate
operation and led to the development of a water cooled aluminum plate solution capable of
maintaining front end electronics temperatures below 25°C with excellent spatial uniformity:.
The combined gas and cooling solutions form an essential part of the detector system, directly

contributing to stable gain, reduced noise, and reproducible long term operation.

The detector performance was further validated under realistic conditions during multiple mini-
CBM (mCBM) beam campaigns at the SIS18 facility of GSI. Two full size MuCh GEM modules
were operated in a high intensity heavy ion beam environment and analyzed within the free
streaming DAQ framework. Detailed studies of digi rates, noise behavior, timing synchroniza-
tion, spatial correlations, and rate capability were performed. The detectors exhibited linear
response up to particle fluxes of several hundred kHz/cm?, stable timing alignment with other
CBM subsystems, and strong spatial correlations between MuCh stations, confirming correct
alignment and common acceptance. Methods for hit reconstruction and time based event build-
ing were developed and successfully applied, demonstrating the readiness of the MuCh GEM

system for integration into the full CBM experiment.

Finally, production oriented quality assurance procedures, including high flux X-ray testing

using controlled laboratory setups at VECC and GSI, were performed. These tests enabled

xi



early identification of non uniformities, verification of rate capability, and validation of detector

stability prior to beam deployment, providing a QA framework for large scale series production.

In conclusion, this thesis establishes that large area triple GEM detectors, together with op-
timized gas and cooling infrastructures and rigorous production QA protocols, constitute a
reliable and well validated solution for high rate tracking in the CBM-MuCh system. The re-
sults presented here provide a strong technical foundation for large scale detector deployment

and support the successful realization of forthcoming FAIR physics runs.
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Chapter 1

Introduction to CBM Experiment at
FAIR

High energy heavy ion collisions provide a controlled environment to study strongly interacting
matter under extreme conditions of temperature and density. By varying the beam energy and
the size of the colliding system, one can scan the Quantum Chromodynamics (QCD) phase
diagram and probe the transition from hadronic matter to a deconfined medium of quarks and
gluons [1]. Over the last three decades, a coherent picture has emerged at high temperature
and low net baryon density (up ~ 0), largely through the RHIC and LHC programs: the
produced medium behaves as an almost perfect fluid with remarkably small shear viscosity
to entropy density ratio, and exhibits strong parton energy loss, collective flow, and quarkonia
modification [2] [3]. In contrast, the regime of moderate temperature and high p 5 remains much
less explored, despite its direct relevance to the equation of state at supra nuclear densities, the
inner dynamics of compact stars, and the thermodynamics of the early hadronic epoch. The
Facility for Antiproton and Ion Research (FAIR) at GSI, with the Compressed Baryonic Matter
(CBM) experiment as a flagship, addresses this gap [4] [5]. CBM is designed to operate at

interaction rates up to 10 MHz in continuous, triggerless mode, enabling precision measurements



of rare probes in an environment of high track multiplicities and large radiation loads [6].
This chapter outlines the physics landscape that motivates the CBM program, summarizes
the evolution of detector technologies toward high rate operation, and introduces the Muon
Chamber (MuCh) system in which this thesis is situated. The later chapters of the thesis provide
the technical development, characterization, and system level validation of large area triple
GEM detectors for MuCh, together with gas and cooling infrastructure tailored to sustained

high rate running.

1.1 The QCD Phase Diagram and Key Observables

QCD predicts a rich phase structure as a function of temperature (T) and baryon chemical
potential (ug). Lattice QCD calculations indicate a smooth crossover at pp ~ 0, while various
effective models anticipate a first order phase boundary at higher ppg, possibly ending in a
critical point [7]. Heavy ion experiments access this phase diagram ( as shown in Figure
by tuning the center of mass energy per nucleon pair, \/syn, and by selecting projectile target
combinations. Thermodynamic trajectories at top RHIC [8] and LHC [9] energies start at high
T and low pp, whereas fixed target programs at lower energies (e.g., at SPS and FAIR /SIS100)
probe higher 5 at moderate T [10|. Penetrating probes provide sensitivity to the space time
evolution and the in medium spectral properties of the fireball. Dileptons (ee™, p*u™) from
Low mass vector mesons (p,w, ¢) are particularly informative about chiral symmetry restoration
and broadened spectral functions; intermediate mass dileptons encode thermal radiation; and
quarkonia (e.g., J/v) |11] are sensitive to deconfinement via color screening. Hadrons with
strange and multi strange content, as well as collective flow coefficients, further constrain the
equation of state. Achieving statistically significant measurements for these rare channels at

FAIR energies require sustained, high rate data taking and robust online reconstruction.
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Figure 1.1: QCD matter phase diagram. Figure taken from Ref. |7].

1.2 Historical Evolution Heavy Ion Experiments: AGS —

SPS — RHIC — LHC — FAIR

The exploration of hot and dense QCD matter progressed through a sequence of accelerator
complexes and detector concepts. Early efforts at the AGS (BNL) and SPS (CERN) pioneered
fixed target programs that delivered first evidence for collective flow |12] and in medium vector
meson modifications. SPS era experiments, in particular, suggested excess low mass dileptons
over hadronic cocktail expectations, consistent with broadening of the p spectral function in
matter. RHIC then established the strongly coupled quark gluon plasma (sQGP): anisotropic
flow scaling, jet quenching, and heavy flavor energy loss pointed to a nearly perfect fluid with
strong coupling at the partonic level. At the LHC, these phenomena persist at higher tem-
peratures and multiplicities, enabling differential studies of jet substructure and quarkonia
sequential suppression. At lower /s, fixed target experiments have targeted the high up region
with enhanced sensitivity to the nucleon density driven dynamics of the medium. FAIR extends
this strategy decisively with beams from SIS100 (proton: 2 to 29 AGeV; heavy ions: 2 tol4

AGeV), providing access to several times the nuclear saturation density. The CBM experiment



is optimized for this environment: it emphasizes rare probe statistics, free streaming readout,
and robust real time computing to keep pace with interaction rates far beyond the traditional

triggered model.

1.3 The CBM experiment at FAIR: Concept and Architec-

ture

CBM is a fixed target experiment optimized for rare probe measurements at high interaction
rates. It’s detector suite includes a Micro Vertex Detector (MVD), a Silicon Tracking System
(STS), a Ring Imaging Cherenkov detector (RICH), a Transition Radiation Detector (TRD),
Time of Flight (TOF) walls, and the Muon Chamber (MuCh) [14], arranged downstream of
segmented absorber system [6]. The overarching concept is a fast, radiation tolerant apparatus
that streams data continuously to a high performance computing farm. Precise time stamping
in front end electronics, low latency transport, and event building based on time space correla-
tions replace traditional level 1/level 2 trigger logic. This paradigm allows CBM to reach and
sustain interaction rates of order 10 MHz, a prerequisite for collecting adequate statistics in the
most background challenged channels. The MuCh system is central to the di-muon physics pro-
gram. MuCh employs alternating absorber layers and tracking stations to separate muons from
hadronic background and to reconstruct di-muon invariant masses. Stations 1 and 2 confront
the highest local hit densities, so the detectors must combine high granularity, fast response,
and excellent stability under sustained irradiation. The choice of triple GEM technology for
these stations follows extensive R&D and beam tests within the collaboration and in allied

programs.



1.4 Micro Pattern Gas Detectors and GEM Technology

Micro Pattern Gaseous Detectors (MPGDs) were developed to surpass rate and stability lim-
its inherent to wire based technologies. The Gas Electron Multiplier (GEM), introduced by
F. Sauli [13|, consists of a thin polyimide foil of 50 pum clad with copper coating of 5 um on
both side and perforated with a dense, regular array of microscopic holes. A potential differ-
ence of 500 Volts across the foil creates intense electric fields of 100 kV/cm inside the holes;
electrons drift into the holes and undergo avalanche multiplication. Cascading multiple GEM
foils (typically three) yields high effective gain while keeping the per foil voltage low enough to
suppress discharges and photon feedback. For large area tracking in high flux environments,
GEM detectors provide several key advantages: (i) their intrinsic segmentation and distributed
amplification significantly reduce space charge effects; (ii) gain uniformity is ensured through
segmented foils and well defined high voltage distribution; (iii) discharge probability is mini-
mized by the multi stage amplification structure; and (iv) their mechanically lightweight and
radiation tolerant designs integrate well with the absorber constrained geometries of the MuCh
stations. Bench tests and mini CBM beam campaigns demonstrate detection efficiencies ex-
ceeding 95%, time resolutions at the level of 30 nanoseconds, and stable gain at rates upto 400

kHz/cm®, consistent with MuCh requirements.

1.5 Rate, Pileup, and Online Reconstruction in a Free

Streaming Experiment

Operating at interaction rates approaching 10 MHz necessitates a fundamental redefinition of
the interface between the experimental subsystems and the computing infrastructure. In the
free streaming paradigm, front end electronics continuously digitize, time stamp, and transmit

detector signals; downstream, a data acquisition network and event processing farm perform



time slice building, clustering, and track segment finding in near real time [15|. For MuCh, the
pattern recognition must cope with absorber induced multiple scattering and a broad momen-
tum spectrum, while maintaining high efficiency for dimuons from w and J/v. Achieving this
performance requires: (a) high granularity readout with minimal dead time; (b) excellent time
alignment across subsystems; (c) stable detector gain; and (d) thermal and power management
compatible with long runs. The detector technologies, electronics, and services must therefore
be engineered as a coherent system. This thesis contributes to that integration by developing
and validating full size triple GEM modules for Station 2, together with a calibrated gas mixing

and distribution system and a scalable cooling solution for the front end electronics.

1.6 The MuCh System and Detector Requirements for Sta-

tions 1 and 2

MuCh comprises multiple tracking stations interleaved with absorbers. Close to the beam pipe,
local hit densities are the highest; rate capability and granularity are thus the dominant con-
straints for stations 1 and 2. Detector segmentation must follow the radial decrease of flux to
keep occupancy and channel counts manageable. Uniformity of response across large surfaces
requires robust high voltage segmentation, gas distribution without gradients, and thermally
stable readout electronics. Within this context, triple GEM modules were designed with pro-
gressive pad sizes, foil segmentation, and optimized field configurations. Their readout inte-
grates self triggered front end ASICs compatible with continuous DAQ. The gas system must
deliver reproducible mixtures at stable flow with oxygen and humidity control; the cooling sys-
tem must keep electronics temperatures below 25°C to minimize noise and drift. These system
level requirements are derived from mini CBM beam tests |[16] and from detailed simulations

documented by the collaboration.



1.7 Large Area Triple GEM Modules for MuCh Station 2

The MuCh second station of CBM comprises 60 trapezoidal triple GEM detector modules ar-
ranged in three concentric layers, covering a polar angular acceptance from 5.6°to 26.8°. Each
module measures approximately one meter along its long edge, making it one of the largest
GEM detectors fabricated for high rate operation [17]. To accommodate fabrication limitations
in the Indian PCB industry while maintaining gas tightness, the readout board was realized as
two multilayer sub boards joined using a precision prepeg based technique. The joint corridor
is kept track free, with a dead zone limited to about 0.2 mm after surface milling, ensuring
both mechanical integrity and leak tightness. The readout board, designed at VECC, is an
eight layer PCB containing 1,824 pads distributed across 19 columns and 96 rows. The pad
sizes vary radially, increasing from 4 x 4 mm? near the beam pipe to 21 x 21 mm? at the
outer radius, matching the expected particle flux gradient. Each pad connects to the front
end electronics through multilayer tracks, and 15 Front End Boards (FEBs), each housing a
STS/MuCh XYTER v2.1 ASIC, are required to readout a single module. High voltage distri-
bution employs an opto coupler based biasing network that allows individual control of the 72
segmented GEM foils, enabling remote isolation of faulty segments without interrupting overall
operation. Module assembly was carried out in a class 1000 cleanroom using three single mask
GEM foils procured from CERN and stretched with the NS-2 technique, which avoids gluing
and minimizes mechanical stress. A 3-2-2-2 mm gap configuration was maintained using preci-
sion spacers. All foils underwent pre-assembly quality assurance at 500 V to verify low leakage
current (<5 nA per segment) and absence of shorts. Post assembly, the modules were condi-
tioned under a continuous Ar:CO, (70:30) flow to ensure leak integrity and stable operation.
Performance characterization using *Fe X-rays and cosmic rays established an exponential de-
pendence of detector gain on summed GEM voltage, a detection efficiency approaching 98%
in a simple three fold cosmic telescope, and a time resolution of about 18 ns. Gain uniformity

measurements across the active area showed variations within 43%, attributed mainly to charge



sharing among fine pads. These results confirm the mechanical precision, electrical stability,
and robustness of the indigenously fabricated modules, validating their readiness for integra-
tion into the CBM MuCh second station. Subsequent tests in the mini CBM setup further
demonstrated stable performance under high rate beam conditions and successful alignment

within the integrated detector environment.

1.8 Services: Gas Delivery and Thermal Management

The long term stability and performance of large area GEM detectors depend critically on
the reliability of the associated service infrastructure particularly the gas delivery and cooling
systems. A precisely calibrated mass flow controller (MFC) based gas mixing and distribution
system has been developed to ensure reproducible and uniform supply of ultra high purity
Ar:COy mixtures. Each MFC is independently calibrated against a standard flow meter for
several mixture ratios (60:40, 70:30, 80:20, and 90:10), allowing accurate control over both
composition and flow rate. Systematic measurements performed on full size MuCh second sta-
tion GEM modules demonstrate that, for a 70:30 Ar:CO5 mixture, the effective detector gain
increases with flow rate up to approximately 8 L/h and then saturates [18]. At this point, the
oxygen contamination falls below 160 ppb and the relative humidity drops below 50%, providing
the most stable and reproducible operating conditions. Based on these results, a parallel gas
distribution architecture has been proposed for the CBM MuCh system, in which each module
receives gas through an independent supply line. This configuration eliminates interdependence
inherent to daisy chain connections and ensures consistent gain across modules irrespective of
local leak conditions or line resistance. Each input and output channel is instrumented with
calibrated flow sensors, providing per module diagnostics and online leak detection capability.
Thermal management of the front end electronics is equally critical under high rate operation.

To address this, water cooled aluminum plates are designed and tested using resistive heater



loads equivalent to the dissipation of the full front end board array. Extended operation demon-
strated excellent temperature uniformity and stability, with surface temperatures maintained
below 25 °C even under continuous load conditions. The water based solution provides sufficient
thermal headroom to accommodate long term beam operation while minimizing temperature
induced gain variations. These service developments comprising the calibrated gas handling,
parallel distribution network, and water cooled thermal management, will be integrated with
the mechanical and readout structures of the GEM modules to ensure stable, low noise, and

long duration data acquisition in the CBM MuCh environment.

1.9 Chapter Summary and Thesis Roadmap

This introduction set the stage for the CBM physics program at high up, the historical trajec-
tory of heavy ion experiments, and the detector and computing paradigm required for sustained
operation at 10 MHz interaction rate. It reviews earlier heavy ion programs (AGS — SPS —
RHIC — LHC) leading to FAIR’s high rate (10 MHz) approach. The MuCh system, central
to the dimuon detection program, places stringent requirements on detector granularity, rate
capability, and operational stability requirements effectively addressed through the use of large
area triple GEM technology. The remainder of the thesis is organized as follows. Chapter 2
details the design, fabrication, and bench characterization of real size station-2 modules, with
emphasis on readout architecture, high voltage segmentation, and clean assembly. Chapter 3
presents mini CBM beam results relevant to rate handling, timing, and alignment within the
integrated setup. Chapter 4 documents the development and calibration of the gas system, in-
cluding mixture stability and distribution architecture. Chapter 5 addresses cooling solutions
and their validation under sustained load. Chapter 6 describes the production oriented X-ray
QA methodology and acceptance criteria. The thesis closes with a summary of achievements

and an outlook toward series production and integration into the CBM cave.
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Chapter 2

Design, fabrication and testing of MuCh
second station real size module for CBM

experiment

2.1 Introduction

The International Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany,
provides unique research opportunities in the field of hadronic and leptonic physics. The up-
coming Compressed Baryonic Matter (CBM) experiment at FAIR is designed to investigate
the dense nuclear matter in nucleus-nucleus collisions with an interaction rate up to 10 MHz.
The identification of rare probes like low mass vector mesons (LMVM), multi-strange hyperons,
charmonia etc, requires a very high interaction rate and efficient background suppression. CBM
will initially use proton beam from SIS100 synchrotron with an energy of 2-29 AGeV and heavy
ion beam with an energy of 2-14 AGeV. Finally it will be using beam from SIS300 synchrotron

with an energy upto 90 AGeV for proton and upto 45 AGeV for heavy ions [1|. CBM will consist

13



of four circular stations of Muon Chambers (MuCh) sandwiched between absorber layers and
each station will consist of three circular layers of gaseous tracking detectors. As a part of the
collaboration, MuCh group needs to fabricate and install all the four stations of MuCh. The
maximum particle incidence rate at second station is expected to reach upto 90 KHz/cm?. For
central collision those incidence rates are expected to be higher by a factor of four. As the first
two stations of MuCh will be exposed to very high particle rates and therefore to handle such
high rates, detectors based on Gas Electron Multiplier (GEM) technology [3] [4] [5] [6] will be
used for building MuCh. As this is a fixed target experiment, all the detector stations will be
positioned in forward rapidity region and the MuCh second station will cover an acceptance of
5.6° to 26.8°. This will consist of three circular layers of GEM modules with each layer con-
sisting of twenty such trapezoidal modules, i.e sixty trapezoidal GEM modules will be required

ond otation

to populate the entire second station of MuCh. Detailed descriptions of 1% and
modules are provided in Table 1. Mixture of Argon and COs gas in proportion of 70:30 will
be used as the sensitive medium of the detector. All details about the first station chamber

of MuCh has been reported in [2] and in this present article we will report about the design,

fabrication and lab test results of the MuCh second station GEM module in detail.

Total
MuCh num- Total Total | Active area | Pad
Sta- Number . .
ton of la ber of | no of | num- | dimension of | granu- Detector
V" | GEM readout | ber of | each module | larity acceptance
num- | ers
mod- pads FEBs | (cm) (mm)
ber
ules
Length ~80 . Min ~5.6°
1 3 48 107088 | 864 | Inner ~7.5 ﬁm Ni‘? Max
Outer ~40 o ~27.2°
Li%%“g Min ~4.5 | Min ~5.6°
2 3 60 109440 | 900 ' Max Max
Inner ~7.9 915 96.8°
Outer ~41.5 ’ ’

Table 2.1: Specifications of first two stations of MuCh modules.
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2.2 Design and Fabrication of the detector

The detector module is made of one drift PCB, one readout PCB and three GEM foils, with
a gap configuration of 3-2-2-2 mm respectively [3|. The readout PCB for the module has been
designed at VECC using Proteus-8 software. This is a eight layer PCB consisting of 1824
readout pads distributed among 19 columns and 96 rows. As the incident particle rate will
be higher in the inner zone near the beam pipe and will gradually decrease outward radially
from beam pipe, the pads are designed accordingly with progressive geometry. The innermost
annular ring pad size is around 4 mm x 4 mm and this size increases progressively up to around
21 mm x 21 mm for the outermost ring. Each readout pad has been connected by copper track
through the multiple layers of PCB up to the Front End Board (FEB) input channel connector.
One FEB consists of one STS/MUCH-XYTER v2.1 ASIC [5], which can acquire data from 128
readout pads. A total of 15 FEBs will be required to read out one complete module. As the
trapezoidal readout PCB length is about a meter, due to fabrication constraint of such a large
size multi layer PCB by Indian Industry, a PCB joining technique has been adopted. The drift
PCB length is 1164 mm and width is 468 mm.

The Gerber layout of the readout PCB is shown in Figure and this shows how the readout
pads are connected to the FEB connectors through multiple layers (different colors) of the
PCB. The Gerber layout of drift PCB is shown in Figure and this PCB consists of the
high voltage (HV) distribution circuit at the outer end as shown in Figure 2.1b] The second
station module has been assembled at VECC clean room using three GEM foils, readout PCB,
drift PCB and other necessary components. The fabrication procedure is shown in Figure [2.2b]
The prototype module after fabrication is shown in Figure and this shows the drift PCB
has 18 through holes on top, covered with Kapton foil. Those holes are kept for the passage
of X-rays from ®>Fe source for measuring the gain of the module. The gain has been measured

across the entire active area.
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Figure 2.1: (a) Gerber layout of 2°¢ station drift PCB. (b) High voltage section layout

The HV is applied through a ceramic resistor divider chain and the output voltages are passed
through an opto coupler (OC) circuit |7]. Each GEM foil has 24 segments and three layers of
such foils are placed inside this module, so the module consists of total 72 GEM segments. All
those 72 segments are powered using 72 opto couplers. During operation if any particular GEM
segment goes bad then the voltage to that particular segment can be switched off by controlling
the opto coupler using slow control over ethernet. Thus the detector will remain operational,
even if any GEM segment goes bad. On the drift PCB, 72 dip switches are also provided to

switch on or off any segment manually.

The drift PCB consists of a ground plane on the top for EMI shielding. The necessary high
voltage (HV) distribution circuit is placed in the outer region of the drift PCB. HV is fed
through one SHV connector and it is channeled into two voltage divider ceramic resistances for

distribution among the three GEM foils.

The real size trapezoidal shape, single-mask GEM foils are procured from CERN. Those foils
are stretched using 'NS-2’ technique [6], which does not involve any gluing operation. The
entire GEM foil is segmented into 24 segments which takes care of large capacitance of such
large size foils. Before fabrication, each segment of all three foils has been tested with 550 V,
with a criterion of no short and low leakage current of less than 5 nA. All the measurements are
done at 23° C ambient temperature and 50% relative humidity inside a clean room of class 1000

at VECC. After all those necessary Quality Assurance (QA) the three GEM foils along with
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Figure 2.2: (a) Gerber layout of 2" station readout PCB. (b) Fabrication procedure in VECC

clean room. (c) Prototype Module

necessary spacers and screws are placed within the drift and readout PCB at a gap of 3-2-2-2

mm, where these numbers represent the consecutive gaps in mm between different layers [4].

After fabrication, the module was put under Ar : CO, (70:30) gas flow for several days and

investigated for any possible leaks with a leak detector.

2.3 Joining technique of the multilayer readout PCB

The PCB manufacturing was entrusted to a vendor in India having the capability of making
the multilayered PCB up to 800 mm and if supporting boundaries do not contain any active
circuitry, then they can reach up to 900 mm of length. The station-2 PCBs are of even bigger
size so it couldn’t be produced in a single go. Therefore, considering the processing sizes
available with industries, a new concept of joining PCBs has been adopted. There were a few

prerequisites for joining PCB design which are as follows: (a) The design should be made such
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that there should be no tracks passing through the joining region. (b) two tracks connecting 2
separate readout pads should not cross each other in same layer- there should be a minimum
distance of 8 thou between 2 tracks. (c) long tracks are not kept parallel to each other, as it
can lead to cross talk. (d) the dead area along the joining line is minimized to 0.2 mm which

is only 0.05mm higher than the other regions of the PCB.

| tlayeredpcB
e Top Surface of joining
- | Gas
- ive area
]
Potential Leakage
point

After

n @ Smoothening

e ’
32mm Gas leak from O-ring
v \— \—/
(d)

(a) (b) ()

Top Surface of joining

1
/
/

i

Prepeg

Figure 2.3: (a) Joining profile. (b) Schematic of PCB. (c) Gas leak region. (d) Smoothening of

surface.

The Gerber design consists of two PCBs, one of 8-layered and the other of 4-layered and both
are joined by the prepeg of thickness 0.4 mm as shown in Figure These two PCBs along
with the prepeg are put in the hot press with the limited region. In the first version of joining,
the surface finish was missing and there was a dip in the joining region. In this version, the
prepeg used in joining of the PCB was not enough and the dip created due to lack of prepeg on
the surface. Figure[2.3b|shows the PCB and the red line shows the O-ring, which is essential for
gas tightness. A gap can be seen between the red O-ring and the dip in the PCB in Figure [2.3c|
This resulted in gas leak at the joining region which creates a serious performance issue of the
GEM detector and was initially cured by filling glue in the gaps and sealing them. Later in
the corrected version, this issue is rectified by over filling of prepeg in the gap and later on
smoothening of the surface by milling as shown in Figure 2.3d] After fabrication of PCB, the

GEM detector was assembled at VECC and no gas leak was found.
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2.4 CBM Rate Simulation

This section presents the results of simulation studies conducted for the second station of the
Muon Chamber (MuCh) Detector system, designed for the CBM experiment. The SIS-100
accelerator ring at FAIR can generate high-energy beams, reaching up to 30 AGeV for protons
and 12 AGeV for heavy ions. The key objective of this simulation is to estimate the particle

rates across the entire area of the second station module.

In CBM experiment, the interaction rate will go up to 10 MHz. A simulation has been per-
formed using 100,000 minimum bias Au-Au UrQMD events at energies ranging from 4 AGeV
to 12 AGeV. These events are simulated through the CBM experiment setup using the Geant3
transport engine. The selected geometry represents a more realistic configuration of the MuCh
detector setup as shown in Figure[2.4al This setup includes improvements such as a latest read-
out shape, the incorporation of FEBs, C Plate, G10 material, and CNC holes. The detector

planes of the second station can be seen in Figure [2.4D]

The primary goal of this study is to compute the particle rate at different stages of the simulation

process Monte Carlo (MC), Digitization and Reconstruction for the Muon Chamber Detector.
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Figure 2.4: (a) Muon Chamber detector setup. (b) Detector Planes geometrical setup of Muon

Chamber Second Station.

The UrQMD-generated events are transported through the detector setup using the Geant3
engine, which produces Monte Carlo (MC) points on the detection layers. Figure shows
the Z-distribution of MC points and the entries around 200 cm come from the 3 detector layers
of the second station. The XY distribution of MC points is shown in Figure [2.5b] which shows

a decreasing point density as we go radially outwards.

The MC points have been converted into digis on the detector based on predefined digitization
parameters. These parameters include a spot radius of 500um, a charge threshold (Qthreshold)
of 6 fC, a charge saturation (Qmax) of 81 fC, a mean gas gain of 5000 and 32 ADC channels.
Each layer of second station is radially segmented into sectors with a one-degree segmentation,

as illustrated in Figure 2.5d and the same has been implemented in the readout PCB gerber.

The radial point density distribution is analyzed based on the expected interaction rate of 10

MHz. Since the numbers in the plot represent values per event, so they are scaled by a factor

of 107.
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The variation of MC point rate per event per cm? with radius is illustrated in Figure [2.6a)

which goes up to a maximum value of 75 kHz/cm? at 12 AGeV.

(a) (b) (c)
Figure 2.5: (a) Z distribution of Muon Chamber Station. (b) XY distribution of MC points on

Second Station. (c) Segmentation of Second Station.

The digi density is calculated by determining the number of digis per sector and then dividing
this value by the pad area within the corresponding sector, as shown in Figure [2.6b The
maximum value of digi rate goes up to 90 kHz/cm? at 12 AGeV. Further, the digis have been
utilized to generate hits on the MuCh detector using reconstruction algorithms. The particle
hit density is illustrated in Figure and the maximum hit density goes upto 66 kHz/cm?
at 12 AGeV. Figure [2.7] shows the peak rates of MC point density, digi and hits. So, from this

2

simulation study, it has been found that the maximum digi rate will go up to 90 kHz/cm* at

12 AGeV and this rate can well be handled by GEM based detectors.
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Figure 2.7: Peak rates at different energy.

2.5 Data acquisition chain and Front End Board (FEB)

As the incident particle rate in CBM will be very high, the traditional triggered electron-

ics are not suitable for data acquisition.

Therefore, for the CBM-MuCh-GEM detectors,

a self-triggered readout architecture has been adopted [5|. Front End Boards (FEB) with

STS/MUCH-XYTER ASIC are being used for data acquisition. This ASIC is designed for
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readout via a GBTx. However, in our test setup at VECC, a custom FPGA-based GBTx em-
ulator board is used instead. Unlike the GBTx, this emulator board offers a standard 10 Gbps
back-link and 42 front-end links, each capable of handling a 320 Mbps data rate. The data
from these links is collected using an FPGA-based HiTech Global development board, which
is installed in the DAQ server PC via a PCle slot and can manage up to eight AFCK boards.
The data stream generated by the ASIC includes 7-bit channel identifiers, 5-bit ADC values,
14-bit timing information, and a 2-bit data type identifier. Operating at a clock frequency of
320 MHz, the ASIC provides a timing resolution of 3.125 ns. This timing information is used
to form time clusters, which, combined with spatial data, enable the construction of real-time
clusters for further analysis. The ASIC employs a flash ADC, with each of its 32 channels hav-
ing a configurable threshold set via a 8-bit DAC. Calibration of all 32 Channels are performed

using an external pulse generator, within a charge range of 6 fC to 81 fC in 2.5 fC steps.

Each FEB generates 5 W heat, so a total of 5 W x 15 = 75 W heat gets generated by the
readout electronics of one GEM module. Now as the entire second station will consist of 60
modules, a total 4.5 KW heat will be generated. This amount of heat can raise the temperature
of the cave and the readout ASIC performace will also deteriorate, so this needs to be extracted
from the cave. A cooling arrangement to cool down the FEBs for smooth operation has been
developed. A 10 mm thick trapezoidal shaped aluminum plate with water channels grooved
inside has been designed and fabricated for cooling of the electronics. Chilled water of 17° C
is circulated through those water grooves, which in turn cools down the entire aluminum plate
surface area. The FEBs are mounted on this cooling plate such that the heat gets transferred
to the plate and gets carried away by chilled water. On the other side of the same cooling plate
the detector module is mounted, such that this plate works as a support structure. Inside CBM
cave, 20 such trapezoidal aluminum plates will be joined together to make a circular support

structure for each layer of 2" station.
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2.6 Measurement of Detector Gain with °°Fe X-ray Source

The gain of the second station MuCh module has been measured using a °Fe X-ray source
at lab. A gain up to 4274 is measured at summed GEM voltage of 1014 Volts, beyond this
voltage the cluster charge spectra gets saturated as the ASIC has been calibrated upto 81 fC.
Figure shows the cluster charge (fC) spectra of *°Fe at a summed foil voltage of 977 V. The
main peak of the spectra is fit with a Gaussian and the mean value (in {C) is taken for the gain
calculation. As the number of primary electrons generated is around 212, the gain is calculated
by dividing the clustered charge by 212. Figure shows the schematic of the hole positions
on the drift plane. Gain has been measured at several hole positions. The Figure [2.8c| shows
the Gain variation with HV at two different positions (hole 6 and hole 18) on the detector. The
plot shows that the gain increases exponentially with HV. As the two holes are located in two
halves of the detector, so it can be seen that both halves show similar gain behaviour. The gain
uniformity has been measured at several hole locations across the detector, at fixed summed
HV of 964 V. The values are shown in Figure 2.8d] and a variation of 43% is observed across
the entire module. This variation is observed due to charge sharing among the smaller pads. If
the shared charge goes below 6 fC (threshold value) then it can’t be detected and so it won’t

be the part of the cluster charge, hence the gain will show a lower value.
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Figure 2.8: (a) Cluster Charge (fC) spectra of **Fe at 977 V. (b) Hole Layout (c) Detector Gain

Variation with HV at 2 positions on the detector. (d) Gain Variation

2.7 Noise performance of the module

The entire area of the detector can be read out by 15 FEBs, but due to limited available
electronics resources, we could read out an area corresponding to 5 FEBs at a time only. The 5
FEBs has been connected to the broader region of the detector. One annular ring of pads, just
above the joining line of the PCB shows noise. Figure shows the readout pad mapping of
the detector module with 19 columns and 96 rows. Ring no. 88 just above the joining line show

noise. As this is a joined PCB so the ground plane gets disconnected at the joining position,
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so this particular ring of pads pick up noise from surrounding. To take care of this we shielded
the 88" annular ring by copper tape and the tape was soldered to ground plane of both side of
the joining line, this makes the shielding of the entire PCB complete as shown in Figure 2.95]
After this modification, the data is acquired and found to be noise-free. Now, to get the noise
profile of the entire detector module, one particular FEB is used to get the noise data over all
the connectors. Figure[2.9¢ shows the readout areas corresponding to 15 connectors in different
colors. All these areas are readout by 1 FEB at a time. The detector is kept at operating
voltage and from each connector, noise data is acquired for fixed time duration of 4000 TS
(Approx 8 mins) and the combined noise data is shown in Figure . One particular zone

around 40" row and 10" column shows noise, the reason maybe due to long tracks in this area.
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Figure 2.9: (a) Mapping of readout PCB showing noisy annular ring just above the joining
line. (b) Shielding of readout PCB joining line. (c) Readout area corresponding to various

connectors. (d) Noise profile of the module.
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2.8 Measurement of Detector Efficiency and gain with Cos-

mic muons

A threefold cosmic coincidence setup is prepared for measurement of various characteristics
of the detector as shown in Figure 2.10al 3 plastic scintillators of size 2.5 ¢cm x 2.5 c¢m, 3.5
cm X 3.5 cm and 8 cm x 8 cm, are used; out of which the first 2 are kept on the top of
the module and last one is kept below the module such that the module readout area comes
under proper geometrical acceptance. The scintillators are coupled to photomultiplier tubes
(PMT) for voltage signal output. The output of PMTs is given to a 16-channel leading edge
discriminator (CAEN N841) and further a quad coincidence logic unit (CAEN N1145) is used
to get an AND logic with a time window of 500 ns. The final output is read by STS/MUCH-
XYTER electronics. So whenever a cosmic muon passes through all the 3 scintillators a trigger
signal is generated. On an average 2 coincidence muons are observed per minute. The detector
is placed in such a way that the readout area around the coincidence region has no dead pad.
Figure shows a clean spot of cosmic muons for measurement at position 2 (Inset of
Figure . Figure shows a typical time difference spectrum between trigger signal
and the second station module response at summed HV of 1084 V. The detector signal reaches
faster as the readout electronics is directly coupled to the detector, but the scintillator signals
are processed through NIM modules and afterwards it is given to readout electronics, so the
trigger gets delayed and thats why the time difference spectrum shows a mean of 1101 ns. The

time resolution of the detector comes out to around 18 ns.
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Typical cluster charge spectra of cosmic muons at 1084V.

A typical cluster charge spectrum for the cosmic muon is shown in Figure The spectrum

is fitted with a Landau distribution and a peak is observed at 39 fC, which corresponds to 2.4
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x 10° number of electrons, now we assumed that 30 number of primary electrons get generated
for each incident cosmic muon. Now if we divide the total number of electrons by 30 then we

get detector gain of 8125. We see a peak at 81 fC corresponding to saturation of cluster charge.
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Figure 2.12: (a) Cosmic muon detection efficiency variation with HV at 2 positions ( Inset:
Location at which efficiency measured). (b) Detector gain calculated from cosmics cluster

charge. (c¢) Time Resolution. (d) Cluster Size.

The cosmic muon detection efficiency is measured for the module at different operating voltages.
Figure shows the increasing trend of efficiency with HV of the module, red color refers
to the efficiency at position 1 (pad size ~ 19 mm) of the detector and the green color refers

to the efficiency at position 2 (pad size ~ 7.7 mm). A maximum efficiency of 98% at 1110V
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is measured and the plateau starts around 1070V. The efficiency along the joining line of the

PCB is also measured, and found to be around 98% at 1110V.

The gain of the detector is measured from cluster charge spectra at various voltages. The
variation of detector gain with HV is shown in Figure and it can be seen that position 2
shows a gain of 13572 at 1110V. Beyond this voltage the cluster charge spectra get saturated

and it could not be fit to get a proper peak.

The variation of time resolution with summed HV is shown in Figure [2.12¢| the value can be
seen decreasing with increasing voltage. At position 1 the value of time resolution is around 18

ns.

Figure shows the cluster size variation with HV. Position 1 falls on the row number 92
of the readout pcb, which corresponds to pad size of 19 mm, so the cluster size of 1.1 pads
corresponds to 21 mm. Similarly, Position 2 falls on the row number 38 of the readout pcb,
which corresponds to pad size of 7.7 mm, so the cluster size of 1.9 pads corresponds to 14.6

mm. So the cluster size of the 2 different zones is within 30%.

2.9 Summary

The Compressed Baryonic Matter (CBM) experiment at FAIR aims to study strongly interact-
ing nuclear matter at extreme baryon densities using heavy-ion collisions at interaction rates up
to 10 MHz. The Muon Chamber (MuCh) system of CBM is designed for efficient identification
of rare probes in a high rate forward rapidity environment. To meet these requirements, Gas

Electron Multiplier (GEM) based detectors are employed in the first two MuCh stations.

This thesis reports the design, fabrication, simulation studies, and laboratory performance of
the first full size prototype of the MuCh second station triple-GEM detector module, developed

at VECC. The trapezoidal detector module has an active length of 1 m and represents the final
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CBM geometry. Due to fabrication constraints of large area multilayer PCBs, a novel PCB
joining technique was developed, enabling realization of an 8-layer readout PCB with minimal

dead area and ensured gas tightness.

The detector employs a triple-GEM configuration with a 3-2-2-2 mm gap structure and operates
with an Ar:CO, (70:30) gas mixture. Large area single mask GEM foils from CERN were
assembled using the NS-2 technique, eliminating gluing and reducing mechanical stress. Each
foil is segmented into 24 high voltage sectors, powered through an optocoupler based biasing

scheme for enhanced operational reliability.

Monte Carlo simulations using Ur@QMD events and Geant3 transport were performed to estimate
particle rates in the second MuCh station. The studies predict maximum digi rates of 90

kHz/cm? at 12 AGeV, confirming the suitability of GEM detectors for CBM conditions.

The detector was characterized using self-triggered STS/MuCh-XYTER readout electronics.
Gain measurements with a **Fe X-ray source showed stable operation with gains exceeding 4 x
103, while gain uniformity variations were mainly due to charge sharing in regions with smaller
pad sizes. Noise originating near the PCB joining region was successfully mitigated through

additional grounding and shielding.

Cosmic muon studies demonstrated a maximum detection efficiency of 98% with an efficiency
plateau above 1070 V and a time resolution of 18 ns. Cluster size and gain measurements

across different pad geometries showed consistent detector performance.

This work establishes that large-area triple-GEM detectors with joined multilayer PCBs can be
used for high-rate tracking in the CBM MuCh system and form a strong basis for future beam

tests and final deployment at FAIR.
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Chapter 3

Detector performance test in mini-CBM

high intensity particle beam

3.1 Introduction

The Compressed Baryonic Matter (CBM) experiment at FAIR is designed to explore the proper-
ties of strongly interacting matter at high net-baryon densities using relativistic nucleus nucleus
collisions at interaction rates unprecedented in heavy ion physics. To achieve its physics goals,
CBM employs fast, radiation hard detectors, a novel self triggered front end readout archi-
tecture, and a free streaming data acquisition system capable of handling raw data rates up
to the terabyte per second scale. The successful implementation of this concept requires not
only robust detector modules but also optimized readout chain performance, real time data
processing, and coordinated operation of all subsystems under realistic high rate conditions.
Before the installation of the full CBM detector at SIS100, it is therefore essential to validate
these technologies in an integrated environment. The mini-CBM (mCBM) experiment at SIS18

has been conceived specifically to meet this requirement by providing a full system test setup
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using prototype or pre-series detector modules from all major CBM subsystems: STS, MUCH,
TRD, TOF, RICH, PSD, and ECAL, together with their corresponding front end electron-
ics and DAQ infrastructure. Installed in the HTD cave at GSI, the mCBM setup arranges
the detectors downstream of a fixed target at approximately 25° with respect to the incident
beam direction, reproducing the compact geometry foreseen for CBM while operating without
a magnetic field [1]. This configuration enables straight line tracking and allows systematic
studies of detector behaviour, hit rates, data throughput, synchronization, and online/offline
reconstruction performance. A central objective of mCBM is to test the free streaming readout
chain, in which all registered detector signals time-stamped at the front end, are transmitted
continuously via GBT optical links to Data Processing Boards (DPBs) and then forwarded
to the First Level Event Selector (mFLES) in the Green IT Cube. Here, time slice building,
online track reconstruction, event identification, and physics based data selection are executed
in real time. This approach represents a paradigm shift compared to conventional triggered
experiments and must be extensively validated under SIS18 beam conditions up to interaction
rates of 107 events/s. To benchmark the performance of the integrated system, mCBM focuses
on the reconstruction of A hyperons produced in heavy ion collisions at SIS18 energies. The
A yield is low of order 10~ per event making it an excellent probe to test the sensitivity and
efficiency of the reconstruction algorithms. Simulations with the full mCBM geometry demon-
strate that A candidates can be identified using straight line tracking in STS, hit association
in TRD and MUCH, and velocity measurements from TOF information, despite the absence of
a magnetic field. The feasibility studies show clear A invariant mass peaks for reactions such
as Ni+Ni at 1.93 AGeV and Au+Au at 1.24 AGeV, validating the reconstruction strategy and
confirming the scientific utility of the test setup. The work presented in this chapter reports
on the performance test of GEM based MUCH detector modules and associated electronics
during high intensity beam operation as part of the mCBM program. Operating within a
complex multi-detector environment featuring high hit multiplicities, substantial background,

and stringent timing constraints, the MUCH subsystem offers a unique opportunity to evaluate
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stability, rate capability, thermal behaviour, and data integrity under realistic CBM like condi-
tions. Particular emphasis is placed on signal characteristics, hit rate distributions, long term
stability, and the impact of intense beam flux on electronics and cooling solutions. This chapter
is structured as follows. First, the mCBM experimental layout and beam conditions relevant to
the test campaign are described. Next, the detector configuration, data acquisition chain, and
online monitoring framework used during the run are outlined. Detailed performance results
are then presented. Finally, a discussion is provided on the implications of these results for the
full CBM experiment and the readiness of the MUCH subsystem for large-scale production and

integration.

3.2 Experimental Setup

3.2.1 mini-CBM layout and beam conditions

The detector performance tests were carried out within the mini-CBM (mCBM) setup installed
in the HTD cave at SIS18. The configuration closely follows the geometry foreseen for the full
CBM experiment: a fixed target is placed at the coordinate origin, and all detector subsystems
are arranged downstream at a polar angle of about 25° with respect to the incident beam

direction.

The MuCh prototype stations under investigation were positioned between the Silicon Tracking
System (STS) and the Transition Radiation Detector (TRD), as shown in Figure[3.1] i.e. in the

region where the muon absorber and muon chambers will be located in the final experiment.

Figure [3.2] shows the acual setup at mCBM cave, at GSI. The measurements discussed in this
chapter were performed with high intensity heavy ion beams at SIS18. The beam species,

kinetic energy and typical intensity were chosen to reproduce CBM like interaction conditions
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while staying within the safe operational envelope for the prototype detectors and front end

electronics.

| GEM1 | | GEM2 | '

Input
beam
direction

Figure 3.1: Geometry of mCBM setup showing all the detector subsystems.

In mCBM, May, 2025 beamtime we got 2°9Bi®" beam at 1.1 AGeV from SIS18 accelerator. Gold
(Au) target of thickness 2.5 mm corresponding to approximately 10% interaction probability
was employed. The maximum particle intensity we received upto 8 x 10%/6 sec spill. The beam
was extracted in slow extraction mode with spill lengths of the order of several seconds, resulting
in quasi continuous streams of interactions in time. The interaction rate for the performance
tests reached upto 13 MHz for mCBM, thereby providing a realistic environment to stress the

detectors and readout chain.

The mCBM setup was installed in the HTD cave at SIS18, with all detector subsystems aligned
along the fixed-target beam line at an angle of 25° with respect to the primary beam. The
MuCh prototype stations were positioned downstream of the target, in between the STS and
TRD stations, closely following the geometry foreseen for the full CBM experiment as shown

56 Fe25+

in Figure The measurements presented in this chapter were performed with and
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209Bi%F at a kinetic energy of 1.7 AGeV and 1.1 AGeV respectively and typical intensities upto

8 x 10%/ spill in slow-extraction mode with a spill length of 6 seconds.

Figure 3.2: Side view of the mini-CBM setup showing the relative positions of the detectors.

3.2.2 MuCh detector configuration in mini-CBM

The MuCh subsystem in the mCBM setup consisted of two trapezoidal triple-GEM detector
modules positioned at different distances from the target. The first module (GEM1) corresponds
to the dimensions of Station 1, while the second module (GEM2) matches the geometry of
Station 2. Both modules were placed within the common acceptance of the other detector
subsystems. The detectors were operated with an Ar:CO, (70:30) gas mixture at a total gain
adjusted to ensure high detection efficiency for minimum-ionising particles while maintaining an
acceptably low discharge probability. Figure and Figure [3.3b| show close-up photographs
of the GEM1 and GEM2 detectors, respectively, mounted on their aluminium cooling plates.
As visible in the images, 18 FEBs are installed on the cooling plate for GEM1 and 15 FEBs

for GEM2, providing readout for all detector channels, while the detector modules themselves
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are positioned on the opposite side of the plates. Both cooling-plate assemblies, together with
the detectors, were mounted on a common support frame. This complete structure was then

installed on the beam table inside the mCBM cave, as illustrated in Figure [3.2]

Figure 3.3: (a) GEM1 mounted on aluminum cooling plate with FEBs. (b) GEM2 mounted on

aluminum cooling plate with FEBs.

The FEBs were mounted onto the aluminium cooling plate using screws inserted into carefully
tapped holes, ensuring that the embedded water channels remained fully sealed. During in-
stallation, particular care was required to avoid applying mechanical stress to the FEBs, as
excessive strain could damage the wire bonds of the ASICs. Similar attention was given to the
Low Voltage (LV) connections to prevent accidental contact with the aluminium plate, which
could otherwise lead to electrical short circuits. Since the heat generated by each FEB is pre-
dominantly concentrated beneath the ASIC, small copper blocks were glued at these locations
to provide an efficient thermal bridge, enabling effective heat transfer from the ASIC to the
cooling plate. The FEBs were connected to the detector readout connectors through flexible
copper cables, which transmit the charge signals from the detector pads to the ASICs. Data
from each group of six FEBs were routed to an FMC board via copper patch-bus cables, and the
FMCs subsequently forwarded the data to a GBTx-based CROB (Common Readout Board).

Finally, the CROB transmitted the data to the storage nodes through high-speed optical links.
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The readout plane of each GEM detector was segmented into pads with progressive geometry
and the granularity matched to the expected particle flux. Details of the Fabrication and testing
of Station-1 module is reported in |2] and for the second station it is reported in second chapter

of this thesis.

3.2.3 Readout chain, DAQ and run configuration

The MuCh detectors in mCBM were read out using the free streaming data acquisition con-
cept developed for CBM. Signals crossing the programmable threshold in the MUCH-XYTER
ASIC were time stamped and multiplexed onto electrical e-links. These e-links were received
by GBTx-based Readout Boards (ROB-3), where the data streams from many channels were
aggregated and transmitted via 4.48 Gbit/s optical GBT links to the Data Processing Boards
(DPBs) located in the DAQ container. On the DPBs, subsystem specific preprocessing such
as time ordering, zero suppression and framing into micro slices was performed. The resulting
streams were forwarded via FLIB (or CRI) boards to the FLES input nodes in the Green IT
Cube, where time slices were built and handed over to the compute farm for online and offline
processing. All detector subsystems in mCBM shared the same timing and fast control (TFC)
system, which distributed a common clock and synchronisation signals, thus ensuring a global
time stamp alignment at the nanosecond level. For the MuCh performance studies, several
dedicated runs with stable beam, target in place, and all relevant subsystems operational were
selected. The dataset comprises runs at different interaction rates and detector settings (high
voltage and threshold scans), which allowed a systematic investigation of the detector response

and stability.
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3.3 Data Analysis Results

3.3.1 Basic QA plots

During the mCBM beamtime campaign in May 2025, approximately 230 runs were recorded
with the MuCh subsystem in conjunction with the other detector systems. For detailed analysis,
Run 3887 was selected, corresponding to data taken with GEM1 operated at 4100 V and a
branch current of 1520 xA. The beam consisted of *Fe*** ions incident on a 4 mm nickel
target, yielding an interaction rate of about 10 %. The average beam intensity during this run

was 107 particles per 10 second spill.

GEM1 FEBs
GEM2 FEBs

— = Digicounts /TS

(a) (b)
Figure 3.4: (a) Spill Structure of GEM1 (Blue) and GEM2 (Red). (b) Number of active FEBs

during data taking.

Figure presents the spill structure as observed by GEM1 and GEM2, illustrating the
temporal profile of the incoming particle bunches. Figure displays the number of FEBs
that were active during this data-taking period. Once the data are recorded, they are stored as
raw ".tsa" files, which are subsequently processed using the CBMROQOT framework to produce
the corresponding ".root" files. In these rootified datasets, the fundamental time unit is the

Time Slice (TS). For performance evaluation, the number of digis per TS is examined for the
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detector, as shown in Figure [3.5] This distribution provides the mean digi rate for the selected

run, which is expected to scale with the beam intensity.

35— Gem1DigiPerTs
~ Entries 1156
- Mean 1.849e+06
30— Std Dev 9.564e+05
B ¥2 [ ndf 28.54 /26
o5 C | Constant 259+1.7
_ Mean 2.387e+06 + 5.501e+04
C Sigma 5.769e+05 * 4.660e+04
20 -
15—
10—
5—
0 n 1 | | 1 I \ 1 1 | | | | ! ! | X1 03
1000 2000 3000 4000 5000

Figure 3.5: Digi per TS profile.

During the recent mCBM beamtime, data were collected at six distinct beam intensities. Fig-
ure illustrates the sequence of run numbers together with the corresponding intensities,

providing an overview of the beam conditions under which the measurements were performed.

All recorded runs are organized according to their run numbers and corresponding beam in-
tensities. The complete listings are provided in Figure for GEM1 and in Figure for
GEM2.

3.3.2 Detector Noisy Channel listing

During detector operation, it was observed that a subset of channels contributed disproportion-
ately to the overall data rate. To prevent excessive data throughput and ensure stable DAQ

performance, these high noise channels were masked at the hardware level so that their data
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Figure 3.6: Overview of the run sequence, indicating the corresponding beam intensities, ion

species, and target materials used during the measurement campaign.
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Figure 3.7: Run listing for GEM1.

were not recorded. After establishing this nominal operating condition, data were collected and
further processed offline. For the offline noise evaluation, a low intensity run was selected, and

the data were unpacked to identify persistently noisy channels. The analysis focused on the
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Figure 3.8: Run listing for GEM2.

off-spill periods, time intervals when the beam is absent, during which the expected digi rate
per channel should ideally be close to zero. In practice, however, some channels exhibit signifi-
cantly higher off-spill activity. To classify a channel as noisy, a threshold of 50 Hz was applied:
any channel producing more than 50 digis per second during the off-spill interval was marked
as noisy. Using this criterion, complete noisy channel lists were generated separately for GEM1
and GEM2. These identified channels were subsequently excluded from all further analyses.
Importantly, the same noisy channel map was applied consistently across all runs to ensure
uniform acceptance and maintain comparability of the results. This procedure guarantees that
variations observed in detector performance or digi rates across different beam intensities orig-
inate from physical effects rather than from changes in channel quality. We observe that the
noise baseline of both TOF and GEM1 detectors increases noticeably with beam intensity,
as illustrated in Figure In Figure (a), the red line indicates the off-spill digi level of
the TOF detector for Run 3885, recorded at an intensity of 107/spill. When the intensity is

increased to 5 x 10%/spill in Run 3994, the corresponding off-spill baseline, shown in Figure
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3.9(b), rises from approximately 3 x 10 digis/TS to 3 x 10* digis/TS, representing nearly an
order of magnitude increase.

Run: 3885, I= 107/Spill Run: 3994, I= 5 x 10%/Spill

ThSpillStruciureTof 1 26ms
o B.2701 o]

ThSpillStructureTof 128ms.

g (@ e | £ 7= () e o
- Mean 50620404 sta Dev
Sid Dev 3.276e+04
10° = ‘l
TOF 0
Noise E
Level |” r
10° =
w- Noise Level: 3 x 10° N0|se Level 3x 10“ITS .
a 2'0 ) 4'0 sln an 1n‘m 120 10 0 suw 1 ouoc 1 5000 20000 25000 30000 35000
Time in m: Time in ms
£ I [irsosmonsGom sonzoms |
£ wie) () e
E 5100 e |SdDev  ei73 |
GEM1 | | B
- r 0°
Noise “E
Level |« -
10" =
et b o g b ey b U Y B
E Noise Level: 2 x 10*/TS ) e T N0|se Level 2 x 103ITS
20 40 60 80 100 T\mein‘:lg 5000 10000 15000 20000 25000 30000 T\mglsr??nus

Figure 3.9: Off-spill noise levels of TOF and GEM1 detectors at low and high beam intensities.
A clear upward shift in the noise baseline is observed as the beam intensity increases from 107

/ spill (Run 3885) to 5 x 10%/spill (Run 3994).

A similar behaviour is observed for GEM1, as shown in Figures (C) and Figures (d),
where the off-spill noise level increases from roughly 2 x 10? digis/ TS at low intensity to about
2 x 10% digis/TS at the highest intensity. This systematic upward shift in the baseline with
increasing beam flux suggests the presence of enhanced radiation induced background during
off-spill periods. At higher intensities, activation effects, and residual interactions in the target
and surrounding materials can contribute to additional ionisation in the detector gas, thereby

elevating the off-spill digi rate.
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3.3.3 Detector Digi behaviour w.r.t Intensity

Our objective is to study the response of the detector as a function of increasing particle
intensity. For this purpose, a subset of runs from Figure was selected, specifically those in
which GEM1 was operated at 4000 V. The chosen runs: 3916, 3919, 3987, and 3994 correspond
to progressively higher beam intensities. The spill structures recorded by GEM1 for these runs

are shown in Figure [3.10]

To quantify the detector performance, we evaluated the number of digis recorded per spill and
examined how this quantity varies with beam intensity. Ideally, such a comparison requires
identical detector acceptance across all runs. However, due to a few non-operational FEBs in
some runs, the effective acceptance was not uniform. To ensure a fair comparison, the study
was therefore performed on a zone-by-zone basis. The overall readout segmentation of GEM1
is shown in Figure [3.11al consisting of 23 columns along the X-axis and 97 rows along the
Y-axis, forming the trapezoidal active area of the detector. The lower sector numbers (near 0)
correspond to the narrow end of the trapezoid, while higher sector numbers (near 96) represent

the wider region of the module.

From this segmentation, three representative zones were selected for the analysis:

e nx = 0, corresponding to the narrow region,
e nx = 7, corresponding to the middle region, and

e nx = 17, corresponding to the broad region of the detector.

These selected regions are illustrated in Figure Figure and Figure [3.11d], respec-

tively.

The average number of digis per spill was plotted as a function of the beam intensity for the

three selected detector regions, as shown in Figure Figure [3.12b| and Figure for
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Figure 3.10: GEM1 Spill structure at several intensities but at fixed voltage of 4000 V.

nx=0, nx=7, and nx=17, respectively. In all three zones of the detector, the digi yield was
observed to increase linearly with beam intensity up to approximately 5 x 10® particles per

spill. This consistent linear trend across the narrow, middle, and broad regions indicates that

the detector response remains proportional to the particle flux within this intensity range.

Such behaviour is expected for a well operated GEM detector, as linearity of the digi rate
with incident particle count reflects stable gas gain, uniform charge collection, and the absence

of significant space charge effects or electronics saturation.

suggest that, up to the tested intensities, the detector maintains stable gain, and no onset of

rate induced non linearities.

These observations collectively
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(b) nx = 0, corresponding to the

narrow region. (c¢) nx = 7, corresponding to the middle region. (d) nx = 17, corresponding to

the broad region of the detector.
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Figure 3.12: (a) Average digi vs Beam intensity for narrow zone (nx=0). (b) Average digi vs

Beam intensity for mid zone (nx=7). (c) Average digi vs Beam intensity for outer zone (nx=17).

3.3.4 Time offset stability

Since all mCBM subsystems operate in a common data taking mode and are synchronized in
time at the beginning of each run, a fixed time correlation is expected between them. When
a charged particle traverses both the MuCh and TOF detectors, the timestamps generated in

the two systems should differ by a constant offset, reflecting their relative electronics and cable

delays.

The time difference between TOF and MuCh was computed for Run 3887, and the correspond-

ing spectrum is shown in Figure A clear peak is observed, indicating a stable time
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offset of approximately 706 ns, with a timing resolution of about 19 ns. This offset remains
constant throughout the entire duration of the run. The stability of this correlation is further
demonstrated in Figure [3.13b] where the time difference is plotted as a function of the Time
Slice (TS). The time offset shows no significant drift over the full run length. Such temporal
stability is essential for downstream physics analysis, as any fluctuation in time correlation
would make it impossible to associate hits from different subsystems reliably. Consequently,
for every recorded run, the first validation step is to determine and confirm the TOF - MuCh

time offset before proceeding to higher level reconstruction or physics interpretation.

A similar timing correlation study was carried out between the two MuCh stations, GEM1
and GEM2. Figure shows the distribution of the time difference Tora - Taparm for all
correlated hits recorded in the run. A well defined peak is observed at approximately 10 ns,
with a timing resolution of about 49 ns. This clearly demonstrates that both detector stations

remain synchronised within a stable time offset throughout data taking.

The stability of this offset over the duration of the run is illustrated in Figure where the
time difference is plotted as a function of the TimeSlice (TS) number. The band remains cen-
tered around the same offset value without any drift or broadening. This stability is essential for
event building and cross detector correlation: if the relative timing between stations fluctuates,
the assignment of hits to the same physical particle becomes unreliable, ultimately degrading
reconstruction quality. The observed constant time alignment therefore confirms that GEM1

and GEM2 operated in a fully synchronised, time stable mode during the mini-CBM beamtime.

3.3.5 Spatial Correlation

The spatial correlation between detector subsystems is a crucial indicator of their mutual align-
ment and common geometric acceptance. To evaluate this for the MuCh system, we examined

the hit distributions of GEM1 and GEM2 using their digi maps. Figure shows the two-
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Figure 3.13: (a) Time difference (TOF - MuCh) spectrum showing a well defined offset of 706
ns with a timing resolution of 19 ns, obtained from all FEBs of MuCh. (b) Stability of the
TOF - MuCh time difference over the full duration of the run, plotted as a function of Time
Slice (TS). (¢) Time-difference spectrum between GEM1 and GEM2 digis, exhibiting a peak at
around 10 ns and a resolution of approximately 49 ns. (d) Corresponding time difference vs.
TimeSlice plot demonstrating that the relative timing between the two stations remains stable

over the full duration of the run.

dimensional occupancy map of GEM1, where the X-axis corresponds to the readout columns
(channels) and the Y-axis to the readout rows (sectors). Regions without entries correspond to

channels that were not read out due to non-functional FEBs or disabled channels. A similar oc-
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cupancy map for GEM2 is shown in Figure To visualise the geometrical overlap between
the two detector planes, the readout pad positions of GEM1 and GEM?2 are superimposed in
Figure . As expected from their design, the Station-1 module (GEM1) is shorter in length
but wider than the Station-2 module (GEM2). Despite this size difference, both detectors
were installed in a common acceptance region during the mini-CBM beamtime. Consequently,
particles traversing one detector are expected to pass through the other as well, enabling track
correlations across the two planes. The consistent spatial patterns observed in the occupancy

maps confirm this overlap and demonstrate correct alignment and stable geometrical correlation

between GEM1 and GEM2.

= = > = 1000
: . F ol — = - _
r 0= - [ = -
5 £ 5 5 E = == 10°
3 80 10 5 80 .
2] C a (%] = 800
70— NE =
E 10* = - 10*
60— 60— =
= = C 600}
50— i 10° S0 _ 10°
a0 o =  ° -
|- - = - 400
£ 10? E 10? g
0 0= £
20— = 20—
= 10 E 10 200
10~ 10—
0k . ‘ prmliemt B el
0 5 10 15 20 ! 0 24 6 81012141618 ! o
Channel(Column) Channel(Column)
(a) (b)

Figure 3.14: (a) Two-dimensional occupancy map of GEM1 showing the distribution of digis
across channels (X-axis) and sectors (Y-axis). Empty regions correspond to non-functional
or masked channels arising from FEB related issues. (b) Two dimensional occupancy map of
GEM2 using channel-sector representation as GEM1. The blank areas indicate regions not read
out due to inactive FEBs or disabled channels during data taking. (¢) Geometrical overlap of
GEM1 (red) and GEM2 (blue) readout pad positions. The Station-1 detector (GEM1) is wider

but shorter compared to the Station-2 detector (GEM2).
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Using the time-sorted data streams from GEM1 and GEM2, we first constructed crude events,
each containing approximately 50 combined digis from both detectors. A time correlation was
then performed among the digis within each event, yielding a clean and well defined correla-
tion peak, as shown in Figure 3.13¢, To extract only physically meaningful coincidences, we
applied a time difference selection window of -200 ns to +200 ns. Digis satisfying this temporal
coincidence criterion were subsequently used to study the spatial correlation between the two
detector modules. Figure presents the correlation matrix of GEM2 sector versus GEM1
sector, which shows a narrow and well-defined diagonal band. A similar trend is observed in
millimetre coordinates in Figure [3.15b] This behaviour clearly indicates that both GEM1 and
GEM2 are well aligned in space, such that particles passing through the common acceptance
region of the apparatus produce consistent and correlated hit positions in both detectors. In
other words, the detectors are geometrically matched so that a particle trajectory observed in

GEMI1 can also be traced reliably through GEM2.

The channel-to-channel correlation between GEM2 and GEM1 is shown in Figure [3.15d, while
Figure displays the corresponding position correlation in millimetre scale. As discussed
earlier, the right half of GEM2 exhibited reduced activity during this run; hence, the channel-
channel and spatial correlations do not extend across the full detector width. Nevertheless,
the regions with valid data demonstrate a clear one to one spatial correspondence, further

confirming the relative alignment and proper functioning of the two GEM stations.

3.3.6 Digi Correlation

To further assess the stability and linearity of the MuCh detector response under varying beam
conditions, we investigated the correlation between the number of digis per Time Slice (TS)
recorded by GEM1, GEM2, and the TOF subsystem. Such inter detector correlations are

essential, as they reflect whether the MuCh subsystem behaves consistently with the global
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Figure 3.15: (a) Sector-sector spatial correlation between GEM2 and GEM1 after applying the
time-coincidence cut (-200 ns < At < 200 ns). A strong and narrow diagonal band is observed,
indicating that hits produced by the same particle in the two detectors fall on geometrically
corresponding sectors. (b) Digi position correlation along the Y direction (in millimetres) for
GEM2 versus GEM1. (c¢) Channel to channel correlation between GEM2 and GEM1 for digis
satisfying the temporal coincidence requirement. (d) Digi position correlation along the X

direction (in millimetres) between GEM2 and GEM1.

event activity observed by the other detectors in mCBM. After removing all noisy channels
identified through the off spill masking procedure, we evaluated the digi multiplicity on a TS

by TS basis and compared it across subsystems. Figure presents the correlation between
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GEM2 and GEM1 digi counts. A clear linear relationship is observed over the full range
of TS occupancies, indicating that both GEM detectors respond proportionally to changes
in particle flux and operate coherently within the common acceptance region. Figure
shows the correlation between GEM1 and TOF digi multiplicity, while Figure shows the
corresponding GEM2 vs TOF comparison. Both plots exhibit strong linearity, confirming that

the MuCh detectors scale uniformly with the global event activity measured by TOF.

We performed the same check across different beam intensities, and consistently observed linear
behaviour for GEM1 and GEM2. This demonstrates that both GEM1 and GEM2 remain linear
over the full tested intensity range. These correlations strongly support the conclusion that
the MuCh detectors exhibit stable gain, uniform response across their active area, and no

observable saturation effects up to intensities of 5 x 10® particles per spill.

3.3.7 Digi Rate Estimation

The incident particle rate is a crucial operational parameter for the CBM experiment, as it
directly influences detector occupancy, data throughput, and the long term stability. In this
context, we determined the instantaneous particle load on the MuCh detectors during the
highest intensity runs of the mCBM 2025 beam campaign. The geometrical orientation of the
MuCh modules, shown earlier in Figure [3.1] indicates that the narrow end of each trapezoidal
detector faces the beam pipe. Consequently, this region is expected to experience the highest

particle flux.

Figure presents the rate distribution for GEM1 as a function of TimeSlice (T'S) number on
the x-axis and the combined FEB channel index on the y-axis. GEM1 requires 2,231 electronic
channels to read out its active area, and each channel is mapped to a unique index in this
combined scale. For every TS (128 ms), the number of digis recorded in each channel is

counted and divided by the TS duration to obtain the channel rate in Hz. The resulting
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Figure 3.16: (a). Scatter plot showing the number of digis recorded in GEM2 versus GEM1 on
a T'S by TS basis after noisy channel removal. The strong linear trend demonstrates that both
GEM detectors respond proportionally to the instantaneous particle rate and behave consis-
tently within the common acceptance region. (b) The digi counts observed in GEM1 are plotted
against those in the TOF detector for each TS. The linear relationship confirms that GEM1
scales coherently with the global event activity measured by TOF, indicating stable detector
performance over the full intensity range. (c) Scatter plot illustrating the digi multiplicity in
GEM2 versus TOF for each TS. The observed linear trend shows that GEM2 maintains a sta-
ble and proportional response to variations in event activity, similar to GEM1. This further

supports the linear behaviour of the MuCh subsystem under increasing beam intensities.

two dimensional rate map exhibits a clear spill structure: within each spill the particle rate
gradually rises, reaches a maximum, and subsequently decreases before entering the off spill
period, where essentially no beam particles are present. From Figure [3.17a} it is observed that

the maximum rate handled by GEM1 electronics reaches approximately 100 kHz per channel.

Since the pad dimensions of the readout pads increase progressively from the narrow to the
wider region of the detector, the electronic channel occupancy alone does not directly reflect

the particle flux density. Therefore, each channel rate was normalized to the corresponding pad
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Figure 3.17: (a) GEM1 digi rate per electronic channel as a function of TimeSlice (T'S) number
for the highest intensity run. (b) GEMI particle flux distribution normalized to pad area
(Hz/cm?). (c) GEM2 digi rate per electronic channel as a function of TimeSlice (TS) number.

(d) GEM2 particle flux distribution normalized to pad area (Hz/cm?).

area to obtain the incident particle rate in units of Hz/cm?. Figure [3.17b| shows the resulting
GEM1 rate distribution per unit area. For the highest intensity run (Run 4022), the peak flux
reaches nearly 4 x 10° Hz/cm? or 400 kHz/cm?. This value represents the maximum particle

density sustained by GEM1 during the mCBM campaign.

A similar analysis was performed for GEM2, whose readout is served by 15 FEBs corresponding

to a total of 1,920 channels. Figure and Figure show the per channel and per area
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rate maps, respectively. The highest flux observed in GEM2 reaches approximately 3 x 10°
Hz/cm? or 300 kHz/cm?. As expected, Figure clearly shows that the largest particle rate
is concentrated in the channels associated with the narrow side of the detector, those facing
the beam pipe. The rate gradually decreases toward the outer (broader) region of the detector,
consistent with the geometrical acceptance and angular distribution of the incoming particle
flux. These measurements demonstrate that both GEM1 and GEM2 handled the extreme rate

conditions of the mCBM beamtime, validating their readiness for the CBM experiment.

3.3.8 Hit reconstruction and event building in MuCh

At the digi level, the MuCh data processing chain begins with event building, followed by
cluster formation and hit reconstruction, and finally correlation studies using the reconstructed
hits. The overall reconstruction sequence can be summarized as: Digis — Event Building —

Clusters — Hits.

Event building is performed using the time-stamped digis produced by the detector front-end
electronics. Prior to event reconstruction, time offset corrections are applied to the digis from
different GEM front-end boards (FEBs) with respect to the reference time provided by the T0

detector. This step is essential to bring all sub-detector digis into a common time frame.

The event reconstruction in mCBM is based on a time-based event building approach. In the
present analysis, a Fixed Time Window (FTW) algorithm is employed, with a time window of
120 ns optimized for the GEM detectors. First, the time stamps of all digis from the various
sub-detectors are sorted in chronological order. Event building is then initiated using the T0
detector as the reference. Starting from a valid TO digi, a time window of 120 ns is opened, and
all digis primarily from the GEM detectors that fall within this window are grouped together

and treated as a single event. This procedure is applied sequentially over the entire data set.
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Figure 3.18: (a) Two-dimensional X-Y hit distribution of the GEM1 detector obtained after
time-based event building and hit reconstruction. The trapezoidal active area of the detector
is clearly visible, while empty regions correspond to inactive or masked FEBs during data
taking. (b) X-coordinate correlation between reconstructed hits in GEM1 and GEM2 for hits
belonging to the same reconstructed event. The clear diagonal structure indicates a strong
spatial correlation and confirms proper relative alignment of the two MuCh stations along the

horizontal direction.

The FTW algorithm is operated in No-Overlap mode, where each digi is allowed to belong to
only one event. If a new event seed appears within the time window of a previously defined
event, it is ignored. As a consequence, this mode can lead to partially reconstructed or missed
events in the presence of event pile-up. Therefore, the No-Overlap mode is suitable mainly
for low event-rate conditions and serves as a robust starting point for validating the event

reconstruction chain.

Once events are built, hit reconstruction is carried out using standard clustering algorithms.
Neighboring digis in space and time are grouped into clusters, and cluster centroids are cal-
culated to form reconstructed hits. The resulting two-dimensional (XY) hit distributions for

GEM1 is shown in Figure which represents the active detector regions clearly. Empty
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regions observed in the distribution corresponds to dead or inactive areas, which arise from

non-functioning GEM FEBs during the data-taking period.

As a first-level validation of the event reconstruction and tracking performance, spatial corre-
lation studies are performed between the two MuCh stations, GEM1 and GEM2. Correlations
are constructed using reconstructed hits from both stations within the same event. The re-
sulting XX correlation plot is shown in Figure exhibit clear diagonal bands, indicating
strong spatial correlations between GEM1 and GEM2. These diagonal structures demonstrate
that hits in both stations originate from the same charged particles and are correctly associated

within a single reconstructed event.

Overall, these results confirm the proper functioning of the time-based event building, the
reliability of the hit reconstruction procedure, and the suitability of the MuCh GEM detectors

for charged-particle tracking in the high-rate environment of mCBM.

3.3.9 Summary

This chapter presents a comprehensive performance evaluation of the GEM-based Muon Cham-
ber (MuCh) detector prototypes operated during the mini-CBM (mCBM) experiment at SIS18.
The measurements were carried out under realistic CBM-like conditions using high-intensity
heavy-ion beams, reaching interaction rates of up to several tens of MHz. Two trapezoidal
triple-GEM modules corresponding to MuCh Station-1 (GEM1) and Station-2 (GEM2) were
operated in a fully integrated multi-detector environment together with STS, TOF, TRD, and

other subsystems.

The detector response was studied over a wide range of beam intensities and operating voltages.
A systematic procedure for identifying and masking noisy channels was developed using off-
spill data, ensuring stable data acquisition and uniform acceptance across all runs. The analysis

demonstrates that, after noise mitigation, both GEM detectors exhibit a linear response with
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respect to beam intensity up to 5 x 10® particles per spill, with no indication of gain saturation

or rate-induced non-linearities.

Time correlation studies between MuCh and TOF, as well as between GEM1 and GEM2, re-
veal stable and well-defined timing offsets throughout the full duration of data taking. The
observed stability at the nanosecond level confirms reliable synchronization of the MuCh sub-
system within the free-streaming readout architecture of CBM. Spatial correlation analyses
further show strong one-to-one correspondence between hits in GEM1 and GEM2, demonstrat-

ing correct geometrical alignment and common detector acceptance.

Digi-level correlation studies between MuCh and TOF confirm that both GEM stations scale
linearly with global event activity across different beam intensities. Rate capability studies
show that GEM1 and GEM2 successfully handle extreme particle fluxes of up to approximately
400 kHz/cm? and 300 kHz/cm?, respectively, with the highest rates observed at the narrow

ends of the detectors facing the beam pipe.

Finally, time-based event building and hit reconstruction using a fixed time window algorithm
were validated using reconstructed hit distributions and inter-station hit correlations. The clear
diagonal structures observed in the X-X and Y-Y hit correlation plots confirm correct event

association and reliable hit reconstruction.

Overall, the results presented in this chapter demonstrate that the MuCh GEM detectors, to-
gether with their front-end electronics and readout chain, operate stably and linearly under
high-rate conditions representative of the CBM experiment. These findings validate the readi-
ness of the MuCh subsystem for large-scale deployment in CBM and provide confidence in its

performance for future high-luminosity heavy-ion physics measurements.
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Chapter 4

(Gas system development for CBM-MuCh

GEM detector system

4.1 Introduction

The international Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany
provides unique research opportunities in the field of hadronic and leptonic physics. The up-
coming Compressed Baryonic Matter (CBM) experiment at FAIR is designed to investigate
the dense nuclear matter in nucleus-nucleus collision with an interaction rate up to 10 MHz.
The identification of rare probes like low mass vector mesons (LMVM), multi-strange hyperons,
charmonia etc, requires very high interaction rate and efficient background suppression. CBM
will initially use proton beam from SIS100 synchrotron with an energy of 2-29 AGeV and heavy
ion beam with an energy of 2-14 AGeV. Finally it will continue using beam from SIS300 syn-
chrotron with an energy up to 90 AGeV for proton and upto 45 AGeV for heavy ions [1]. The
CBM-MuCh detector system is an essential part of this experiment, designed to detect muons

produced during high-energy collisions. The muon detection capabilities of the system heavily
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depend on the performance of the GEM detectors , which require precise control of the
gas mixture ratio and gas flow rate within the detector chambers. Thus, the development of
a reliable and cost-effective gas mixing unit system and a gas flow monitoring system for the
CBM-MuCh detectors is necessary. In this article, we have reported the details of the design,

development, and testing of a gas mixing unit and a gas flow monitoring system for the CBM

MuCh GEM detectors .

4.2 Detector design and Fabrication

The detector module used in this study consists of one drift PCB, one readout PCB, and three
GEM foils, arranged in a 3-2-2-2 mm gap configuration corresponding to the drift, two transfer,
and induction gaps, respectively 7] [1]. Figure shows the schematics of the High Voltage
(HV) distribution scheme. The readout PCB is an eight-layer board comprising 1824 pads,

distributed across 19 columns and 96 rows.

| Drift PCB

1M Drift Gap : 3 mm /
® ® @
550 KQ w -------------------- S ®
1MQ Transfer Gap 1: 2 mm ® ) o)
500 KQ w ....................
® @©® ®
1mMa Transfer Gap 2: 2 mm
450KQ w .................... 00
1MQ Induction Gap: 2 mm ‘ |
® 00
Read out PCB \ /
(a) (c)

Figure 4.1: (a) Schematics of the HV distribution scheme for Triple GEM detector. (b) Real

size MuCh second station GEM chamber. (c¢) Hole layout on drift PCB of the module.

The trapezoidal single-mask GEM foils were procured from CERN and stretched using the

“NS-2” technique, which avoids the use of glue and facilitates re-tensioning if required. The
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foils are segmented into 24 sectors to minimize capacitance and limit the discharge probability.
Each segment of all three foils was tested at 550 V, with the requirement of no shorts and a

leakage current below 5 nA.

All assembly steps and measurements were carried out at an ambient temperature of 23° C
and a relative humidity of 50 % in a class-1000 clean room at VECC. After passing the quality
assurance (QA) tests, the three GEM foils were assembled together with the required spacers
and screws between the drift and readout PCBs [9]. Figure [4.1D] shows the assembled GEM
detector module for the second station of the MuCh. For gain measurements with the °Fe
X-ray source, through-holes were provided across the drift PCB to allow source irradiation at

different locations; the positions of these holes are indicated in Figure 4.1

In the adopted HV distribution scheme, a detector operating voltage of 3800 V corresponds to
a branch current of 664 micro Amp. Under this configuration, the voltages across the three
foils are 365 V, 332 V and 299 V| respectively, resulting in a sum total of 996 V across the

three GEM foils.

4.3 Gas Mixing Unit

The charge amplification in a GEM detector depends heavily on the properties of the input
gas. So, it is crucial to understand how the detector response varies with the ratio of Ar:CO,
mixture. Earlier we have observed drastic gain variation in the same detector module, but with
different cylinders of premixed Ar:CO, gas. This happens due to the gas purity variation and
different tolerances in mixture ratio for different premixed cylinders. So, to overcome this issue
a gas mixing unit has been developed. The detector properties have been studied systematically
by varying the gas mixture ratio and the gas flow rate. Figure shows the schematic layout
of the gas mixing and delivery system. Figure shows the full-size GEM prototype used for

testing.
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Figure 4.2: (a) Schematic of the gas delivery and monitoring system used in the experiment.

(b) Detector Under test: Real size prototype of MuCh second station GEM chamber

This schematic shows that the input gases are taken from two ultra high pure (UHP) gas
cylinders containing Argon and Carbon Dioxide (CO,) respectively. Those gases are given to
2 MFCs and the output controlled gases are sent into a gas mixing unit for proper blending.
Then the output of the mixing unit is given to the GEM detector as active medium and the
output of the detector is passed through a flow sensor. This flow sensor is discussed in section
5 in details. Afterwards a relative humidity sensor and an oxygen monitoring system is used.
The detector under test is shown in Figure [£.2b] which is a real size GEM prototype for CBM

MuCh second station .

A gas mixing unit has been developed using two commercial Aalborg GFC17 Mass Flow Con-
trollers and the setup is shown in Figure The MFCs are controlled via a controller circuit
using a 15 connector D - pin attached to it as shown in Figure [£.3b] The MFC output values
can be seen via the LCD display. Each MFC is calibrated using a commercial flow meter, to

ensure precise control over the flow rates of Argon and CO,.
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Figure 4.3: (a) MFC Setup. (b) MFC Control circuit.

4.3.1 Calibration

For the calibration of the MFCs, two high-purity gas cylinders containing Argon and Carbon
Dioxide (COy) are used and each gas is individually allowed to flow through its respective MFC.
Each MFC is connected to a resistance potentiometer equipped with an adjustable knob, which
is used to fine-tune the gas flow rate, thereby achieving specific, predetermined gas mixture
ratios. Each MFC has been calibrated by comparing its setpoint output with a standard flow
meter, for gas mixture ratios of 60:40, 70:30, 80:20, and 90:10 (Ar:CO,).

Figure [£.4] shows the calibration graph at different gas mixing ratio. This plot shows the
required flow rate (L/hr) in X-axis and the MFC setpoints of Argon and COs by different

colors in Y-axis.

Once calibration is completed and the MFC readings are verified, the flow rates of Argon and
COy are set to the desired values for the target gas mixture ratios. The output gases from
both MFCs are then combined through a gas mixing unit as shown in Figure [£.3a] The mixed
gas flow is monitored using a gas flow sensor to confirm that the overall flow rate matches the

experimental requirements.
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Figure 4.4: Calibration graph for different mixing ratio.

Following confirmation, the gas mixing unit is flushed continuously for 3 hours to remove any
impurities or residual gases, ensuring that only a clean and homogenous gas mixture enters
the GEM detector module. Subsequently, the outlet of the gas mixing unit is connected to the

GEM module inlet, and the detector is flushed again for 3 hours to purge any contaminants
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present within the detector volume.

After the flushing procedures, high voltage is applied to the GEM detector. A *>Fe radioactive
source is positioned at the desired location on the detector surface, and data acquisition is

initiated to determine the high voltage value at which the °Fe signal becomes detectable.

Finally, measurements are performed at different high voltage settings, and the detector gain

is calculated from the collected data.

4.3.2 Data Analysis and Results

A %5Fe X-ray source is used as ionizing radiation to the real size CBM MuCh second station
GEM chamber module. The source is placed on hole-18 position of the drift PCB as shown
in Figure and the data is acquired using self-triggered STS/MUCH-XYTER Front End

Boards (FEB) 6].
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The gain characteristics of the GEM detector module are studied for the 70:30 Argon to CO,
gas mixture ratio at varying gas flow rates. A typical clustered charge spectra of **Fe is shown
in Figure [4.5a, which shows the main peak at 77 fC. The main peak of the spectra is fit with a
Gaussian and the mean value (in fC) is taken for the gain calculation. As the number of primary

electrons generated is around 212, the gain is calculated by dividing the clustered charge by
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Figure 4.5: (a) Typical clustered charge spectra at HV = 855.90 V| I;,o, = 1141.20 pA, MPV
= 77.75 fC. (b) Gain of the GEM detector as a function of gas flow rate for 70:30 Argon:CO,
gas mixture. (c) Variation of Oxygen content (ppb) with flow rate. (d) Variation of Relative

Humidity with flow rate.
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It is observed that as the gas flow rate is increased, the gain of the GEM module also increases
up to a flow rate of 8 L/hr and then gain saturates as shown in Figure [4.5b, In the low flow
rate region, the impurities (Oq, HoO) play a significant role in gas medium which leads to lower

gain. As the flow rate increased to an value of 8 L/hr, the gain becomes optimal.

These results indicate the presence of an optimal flow rate that balances gas purity and detector
response, which is critical for stable and efficient operation of the GEM modules. The present
results are based on gain measurements taken at a single position on the detector. Since it is
a large-area trapezoidal module, measurements at multiple positions may provide additional

insight and could further refine the determination of the optimum flow value [9).

The O, content in the output gas from the detector module has also been measured using a
Hach orbisphere 410 dissolved oxygen monitor. The amount of oxygen is found to decrease with
higher flow rate, as shown in Figure At a flow rate of 8 L /hr the oxygen level drops below
160 ppb, at which the maximum detector gain is observed. Which further confirms the reason
of lower gain at low gas flow rate. Figure shows the variation of relative humidity (RH)
with flow rate. This shows that as the flow rate is increased upto 8 L/hr, the RH comes down
below 50 % from the ambient RH of 80 % and accordingly the detector gain is maximized. For
leak characterization of the detector module, gas was supplied at a flow rate of 8 L /hr and a 3
% lower flow rate at the output has been observed, using the same calibrated flow measuring

device. This indicates an estimated module leak rate of about 3 %.

Based on our initial findings for the 70:30 Argon:COs gas mixture, where the maximum gain
is observed at a flow rate of 8 L/hr, we select this flow rate as the operating point for further
studies. The subsequent analysis involves investigating the gain characteristics of the GEM
detector for various gas mixture ratios, namely 60:40, 70:30, 80:20, and 90:10 - all conducted at
a fixed flow rate of 8 L /hr. For each gas mixture, we varied the applied high voltage and recorded

the corresponding gain to understand the detector’s response under different gas compositions.
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4.3.3 Comparison of Gain for Different Gas Mixture Ratios

Figure presents the variation of gain as a function of the GEM summed-up high voltage for
all Ar:CO, gas mixture ratios: 60:40, 70:30, 80:20, and 90:10.
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Figure 4.6: Measured gain of the GEM detector as a function of summed-up applied high
voltage for various Ar:CO, gas mixtures at fixed flow rate of 8 L/hr. The 90:10 mixture shows

the highest gain.

The plot clearly shows that the gain increases with voltage for each mixture, with higher argon
content mixtures generally exhibit higher gain at comparably lower voltages. Notably, the 90:10
mixture demonstrates the highest gain values, consistent with the enhanced ionization proper-
ties of argon-rich mixtures. This comparison highlights the trade-off between gas composition

and detector performance, essential for optimizing operational parameters in GEM detectors.

4.4 CBM Muon Chamber Gas Layout

The first two stations of the CBM Muon Chamber detector will consist of GEM detectors, with
each station comprising three layers of detectors. In each layer of the first station, 16 detector

modules will be installed, totaling 48 modules in the first station. Initially, it was proposed
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to connect four consecutive GEM modules in a daisy-chain gas configuration. However, a
laboratory study using three full-size GEM modules connected in a daisy-chain (shown in

Figure revealed significant performance degradation.

Figure 4.7: Photograph of three full-size GEM modules used to study gain performance under

daisy-chained (series) and parallel gas configurations.

Specifically, the gain of the second and third modules dropped by approximately 35 % compared
to the first module. Furthermore, if a leaky module was placed at the first position in the
chain, it maintained normal gain, but the downstream modules exhibited nearly zero gain.
This finding strongly suggests that daisy-chaining is not suitable for the CBM MuCh setup,
particularly due to its susceptibility to upstream gas impurities or leaks. To address this, we
tested a parallel gas configuration using two real-size GEM modules connected in parallel. In
this setup, both modules achieved their expected gain values, independent of the leak condition
in either module. Based on this observation, it is concluded that each GEM module in the
CBM MuCh detector should be supplied with gas through an independent parallel gas line.
However, in the actual detector environment, modules will be installed at different heights and
distances from the central gas distribution line, which will result in variable line resistances.
If all modules are connected in a simple parallel configuration without flow regulation, these
differences in line resistance could lead to unequal gas flow rates, causing gain variation across

modules (as observed in Figure |4.5b). To ensure uniform flow, we plan to install a manual
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flow controller in each input gas line, allowing us to regulate the flow rate individually for each
module. Additionally, to monitor flow stability and detect any leakage, a gas flow sensor will

be installed on both the input and output lines of each module.

CBM-MuCh Station-1, Layer-1 Gas line Layout

MFC +

N I )
Flow sensor In .{/T\
T out Mixing Unit

Argon Gas
Co, Gas

Figure 4.8: Schematic of the proposed gas distribution system for the CBM-MuCh GEM de-
tectors. Each module receives gas through an independent line equipped with flow controllers

and sensors to enable uniform distribution, leak detection, and real-time monitoring.

A schematic of the proposed gas distribution system for the CBM-MuCh GEM modules is
shown in Figure Ultra high purity (UHP) Argon and CO, gases will be blended in precise
ratios using a calibrated MFC-based gas mixing unit. The mixed gas will be distributed into
16 channels for each layer. Each channel will pass through a manual flow controller and then
an input flow sensor before entering the detector module. After exiting the module, the gas
will pass through an output flow sensor. The difference between the input and output sensor
readings provides a measure of gas leakage in each module. Finally, the output gas from all
modules will be collected and exhausted outside the experimental cave. In total, 108 GEM
modules will be used across the first two stations. Therefore, to monitor both input and output
flow rates, 216 flow sensors will be required. Data from all flow sensors will be collected by a

concentrator board and recorded remotely via ethernet.
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4.5 Gas Flow Monitoring System

A gas flow monitoring system has been developed for CBM-MuCh GEM detectors using a

Honeywell AWM92100 commercial gas flow sensor, as shown in Figure [4.9a]

L

Gas Flow Volt LCD
Regulator || controller Meter | L | Display
L) i - ﬁ

Flow /v
sensor |

ADC

Gain Control

Y :
t ‘ | Resistor Microcontroller

Known Flow
meter

e
Gas Bottle

Figure 4.9: (a) Honeywell AWM92100 flow sensor. (b) Schematic of the gas flow sensor setup

This flow sensor is selected due to its high sensitivity, fast response time and the desired flow
measurement range. This sensor has a range of 200 Standard Cubic Centimeters per Minute
(SCCM) with a response time of 1 ms. The sensor works based on thermal principle, where
the gas flow induces a change in the temperature of a sensing element. This temperature
change is then converted into an electrical signal that is proportional to the flow rate. This
sensor provides an analog output that needs to be processed for displaying a readable output.
The schematic of the gas flow sensor calibration setup and monitoring scheme can be seen
in the Figure [£.9b] The gas sensor is put in series to the gas line via a gas regulator and a
flow controller. The output of the gas flow sensor is first amplified using an instrumentation
amplifier (INA141U). The amplifier plays a vital role in processing the weak signal produced by
the sensor and enhancing its amplitude so that it can further be processed by a microcontroller.
The INA141U amplifier is chosen for its low noise and high precision. This amplifier can be
configured to provide a dual gain mode, which allows for measuring different ranges of gas flow.

With the lower gain of 10, the sensor can achieve the range of 0 to 200 SCCM which will be
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required for the GEM detector system, whereas with higher gain of hundred the range can be
confined within 0 to 2 SCCM.

4.6 Flow Sensor Integration and Calibration

A Printed Circuit Board (PCB) has been designed for the control circuitry of the flow sensor
as shown in Figure [£.10a] and after fabrication the PCB is shown in Figure [£.10b]
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Figure 4.11: (a) Calibration setup of the Flow sensor (b) Calibration Curve.

The PCB is populated with the flow sensor and with all the other necessary electronics com-

ponents as shown in Figure The output of the flow sensor is connected to a commercial
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Agilent ADM flow meter for calibration of the sensor. An OLED display has been attached

with the setup to read the flow values given by the sensor.

Now the gas flow is increased using a manual controller and the output voltage of the sensor is
logged. The Figure shows the calibration curve of the sensor for different flow rates. A
python script based online data monitoring and logging system has also been developed. This
system can be controlled over ethernet, so it will be useful to monitor all the flow sensors, that

will be connected to MuCh detectors in CBM experiment.

These flow sensor systems, once fully deployed, will provide real-time monitoring of gas flow
conditions across all 108 GEM modules in the CBM-MuCh detector system. This infrastruc-
ture ensures not only consistent detector operation but also enables early detection of gas flow
anomalies or potential leaks. The integration of individual flow sensing and remote data ac-
quisition thus plays a critical role in maintaining the long-term stability and reliability of the

CBM experiment's muon detection subsystem.

4.7 Summary

A Mass Flow Controller (MFC) based gas mixing system has been designed, implemented, and
characterized for the CBM-MuCh GEM detectors. Each MFC was calibrated by comparing its
set-point output with a standard flow meter for Ar:CO4 gas mixtures of 60:40, 70:30, 80:20, and
90:10 ratio. Systematic gain measurements using a *Fe X-ray source were performed on a large
size trapezoidal GEM module of ~2800 cm? area and having 3-2-2-2 mm gap configuration. The
oxygen content in the output gas was found to decrease with increasing flow rate, reaching below
160 ppb at 8 L/hr, where the maximum detector gain was observed. A similar trend was seen
for relative humidity, which dropped from 80 % ambient to below 50 % at 8 L/hr, consistent
with the conditions required for stable detector operation. The detector gain was also measured

for different gas mixture ratios, and in all cases, the gain was found to increase with applied
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voltage. Mixtures with higher argon content exhibited higher gain at comparatively lower
voltages. From these studies, a 70:30 mixture operated at 8 L/hr was identified as providing
the most stable gain response. Based on a dedicated gas distribution study, a parallel gas layout
with individual flow regulation has been proposed to avoid the gain degradation observed in
daisy-chain configurations. To ensure uniform and stable gas flow across all 108 modules of the
first two MuCh stations, a comprehensive gas monitoring solution has been implemented. This
system employs 216 calibrated flow sensors with remote data acquisition, enabling real-time
monitoring of input and output flow rates, leak detection and long-term operational stability.
These developments ensure uniform gas delivery, long-term stability and reliable operation of
the CBM-MuCh subsystem. The proposed architecture can be readily adapted for other large-
scale GEM-based systems and gaseous detectors in high-rate experiments, offering a precise gas

handling and monitoring.
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Chapter 5

Testing of various cooling arrangement for

CBM-MuCh GEM detector electronics

5.1 Introduction

The Compressed Baryonic Matter (CBM) experiment at the Facility for Antiproton and Ion
Research (FAIR) is designed to investigate the phase structure of strongly interacting matter at
high baryon densities. The Muon Chamber (MuCh) subsystem plays a central role in identifying
low momentum muons originating from the decays of light vector mesons. The MuCh system
employs large area Gas Electron Multiplier (GEM) detectors equipped with MUCH-XYTER
front end electronics boards (FEBs). Each FEB dissipates approximately 5 W of power. A
detector module in the first station contains 18 FEBs, while a second station module contains
15 FEBs. Consequently, the combined thermal load from the first and second stations amounts

to nearly 8.82 kW.

Reliable thermal extraction is therefore critical for maintaining stable operation of the readout

electronics |1]. This chapter presents a comprehensive and systematic evaluation of the various
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cooling schemes investigated at VECC: (i) Water cooling using grooved aluminium channels,
(ii) Forced air cooling using ducted airflow, (iii) Peltier based thermoelectric cooling, and (iv)
water cooling employing a molded aluminium plate with an embedded steel pipe. The design
methodology, experimental setups, and corresponding thermal performance measurements are

presented in this chapter.

5.2 Cooling Requirements of MuCh Electronics

The MuCh system consists of trapezoidal GEM detectors distributed across two stations, with
the first station comprising three concentric detector layers, as illustrated in Figure [5.1al Each
station requires a high degree of thermal stability to prevent FEB drift, electronic noise, and
long term degradation. The first station of the MuCh system contains 48 detector modules,
each requiring 18 FEBs (as shown in Figure for data readout, yielding an aggregate of 864
FEBs. At a dissipation rate of 5 W per FEB, the corresponding thermal load for the station is
calculated to be 4.32 kW. Similarly, for the MuCh second station, a total of 60 detector modules

are used, each equipped with 15 FEBs, resulting in a heat load of approximately 4.5 kW.

According to the cooling requirement summary, the expected heat loads are:

e Station-1: 48 x 90 W ~ 4.32 kW
e Station-2: 60 x 75 W ~ 4.5 kW

e Total heat load: ~ 8.82 kW

The electronics must be maintained below 25°C for optimal performance and it is proposed to
connect 4 plates (quadrant) in daisy chain water cooling. Using basic heat transfer principles,

the water mass flow requirement for a quadrant is computed using:
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Detector modules sitting
on Alumnium cooling plate

(a) (b)

Figure 5.1: (a) Schematic of the three detector layers of the first MuCh station (b) MuCh Front

End Board (FEB)

Q

m = ———<

(pC AT)

where Q is heat load (4 x 90 W = 360 W), C is heat capacity of water (4186 J/kg.°C), and
AT is allowable rise (2°C). This yields 0.043 kg/s or 2.6 L/min. This requirement forms the

baseline for designing embedded water channels.

5.3 Water cooling using grooved aluminium channels

The primary cooling strategy investigated at VECC employed water channels machined into a
10 mm thick aluminium plate. In this method, a 10 mm aluminium sheet was milled to create
a 5 mm T-shaped groove, as illustrated in Schematic [5.2a] and the resulting cut geometry is
shown in Figure[5.2b] The groove was subsequently sealed by brazing a 2 mm aluminium strip
over its surface, after which the entire plate was precision machined to achieve a smooth and

planar finish.
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Scheme-l: in VECC workshop
11 mm

10 mm

»#A 10 mm thick Al sheet was taken, and T-shaped groove was drilled into the sheet,
»The groove was covered with a 2mm thick Al strip, resulting in a water channel
inside the sheet.

(a)

Figure 5.2: (a) Schematic of the T-shaped machined groove. (b) Aluminium cooling plate after

groove machining.

5.3.1 Aluminium Plate performance test:

To evaluate the performance of the cooling plate, heating resistors with a power dissipation of 5
W each were mounted on the aluminium surface to emulate the thermal load of the FEBs. A DC
voltage was applied across the series connected resistors so that each resistor generated a heat
load of 5 W. Concurrently, chilled water from a laboratory water chiller was circulated through
the embedded channels using a submersible pump, with the outlet flow returned to the chiller
to maintain a closed loop system. Temperature control and monitoring were carried out using
an Arduino based microcontroller system. The schematic of the experimental arrangement is

presented in Figure and the corresponding laboratory setup is shown in Figure [5.3bl

In the absence of water circulation, continuous heating causes the aluminium plate to reach
temperatures of approximately 50°C. Since the FEBs must be maintained below 25°C to
ensure stable and accurate data acquisition, active cooling is required throughout detector
operation. To assess the temperature uniformity across the plate, eighteen temperature sensors

were positioned at different locations, and their readings were continuously monitored and
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Figure 5.3: (a) Schematic of the laboratory cooling setup. (b) Photograph of the fabricated

cooling-plate test assembly.

logged using an Arduino based system. Custom Arduino firmware was developed for this
purpose. DS18B20 digital temperature sensors were selected owing to several advantages over
conventional analog sensors: they support cable lengths up to 100 m without loss of accuracy,
and up to 255 sensors can be connected on a single one wire bus, as each device possesses a

unique internal address. The circuit diagram of the temperature monitoring and control unit

is shown in Figure [5.4a]

Figure illustrates the temperature stability of the aluminium plate over a continuous 100
hour operation. The red data points represent the plate temperature; initially, the plate was
allowed to heat up to approximately 35°C without cooling. Once the cooling system was
activated, the temperature rapidly decreased to around 25°C and remained regulated at this
value through the temperature feedback control circuit. The blue data points correspond to
the chiller water temperature, while the black data points indicate the ambient laboratory

temperature.

The cooling plate fabricated at the VECC workshop was subsequently deployed at the CERN

SPS H4 test beam line for thermal management of the detector electronics [2]. In this configu-
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Figure 5.4: (a) Temperature measuring, controlling and logging unit. (b) Temperature stability

over 100 hours operation at lab.

ration, the detector was mounted on one side of the plate, while the FEBs were installed on the
opposite side and connected to the detector via flexible cables. The cooling plate successfully

maintained the temperature of all FEBs below 25°C throughout the beam test operation.

5.4 Forced air cooling using ducted airflow

After establishing the effectiveness of the aluminium water cooling plate, an alternative cooling
approach was explored that would not rely on liquids such as water, which may pose leakage risks
over long term operation. To mitigate such concerns, various air cooling configurations were
investigated. A dummy model of the trapezoidal GEM detector, equipped with seating positions
for 18 FEBs, was fabricated using G10 material, as shown in Figure [5.5a] To reproduce the
thermal load of the FEBs, eighteen resistors were mounted on the G10 surface, and a DC voltage
was applied across their series connection, resulting in a power dissipation of approximately 5
W per resistor. A single axial fan was employed to extract heat from the system, as indicated
in the Figure [5.5a] The measurements were conducted under ambient conditions of 23°C and

58% relative humidity. Initially, the resistors were allowed to heat without cooling until their
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temperatures stabilized at elevated values; the fan was then switched on, and the temperatures
were monitored until a steady state was reached. All temperature readings were recorded using

DS18B20 digital sensors, and the corresponding temporal profiles are presented in Figure [5.5b
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Figure 5.5: (a) Dummy air cooling setup using G10. (b) Temperature profile of 6 different

heating element with time(minutes) in X-axis and Temp(°C) in Y-axis.

The results show that, in the absence of forced airflow, the resistor temperatures rise to approx-
imately 50°C. Upon activation of the fan, the temperatures decrease significantly, stabilizing
within the range of 25°C to 31°C. Notably, most elements cool to below 28°C; the element
corresponding to the blue temperature sensor exhibits a slightly higher temperature due to its

position being marginally outside the primary airflow path.

5.4.1 Channelized Air flow:

A second air-cooling prototype incorporating a channelized airflow geometry was developed
using a G10 structure as shown in Figure [5.6a] In this configuration, the effect of an upper
cover on the overall cooling performance was investigated by conducting measurements with and
without the top enclosure. As in the previous study, eighteen resistors were used to emulate the

thermal load of the FEBs, with a voltage applied across their series connection to achieve a heat
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dissipation of 5 W per resistor. A single fan was employed to extract heat from the assembly,
as illustrated in the corresponding schematic. The experiments were carried out under ambient
conditions of 23°C and 58% relative humidity. Initially, the resistors were heated without
cooling until their temperatures reached a steady high value; the fans were then turned on, and
temperature readings were recorded until stabilization. All measurements were obtained using
DS18B20 digital temperature sensors, and the resulting temperature-time profiles are shown in

the accompanying figures.

The thermal response demonstrates that, without airflow, the heating elements reach tempera-
tures exceeding 50°C due to the imposed 5 W thermal load per resistor. The data as shown in
Figure [5.6b] and Figure [5.6c] also indicate that the cooling efficiency decreases when the upper
cover is installed. The presence of the cover leads to the formation of localized hot pockets
particularly at the location corresponding to the red sensor attributed to restricted airflow in

that region.

With Upper Cover Without Upper Cover
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Meany  38.08
RMSx  7.442
RMSY 66

Enties 1223
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Figure 5.6: (a) Channelized air-cooling test setup with upper cover. (b) Cooling performance
with top cover installed with time (minutes) in X-axis and Temp(deg C) in Y-axis. (c) Cooling

performance without top cover with time (minutes) in X-axis and Temp(deg C) in Y-axis.
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The fan speed was reduced from 14,900 rpm to 9,023 rpm by lowering the supply voltage from
12.6 V to 10 V in order to examine the impact on acoustic noise. However, the reduction in
noise level was not significant. Although the fan can operate at voltages as low as 8 V, the
available power supply has a minimum output of 10 V. Given the negligible change in noise

characteristics, no additional data were recorded for the fan operated at 10 V.

Despite its apparent simplicity, air cooling exhibits several critical limitations that render it
unsuitable for long term use in the MuCh detector system. High speed fans generate substan-
tial acoustic noise, which can disrupt neighboring subsystems, interfere with sensitive instru-
mentation, and complicate operational conditions in the experimental hall. Additionally, the
continuous high velocity airflow introduces mechanical vibrations that propagate through the
mounting structures and FEB connectors. Over extended periods, these vibrations can loosen
electrical contacts, compromise connector integrity, and increase the likelihood of intermittent

signal failures.

Furthermore, the effectiveness of air cooling is highly sensitive to the geometry of the detector
enclosure; airflow obstructions or the formation of stagnant air pockets can lead to non uniform
temperature distributions, with some FEBs consistently operating at elevated temperatures.
Dust accumulation within the airflow channels presents another long term reliability concern, as
it degrades cooling efficiency and necessitates frequent maintenance; an undesirable requirement
for an inaccessible, large scale detector system. Taken together, these issues: noise, vibration,
non uniform cooling and susceptibility to dust, demonstrate that air cooling is not a viable

option for the final CBM MuCh installation.

5.5 Peltier based thermoelectric cooling

Peltier thermoelectric coolers were investigated to assess whether localized heat extraction from

the aluminium plate could improve the overall cooling performance. For this study, a 2 mm
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thick aluminium plate was instrumented with fourteen resistors, each dissipating 5 W when
a voltage was applied across their series connection, thereby reproducing the thermal load of
the FEBs. Three Peltier modules were mounted in direct contact with the aluminium plate, as
illustrated in Figure|b.7al The experiment was conducted in two stages. First, the resistors were
allowed to heat without any cooling until their temperatures stabilized; temperature sensors
were then placed on the resistor surfaces to record the steady state values. Subsequently,
the Peltier modules were activated, and the temperatures of the same resistor locations were
again measured after stabilization. In a second set of measurements, sensors were positioned
directly on the aluminium plate to monitor the corresponding plate temperatures before and

after Peltier operation.

Figure 5.7: (a) The peltier cooling setup. (b) Schematic of the sensor (Red) and Peltier (Green)

positions.

The results show that Peltier cooling produces only a modest reduction in temperature, typi-
cally in the range of 3°C to 7°C. Notably, the temperature at one of the monitored positions
(T1) remained relatively high at approximately 34°C, owing to its greater distance from the
Peltier modules. This indicates that the cooling effect is highly localized, limited by the small
effective contact area of the three modules (approximately 48 cm? in total). Although the ar-

rangement was intended as a crude approximation of dual water channels placed along the plate
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edges, the thermal performance remains insufficient for realistic detector operation. Moreover,
Peltier devices introduce additional challenges, including significant electrical power consump-
tion and the need to dissipate the substantial heat generated on the hot side of the modules.
These limitations collectively indicate that Peltier cooling may serve only as a supplementary

technique and is not viable as a standalone solution for the MuCh detector system.

5.6 Water cooling employing a molded aluminium plate
with an embedded steel pipe and Integration into mini-

CBM experiment at GSI

In addition to the machined aluminium cooling plates, a new fabrication approach based on a
molding technique has recently been developed. In this method, a stainless steel pipe of 6 mm
outer diameter and 3 mm inner diameter is arranged within a trapezoidal mold in a zig-zag

configuration, as illustrated in Figure [5.8al

The pipe is bent such that it traverses all FEB mounting locations, enabling efficient heat
extraction as chilled water flows through it. Once the pipe is positioned, molten aluminium is
poured into the mold to form a monolithic cooling plate. Since aluminium melts at approx-
imately 660°C while the steel pipe remains solid up to around 1400°C, the pipe retains its
structural integrity during casting and becomes permanently embedded within the aluminium

matrix. This approach eliminates brazing defects and ensures fully enclosed leak-tight channels.

Following fabrication, each cooling plate is subjected to a hydrostatic pressure test in the range
of 5 to 10 bar to verify the integrity and leak tightness of the embedded cooling channel. Using

this technique, full scale cooling plates corresponding to the geometries of both the first and
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Figure 5.8: (a) Engineering drawing of the first-station molded aluminium cooling plate. (b)

Engineering drawing of the second-station molded aluminium cooling plate.

second MuCh stations have been successfully produced. The engineering drawings for these

plates are shown in Figure [5.8a] and Figure [5.8D] respectively.
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During the recent mini-CBM beamtime campaign, the molded aluminium cooling plate was
deployed for the second station module, as shown in Figure [5.9a] Throughout the three days
of continuous beam operation, the cooling plate performed reliably, maintaining the electronics
temperature within the required operational limits and demonstrating its suitability for long-

duration experimental conditions.

Figure 5.9: (a) Molded aluminium cooling plate installed in the mini-CBM experiment at GSI.

(b) Quadrant composed of four molded cooling plates under laboratory testing.

The next objective is to assess the cooling performance of a complete quadrant consisting of
four molded aluminium plates connected in a daisy chain water flow configuration. To emulate
the physical orientation used in the actual CBM experiment, the four plates were mounted on
a vertical support frame in a staggered arrangement, as shown in Figure [5.9b] This vertical
configuration reproduces the full hydraulic resistance and gravitational effects that the cooling
water will experience in the final detector installation. Heating resistors were affixed to each
plate, as indicated in the Figure [5.9b] to simulate the thermal load from the FEBs. In this
arrangement, the first plate on the left is oriented such that the FEBs would be mounted on its
rear surface and the detector on the front. The adjacent plate is oriented oppositely, with the

FEBs on the front and the detector on the back, and this alternating pattern continues across
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the quadrant. This staggered geometry accurately reflects the layout of the full MuCh system.
The ongoing experimental study aims to evaluate the thermal stability and cooling efficiency

of the complete quadrant under full heat-load conditions.

5.7 Summary

A comprehensive investigation of multiple cooling strategies for the CBM MuCh GEM detector
electronics has been carried out, with the objective of identifying a reliable, long term, and
scalable solution suitable for large scale deployment in the CBM experiment. The thermal load
associated with the MuCh system is substantial, exceeding 8.8 kW across the first and second
stations; hence, effective thermal management is a critical prerequisite for stable detector oper-
ation. Water cooling using machined aluminium plates with embedded channels demonstrated
excellent thermal uniformity, operational stability, and compatibility with FEB temperature
requirements. Long duration laboratory measurements confirmed that the system can main-
tain the temperature of all heating elements below 25°C, and its successful deployment in the
CERN SPS beamline further validated its robustness under realistic experimental conditions.
Air cooling configurations, although simple in design, were found to be unsuitable for CBM.
The inherent limitations including high acoustic noise, mechanical vibrations affecting connec-
tor integrity, non uniform temperature profiles, sensitivity to enclosure geometry, and long term
dust accumulation render air cooling incompatible with the stringent reliability requirements of
the experiment. Peltier based thermoelectric cooling provided only localized and limited tem-
perature reduction, with insufficient cooling capacity for full detector modules and substantial
additional power dissipation on the hot side. These factors preclude its use as a primary cool-
ing mechanism. A molded aluminium cooling plate design incorporating embedded stainless
steel pipes has emerged as a promising alternative to machined plates. This method provides

a structurally uniform monolithic plate, eliminates brazing related imperfections, and ensures
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a robust, leak tight cooling path. Its successful operation during the mini CBM beamtime,
demonstrates its potential for use in the final detector installation. Overall, the studies pre-
sented in this chapter establish water cooling via integrated metal channels, either machined or
molded, as the only viable approach for reliable long term thermal management of the MuCh
detector electronics. Future work will focus on large scale implementation, optimization of
hydraulic resistance across full quadrants, and integration into the CBM detector’s mechanical

and services infrastructure.
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Chapter 6

Production testing and planning: X-ray

test and Other QA

6.1 Introduction

The Compressed Baryonic Matter (CBM) experiment at the Facility for Antiproton and Ion
Research (FAIR), Darmstadt, Germany, is dedicated to exploring the phase diagram of strongly
interacting matter in the regime of high net-baryon density. Within this framework, the Muon
Chamber (MuCh) system constitutes a vital subsystem, responsible for the identification and
tracking of muons originating from the decay of vector mesons (such as J/¢) and low-mass
dimuon pairs. To meet the stringent physics requirements of CBM, the MuCh system employs
large-area Triple Gas Electron Multiplier (Triple-GEM) detectors, chosen for their excellent
spatial resolution, high-rate handling capability, and robust operational efficiency. Before de-
ployment in the high-radiation environment of the CBM experiment, each Triple-GEM detector
undergoes an extensive program of quality assurance and performance characterization. These

procedures involve the examination of several key operational parameters, including gain uni-
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formity across the active area, long-term stability under sustained irradiation, and the I vs HV
characteristics under controlled ionization conditions. This chapter presents the X-ray based
characterization of CBM MuCh Triple-GEM detectors, utilizing a compact miniature X-ray
tube. The studies were conducted primarily at the dedicated detection laboratory and X-ray

characterization facility established at the Variable Energy Cyclotron Centre (VECC), Kolkata.

6.2 Motivation for X-ray Based GEM Characterization

The primary purpose of detector characterization is to ensure stable and uniform performance
across the entire active area [1]. While cosmic rays provide an uniform, low rate ionization
source for basic functionality checks, a controlled, highly stable, and reproducible source of

higher-energy radiation is essential for comprehensive testing.

X-ray sources offer several key advantages for GEM detector characterization:

6.2.1 Controllable Flux:

The X-ray flux (photon count rate) can be precisely adjusted by varying the tube current and
voltage , allowing for systematic studies of detector response across a wide range of operational

conditions, including high-rate environments relevant to CBM.

6.2.2 Stable Energy Spectrum:

The energy spectrum consists of a continuous Bremsstrahlung background and distinct char-
acteristic peaks determined by the target material. These well-defined energies are crucial for

calibrating the detector’s energy response and confirming the gas gain.
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6.2.3 Local Probing:

The small focal spot size and collimation capabilities of the source allow for localized irradiation
of the detector, enabling mapping of the gain uniformity across different regions of the large-area

GEM modules.

6.3 Principles of X-ray Production

X-rays are generated when high-energy electrons are rapidly decelerated in a target material.

The resulting X-ray spectrum is composed of two distinct components:

6.3.1 Bremsstrahlung (Braking Radiation):

This continuous spectrum is produced by the deceleration of incident electrons in the electric
field of the target nuclei. The maximum X-ray energy is equal to the kinetic energy of the
incident electrons, which is directly proportional to the accelerating high voltage (HV) applied

across the tube.

6.3.2 Characteristic X-rays:

These appear as sharp peaks superimposed on the Bremsstrahlung spectrum. They are pro-
duced when an incident electron knocks out an inner shell electron of the target atom. The
resulting vacancy is filled by an outer shell electron, and the energy difference is emitted as
a characteristic X-ray photon, unique to the target material. For the Mini-X2, the relevant

characteristic lines are the K and L series of the target material (e.g., Silver (Ag) or Gold

(Au)).
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6.4 Mini-X2 Silver Target X-ray Tube

The Amptek Mini-X2 X-ray tube system is employed as the controlled source of ionization. This
miniature X-ray tube system is a compact, reliable source optimized for applications requiring
stable, USB controlled output. The system consists of the Mini-X2 X-ray tube module and the

Mini-X2 Controller as shown in Figure [6.1]

Mini-X2 Controller t

Bm

Figure 6.1: Mini-X2 X-ray tube module and the Mini-X2 Controller.

The dedicated X-ray testing facility at VECC employs the Amptek Mini-X2 X-ray tube system.
This source is a compact, air-cooled system with a grounded anode and a Silver (Ag) target.

The key operational specifications of the Mini-X2 X-ray tube are summarized in Table [6.1]

The Mini-X2 generates a conical X-ray beam with an opening angle of approximately 120°. The
system is fully controlled through an USB interface, enabling precise adjustment of operating
parameters such as tube voltage and current. To ensure safe operation under high-voltage

conditions, the unit incorporates multiple hardware interlocks and visual warning indicators.

The characteristic X-ray spectrum produced by the Silver (Ag) target at various operating volt-
ages is presented in Figure[6.2] As expected, the spectrum consists of a broad Bremsstrahlung
continuum superimposed with distinct characteristic emission peaks corresponding to the Ag

K-series transitions.
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Parameter

Value (Mini-X2 System)

Target Material

Silver (Ag )

Peak Characteristic Energy

22 keV

Tube Voltage

10 kV to 50 kV

Tube Current Range

5 pA to 200 pA

1 Sv/hr (100 rem/hr) at 50 kV
and 80 pA (4 W)

6 x 10* photons/s/mm?/pA @ 30
cm on axis (at 50 kV)

Typical Dose Rate

Typical Flux

Focal Spot Approx. 2mm
Window Material 125 pm Beryllium (Be)
HV Stability < 0.1%

Table 6.1: Specifications of the Mini-X2 X-ray tube.

Mini-X Output Spectrum at Different Voltages:
Silver (Ag) Target
—10 kV
—20 kV
—30kV
w
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Figure 6.2: X-ray spectrum for the Silver target.

6.5 Experimental Setup at VECC

The characterization of the Triple-GEM detector at VECC was carried out inside a purpose-
built X-ray cabinet specifically designed for high-radiation and high-voltage experiments. This
enclosure provides a controlled and stable environment for detector testing while ensuring com-
prehensive radiation shielding and compliance with safety protocols. The setup enables reliable
operation of the X-ray source and the detector under well regulated conditions essential for

accurate performance measurements.
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6.5.1 Test Environment and Safety:

The X-ray tube installation at VECC is located on the terrace of the main building and utilizes
a robust, radiation shielded cabinet, as shown in Figure 6.3, The cabinet measures 2 m x 2
m and is constructed using 15 mm thick lead (Pb) sheets. A lead lined sliding door provides

additional shielding, ensuring safe operation during high intensity X-ray irradiation.

Open space restricted entry

P 11.5 .
L
X-ray cabinet
7.6 : -
» Rri N \"‘.\.)(_
5” Brick wall ‘\ ray // ?
RPC Laboratory s |b GEM De\{gctorN(odule S
Controlling PC for -g, 4*’ 8
5 for X-ray tube £ 1m\/ 2
s X-ray tube: =
0 I15 cm x 5 cm @
g o
o~ 2 ©
S 0.79 &
b )
8 2.2 15 mm Pb s
Entrance door 1 g Sheet 8—
L All dimensions are in meter E
v unless mentioned

EEQ" as\\ X-ray tube installation layout at VECC

Site: Terrace of the main building of VECC N

Figure 6.3: X-ray cabinet layout.

The installation includes restricted access to the open area surrounding the X-ray cabinet
to ensure operational safety. The detector module is mounted inside the shielded chamber
(indicated in green), while the Mini-X2 controller unit (indicated in red) is operated remotely
from an external computer. To validate safe usage conditions, radiation survey measurements

were conducted by the Health Physics Group at VECC prior to and during operation.
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6.5.2 Detector and Setup:

A large trapezoidal CBM MuCh Triple GEM detector module is mounted inside the shielded
enclosure, as shown in Figure The detector is supplied with an Ar:CO, (70:30) gas mixture
from an MFC based gas mixing unit, which serves as the active medium. The X-ray tube is
fixed on a stationary frame, whereas the detector is mounted on a movable platform, allowing

it to be translated across the active area for systematic characterization.

Figure 6.4: Detector setup inside X-ray cabinet at VECC.

6.5.3 Results:

During data taking, the X-ray tube was operated at 50 kV and 80 pA. The detector voltage
(sum of the GEM foil voltages) was varied across 895 V, 909 V, 922 V, and 935 V. As the
voltage increased, the peak of the clustered charge spectra shifted progressively toward higher
ADC values. This behaviour clearly indicates enhanced charge amplification at higher operating
voltages for a fixed X-ray energy. The corresponding clustered charge spectra are presented in

Figure 6.5
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Figure 6.5: Clustered charge spectra with varying GEM voltage.

6.6 Experimental Setup at GSI Detector Lab

A full size prototype of the CBM MuCh first station GEM detector module was tested at the
Detector Laboratory at GSI, Darmstadt. The X-ray system at GSI employs a Gold (Au) target
and was operated at 50 kV and 80 pA. Owing to the characteristic L shell emission of gold
at approximately 10 keV, the resulting spectrum is considerably softer than the 22 keV Ag K
emission used at VECC. This softer spectrum enables the study of detector behaviour under

different primary ionization conditions within the gas volume.

6.6.1 Test Environment and Detector:

The GSI setup employed a dedicated test box located inside a cleanroom at the Detector

Laboratory. The detector under investigation, referred to as the GEM1 module (corresponding
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to the first station of the CBM MuCh system), is a large trapezoidal unit mounted on a
stable support structure within the enclosure. The X-ray tube was positioned at a distance of

approximately 53 cm vertically and 40 cm horizontally from the detector surface, as illustrated

in Figure

i'-" —

JBEMTmodiile ’I
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By

Figure 6.6: Detector setup inside X-ray cabinet at GSI.

6.6.2 Results:

The detector characterization focused on measuring the GEM module branch current as a
function of the applied HV under two conditions: with the X-ray source OFF (dark current)
and with the X-ray source ON (operating current). The Figure shows the branch current

of the GEM module in micro Amps (pA) as a function of the applied High Voltage in Volts.
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Figure 6.7: Branch Current of GEM1 with X-ray ON and OFF.

The data points show a clear distinction between the two conditions: (i) Current with X-ray
OFF (Red Dots): This represents the branch current of the detector resistive chain and (ii)
Current with X-ray ON (Blue Dots): This represents the total current, which is the sum of
the branch current and the signal current induced by the X-ray flux. The difference between
the ON and OFF curves represents the X-ray induced signal current. The magnitude of this

difference (6.55 pA at 4400 V) indicates the charge multiplication or gain of the detector.

The anode current of the detector has also been measured using a pico Ammeter as shown in

Figure [6.8]

This plot isolates the X-ray induced current, Iggna , which is proportional to the gas gain G,

assuming a constant primary ionization rate Rpimary:
Isignal =G. Rprimary- €

where e is the elementary charge.
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Figure 6.8: Anode Current of GEM1 with X-ray ON.

With X-ray OFF the anode curent is ~ 10 pA, which represents the intrinsic dark current of the
detector, which is mainly due to spontaneous processes like electron emission from the cathode

or impurities in the gas volume.

Figure shows the anode current in nano Amps (nA) on a logarithmic scale against the
voltage across the GEM. The raw total dark current of the anode was noted to be extremely
low, indicating a very clean detector and robust HV system. Therefore, the measured anode

current is predominantly the signal current.

The data points fall close to a straight line on this log plot, confirming the expected exponential
increase of the gas gain with the applied voltage. The gain in a gas detector typically follows

the formula:
G x exp(ax)

where « is the first Townsend coefficient and x is the multiplication length.
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A linear fit was applied to the data in the logarithmic regime. The positive slope of the fit
confirms the exponential rise of the gain with the applied voltage. The non ideal x?/ndf value
( 5.2 for 6 degrees of freedom) suggests minor deviations from a perfect exponential fit across
the entire voltage range, possibly due to minor space charge effects or non uniformity in the
multiplication gaps at very high gain. This fit is essential for defining the operational HV point

for the CBM-MuCh detector based on the required gas gain.

6.7 Summary and Outlook

6.7.1 Summary of Characterization:

The Triple GEM detector characterization using the Amptek Mini-X2 X-ray source at both

VECC and GSI was successfully established. Key findings include:

(i) The Amptek Mini-X2 proved to be a reliable and controllable source for inducing stable
ionization in the GEM detectors. Different target materials ( Ag at VECC, Au at GSI)
allow for flexibility in the ionization energy spectrum, probing different aspects of detector

respoise.

(ii) The Station-1 module demonstrated classic proportional mode behavior, exhibiting an
exponentially increasing current (and thus, gas gain) as a function of the applied High

Voltage.

(iii) The dark current of the GEM module was measured to be extremely low, confirming the
high quality of the detector manufacturing and the cleanliness of the gas system ( at the

anode).

(iv) The exponential rise of the X-ray induced current was quantified through a log fit, yielding

a slope in the tested voltage range.
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6.7.2 Outlook:

The initial -V characterization provides the foundation for setting the operational voltage.

Future work must extend these tests to fully characterize the detector performance:

(i) Utilizing the small focal spot of the X-ray source, the detector gain should be mapped
across the entire active area to identify and quantify any non uniformities that could

impact CBM tracking performance.

(ii) The detector gain must be monitored over extended periods under continuous X-ray irra-

diation to confirm long term stability and rule out the onset of aging effects.

(iii) The detector should be tested at the maximum flux density achievable with the Mini-X2,
simulating the high rate conditions expected in the CBM experiment to confirm its rate

capability and investigate space charge effects.
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Chapter 7

Summary and Outlook

7.1 Summary

The Compressed Baryonic Matter (CBM) experiment at FAIR is designed to explore the prop-
erties of strongly interacting matter at high net baryon density, a region of the QCD phase
diagram that remains largely unexplored. Achieving the physics objectives of CBM requires
detector systems capable of sustained operation at interaction rates up to 10 MHz in a trigger-
less, free-streaming data acquisition environment. Within this framework, the Muon Chamber
(MuCh) system plays a central role in the measurement of dimuon observables, imposing strin-
gent requirements on detector granularity, rate capability, timing performance, and long-term

operational stability.

This thesis presents a comprehensive study on the design, fabrication, characterization, and
system level validation of large area triple-GEM detector modules developed for the MuCh
detector, with particular emphasis on the second station. A full scale trapezoidal GEM module
of approximately one meter length was successfully designed and fabricated at VECC using

indigenously developed technologies. To overcome industrial limitations on multilayer PCB size,
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a novel joining technique was implemented, achieving mechanical integrity, electrical continuity,
and gas tightness with a dead zone limited to approximately 0.2 mm. The effectiveness of this

technique was validated through extensive laboratory and beam tests.

Detailed laboratory characterization using a °Fe X-ray source and cosmic muons established
the fundamental performance of the detector. The module demonstrated stable operation with
an exponential gain dependence on the applied high voltage, uniform response across the active
area within expected limits, and a detection efficiency approaching 98%. The measured time
resolution of approximately 18 ns and cluster sizes consistent with pad geometry confirmed
the suitability of the detector for high rate tracking applications. Identified noise sources,
particularly near the PCB joining region, were successfully mitigated through targeted shielding

and grounding improvements, resulting in noise free operation under nominal conditions.

A calibrated gas mixing and distribution system based on mass flow controllers was developed
and optimized for large area GEM operation. Systematic studies established the dependence
of detector gain on gas flow rate and impurity levels, leading to the adoption of a parallel gas
distribution architecture for MuCh. In parallel, a water cooled aluminum support plate was
designed to extract the substantial heat generated by the front end electronics. Thermal tests
demonstrated stable operation with electronics temperatures maintained well below critical

limits, ensuring reliable performance during extended data taking periods.

The performance of the GEM detectors was further validated under realistic high intensity
conditions during the mini-CBM beam campaigns at SIS18. The detectors were operated
with heavy-ion beams up to interaction rates of the order of 107 - 10® particles per spill,
corresponding to effective hit rates in the range relevant for CBM. Detailed analyses of digi
rates, spill structures, and time-slice behaviour demonstrated a linear detector response with
increasing beam intensity across different regions of the detector. Correlation studies between
GEM1, GEM2, and TOF subsystems showed strong linear relationships, confirming consistent

behaviour and common acceptance among the detectors.

112



Timing correlation analyses between GEM1 and GEM2 established a stable relative time offset
with a resolution of approximately 50 ns, which remained constant throughout the run. Spa-
tial correlation studies further confirmed the geometrical alignment of the two GEM stations,
demonstrating that particles traversing one detector were consistently observed in the other.
Measurements of channel wise and area normalized digi rates showed that the detectors can
safely operate at local rates reaching several hundred kHz/cm?, in agreement with expectations

from simulation studies and well within the operational limits of GEM technology.

In addition to prototype characterization, emphasis is being placed on production testing,
quality assurance, and planning for series fabrication, which are crucial for the large scale
deployment of MuCh GEM detectors. A dedicated X-ray test facility was developed and com-
missioned at VECC using a commercial Mini X-ray source, enabling systematic irradiation of
full size detector modules. Uniformity scans across the active area are ongoing to verify gain
homogeneity, identify defective channels, and detect localized inefficiencies arising from GEM
foil imperfections or readout issues. These studies will establish acceptance criteria for de-
tector performance prior to installation and will provide a quantitative framework for module

qualification.

Overall, the results presented in this thesis demonstrate that the developed large area triple-
GEM detectors, together with their associated gas, cooling, readout, and quality assurance
frameworks, meet the stringent performance and reliability requirements of the CBM MuCh
system. The successful validation of detector response, timing, rate capability, and stability
under high intensity beam conditions confirms the readiness of the technology for large scale
deployment. The comprehensive production testing and QA strategy established in this work
represents a key step toward the series production of MuCh detector modules and their long

term operation in the challenging CBM experimental environment.
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7.2 Outlook

The work presented in this thesis establishes a solid foundation for the series production and
large scale deployment of GEM detectors in the CBM MuCh system. Several important direc-

tions naturally follow from this study.

First, the demonstrated fabrication procedures and quality assurance protocols can be directly
extended to the mass production of MuCh station-2 modules. The PCB joining technique, GEM
foil handling procedures, and assembly workflow developed here provide a validated blueprint

for industrial scale manufacturing while maintaining performance uniformity and reliability.

Second, the proposed gas distribution and cooling concepts will be integrated into the final
MuCh infrastructure. Long term stability studies under continuous operation, including ageing
effects under sustained irradiation, will be essential as the system transitions from prototype
testing to full detector installation. Future beam campaigns will allow further refinement
of operational parameters, including gain optimization and threshold tuning at the highest

interaction rates expected in CBM.

Third, the experience gained during mCBM operation offers valuable feedback for the opti-
mization of the free streaming data acquisition and online reconstruction chain. Improved time
alignment, real-time noise suppression, and adaptive masking strategies can be further devel-
oped to enhance performance in the full CBM environment, where pile-up and background

conditions will be even more demanding.

Finally, once installed in the CBM cave at SIS100, the MuCh detector equipped with GEM
technology will enable precision measurements of rare dimuon probes, including low-mass vector
mesons and charmonia, in the high up regime. The detector developments and performance
validations presented in this thesis therefore represent a critical contribution to the CBM physics

program and to the broader field of high-rate gaseous detector technology.
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In summary, this thesis demonstrates that large-area triple-GEM detectors are reliable solu-
tion for high-rate tracking in the CBM experiment, and it paves the way for their successful

deployment in forthcoming FAIR physics runs.
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