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Preface

2021 was again a year under pandemic conditions, with restrictions hindering our daily work in the
laboratories and in the offices. Nevertheless, we reached important milestones towards the realization of the
CBM experiment: The Technical Design Report for the MVD was approved by FAIR in December 2021. The
STS team successfully carried out several production readiness and engineering design reviews. The RICH
project has entered the production phase, including a full size prototype photo-camera with readout electronics.
The MuCh team tested successfully full size GEM chambers and a real size single gap RPC detector at VECC
and CERN. Several TRD and TOF modules, both for the outer and inner high-rate regions of the detectors,
successfully participated in the mCBM data taking campaigns. A technical design of the target mechanism, the
beam pipe and the beam monitors have been developed. The major DAQ achievement was the implementation
of the CRI-based readout system in mCBM, which then was successfully used for data taking. A stable timing
of the front-end electronics of all detector subsystems could be observed within the expected time resolution
for O +Ni collisions at 2.0 A GeV kinetic beam energy at collision rates of about 1 MHz. Progress in data
processing and event building contributed substantially to the success of the mCBM runs. The development of
the cave infrastructure continued, and the concrete shell of the cave including the ceiling has been completed.
Last but not least, the physics performance studies have been advanced, and increasingly realistic simulations
of various important observables have been performed. In this respect it is worthwhile to note that recent
developments in theory have substantially strengthened the CBM physics case and its discovery potential, by
locating the critical endpoint of the anticipated first-order chiral phase transition in the beam energy range of
SIS100/CBM.

The Russian war on Ukraine, started in February 2022, leaves us scientists shocked. In CBM, Russian
and Ukrainian groups have been working together professionally and amicably for many years and delivered
substantial contributions to the project. The CBM collaboration condemns the blatant break of international law
and the violation of human rights by the Russian government and expresses their full support to our Ukrainian
colleagues and the people of Ukraine. Following the governmental sanctions against Russia, the membership
of the Russian institutes in the CBM collaboration and any cooperative activities were suspended. We would
like to make clear that this measure is no judgement against our Russian colleagues, whom we continue to see
as colleagues and friends.

The suspension of cooperation with Russian institutes has obviously strong impacts on CBM as well as
on the FAIR project in general, to both of which Russian groups had strong commitments. For CBM, this
concerns in-kind contributions to the CBM dipole magnet, the Projectile Spectator Detector, and mechanical
parts for RICH and MUCH. Similarly, many immaterial contributions to software development and physics
performance studies will not continue. The participation of German groups to the BM@N experiment at NICA
as part of the FAIR Phase-0 activities, funded through the former EU program CREMLINplus (now EURIZON)
and the former Russian-German Roadmap of the German Ministry for Education and Research, was stopped
as well. We have started measures to compensate for the now missing Russian contributions in order to launch
the CBM experimental program as soon as the beams from SIS100 will be available.

Darmstadt, July 2022

Peter Senger
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Overview

Executive Summary: Status of the CBM Experiment

N. Herrmann

Universitit Heidelberg, Germany

CBM continues to strive for the construction of an
unique experiment to explore the QCD phase diagram in
the region of high baryon densities with high precision due
to an unprecedented rate capability of the experiment.

This effort has received a strong push due to the absence
of any signal of a phase transition in the region of lower
baryon densities that is under investigation at SPS, RHIC
and LHC. Theoretically there are indications that the Crit-
ical End Point (CEP) of a first order phase transition sits
at a value that can be reached by the SIS100 synchrotron
at FAIR. The current status of these theoretical investiga-
tions together with the experimentally determined freeze-
out points in shown in Fig. 1 .
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Figure 1: Location of the chiral cross over points analyzed
with different theoretical methods in comparison to freeze-
out points obtained by thermal model fits to experimental
data as summarized in [1]

In 2021, despite the difficult working conditions im-
posed by the pandemic, the FAIR project progressed
tremenduously and CBM collaboration successfully con-
tinued the developments aiming at readiness for first beam
in 2025. However, with the begin of the Russian invasion of
Ukraine in February 24, 2022, the collaboration with Rus-
sian institutes was suspended and all planning will have to
be revised. Hence, in this progress report we restrict our-
selved to work that was finished before the war started and
acknowledge explicitely the contributions of our Ukrainean
and Russian colleagues.

The main focus of the work was to prepare for series pro-
duction of the various detector systems and to evaluate and
optimize system performance. Furthermore, an important
step towards the realization of the CBM experiment are the

ongoing FAIR Phase-0 activities:

e operation of mCBM,

e participation in the HADES experiment with the
RICH photo detectors,

e participation in STAR with hardware (eTOF) and soft-
ware (KFParticle),

e participation in BM@N with PSD and STS modules.

FAIR Phase-0 highlights for which details are contained
in this report are:

mCBM: For the beam campaign 2021 major effort was
put on the upgrade of the DAQ/data transport system to
the final CBM configuration integrating the new Common
Readout Interface (CRI). Hence, the FPGA firmware for
each detector subsystem has been newly developed as well
as a Timing and Fast Control system (TFC). The new hard-
and software versions were successfully tested during the
160 beam block in July 2021. A first commissioning run
for the planned benchmark campaign in 2022 could be
taken in O+ Ni collisions at 2.0A GeV kinetic bombard-
ing energy accumulating approx. 6 - 10° collisions. Fur-
thermore, detailed high-rate tests could be performed in
nucleus-nucleus collisions for various detector subsystems,
benefiting substantially from high beam intensities avail-
able at the SIS18 of GSI/FAIR. On the base of the 2021
data next development steps towards a CBM data analy-
sis chain could be carried out, the results are presented in
various contributions.

HADES: The HADES RICH detector in which already
half of the CBM MAPMTs are installed did participate
successfully in the recent HADES beam time delivering a
wealth of data.

STAR: Data taking with eTOF continued in 2021 with
fixed target energies of VNN = 13.7, 11.5, 9.2 and 3.0A
GeV successfully completing the BES-II program demon-
strating stable operation of the eTOF - system over a pe-
riod of 6 month. The KF Particle Finder (KFPF) pack-
age together with the reconstructed primary vertex has
been used to analyze the charged particle tracks recon-
structed from STAR Time Projection Chamber (TPC) data
in Fixed-Target mode at a collision energy of /syn = 3.0
GeV. Strange (A) and multi-strange (=7) hyperons were
successfully identified online by their decay into charged
hadrons with an excellent signal-to-background ratio using
the KFPF selection technique developed for CBM.

BM®@N: The preproduction of the STS ladders has
started, and the concept for the integration of the free
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streaming STS readout into the triggered data acquisition
system of BM@N has been developed. The conceptual de-
sign of the mainframe and the cooling system progressed.
The PSD (FHCal) has been completely assembled and in-
stalled. !

Common Systems

Cave and infrastructure In 2021 civil construction
continued and the CBM cave was covered by the roof. With
this step, the CBM underground facilities like the beam
transfer tunnel, the cave, the beam dump, and the under-
ground service rooms are now finished, and only the two
surface levels remain to be constructed in order to finalize
the CBM building. Preparatory works for technical build-
ing installations and the common infrastructure have been
started. The design of the upstream platform was modified
taking into account exact load data. The concept of the rail
system has been modified to save costs, with consequences
for the support structures of the downstream detector sub-
systems. The beam pipe concept for the CBM experiment
has been worked out, comprising the upstream part (in front
of the target through HADES), the target holder and cham-
ber, the conical segments for STS and RICH/MUCH, and
the straight cylindrical pipe segment up to beam dump. The
cylindrical pipe is connected to the conical segment via a
bending mechanism, in order to follow the beam which
is deflected in the magnetic dipole field. Simulations and
physics performance studies have started to optimize the
geometry and the material budget of the beam pipe.

Magnet In 2021, the FDRs of the magnet yoke and its
support, and of the power supply and the energy extraction
system have been submitted. The yoke has been assem-
bled, painted, and surveyed by laser tracker measurements.
The construction of the power supply, the energy extraction
system and the dump resisters has progressed. The con-
struction of a mockup coil has been started, and the layout
of the cryogenic system, i.e. the branch box, the transfer
line and the cryostat is almost finalized. >

DAQ/FLES The major effort was put on the upgrade
of the DAQ system to the final CBM configuration by
merging two FPGA layers into a Common Readout Inter-
face (CRI). The present CRI version (v1”’BNL-712 v2”)
has been developed by the Brookhaven National Labora-
tory (BNL) and is based on the XILINX Kintex UltraScale
FPGA. The required, new FPGA firmware has been devel-
oped until Q2.2021 for each detector subsystem as well as
for the TFC system. Merging of two FPGA layers into a
single FPGA CRI board required the development of a new
First Level Event Selector interface module. Furthermore,
a scalable Experiment Control System (ECS) has been em-
bedded in the upgraded DAQ and data transport system.

! After the Russian army invaded Ukraine, the Czech, German and Pol-
ish CBM groups left the BM@N collaboration.

2Due to the sanctions imposed on Russia after its invasion of Ukraine
the cooperation with BINP in Novosibirsk was frozen.
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Detector Systems

BMON The beam detector system for the CBM ex-
periment consists of two detector stations, one used for
beam monitoring and the second for the TO-measurement.
Two prototype sensors based on pcCVD diamond tech-
nology have been prepared for tests at the mCBM exper-
iment. The TOF read-out has been successfully adapted to
the needs of the BMON detector. Moreover, it has been
started to integrate the TO detector into the mCBM read-
out infrastructure. The group also worked on the research
and development of a new detector technology based on
Low Gain Avalanche Detectors (LGAD). First beam tests
showed promising results to use this technology for beam
detectors. A first evaluation of this technology, in order to
use it in the CBM experiment, has been performed with
beam tests at FZ Jiilich (Germany), MedAustron (Austria)
and the mCBM experiment at GSI.

MVD The MVD Technical Design Report has been
approved by FAIR in December 2021. The reporting pe-
riod was dominated by close-meshed irradiation and test
beam campaigns with the first full-scale prototype sensor
MIMOSIS-1, accompanied by systematic sensor charac-
terization in the laboratory. The analyses of the data is
ongoing in parallel and has already provided valuable in-
put for the design and submission of MIMOSIS-2. Sen-
sor integration studies with the module prototype PRESTO
have been continued to address modifications of the cur-
rent baseline concept regarding increasing the production
yield. Finally, the coolant NOVEC-649 was validated as
the baseline mono-phase coolant.

STS The STS project team made essential steps to-
wards production and application readiness of major sys-
tem components, approaching the start of series construc-
tion. Several reviews were passed successfully, including
the ones on production readiness of read-out ASIC and
micro-cables, and on engineering-design of powering sys-
tems and detector mechanics. The two stations of mSTS,
put together in the past years from prototype components,
were shown to operate with high performance in the realis-
tic beam environment of mCBM at SIS18. 3

TRD Preparations for a series production of TRD
modules were pushed forward. All required materials for
construction of outer modules of type-5 are delivered or
were ordered. A new detector laboratory is being estab-
lished at the University of Miinster, while the one in Frank-
furt has been refurbished. An improved version of the
SPADIC readout chip has been submitted and is now be-
ing evaluated with respect to its noise behavior. An adden-
dum to the technical design report of the TRD, describing
the inner modules of the type TRD-2D suggested by the

3 As a consequence of the war of aggression of Russia on Ukraine, and
the sanctions imposed, the STS teams lose JINR as project partner and
assembly site.
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Bucharest group, has been prepared and submitted to the
FAIR-ECE. The TRD has successfully taken data with four
modules in mCBM, clear correlations have been observed
with respect to other detector subsystems (TOF, RICH).

MuCh The MuCh R&D activities concentrated on the
development of the GEM chambers for the first two sta-
tions and the high-rate RPCs for the 3™ and 4" station.
The GEM chambers were equipped with a modified lay-
out of the HV distribution, which allowed successful oper-
ation of the chambers under high rate conditions at GIF++
at CERN. A large GEM chamber suitable for the 2"¢ sta-
tion has been built using the joining PCB technique, and
has been tested with cosmic muons resulting in an effi-
ciency of 95%. Moreover, a RPC has been built with a
smaller gas-gap and thinner electrodes for handling high
particle rates. One real-size RPC suitable for the 3" station
has been tested with beams in presence of a photon flux at
GIF++. At GIF++ the detector has been found to work up
to the design rate at relatively high operating voltage with
an efficiency of above 95%.

RICH The RICH project has transitioned from the
design- into the construction phase, with significant
progress in many aspects over the last year. First electronic
components for the readout, namely all 230 backplanes,
have been produced and tested. Half of them are being
installed in a full size prototype of one (of the two) pho-
todetector planes. This prototype will be used for cooling
tests, investigation of the mechanical stability and in or-
der to practice camera handling procedures. The firmware
for the free-streaming readout based on the CRI was devel-
oped and successfully tested with the mRICH detector in
mCBM. The software did undergo quite some restructur-
ing and machine learning routine for noise suppression or
ring finding were developed and tested.

TOF The TOF project was mainly focused on the de-
velopment of sealed and gas guides MRPC counters in
order to minimize the gas aging effects observed under
high rate operation conditions. During the last year for
the entire MRPC family (MRPC1-MRPC4) new prototypes
were developed, build and installed in mCBM. Success-
fully recorded data from several high rate runs are being
analyzed and first preliminary results are presented in this
report.

PSD All modules for the CBM PSD have been con-
structed and tested with cosmic rays. The readout chain
of the PSD was commissioned successfully in the mCBM
setup. The PSD project is ready for the Production Readi-
ness Review. The Hamamatsu MPPCs have been already
ordered for all PSD modules. The methods of signal pro-
cessing and energy calibration have been developed and
tested. *

4The collaboration with INR Moscow was frozen due to the sanctions
imposed on Russia after its invasion of Ukraine.

Overview

Computing

On the computing and software side, the tools for study-
ing the detector performance by more realistic, time-based
simulations and reconstruction have been further developed
aiming at large scale production studies by the Physics
Working Groups. One essential ingredient for such sim-
ulations is a realistic description of the experiment geome-
try, including passive elements like target region and beam
pipe. Significant progress was achieved in 2021 in close co-
operation with the technical design groups and the project
engineers, such that the prerequisites to study beam-related
background are now at hand.

The focus of software development has shifted to the
online data processing, to which the mCBM data taking
campaigns offer an ideal testbed. The transformation of
the reconstruction and analysis, developed so far for offline
application, into an online-capable software stack entails a
major revision or re-implementation of algorithms and data
structures. These activities were started with the STS de-
tector as a pilot. Local STS reconstruction (cluster and hit
finding) were implemented to be executable on both CPU
and GPU, outlining the development path also for other
parts of the reconstruction code. Experiences with multi-
processing using FairMQ as communication layer were
gathered with mCBM and will pave the path to establishing
the full online data inspection and selection in the future.

Physics Performance Studies

Highlights from the activities of the CBM physics work-
ing group presented in this report are:

e Simulation of Drell-Yan processes and development
of techniques for combinatorial background determi-
nation in di-muon and low mass vector meson mea-
surements,

e Reconstruction of low mass dimuon cocktail at differ-
ent collision energies,

e Feasibility of femtoscopic measurements and perfor-
mance for baryon-baryon correlations,

e Optimization of the efficiency and signal to back-
ground ratio for strange hadrons yield measurements
using Machine Learning techniques,

e Extension of the particle identification framework
with Machine Learning methods,

e Data-driven analysis of directed flow of strange hyper-
ons,

e Comparison of the predictions for collision energy de-
pendence of hyperon production and ¢-mesons using
UrQMD, HSD and PHSD models.
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Abstract: The MVD Technical Design Report has been
approved by FAIR in December 2021. The reporting
period was dominated by close-meshed irradiation and
test beam campaigns with the first full-scale prototype
sensor MIMOSIS-1, accompanied by systematic sensor
characterization in the laboratory. Test beam activities
did not conclude by the end of the year, but are being
pursued in 2022. The analyses of the data is ongoing
in parallel, with promising outcome, and has already
provided valuable input for the submission of MIMOSIS-2
by the end of 2021. Having full-size sensors in hand, the
development of tools for sensor QA has started, with a
focus on probe testing and stand-alone sensor operation.
Sensor integration studies with the MVD module prototype
PRESTO have been continued to address modifications
of the current baseline concept (double-sided sensor
integration on a single TPG carrier) regarding increasing
the production yield. Finally, the coolant NOVEC-649
has been characterized with PRESTO together with a
dedicated cooling circuit, operated in vacuum, and it was
validated as the baseline mono-phase MVD coolant.

Sensor: Fully characterizing MIMOSIS-1 w.r.t. detection
efficiency, cluster size and spatial precision, noise immu-
nity and radiation hardness is of upmost importance on
the way to the final CBM sensor (MIMOSIS-3). This first
full-size demonstrator features various options of in-pixel
circuitry and sensitive volume doping profile, as well as the
final sensor digital readout with three-stage data buffering
and radiation tolerant electronic design. Various irradiation
(Ljubjana/TRIGA, Karlsruhe/KIT) and test beam (two
at GSI/mCBM and DESY, respectively, and CERN-SPS)
campaigns have been conducted to assess the sensor’s
response, before and after irradiation (both ionizing and/or
non-ionizing), to charged particles. Single event effects
caused by beam halo ions have been quantified with ion
beams at mCBM (SIS18/GSI). It was concluded that
already MIMOSIS-1 would provide sufficient immunity to
SEE expected in future CBM runs. At DESY and CERN
a 6-station MIMOSIS-1-only telescope was employed,
which allowed to apply, after proper alignment, high-
precision tracking to extract e.g. detection efficiency and
spatial precision. The preliminary results gained so far do
not reveal any show stopper, featuring >99 % detection
efficiency and <6 pm spatial precision of irradiated chips
within the anticipated range of operation (threshold <150

* Supported by BMBF (05P19RFFC1), EU (CREMLINplus), GSI and
HIC for FAIR.

e~ ). Differences seen w.r.t. in-pixel variants and doping
profiles do allow for finally designing MIMOSIS-2, which
was pre-submitted in December 2021, evaluated in a
production readiness review and finally expected to be
submitted (tape-out) in spring 2022.

Sensor integration and QA: The current baseline sensor
integration concept relies on sequential front and backside
mounting of sensors on a single carrier made of highly
heat-conducting TPG. This was demonstrated with module
prototyping (PRESTO). Module geometry “c” houses
16 (front) and 12 (backside) sensors. We have started
to evaluate concepts to separate front and backside inte-
gration, employing two TPG (PGS/RVC) carriers while
maintaining the material budget and cooling efficiency.
This requires studies on handling and integrating thin
sheets of highly heat-conductive graphite and graphite
foam, and developing a robust procedure to finally join
the corresponding two sub-modules without adding an
additional (significant) reduction in yield.

Towards sensor QA we started to develop multi-purpose
laboratory read-out electronics for MIMOSIS sensor
family to enable probe-testing of sensors, characterization
of flex cables and operating small-scale MIMOSIS-based
stand-alone test systems.

Detector cooling: NOVEC-649 coolant features very low
viscosity in the temperature operation range < —10 °C
(hottest sensor) of MVD, enabling moderate pressure drops
and efficient heat transport. However, the compatibility
of the cooling system components and chiller had to be
revisited, with an emphasis on leak tightness, interaction
with materials and selection of proper sensors. Having set
up the modified cooling system, supplying two PRESTO
prototypes, the system was successfully benchmarked both
for the absolute temperatures of sensor operation and the
temperature gradients between the hottest region and the
coolant. The sensitivity of the monitoring even allowed to
assess the impact of (environmental) radiative effects on the
system. The modified baseline concept of MVD cooling
was successfully validated for the projected sensor temper-
ature operation range, with a safety margin of about two.
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The Micro Vertex Detector (MVD) of the CBM
heavy ion experiment at FAIR/GSI will be exposed to
high-rate non-homogeneous irradiation, while provid-
ing a spatial resolution of ~ 5um and a suppressed
material budget complying with a demanding vertexing
and tracking capability. A specific CMOS Monolithic
Active Pixel Sensor (MAPS), called MIMOSIS, is
under development, which takes advantage from the
front-end circuitry of the ALPIDE sensor developed for
the ALICE-ITS [1]. Based on the outcome of the first
development step, achieved with a small scale prototype
[2], a full size demonstrator - called MIMOSIS-1 - was
fabricated in 2020 and tested on particle beams in
2021. This report summarises its performance studies
achieved up to now. Most results are still preliminary.

MIMOSIS-1 is a 504 x 1024 pixel prototype integrat-
ing nearly the complete circuitry of the final sensor. It al-
lows to investigate at full scale various options of in-pixel
circuitry and sensitive volume (epitaxy) doping profile, as
well as the final sensor digital readout with three-stage data
buffering and radiation tolerant electronic design. A pic-
ture of MIMOSIS-1 is shown on Fig. 1, exhibiting 4 sub-
arrays differing by their in-pixel circuitry, each incorporat-
ing a pre-amplification, shaping and discrimination chain
(see Fig.2). The pixel variants are motivated by the quest
of optimum radiation tolerance. Two pixel arrays feature
ALPIDE-like pixels (DC pixels), where the sensing diode
is directly connected to the pre-amplifier (PA).

The two other sub-arrays host so-called AC pixels,
where the sensing diode is biased with a high-voltage
source (up to = 30 V), translating into enhanced depletion
capability of the sensitive volume; the consecutive pertur-
bation of the PA is suppressed by a decoupling capacitor
inserted in front of the input transistor. DC and AC pixels
appear with two different dimensions of the PA input tran-
sistor in order to investigate potential radiation tolerance
improvements. Some major characteristics of MIMOSIS-1
are recalled in Tab. 1; more details may be found in [3].

The development is intended to ensure a high sensor
performance after high-density, non-homogeneous, par-
ticle irradiation. To search for an optimal sensor design,
MIMOSIS-1 was manufactured with 6 different, 25pum

*Project funded by BMBF (05P19RFFC1), GSI and HIC for FAIR
+ Post-doctoral position funded by the EU project CREMLIN+.
T Now at IJCLab, Orsay.
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Figure 1: Picture of MIMOSIS-1 indicating its 4 different
sub-arrays. Sub-arrays A and B (resp. C and D) host DC
(resp. AC) pixels differing by their PA input transistor pa-
rameters. The pixelated area amounts to ~ 4.2 cm?.

Sensing part Amplification In-pixel Memory

AC coupling Bias2

MV Biasl
|
I
T
iCharge inj.
160 aF

DC coupling

Shaping time few pis

]
Full custom digital i
H
H

i
Dual Port  |Pixelioutput
A -
" 2 words of 1 bit !
i
i
i
i

Biasl

.
Charge in]

Figure 2: Design of the two alternative in-pixel analog cir-
cuits: the DC pixel reproduces the design of the ALPIDE
pixel. The AC variant allows to bias the sensing node and
thus to extend the depletion field penetration in the epitaxy.

thick, epitaxy doping profiles [4]. Presently, 3 of them
were studied, including the unmodified (i.e. standard)
one, used in ALPIDE. The 2 modified profile sensors
are labelled "n-gap” and “’p-stop” hereafter. The profile
modifications extend laterally the depletion volume under-
neath the sensing nodes to reinforce the charge collection
efficiency after irradiation. Fig.3 reproduces schematic
views of the two modified epitaxial layers published in [4].

The studies performed up to now privileged the modi-
fied epitaxial layers and the AC-coupled pixels, which are
expected to provide enhanced radiation tolerance as com-
pared to the standard epitaxy and the DC-coupled pixels.
The results summarised in this report are shown for repre-
sentative voltage values applied for back biasing (—3V or
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Parameter Value
Technology TowerJazz CIS 180 nm
Epitaxial layer ~ 25 um thick, > 1kQ-cm

Sensor thickness 300 ym or 60 ym
26.9um x 30.2 pm
1024 x 504 pixels
5 us

< 100 mW/em?

Pixel size

Pixel array

Array readout time
Power consumption

Table 1: Prominent MIMOSIS-1 characteristics.
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Figure 3: Cross-section of pixels with modified epitaxy,
using a low dose n-type implant on top of the p- epitaxy.
In case of the "n-gap” variant (left), the n-type layer is in-
terrupted at the pixel edge; in case of the ”p-stop” variant
(right), extra p-type implants are inserted at the pixel edge.

—1V) and top biasing (10 V). As no significant difference
was observed up to now between the “n-gap” and the p-
stop” epitaxy variants, most of the results shown hereafter
tend to concentrate on the “’p-stop” epitaxy.

For each split, several sensors were first characterised in
the laboratory to determine their domain of nominal sig-
nal discrimination and noise performance. These investi-
gations took place with non-irradiated and irradiated chips.

The effect of ionising particles was investigated with
sensors exposed to X-Rays to obtain Total Integrated Doses
(TID) of 1MRad and 5MRad. The impact of non-
ionising radiation was studied on sensors exposed to neu-
tron doses corresponding to fluences of 3-10'3, 1-10'* and
3 - 10 ngy/cm?. This latter value, which corresponds to
3 times the MVD requirement, is intended to allow inves-
tigating which sensor flavour is best suited to unexpected
non-ionising radiation loads or, alternatively, could with-
stand the fluence expected over several years of operation.
The irradiation impact was also evaluated for sensors ex-
posed to both, neutrons and X-Rays, to reproduce a com-
bined irradiation of 1 - 10 n., /cm? and 5 MRad.

The impact of the different radiation loads on the pixel
noise, dominated by the Thermal Noise (TN), and on the
Fixed Pattern Noise (FPN), which reflects the pixel-to-pixel
dispersion, is illustrated on Fig. 4 for the “p-stop” epitaxy.
The evolution of the noise is shown as a function of the
in-pixel discriminator threshold value.

Overall, the pixel noise stays in the range 2-3 e~ ENC be-
fore irradiation while the FPN values vary typically from
5 to 10 e”ENC, depending on the discriminator thresh-
old. These results are representative of the different pixel
and epitaxy flavours. The increase consecutive to the ra-
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Figure 4: FPN and TN versus discriminator threshold for
AC-pixels at room temperature for various radiation loads,
in case of the ”’p-stop” epitaxy. The threshold values are
preliminary, being subject to calibration uncertainties un-
der evaluation. Noise measurements performed after ionis-
ing irradiation are yet limited to one third of each sub-array.

diation loads expressing the MVD requirements is sig-
nificant but well affordable. For instance, the combined
load (1 - 10 ne, /cm? and 5 MRad) leads to a pixel noise
slightly above 15 e”ENC and a FPN ranging from about
10 to 20 e” ENC. Such values allow to operate the sensors
at relatively low threshold settings, where the detection ef-
ficiency is at its top value (as shown later in this report).

When rising the fluence to 3 times the nominal require-
ment, the FPN and TN reach relatively high values, i.e. at
least 20 or 25 e~ ENC, respectively. The sensors neverthe-
less provide satisfactory detection performances, as will be
shown in the forthcoming part of the report.

In 2021, three test beam campaigns were realised, two
at DESY with ~ 3-5GeV electrons, one at the CERN-SPS
with O(100) GeV pions. 14 chips were tested in total. The
setup was made of 6 MIMOSIS-1 sensor planes mostly
separated by 1.5 cm, configured to form a beam telescope.
The two upstream and two downstream sensors were stand-
ing as reference for the reconstruction of the beam particle
trajectories, extrapolated next to the two planes located in
the telescope center hosting the Devices Under Test (DUT).
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Figure 5: Detection efficiency versus discrimination

threshold for the three epitaxy variants, before (full lines)
and after (dotted lines) exposure to 1 - 1014 Neq/ cm?.

Fig.5 summarises the evolution of the detection effi-
ciency observed for the three epitaxy variants as a function
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of the in-pixel discriminator threshold value. The mea-
surements are displayed before and after a radiation load
of 1 - 10 ne,/cm?.  While all epitaxy variants exhibit
similar performances before irradiation, the efficiency be-
ing ~ 100 %, the radiation damage induced by neutrons
is most visible for the standard epitaxy. The sensor main-
taining its top efficiency for the highest threshold values is
based on the "p-stop” epitaxy. In how far the results shown
here reflect sensor to sensor variations or structural features
needs still to be established with larger statistical samples.
Meanwhile, the ”p-stop” epitaxy will be considered as most
adapted to the MVD running conditions and the remaining
results reported here will privilege this variant.

The impact of a 3 times higher fluence on the detection
efficiency may be appreciated on Fig. 6, together with the
fake rate due to noisy pixels. Pixels with a fake rate in
excess of 1072 per frame were withdrawn; they represent
at most 0.01 % of the pixels composing each sub-array.
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Figure 6: Detection efficiency (full lines) and fake rate
(dotted lines) as a function of discriminator threshold ob-
served with AC pixels in case of the “p-stop” epitaxial
layer, before irradiation and after neutron irradiations cor-
responding to 1 - 101 nq/cm? and 3 - 101 ngy/cm?.

A fluence as high as 3-10** Neq/ cm? affects significantly
the detection efficiency but threshold values < 140e™ still
provide efficiencies of 2 98 %. Given the modest fake rate,
the sensors may indeed be operated at these low threshold
values, which also benefit to the spatial resolution.

The sensitivity of the sensor to ionising radiation was
next addressed with the TIDs of 1 and 5 MRad. Fig. 7 dis-
plays the detection efficiency and the fake rate observed.
The efficiency does not appear to be degraded, showing
values exceeding 99.5% over a wide range of threshold
values. The fake rate increases, but remains marginal, in
the order of 1076, The irradiated sensors seem to exhibit
a slightly better efficiency at high threshold, and the fake
rate is below expectations from the noise estimates. These
observations are still under study.

Fig. 8 displays the spatial resolution and cluster size as
a function of threshold for various radiation loads. The
resolution was derived from the residues assuming a res-
olution on the extrapolated hit position of 2.5 £ 0.5 pm. In
case of the DESY data taking, a multiple scattering term of
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Figure 7: Detection efficiency (full lines) and fake rate
(dotted lines) versus discriminator threshold observed with
AC pixels in case of the ”’p-stop” epitaxial layer before and
irradiation with X-Rays to TID of 1 and 5 MRad.

(1.5 £0.15 pm) was accounting for. The results are shown
for the shortest pixel edge (26.9 um). The spatial resolu-
tion ranges from 4.7 um to 6.2 um, complying well with the
MVD requirement for threshold values < 150 e™. In the
other direction, the resolution is ~ 0.5 um — 1 pm larger. It
is anticipated that thicker epitaxial layers may still improve
the resolution.
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Figure 8: Spatial resolution and average cluster size versus
discriminator threshold for AC pixels and “’p-stop” epitaxy,
before and after X-Ray and neutron irradiation.

In summary, MIMOSIS-1, the first full scale prototype
of the CMOS sensor foreseen to equip the CBM-MVD,
has undergone quite extensive studies, which addressed in
particular the detection efficiency and the spatial resolu-
tion after irradiation. The observed detection performances
comply with the requirements at a degree allowing to pro-
ceed toward the final prototype (MIMOSIS-2) fabrication,
planned for Spring 2022. Meanwhile, beam tests will con-
tinue, which will complete the study summarised here.
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The development of MIMOSIS, the CMOS pixel
sensor intended to equip the CBM-MVD, has passed
a crucial milestone with the validation of the full scale
prototype MIMOSIS-1 [1]. Its characterisation has
shown that several of its design variants comply with
the radiation tolerance and spatial resolution required
for the MVD and has produced the necessary ingre-
dients to progress toward the last prototyping step,
namely the fabrication of MIMOSIS-2. The design
of the latter will integrate the final, complete, chip
steering and data processing circuitry, accounting for
a few shortcomings observed on MIMOSIS-1. It will
be manufactured with newly available epitaxy variants
to allow for further optimisation opportunities of the
sensor detection performances. These variants also
allow pursuing the exploration of designs best adapted
to specific spin-off applications.

Several aspects of the MIMOSIS design require to be
validated and fine tuned at full scale, i.e. accounting for
features specific to the large assembly of pixels distributed
over a sensitive area of several centimeters squared,
read out with a multi-stage peripheral signal processing
circuitry adapted to large beam current fluctuations and
sizeable radiation loads. The development of the MIMO-
SIS sensor was foreseen to rely on two consecutive full
scale prototypes, the manufacturing of the second one
serving possibly as pre-production.

MIMOSIS-1, the first of the two full scale prototypes,
has undergone a rather complete set of tests addressing
prominent aspects of the MVD requirements. With its
pixel read-out architecture derived from the design of the
ALPIDE sensor [2], combined with a specific in-pixel and
peripheral data processing circuitry developed to withstand
much higher hit densities and radiation loads, MIMOSIS-1
has met all expectations addressed so far. This applies both
to the epitaxy doping profile variants called “n-gap” and
”p-stop”, as well as to the so-called AC-pixel front-end
micro-circuit (see [1] for details).

The tests of MIMOSIS-1 revealed in particular an excel-
lent noise performance of both AC-pixels variants compos-
ing the sensitive area and that the depletion field it intro-

*Project funded by BMBF (05P19RFFC1), GSI and HIC for FAIR
+ Post-doctoral position funded by EU project CREMLIN+.
T Now at IJCLab, Orsay.
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duces enhances significantly the tolerance to non-ionising
radiation. The latter was observed to be further improved
when using a modified epitaxy, with a still tolerable loss
in spatial resolution. Overall, the requirements in terms
of radiation tolerance and spatial resolution are fulfilled.
Moreover, the data processing circuitry implemented in the
sensor periphery to handle the high hit density foreseen, as
well as their large fluctuations consecutive to beam current
variations, was shown to be fully operational.

Following these observations, the design of MIMOSIS-
2 is essentially based on the AC-coupled pixels composing
the largest sub-array of MIMOSIS-1, made of 384 columns
of 504 pixels. In MIMOSIS-2, they compose 896 columns,
resulting in an homogeneous sensitive area of 27 x 14 mm?.
For the sake of further studies, the remaining sensitive area,
i.e. 128 out of the 1024 columns, is still composed of those
DC-coupled pixels tested with MIMOSIS-1 which are sim-
ilar to those implemented in the ALPIDE sensor.

In order to further explore the trade-offs between spatial
resolution and radiation tolerance as a function of epitaxy
depletion, MIMOSIS-2 is manufactured with thicker epi-
taxial layers than MIMOSIS-1 (i.e. 30 and 50 pm), in addi-
tion to the 25 pm thick high-resistivity epitaxy with which
MIMOSIS-1 was fabricated. It is expected that a thicker
epitaxy may provide enhanced radiation tolerance while
preserving more effectively the spatial resolution against
the degradation due to the epitaxy depletion. The epitaxy
doping profile will be declined in three variants, namely
those called “’standard”, “n-gap” and “’p-stop” among the
set of starting materials used to manufacture MIMOSIS-1.

Several, rather minor, shortcomings were observed on
MIMOSIS-1. Most of them are located at the chip periph-
ery. They concern a rather diverse panel of components;
typical examples are the pixel analog outputs used for test
purposes, the DACs generating the pulses used to steer the
pixel array, the clock tree and the phase-lock loop (PLL)
which generates the precisely timed clock pulses in the sen-
sor’s digital logic circuits. All observations made during
the tests of MIMOSIS-1 hinting to non-nominal operation
have been corrected in the design of MIMOSIS-2. More-
over, some electronic performances have been improved by
fine tuning the layout.

An emblematic example is the in-pixel discriminator
threshold shift across the pixel array, which reflects the
voltage drop along the power lines irrigating the array. It
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is a major source of the sensor fixed pattern noise (FPN)
before irradiation. Simulations were achieved, which pro-
vided the necessary guidelines to suppress this source of
threshold spread. This is illustrated in Fig. 1, which dis-
plays the simulated voltage drop occurring in MIMOSIS-1
and the one anticipated after layout optimisation, i.e. in
MIMOSIS-2. The reduction of the voltage drop introduced
by the layout corrections appears to be about one order of
magnitude.

Figure 1: Simulated voltage drop across the pixel array of
MIMOSIS-1 (top) and MIMOSIS-2 (bottom), i.e. after op-
timisation of the power grid. Units are millivolts. The
colours express threshold variations ranging from 0 (dark
blue) up to 45 mV (red) w.r.t. to the injected reference
voltage.

Finally, MIMOSIS-2 will incorporate the remaining
part of the data processing peripheral circuitry which
was not integrated in MIMOSIS-1 because of the delay it
would have introduced in its submission timeline. It did
for instance not incorporate the full cluster finding logic.
Moreover, the triple-vote logic implemented in the sensor
periphery to protect the circuitry against single-event
effects (SEE) was still incomplete. All these components
have been completed to their nominal design set-up. At
this stage, MIMOSIS-2 may therefore come out to be a
pre-production test vessel, allowing to move toward final
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production at the expense of minor modifications only, if
any.

MIMOSIS-2 will be fabricated during Spring-Summer
2022. Its goal will be to assess the performance of the
complete sensor circuitry, before and after irradiation. It
will also allow investigating potential SEE at some specific,
possibly vulnerable, spots of the circuitry. Its tests are sup-
posed to address the question of the fabrication yield and to
allow converging on the most appropriate epitaxy thickness
and doping profile. This evaluation program will incorpo-
rate studies which go beyond the requirements of the MVD
and open up spin-off applications which may for instance
be of interest for the newly created EURIZON EC project.
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MiMosis-1 is the first full-sized prototype for the
CMOS Monolithic Active Pixel Sensor (MAPS) devel-
oped for the CBM Micro Vertex Detector (MVD). Within
an intense test campaign, its cross sections for Single
Event Effects (SEE) caused by relativistic beam heavy
ions was measured within the mCBM experiment.

To perform the tests, a MIMOSIS-1 was placed near the
beam dump of mCBM and directly exposed to the ion beam
delivered by the S1S18 accelerator at GSI. Some beam pa-
rameters and the related linear energy deposit (LET) of the
ions are listed in Table 1. The ion beam was used to sim-
ulate the beam halo of the future S1S100 beam and to esti-
mate its impact on the operation of the MVD.

We expected the ions to provoke single event latch-
ups (LUs). LUs occur once the charge created by an ion
switches parasitic thyristors in CMOS devices into their
conductive state. This meta-stable short circuit may ther-
mally destroy the device unless it is extinguished in time
by means of power cycling. Bitflips occur once ions intro-
duce a charge manipulating a bit stored in a RAM, e.g., the
steering registers of MIMOSIS-1. We initially did not ex-
pect related observations as these registers were designed
to be protected and automatically correct bitflips based on
a Hamming code protection.

To detect LUs, we measured the sensor’s current con-
sumption and initiated an automatic power cycle once a sig-
nificant overcurrent, a signature of a latch-up, was detected.
During the beam time with Pb ions, we counted the number
of automatic power cycles and considered each a latch-up.
However, the experiment revealed a bug in the implemen-
tation of the related circuits: We found bitflips by reading
back the content of the slow control registers and compar-
ing it with the previously programmed value. Some of the
misconfigurations indeed caused overcurrents as well and
thus triggered a power cycle. Therefore, we monitored the
currents manually during the second beam time and rated
the event as bit-flip in case a re-programming of the reg-
isters recovered the currents to the initial value. This be-
came possible as the sensors were found to tolerate LUs
for 2 10 s without suffering permanent damage.

Dosimetry was carried out based on the beam instrumen-
tation, which provided us two-dimensional projections of
the beam spot on the sensor. An additional dosimetry film
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Ion | kin. Energy LET in Si | max. Beam Rate
Pb | 1.05 AGeV | 12MeV % ~7MHz
Xe | 13AGeV | 5Mev e ~70 MHz

Table 1: Projectile ion, kinetic beam energy and resulting
LET of the projectiles in Silicon, as well as the maximum
beam rate used in a continuous beam mode used.

indicated a round shape of the beam spot but no quanti-
tative numbers could be extracted due to saturation. This
turned into substantial relative uncertainties of ~ 30 % (for
Pb) and ~ 130 % (for Xe). Due to this, only upper limits
for the SEE cross-sections can be provided at this stage.
They amount to ~ 8 x 1072 cm? for 5 MeV cm? / mg Xe
ions and ~ 7 x 1078 cm? for 12 MeV cm? / mg Pb ions
and were defined as a mean plus once the experimental
uncertainty. The given numbers are considered as pre-
liminary and may be subject to change. The bitflip cross
section exceed the LU cross section substantially. The re-
worked Hamming code protection in the upcoming MIMO-
SIS-2 prototype will likely reduce the SEE cross section.

So far, the beam test was to simulate the beam halo
present in the MVD, where a flux of up to 10 Hz / mm? Au
ions is currently considered as acceptable. Assuming this
as a uniform flux over the full sensor surface, we anticipate
that the 16 most exposed sensors might fact ~ 1 SEE per
4 hours of operation, which is considered as acceptable.
No statement is made on the impact of slow target frag-
ments, which may feature LETs of up to 35 MeV ¢cm? / mg
according to GEANT simulations, and of recoil ions created
by hadrons in the sensor material. The two latter points will
be subject of additional beam tests and simulations studies
starting from May 2022.

To simulate the scenario of a direct beam impact into
the MVD, the sensor under test was also exposed several
spills of 600 kHz/cm Xe-ions with no apparent damage
observed. This was the maximum ions flux available and
represents 20% of a focused primary beam as expected in
the future experiment according to [1].

The results confirm design choices used in MIMOSIS-1
and helped improving the Hamming encoding in MIMOSIS.
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A small-scale prototype of the MVD cooling loop
based on NOVEC-649™ from 3MZ® [1] has been built.
Different components for piping and monitoring the
coolant have been validated for routine-operation with
NOVEC-649 and vacuum compatibility. The ther-
mal performance of the latest generation of heat sinks
equipped with 380 um TPG sheets (current baseline
carrier design) has been evaluated. It has been found
that the cooling requirements can be achieved with a
substantial safety margin using the current MVD base-
line design together with NOVEC-649.

Technical details of the setup

The experiments were conducted at the UFO test stand

(see figure 1). The cooling loop employs a JULABO
PRESTO A40™ [2] cooling unit and is based on 12 mm
(6 mm) Swagelok® [3] pipes and compression fittings out-
side (inside) the vacuum chamber. Threaded connections
are sealed with LOCTITE 511™ from Henkel® [4]. In-
sulated hoses by Huber [5] connect the cooling unit with
the cooling loop. Corrugated hoses by Witzenmann® [6]
connect the heat sinks with the 6 mm piping inside the
UFO. The vacuum feedthrough employs 12 mm Swagelok
fittings and is custom made by Pfeiffer Vacaum® [7] to be
thermally insulated. Six model S pressure transducers by
Swagelok measure the coolant’s pressure, three Pt100s by
Electronic Sensor® [8] measure the temperature.
The coolant flow has been measured to be around 3.6 /min
in an older version of the cooling loop with a flow meter
that turned out to be incompatible with NOVEC. There
were issues with the tightness and a short in the readout
electronics. Two new flow metes have been ordered from
Eletta Flow AB [9]. One belongs to M3 series and can be
connected with Swagelok 1/2” RS straight fittings (copper
or Viton gaskets) to the system. The other is an ultrasonic
flow meter. Testing both devices we will identify the best
option for the MVD. Leaks are detected by a leak detector
optimized for dedicated coolants by Testo® [10]. The cool-
ing loop has been found to be leak tight over the whole tar-
geted temperature range, that is from +25 °C and —40 °C.
Aging effects, such as failing rubbers or hairline cracks,
have not occurred over hundreds of temperature cycles be-
tween +25 °C and -25 °C.

*Project funded by BMBF (05P19RFFC1), GSI and HIC for FAIR
+ Post-doctoral position funded by EU project CREMLIN+.

Figure 1: UFO test stand. 1: Cooling unit. 2: Insulated
hoses. 3: Fluid feedthrough. 4: Pressure sensors. 5: IR
camera. 6: Electrical feedthroughs. 7: Prevacuum pump.
8: Turbo pump.

Figure 2: Setup inside the UFO with blackened prototype.
1: Heat sink. 2: TPG carrier. 3: Temperature sensors (in
pipe). 4: Pressure sensors. 5: Temperature readout boards.
6: Manifold.
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The aluminium heat sink is connected to the cooling loop
with a threaded adapter and is sealed with LOCTITE 511.
The properties of this sealant are unknown after irradia-
tion, therefore, alternative ways of sealing were addressed.
In collaboration with STS, we tested Swagelok straight fit-
tings (SS-400-1-4 by Swagelok) where the copper gaskets
are used for sealing. With about 220 temperature cycles
stimulating the aging and thermal stress, it was proven that
this connection is tight and in addition compatible with
NOVEC in terms of materials. However, to profit from this
component, we will need to slightly re-design the MVD
baseline heat sinks to mechanically reinforce the thread
junction, and consequently, be able to apply the torque
needed for making the connection tight.

Results on the thermal performance

The thermal performance of the quadrant is evaluated
by measuring the temperature on different points on the
carrier and on the heat sink. The heat dissipation of the
sensors is mimicked with KAPTON™ heating foils by
OMEGA® [11] on both sides on the carrier. Temperatures
are measured with Pt100s and an IR camera placed on top
of the UFO. To guarantee a uniform and known emissivity
of the MVD module, the quadrant is spray-painted in matte
black and corresponding corrections are applied in the IR
camera readout software.

Among others, the two main parameters to evaluate the
thermal performance are the temperature difference be-
tween the inlet of the heat sink and the hottest point of the
carrier, and the temperature of the hottest point on the car-
rier (see figure 3). These can be studied as a function of
the heater’s power for different coolant temperatures on a
TPG carrier of size 124.9 x 143.9 mm? (as will be used
for MVD module geometry c). The temperature differ-
ence seen in figure 3 increase linearly with the power as
one would expect from Fourier’s law. There is an increas-
ing offset at lower coolant temperatures. The slopes de-
crease a little bit at lower coolant temperatures. As the
measurements were done in vacuum (p ~ 10~ mbar) con-
ductive or convective heat exchange with the environment
is expected to be negligible. It has been shown that the
offset can be fully explained with thermal radiation of the
UFO wall, as the heat entry due to radiation amounts to
~ 10 mW/cm? compared to 45 mW/cm? from the sen-
sors [12]. There is a one-to-one correlation between the
temperature on the carrier and the temperature in the lab-
oratory. This correlation explains the offset also quantita-
tively. The effect decreases at higher power entries as the
carrier is heating up. Three issues are driving the heat en-
try due to radiation: the temperature difference between
the UFO wall and the carrier (>50 K for MVD operation
temperatures), the emissivity of the carrier (>0.9 due to the
black paint required for IR camera measurements), and the
geometry of the UFO (round shape focused on the carrier).
While this effect is rather large in this setup, it will most
likely not play a significant role for the final MVD, for two
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reasons: the actual MVD stations will not be black and
will not be placed inside a focal point of the vacuum cham-
ber; both are driving the radiative heat entry in the UFO
setup. Even with this effect and a safety factor of 2 regard-
ing the sensor’s power consumption, the hottest sensor will
be cooled to below —15 °C and the temperature difference
across the carrier be around 10 K. Without the safety factor
of 2, the hottest sensor is expected to be at —20 °C and the
temperature difference between this sensor and the coolant
at the inlet will be below 9 K. The MVD cooling require-
ments can very well be met with the current baseline con-
cept. In all these studies the heat entry from the front end
electronics, that will be placed on the heat sinks, is ignored.
Their influence on the temperature gradient inside the ac-
ceptance can however be neglected as it amounts to only an
additional 0.2 W per MVD module (quadrant) directly on
the heat sink resulting in less than 0.5 K, additionally.
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Figure 3: Left axis: Temperature difference between the
hottest point of the carrier (MVD module geometry c) and
the coolant at the inlet, for different heat entries and coolant
temperatures (colored). Right axis: Absolute temperature
of the hottest point on the carrier for a coolant tempera-
ture of -20 °C (black line). The dashed line indicates the
expected total power entry by the sensors.
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We report on studies to improve the integration
yield of the MVD module (representing a quadrant
of a station) production. Two conceptual options
are being pursued, aiming at separating front/back
sensor integration while maintaining requirements
regarding vacuum compatibility, thermal performance
and material budget.

The current baseline concept outlined in the TDR [1] re-
quires the population of a given 380 yum carrier of Ther-
mal Pyrolytic Graphite (TPG) with sensors on both sides
(front/back), to achieve full active coverage inside the ge-
ometrical acceptance despite of the sensor’s inactive area.
The production yield of such a module is driven by suc-
cessful integration of sensors on one side while the other
side is already equipped with sensors bonded to flex read-
out cables. The feasibility of such an approach has been
demonstrated with the PRESTO prototype [2]. However,
the mass production of such modules calls for a firm as-
sessment and further improvement of procedures and the
yield, respectively.

Separating front and back side integration calls for the in-
troduction of two sub-modules, which have to be merged as
a final, and compared to the baseline concept, additional in-
tegration step. This would allow for independent testing of
these sub-modules before final assembly. Trading the sen-
sor integration yield for individual sub-modules against the
yield of merging two of them is supposed to improve the
overall production yield. At the moment, two options are
followed up, which have in common issues to be studied,
regarding the handling of thin material layers, their thermal
performance, and vacuum-compatible gluing:

Option 1: Employing two O(150-200 um) TPG sheets.
Option 2: Employing two foils of O(25-50 um) Pyrolytic
Graphite Sheets (PGS). Thin foils of PGS feature compa-
rable outstanding thermal conductivity as TPG, but offers
no mechanical support. This calls for a low material budget
support structure (e.g. Reticulated Vitreous Carbon, RVC).
This poses additional challenges in merging PGS to RVC,
RVC to RVC as well as establishing a proper heat contact
to the heat sink. For both options the cooling efficiency has
to be demonstrated for the MVD sensor specifications due
to the reduced cross-sectional area of the cooling channel.
Table 1 summarizes the key specifications of the high-
performance materials under evaluation. Figure 1 com-
pares the options for the compound carriers w.r.t. the ma-

*Project funded by BMBF (05P19RFFC1), GSI and HIC for FAIR
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Material Heat conductivity  x/X,
(W/m/K) (%)
for 100pm
TPG 1500 (x/y), 20 (z) 0.05
PGS 1300%) (x/y), 20 (z) 0.05
RVC 0.04 0.0016
Table 1: Comparison of different material properties

of TPG (Thermal Pyrolytic Graphite), PGS (Pyrolytic
Graphite Sheet, *) for 50 pym thickness) and RVC (Reticu-
lated Vitreous Carbon).

X/%o(%) 02>

0,2
0,15
0,1 ‘
0,05
o -
Baseline Option 1 Option 2
B PGS mTPG RVC glue

Figure 1: Comparing the material budget x/X, of the pro-
posed carrier (only) options 1 and 2 to the current baseline.

terial budget and demonstrates, that separating back and
front side sensor integration does not necessarily translate
in a significant increase of the material budget.

This activity is work in progress - presently, different
samples of the dedicated materials are being character-
ized and evaluated regarding handling, gluing and ther-
mal properties, preparing integration tests and merging of
the sub-modules. The UFO vacuum test stand, equipped
with NOVEC-649 cooling infrastructure, PT100 tempera-
ture sensors and IR camera allows to deduce quantitative
and realistic parameters relevant for the MVD operation.
The results will be made available in [4].
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The MIMOSIS sensor [1] for CBM-MVD is currently
being developed and characterized. Three versions of this
sensor are foreseen till 2024, two full-size R&D chips and
the final sensor. All MIMOSIS family members are com-
patible w.r.t. bonding pads location and the sensor form-
factor. This allows already now to develop probe-card
and multi-purpose read-out electronics to learn more about
the sensor and prepare sensor QA procedures, as well as,
characterize close-to-final MVD modules. This report will
summarize the status of the test system development.

The goal: The first version of MIMOSIS has been tested
with a focus on its native performance, that is mainly fake-
hit rate, charged particle detection efficiency and spatial
resolution before and after irradiation, with limiting the in-
fluence of environmental conditions (e.g., pick-up noise) to
minimum. This was realized by locating the sensor onto its
development board packed with efficient passive filters lo-
cated in the vicinity of the sensor. The main goal now is
to separate the sensor from the development board by the
means of a dedicated Flex-Print Circuit cable (FPC), and
this way mimic more realistic conditions, expected in the
experiment. In addition, the setup is ready to operate with
a probe-card (in preparation) to test the MIMOSIS sensors
prior to integration into any prototype, and finally prior to
integration onto the CBM-MVD carriers.

The setup: Figure 1 depicts the setup. The sensor (1)
is mounted directly onto a small PCB (2), wire-bonded
and connected, by the means of FPCs (4), to the a small
adapter board (5) that is next directly linked with the de-
velopment board (6). The FPCs are composed of two seg-
ments, 5 and 10 cm long, respectively. Together with the
presence of the extension boards (3), this allows us to asses
the impact of FPC length on the sensor performance. An
additional connector on the bottom (invisible in Fig. 1), al-
lows to connect the sensor development board to the probe
card. The sensor development board features current mon-
itoring and over-current protection. Adapter (5), extension
(3) and sensor (2) PCBs can be easily re-designed, to de-
velop and test variants of the final FPC cable.

Outlook: In 2022 we expect to routinely probe-test the
MIMOSIS sensors as well as to address questions regard-
ing the maximum FPC length tolerated by the MIMOSIS
chip, necessity of a double-layer FPC design, existence of
passive filters in a vicinity of the sensor, direct powering
from the FEAST DC/DC converters, as well as, implemen-
tation of an over-current protection and current monitoring.

* Project funded by BMBF (05P19RFFC1), CREMLIN+, GSI and HIC
for FAIR
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Figure 1: Multi-purpose test electronics for MIMOSIS sen-
sors: (1) MIMOSIS chip, (2) sensor PCB, (3) FPC exten-
sion PCB, (4) dedicated FPCs, (5) adapter PCB, (6) sensor
development board.
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In the reporting year 2021, the STS project team [1]
made essential steps towards production and application
readiness of major system components. The reports in this
chapter give account and further insight into the work car-
ried out. The progress was achieved despite pandemic-
imposed limitations on in-person work at laboratories and
offices, and despite significant delays experienced from in-
dustrial suppliers. We managed to carry out several produc-
tion readiness and engineering design reviews [2, 3, 4, 5],
involving external experts. This went along with progress
on outfitting the assembly laboratories at GSI, installing a
“baby” cooling facility and related infrastructure in the STS
integration laboratory, as well as upgrading the module
assembly capabilities in the Detector Laboratory’s clean
room. The system engineering reached high level of detail-
ing in the STS detector (see Fig. 1), including the unit de-
sign, routing of cables and cooling pipes, and further blocks
attaching to it like the vaccum box comprising the target
and the MVD detector, and the beam pipe section in STS.
A mechanical demonstrator has been set up in the STS in-
tegration laboratory — on the final detector assembly stand.
In Summer 2021, the system demonstrator mSTS was suc-
cessfully completed (see photos on the cover page of this
chapter) and operated in the 2021 beam campaign together
with the further mCBM sub-systems.

As a consequence of the war of aggression that Russia
imposed on Ukraine, any further cooperation with partners
at institutes in Russia became impossible. Our Ukrainian
collaborators at KINR, Kyiv, and industrial partners for
micro-cables at LTU, Kharkiv, are at severe risk to life and
under impossible work conditions. The STS project team
loses the JINR group as a long-standing cooperator, and
its facilities as a module assembly site. The STS detec-
tor of the BM@N experiment at Nuclotron is no longer a
partner project. We expected to learn about integration as-
pects of the quite similar detector system, and about its per-
formance in the beam environment at Nuclotron; we even
hoped to achieve physics results, before the STS in CBM is
operational. A European project [6], supporting us for this
common work, terminated cooperation with Russia and is
being re-organized [7]. We had just achieved the mid-term
milestone and deliverable [8, 9]. Two progress reports from
JINR based on work carried out before the war began are
still part of this chapter.

The next steps of the STS project will focus on achiev-
ing production readiness of module and ladder assembly in
the remaining assembly teams at GSI and KIT, as well as
on performance studies with demonstrator systems in the
laboratory and mCBM.

Figure 1: Emerging engineering design: cut-through view
of the STS detector system in the superconducting dipole
magnet with target box, MVD detector and beam pipe, as
well as patch panels on the magnet yoke for detailed plan-
ning of cabeling and installation procedure.
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Results of the electrical inspection of strips of STS silicon sensors

I. Panasenko', O. Bertini?, U. Frankenfeld?, J. M. Heuser*, and H. R. Schmidt'-?
"Eberhard Karls Universitit, Tiibingen, Germany; >GSI, Darmstadt, Germany

Introduction

About 1200 microstrip sensors were manufactured by
Hamamatsu Photonics for the Silicon Tracking System of
the CBM experiment. They are double-sided silicon detec-
tors with the 2nd metal layer on the P side. Every sensor
has 1024 strips per side placed with 58 pm pitch. Sensors
of four sizes — 6.2 x 2.2 cm?, 6.2 x 4.2 cm?, 6.2 x 6.2 cm?,
6.2 x 12.4 cm? — will be used to build detector modules.

All sensors were delivered in monthly batches to GSI
during the year 2020. Extensive optical [1] and basic elec-
trical [2] inspections have been carried out for all sensors.
Optical inspection revealed more defects than reported by
the vendor. Therefore, the electrical inspection of the strips
was performed for a subset of sensors. The goal was to
cross-check optical results, assess the electrical integrity of
strips, and ensure compliance of the electrical parameters
of strips with the CBM specifications [3].

The sensors for the electrical inspection were selected
according to the optical inspection results. In addition, at
least one sensor per production batch was included in the
subset. The total number of inspected sensors is 80:

e 37 sensors — 6.2 X 2.2 cm?,
o 10 sensors — 6.2 x 4.2 cm?,
e 13 sensors — 6.2 x 6.2 cm?,
e 20 sensors — 6.2 x 12.4 cm?,

35 of which have not been inspected by the vendor.

Electrical inspection of the sensors was performed on the
dedicated custom-built probe station located in the clean-
room environment. It was developed at the University of
Tiibingen and was transported to the GSI Detector Labora-
tory in 2020 [4].

Map of defective strips

Electrical inspection of strips at the CBM consists of a
set of integrity tests. Three parameters are measured: di-
electric current, series capacitance, and equivalent series
resistance. They are used for defect analysis and, at the
same time, provide essential information about coupling
capacitance and polysilicon resistance. There are three im-
portant defect classes to distinguish: pinholes, strip breaks
and shorts. Both the implant and the metal strip may be
defective.

Figure 1 shows a combined map of the defective strips
for the N and P sides of all inspected sensors. It has to
be noted that only half of the short interconnected strips
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Figure 1: Map of accumulated defective strips for both N
and P sides of the CBM microstrip sensors. Data for all
sensor variants is combined here. Different number of sen-
sors for N and P sides is due to identified contact loss for
some of the sensors.

were analyzed due to the design features of the CBM sen-
sor. Some of the sensors were excluded from the analysis
due to apparent loss of contact, which affected the mea-
sured parameters. These histograms reveal several tenden-
cies. On the N side, it was found that most of the iden-
tified pinholes are located around strip numbers 350 and
700. On the P side, there is an increase in the number of
defects for specific strip numbers, which are interconnected
by the 2nd metal layer. Optical inspection revealed a cir-
cular pattern for defects on both sides of the sensors [1].
Identified regions in Fig. 1 with an increased number of
defects correlate with this pattern. It was attributed to the
damage caused by a vacuum pick-up tool that is used to
handle the sensors during production at the manufacturing
site. 6.2 x 2.2 cm? sensors are not affected because they
are located on the periphery of the silicon wafer.

Figure 2 shows the breakdown of defective strips by cat-
egory, except for defects of the 2nd metal layer. Most of
the identified defects are implant breaks. On the N side,
implant shorts are related to the breaks in the P-stop struc-
tures. Both are of the same nature and appear during the
manufacturing process. This explains the relatively high
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Figure 2: Breakdown of defective strips.

level of implant shorts on the N side. Because of similar
signatures, implant shorts on the P side may indicate low
interstrip resistance or polysilicon resistor problem. Pin-
holes make up a significant fraction of defects, averaging
three pinholes per sensor. It was found that most of the
6.2 x 2.2 cm? do not have defects of this type. Pinholes in
the coupling dielectric layer compromise AC readout and
are the only defect type that is potentially dangerous for
the readout ASIC. The exact effect depends on the level of
leakage current flowing in or out of the readout ASIC [5].
Strip breaks and shorts only affect signal readout. As an
example, false multi-strip hits can be observed in the case
of a short of two or more neighboring metal strips.

Comparison of results

The obtained results were compared with the data pro-
vided by the vendor and with the results of the optical in-
spection. Hamamatsu carried out the detection of pinholes
and metal layer defects. Delivered sensors comply with the
requirement for the number of defective strips to be below
1.5%. The vendor does not detect other types of defects.

Optical inspection revealed all surface defects that can
be identified visually. A significant number of implantation
layer defects were detected, which are not reported by the
vendor. In addition, defects of the 2nd metal layer were
detected.

Electrical inspection of strips verified the pinhole data
provided by the vendor. Some of the metal shorts have not
been verified. Correlation with visible defects identified in
optical inspection has been established.

Figure 3 shows a comparison between the three inspec-
tions for the sensor with the largest number of defects. It
can be seen that this sensor easily passes the quality con-
trol of the vendor and fails at the CBM. Large clusters of
P-stop and strip implant breaks were detected optically and
confirmed electrically. One can see small discrepancies be-
tween optical and electrical inspection results. On the P
side, defects such as low interstrip or polysilicon resistance
can only be detected by the electrical inspection. Discrep-
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ancies in identified implant breaks are related to two ef-
fects. On the N side with the P-stop technique, broken
strip implants are effectively intact due to the presence of
an electron accumulation layer. However, one has to keep
in mind that the break is a high-impedance channel with re-
sistance, which depends on the bias condition of the sensor.
On the P and N sides, some of the implant breaks are not
detected electrically due to the location of the defect: when
the defect is close to the end of the strip, it is in most cases
not detected, because its parameters are within the standard
deviation.
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Figure 3: Comparison of the results from three inspections.
Defect map of the sensor 04194 with large number of de-
fects is shown as an example. Defective strips are marked
with a respective color.

Electrical parameters of strips

The coupling capacitance and polysilicon resistance
were extracted from the measurement data for all inspected
sensors. Figure 4 and Fig. 5 show corresponding distribu-
tions for both P and N sides. The values of the coupling ca-
pacitance are normalized to the length of the strip. The ob-
tained values satisfy the CBM specifications for microstrip
Sensors:

e coupling capacitance: C,. > 10 pF/cm,
e polysilicon resistance: 0.5 MQ < R, <2 MQ.

Insulation between adjacent strips is crucial for the op-
eration of the microstrip sensor. It was verified by the mea-
surement of the interstrip resistance for a small subset of
the sensors. Figure 6 shows measured interstrip resistance
as a function of the bias voltage. On the N side, strips are
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Figure 5: Distribution of the polysilicon resistance.

getting insulated after the full depletion of the sensor. At
the operating point of 150 V, interstrip resistance exceeds
100 G2 on both sides of the sensor. The measured values
of other sensors from the subset were always greater than
10 GS2.

Summary

Electrical inspection of strips for 80 microstrip sensors
was carried out at the GSI Detector laboratory using a ded-
icated custom-built probe station. The fraction of defec-
tive coupling capacitors is below 0.5% and is consistent
with vendor data. The fraction of the metal layer defects
reported by the vendor was not confirmed. Most of the
detected defects are defects of the implantation layer. De-
fects detected by the optical inspection were verified. The
observed discrepancies between optical and electrical data
are well understood. 6.2 x 2.2 cm? sensors have a very
low defect rate. They are not affected by the damage from
the pick-up tool due to their location on the silicon wafer.
Strip coupling capacitance and polysilicon bias resistance
meet the required specifications. Interstrip resistance is
high enough to provide sufficient insulation between strips.
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Quality grading and position mapping of the STS silicon sensors

O. Bertini and J. M. Heuser
GSI, Darmstadt, Germany

More than 1200 silicon microstrip sensors have been de-
livered to GSI during the years 2020-2021. All received
sensors were qualified optically [1] and electrically [2].
The goal of the quality control is not only the verification of
the basic functionality of the sensors, but their appropriate
distribution within the STS layout according to their prop-
erties and expected performance requirements. After both,
optical and electrical, inspections the sensors were classi-
fied into 4 different grades. The amount of sensors per
quality grade for each size is summarized in Table 1 for op-
tical inspection and in Table 2 for electrical inspection. For
the optical inspection the total number of defective strips
per sensor was used for the quality grade determination.
For the electrical inspection the possible maximum opera-
tional voltage was used to define the quality grade of the
Sensor.

Table 1: Optical grades summary.

Sensor Grade Grade Grade Grade
size A B C D
22 mm 93 13 2 0
42 mm 296 50 3 0
62 mm 185 144 19 5
124 mm 125 125 107 35

N of defects <5 <10 <15 > 15

Table 2: Electrical grades summary.

Sensor Grade Grade Grade Grade
size A B C D

22 mm 99 3 4 0

42 mm 267 20 50 0

62 mm 256 28 44 21

124 mm 222 37 84 47
Uop >350V <350V <250V <200V

From the expected fluence simulated with FLUKA [3]
and the geometrical positions of the sensors, as shown in
Fig. 1, the required electrical quality of the sensor can be
obtained; they are shown in Table 3. Taking into account
that the smaller the amount of defective strips is close to
the beam pipe the better will be the track reconstruction
efficiency, both quality grades, optical and electrical, can be
combined and result in the layout proposal shown in Fig. 2.

Since the assembly procedure for modules and ladders is
essentially not reworkable, an important point is the num-
ber of available sensors in addition to the bare required
ones. The amount of spare sensors was calculated accord-
ing to the layout presented in the current report. Moreover,
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Figure 1: NIEL [neq 1 mev/cm?] distribution at 60 cm
downstream of the target overlaid with STS station layout.

Table 3: Required number of sensors for STS construction.

Sensor Grade Grade Grade Grade
size A B C D
22 mm 76 4 0 0
42 mm 184 56 32 0
62 mm 72 68 64 0
124 mm 20 84 148 68

sensors already used-up for a test propose were taken into
account as well. Thus 24 sensors of 22 mm, 57 sensors of
42 mm, 130 sensors of 62 mm and 52 sensors of 124 mm
remain available as spares, a part of which can be used for
carrying out a pre-series module assembly excercise.
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letter) grades combined.
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Operational studies with the STS-XYTERv2.2 ASIC

J. Lehnert, R. Kapell, P. Kozcon, O. M. Rodriguez, A. R. Rodriguez, C. J. Schmidt, and A. Toia
GSI, Darmstadt, Germany

Introduction

With the pilot-production delivery of version 2.2 of the
STS frontend ASIC STS-XYTER [1] and the availability
of more complex setups, various additional ASIC tests and
performance studies were done, both in view of the ASIC
Production Readiness Review and to gain a more detailed
insight into optimal operation of the devices. Part of these
studies is reported elsewhere in this progress report [2],
several investigations are briefly summarized in this report.

Latchup tests

One potential failure mechanism of CMOS electronics
under irradiation are latchup transition (LUT), which lead
to potentially damaging increases in current consumption,
but can be mitigated by power cycling the affetcted cir-
cuitry.

In March 2021, the LUT sensitivity of the STS-
XYTERvV2.2 could be tested in the mCBM cave by direct
exposure of the entire ASIC area to a 1 AGeV lead beam
at different beam intensities. A monitoring circuit provided
by the CBM MVD group was used for fast automatic power
off in case of a large and sudden current increase.

No LUTs were observed below 107 Pb ion per sec-
ond on the ASIC. LUT related current increases start at
1.4 x 107 ions/s/cm?. At 4.1 x 107 ions/s/cm?, approx.
2 LUT/min were observed (see Fig. 1), at higher beam in-
tensities LUTs become frequent. This translates into a LUT
probability of of approx. 6 x 10710 per Pb ion. After
power cycling, the ASIC always returned to the original
current.

With the ASICs outside of the detector acceptance and
not exposed to beam particles or heavy reaction products in
the real STS setup, LUTs therefore should not create prob-
lems for STS operation, neither in terms of LUT occurence
nor of damaging effects if recognized quickly.

Double hit performance

The response of the ASIC to double or multiple hits in
the same channel with small separation in time was studied
for the regular ASIC reset mechanism which will be em-
ployed in STS operation. This includes both the effect on
a second hit close in time, meaning if a single pileup hit is
created, the second hit is lost due to channel dead time or
is modified in amplitude due to ongoing basline restoration,
as well as the stability of the measured signal amplitude for
longer sequences of hits.
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Figure 1: ASIC supply current over time for different Pb
ion fluences. After stable currrents (red), the onset of LUT
related currents (blue) and frequent LUTs (green) at high
intensity are visible. The green curve shows arbitrary cur-
rent values due to frequent LV switching triggered by the
monitoring circuit.

In a lab setup, pairs of 2 hits were generated with system-
atically varied amplitudes of first and second hit as well as
separation in time ranging from 100 ns to 10 us; measured
hits were readout and particularly the properties of the sec-
ond hit were analyzed.

Up to approximately 250 ns (depending on first hit
amplitude) of separation, the second pulse either creates
pileup or is lost due to channel deadtime. At larger sep-
aration, the amplitude of the second pulse is reduced (see
Fig. 2), consistent with the known restoration of the base-
line from an undershoot after a previous pulse. At around
800 ns separation, the largest reduction of the second am-
plitude is present, amounting to up to 2.5 ADC units for
the extreme case of largest values of first and second am-
plitude. After 4-5 pus, the correct second amplitudes is mea-
sured again.
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= | two separate hits

15—
first pulse

20

10
£ second pulse

amplitude reduction of second hit

25 ns steps. 25

Pulse separation in ns

Figure 2: Measured amplitude of a fixed signal second
pulse for various time separations from first pulse.
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This result is confirmed for longer sequences of up to
20 identical pulses. For separations larger than 4 us, the
pulse amplitude for MIP signals remains unchanged over
the full pulse train. A good operating point for double pulse
performance was determined for the feedback current set-
ting with /_fed = 20.

Replica hits

STS-XYTER hits contain ADC and timing information
coming from different internal processing branches, the
slow(ADC) and fast(timing) discriminators. Since hit gen-
eration is triggered by an ADC value > 1, dicriminator
thresholds have to be set properly to ensure an updated
fast discriminator value for each hit ; otherwise so-called
replica hits are generated with a non-updated timestamp
value identical to a previous hit in the same channel (see
Fig. 3).

A significant contribution of replica hits was opserved in
2021 mSTS data and thus intensively studied in a dedicated
lab setup. The hit response of the STS-XYTER to a mix-
ture of fixed signal pulses together with a noise contribu-
tion varying in amplitude and frequency was investigated.
Replica hits could be reproduced not only at low signal am-
plitudes, which can be attributed to bad fast threshold set-
tings, but also at high signal amplitudes. Replica genera-
tion increases with noise amplitude, but most significantly
depends on the noise frequency, being present especially
in the range of 1 MHz to approx. 6 MHz. This behavior
is consistent with the ASIC design, where the bandwidth
difference between the slow and fast shaper is located in
precisely this frequency range.

The mechanism of replica generation is thus probably
significant noise in the MHz range which keeps the fast
discriminator below its trigger threshold even in case of a
signal, while the insensitive slow shaper generates a hit.
Replica reduction can thus be achieved by two means:
(1) using a fast threshold as low as possible without affect-
ing time resolution and (2) taking special care to avoid and
reduce noise contributions in the sensitive frequency range
for the full STS system.

§ Thr fast = 35

e o

Figure 3: Reduction of replica hits for decreasing values of
the fast discriminator threshold Thr_fast, as seen in the the
same-channel time difference plot. Replica hits appear as
spikes due to an artifact in the online time sorting of these
hits.
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ASIC status

In May 2021, the Production Readiness Review of the
STS-XYTER ASIC was approved [3]. Full ASIC produc-
tion is scheduled for 2022.
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Test of more than 550 STS-XYTERVv2.2 ASICs from pilot production

N. Putkaradze', I. Keshelashvili?, C. Simons?, C.J. Schmidf*, and A. Wilms*
lAgricultural University of Georgia, Tbilisi, Georgia; 2GSI, Darmstadt, Germany

Test system

The test stand for the STS-XYTER read-out ASIC is
based on a read-out board, a pogopin holder to receive the
bare diced ASIC, power supplies, and a PC for control and
readout. Within the activity reported here, recent upgrades
to the setup have been successfully demonstrated. More
than 550 ASICs version 2.2 have been quality controlled.
The new aspects of the test procedure are discussed; more
extensive monitoring of the different parameters is planned
further.

Software improvement

Until now, the PC’s operating system was based on
Ubuntu 16.04 LTS and the old IPbus library 2.6. The up-
graded system is currently running on Kubuntu 20.04 LTS
and the latest [Pbus [1] version 2.8 library. Its further up-
grade to the upcoming newer 22.04 LTS system will be
no challenge. Furthermore, all code is based/rewritten on
python3 standard, and the newer PyQt5 [2] library was up-
graded from PyQt4 for the graphical user interface.

Hardware improvment

On the hardware side, the new pogopin holder has been
3D printed for more reliable and ESD-safe handling (see
Fig. 1). The power supply was changed from passive to
computer-controlled four-channel devices capable of pre-
cisely measuring voltage and current [3]. The read-out sys-
tem is entirely based on the EMU board with the newest
firmware. In parallel to the old STS-XYTER test proce-
dure, we are measuring current before the chip configura-
tion, after configuration, and at the end of the test. Also,
internal chip temperature, auxiliary input, and the key per-
formance settings Vddm (1.2 V analog), and CsaBias (bias
current for charge sensitive amplifier) are measured and
saved after every test.

Summary of results

In total, we have tested 600 STS-XYTERv2.2 ASICs
from the pilot production, out of which 550 chips were
graded A, the highest quality. Including a new criterion
(currently under consideration) limiting the total current
after configuration within +o¢ from the mean value (min.
0.427, max. 0.478), another three are failing (see gray
insert in Fig.2). We can assume that about 5% of STS-
XYTERvV2.2 chips were failing — a rough estimate. Most
of the failures happen already on the level of addressing
the chip. In many cases, the test pins are not appropriately

26

Figure 1: The top view of the new ASIC test box, a 3D-
printed ESD holder on an ESD mat.

aligned, and new adjustment is needed simply by removing
the pogo pin plug and gently touching the chip before re-
connecting the pins. In two cases, the ID fusing procedure
failed in the middle. So, the ASIC got an incomplete ID
which is not suitable for STS assembly but would be allow
using it for any other purpose.

Next steps

The continuous improvement of the software and the
current measurement allowed us to save extended report
files for about 343 STS-XYTER chips. We can learn
more about the ASIC characteristics by analyzing the data.
Two of such plots are shown in Figs. 2 and 3. In Fig. 2,
we can see a relatively wide distribution of initial current
consumption in the undefined state after ASIC power-up,
whereas the distribution is relatively narrow after config-
uration. This shows no correlation between initial and fi-
nal current consumption. In contrast, the apparent corre-
lation between ASIC temperature and the Vddm voltage
is found in Fig. 3. We also propose to improve the mea-
surement procedure by separating all STS-XYTER input
currents (1.8 V digital, 1.8 V analog, 1.2 V analog) and
stabilizing the voltages by sens wires, which is easily pos-
sible using R&S power supplies. In addition, we can also
use sens wires to stabilize voltage on-chip and compensate
voltage drop on supply wires. We also envision tempera-
ture monitoring using an infrared temperature sensor un-
derneath the ASIC, which can also deliver calibration pa-
rameters for each individual chip and could be stored in the
database alongside ID. The schematic diagram of the im-
proved testing system is shown in Fig. 4, where an almost
complete diagram is shown.
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Figure 3: Temperature dependence on the Vddm voltage,
measured right before the end of the test.

Figure 4: The new, improved STS-XYTER test system is
fully computer-controlled.
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Comparative study of the noise levels of the STS-XYTERv2.2 ASIC:
from FEB-C to STS module

A.R. Rodriguez!, O. M. Rodriguez', J. Lehnert', A. Toia®, D. R. Garces*, and C. J. Schmidt'

IGSI, Darmstadt, Germany; 2Goethe Universitit, Frankfurt am Main, Germany

The latest and final version of the STS-XYTER ASIC,
submitted and produced in 2020 Q4 [1], has been thor-
oughly tested and characterized in the GSI detector labo-
ratory. The ASIC has been also used in the assembly of
multiple FEBs-C and modules, which are under operation
in the STS laboratory or as part of mSTS detector in the
mCBM project [2, 3].

This report summarizes the results of multiple tests, ori-
ented to measure the noise levels in the STS-XYTERvV2.2,
and to scan a group of user-controlled settings (current on
the CSA and shapers, magnitude of the feedback resistor
and shaping time), that could influence its overall perfor-
mance. The studies were carried out in two devices, a FEB-
C and a module, labelled 01Tr_3, and consequently in two
different setups [4]. The first and simplest setup consists
of an ASIC bonded onto a FEB-C, directly connected to
a Data Processing Board, implementing the readout pro-
tocol. This system allows to measure the characteristics of
the analog front-end and to assess the noise levels in a more
controlled environment. The second setup is dedicated to
the characterization of fully-assembled STS modules [5].

The noise levels are determined on each channel of
the ASIC by means of a s-curves scan. Although ide-
ally the discriminator response would follow a step func-
tion, in reality the distribution is smeared by the elec-
tronic noise. The width of the signal distribution is an
effective measurement of the overall noise. For an ASIC
bonded onto a FEB-C, the measured noise levels are ap-
proximately 500 + 40 e~ ENC for both polarities. This
results is in agreement with the measured values in the ver-
sion 2.1 of the ASIC [4]. In module 01Tr_3, the noise is
reported as the average among all channels to be around
1090 + 100 e~ ENC. This result exclude the double-metal
interconnected channels of p-side, where the noise rises to
approximately 1500 + 80 e~ ENC.

Figure 1 shows the dependence of the noise in the STS-
XYTERv2.2 with the input capacitance. A first order poly-
nomial is used to fit the data, resulting in an average slope
of 24.8 e~ /pF. This simple ENC parametrization allows to
estimate the expected noise level in module 01Tr_3 with
a relative discrepancy to the measured value of approxi-
mately 9%.

Scan of the ASIC parameters

The scan of several parameters in the ASIC intends to
check and optimize the operation settings. Figure 2 illus-
trates the dependence of the overall ENC with the CSA
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Figure 1: ENC levels in the STS-XYTERV2.2 as a function
of the input load capacitance.

and shaper’s currents. These two different settings are con-
trolled by independent DACs, but connected to the VDDM
potential in the ASIC. A similar behavior in both systems,
with no significant variations across the entire scanning
range was observed. The overall current consumption of
the 1.2 V power line is also indicated.
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Figure 2: ENC levels as a function of the current on the
CSA and the shapers. The black arrow indicates the default
operation values.

The feedback resistance determines the time required for
the CSA baseline to be restored after a signal is amplified.
Therefore, it is a key feature for operating the ASIC in a
high rate environment. In an ideal system, the signal ampli-
tude in the CSA should remain constant while the signal is
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being processed in the shapers, however, this implies a very
large feedback resistance, and hence a large pile up effect.
As an alternative, the chip could be operated using a reset
circuit that discharges the CSA quickly to the baseline. The
last option is also implemented in the STS-XYTER ASIC,
but several issues were found during the characterization
of the v2.2, that prohibit the use of the fast reset circuit.
Nevertheless, the ASIC operation in a high rate scenario is
still possible without this functionality, simply by reducing
the discharge time constant of the CSA. Consequently, it is
important to consider the influence of this parameter in the
system noise. Theroretical estimations of the noise contri-
bution suggest that lower feedback resistance (< 20 M)
can be responsible for mor than 15% of the parallel current
noise in the ASIC [6] for non-irradiated sensors.

Figure 3 shows the dependence of the noise as a func-
tion of the feedback resistance in the ASIC. Higher register
values correspond to a higher feedback resistance, and the
typical operating point is marked with a black arrow. It
corresponds to a time discharge constant of 1.22 us and
2.26 ps for electrons and holes, respectively. For electrons
polarity (n-side), both systems has shown that noise levels
are sligthly larger at lower feedback resistance (IFED =7)
in comparison to the typical one.
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Figure 3: ENC levels for different values of the CSA feed-
back resistor.

Another design feature of the STS-XYTER ASIC is the
user-controlled selection of the shaping times in the ampli-
tude measuring path [7]. This is an important parameter as
it dominates the noise bandwidth, and it must accommo-
date the ASIC response time and the hit rate. Figure 4 il-
lustrates the noise levels measured in both systems. The re-
sults show a clear discrepancy between electrons and holes
polarity in the FEB-C. In module 01Tr_3, the noise lev-
els show the dominance of the voltage noise component at
smaller shaping times (7 90 ns). To reduce the dead
time and pile-up effects, the STS-XYTER ASIC will be
operated at the smallest shaping times. This implies, as il-
lustrated in Fig. 4, a sligthly larger system noise during the
first years of operation of the STS detector. This situation
will be reversed as the parallel current noise will dominate
the noise distribution, due to larger sensor leakage current
after irradiation (shot noise).

~
~
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Figure 4: ENC levels in the ASIC for different values of
shaping times.

Summary

The test and characterization of the STS-XYTERv2.2
ASIC was an important task carried out during the year
2021. The ASIC was assembled in FEBs-C and modules,
that were carefully tested in the GSI detector lab. A large
effort was devoted to asses the noise levels of the new chip
and to verify its performance as a function of multiple pa-
rameters setings. The v2.2 ASIC have shown a similar per-
formance to its predecesor and a stable dependence of the
noise with multiple settings. The scans of the CSA and
shaper’s current have exposed a large and stable plateau, in
which the ASIC can be operated without deteriorating the
system noise. The selection of the feedback resistance and
the shaping time is subjected to several requirements, such
as the dead time of the ASIC, pile-up effects, and absolute
noise levels. Some of the results described in this study
contributed to the approval of the STS-XYTERV2.2 as the
final candidate for reading out the double-sided silicon sen-
sors in the STS detector.
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Power cycle test of STS front-end electronics boards FEBS8

1. Keshelashvili, R. Kapell, C. J. Schmidt, and A. Wilms
GSI, Darmstadt, Germany

Description

We have tested extensively power cycling of two fully
equipped STS front-end electronics boards, one of each
type FEBS-LNRP (“FEB-A”) and FEB8-LPRN (“FEB-
B”), see Fig. 1. The boards were without microcables, i.e.
bare STS-XYTER ASICs installed in it, and passively air-
cooled with a fan down to room temperature.

Figure 1: FEB8-LNRP (FEB-A, blue) and FEBS-LPRN
(FEB-B, red) thermally coupled to the aluminum heat sink.

Figure 2 top shows temperatures monitored during the
cycles. Figure 4 top shows the temperature stability over
one month period, and Fig.5 left shows the distribution
of temperature. The FEB8 boards were powered up for
2 minutes and powered down for 1 minute. To switch
on and off the FEB8 boards, the ROHDE & SCHWARZ
HMP4040 [1] four-channel programmable power supply
has been used. During the power cycling test, the pow-
ering of electronics has been done by switching relay. The
first current measurement was done right after switching
on, the second measurement right after the STS-XYTER
chips were initialized, and the third before switching off, at
the end of the cycle. The typical current behavior is shown
in Fig. 3. The power supply stabilized the voltage, so it
is not changing within 0.1 Volt. The current was varied
by about 0.2 A from cycle to cycle for both power supply
lines. Unfortunately, because a common supply powered
all 8 STS-XYTER chips, it is not possible to find how it
depended on the chip’s internal parameters. Thus, it may
be valuable to repeat this test with a FEB-C (single-STS-
XYTER test board) for a more profound understanding.

30

SNENVREN

1712126 1

o

0211212

2021112126 500

Figure 2: Zoomed graphs of the temperature (top), Vddm
(1.2 V analog, middle), and CsaBias (amplifier bias, bot-
tom). Twelve cycles are shown of FEB8-LPRN (FEB-B)
with STS-XYTERV2.2 chips. The red dashed lines show
the beginning of each cycle. The first measurement after
cycle start is done right after chip initialization, and the
second within the cycle is always done before powering

off.

Summary

From December 23, 2021, to January 27, 2022, we car-
ried out 15000 cycles and analyzed 13946. In general,
we can conclude that all the current consumption for both
FEBs and all parameters gathered from STS-XYTER chips
were very stable. Figure 4 shows temperature, Vddm, and
CsaBias graphs over one month period. One should men-
tion here that most of the chips had two or three discreet
values of CsaBias after powering up and initialization. This
is seen in Fig. 5, too. A similar type of test needs to be
done for cold environments, too, where we can power-cycle
FEBs in the climate chamber, available in the STS integra-
tion laboratory, at temperatures as low as -40°C. This pro-
gram is upcoming.
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Production capability upgrade for STS module assembly at GSI

C. Simons, K. Schiinemann, and R. Visinka
GSI, Darmstadt, Germany

Infrastructure upgrades

The GSI Detector Laboratory has upgraded its infras-
tructure for STS-module-assembly in recent time. A im-
pression of the clean room section is seen in the pho-
tograph of Fig. 1. Mainly two additional wire bonders
were acquired and put in place. All in all there are now
four machines that can be used for wire and TAB bond-
ing. They are shown in the photographs of Figs. 2 - 4.
Three microscope tables can be used during die bonding
of ASICs, removing of microcable test fans, for different
glueing and soldering works and process controls (Fig. 5).
One table is prepared for heat and UV curing of glue ap-
plied (Fig. 6). Circit boards for the front-end electronics
are surface cleaned at a dedicated place (Fig. 7). A fur-
ther table is equipped for the QA measurements (Fig. 8);
a second setup is in preparation. For the storage of the
compleded modules a nitrogen cabinet and two ESD sys-
tem trolleys are available (Fig. 9).

Production throughput

The production throughput was assessed in 2020 in a
project team retreat focussed on STS module assembly and
has been documented in [1]. Scaling up from prototype as-
sembly, the throughput could be up to 8 modules per month
managed by a single team and machine set, and reaching
up to 28 modules per month if more machines and a sec-
ond team would be engaged. The additional machines are
available by now. At present a team of three well-trained
persons is ready to carry out the assembly task. A second
team is being established.

Figure 3: F&K Delvotec G5 TAB bonder.
References

[1] The STS Workgroup STS Module and Ladder Assembly,
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Figure 1: Module assembly section in the clean room of Figure 4: F&K Delvotec G5 wire bonder.
the Detector Laboratory.
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Figure 8: QA measurement.

Figure 6: UV and heat curing.

Figure 9: Module storage.

Figure 7: FEB cleaning.
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Towards STS module production readiness at KIT

T. Blank', B. Leyrer', B. Osswald', H. Herzenstiel', E. Trifonoval, C. J. Schmidf?, C. Simons?, and
M. Weber!
IKIT, Karlsruhe, Germany; 2GSI, Darmstadt, Germany

The Karlsruhe Institute of Technology (KIT) is one of
the production centers for the STS detector modules for
the CBM experiment. KIT’s task will be the assembly of
about one-third of the modules for the detector, summing
up to 500 modules comprising 500 sensors, 1000 front-
end read-out boards, 4000 STS-XYTER read-out chips,
and 8000 aluminum micro-cables. The production order
has been changed in close agreement with the production
scheme implemented at the GSI's detector lab. First, the
STS-XYTER ASICs are tab-bonded to the micro-cables
and electrically tested. The test results are transferred to
the ELOG-database system that logs the QA information
for each module and its components like the chip cable ID,
the module ID, and others. The cleaning process, which is
done in parallel to the production of the chip cable wires
has been optimized. After cleaning the FEBs in a Vigon
US solution two water rinsing steps follow. The first rins-
ing step is done in clean water followed by a second step
in de-ionized (DI) water. Measurement equipment to check
the ion contents in the clean- and DI water baths have been
installed and successfully applied. Additionally, the clean-
ing room has been set up for FEB-cleaning during the pro-
duction. Next to the tab-bonding machine, a second ultra-
sound bonder was installed to reduce the production time
to complete the modules. This wire bonder is used for wire
bonding of the LDO and STS-XYTER chips.

Automated LDO attachment and glue
application

After cleaning the FEBs, the LDOs will be mounted au-
tomatically with high precision onto the FEB using an au-
tomated die-bonder. The FEBs will be attached to the PCB
by a silver-epoxy glue curing at low temperatures of about
80°C. However, the glue application process is difficult to
automate as the glue’s viscosity quickly changes during the
gluing process. We evaluated various dispensing technolo-
gies: automated glue dispensing utilizing pressurized air
and vacuum as well as nanoliter dispensing with a stepper
motor system. The results of both processes were not con-
vincing. Therefore, to mitigate the effects of the changing
viscosity we designed a step-stencil to apply the glue by
a classical stencil print process. Figure 1 shows the step
stencil for the FEB 8-2 version 2 and a zoomed-in area of
the stencil (marked in red). Before printing the glue the
stencil will be rotated by 80°. The glue is pressed through
the “star opening” and forms homogeneously and repeat-
able layer thickness and therefore, a well-defined amount
of glue. The step stencil allows us to print the glue directly

onto the STS-XYTER pads although the passive compo-
nents like the 0402 and 0201 capacitors are already assem-
bled on the FEB.

Figure 1: Step stencil and zoomed-in section.

Module test setup at KIT

The test setup for the quality control has been partially
installed at KIT. Currently, we can perform the FEB-test
with attached STS-XYTER chip cables. Additionally, the
electronics and cooling devices for the module test are
available. As the new module test box is not fully com-
pleted yet, we currently cannot run the module test. How-
ever, we produced two sets of module carriers (see Fig. 2)
that will be integrated into the module test box.

Figure 2: Two module carriers prepared to be equipped
with signal distribution boards.
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Overview of quality assurance and control during STS module assembly

A. Wilms, C. J. Schmidt, H. Al-Turany, B. Schmitt, P. Fleck, A. R. Rodriguez, J. Lehnert, and
J. Neumann
GSI, Darmstadt, Germany

Test stands for components and compounds

The list of electrical tests, to be performed during mod-
ule assembly, is related to the prior steps of module as-
sembly. Therefore also the sequence of module assembly
steps has to be taken into account. The parameters of the
individual components or compounds to be measured dur-
ing Quality Assurance / Quality Control (QA/QC) is dis-
cussed between the Quality Management and the experts
in charge, with direct influence on the output file contents
as well as on the corresponding database schemes.

The following components or compounds will be tested
with final QC or QA decision to be taken after data taking:

o STS-XYTER ASIC: Compared to the QC of the STS-
XYTER ASICs performed at AGH on the wafer
level [1], the QC of the ASICs performed at GSI
is a staggered process over several test stands and
measurements until the whole data set of one STS-
XYTER ASIC is completed. The first measurement
of this chain will be performed by using the same
pogopin test socket as to be used for testing of the
chipcables.

The cleaned FEB8-PCBs assembled with LDOs will
be electrically tested in the FEBS test box. Depending
on the test results of this FEBS test, the FEB8 will be
used for further production steps of module assembly
or will be rejected.

Two microcables are bonded to one STS-XYTER
ASIC to create the first compound of the production
process: The Chipcable.

This compound could be tested in two different ways:

(1) The basic electrical test of bond connections between
the microcables and the STS-XYTER ASIC via the test fan
of the microcables (Chipcable Connectivity Test via Testfan;
acronym: CCTvT). The eFused ID of the chip is not read out
during this test. The test setup uses a special test socket and
a microcontroller readout. Each chipcable will be measured
twice to check the bond connection of each microcable as-
sembled. The measurements will be performed before any
kind of gloptop is applied, to enable possibly necessary re-
work of problematic bond connections.

(2) The electrical test of some further STS-XYTER ASIC
parameters and testing of the bond connections between
the microcables and the STS-XYTER ASIC. The setup of
the STS-XYTER ASIC test setup including a pogopin test
socket is used. With this test, the eFused ID of the STS-
XYTER ASIC as part of the chipcable is read out the first
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time. The test will only be performed once after both mi-
crocables are assembled, the test fans have been cut away
and the gloptop was applied already. The naming of this
test has been chosen similarily to the CCTvT naming. It is
called: Chipcable Connectivity Test via PogoPin (acronym:
CCTvPP).

To ensure proper data separation between both setups pos-
sibly used for testing the same chipcable, both acronyms
are used in the corresponding QA class of the chipcable
database scheme.

The QC passed chipcables will be bonded to the already
QC passed FEB8 PCBs. This process creates the second
compound of the module assembly production process: The
Chipcable-FEB8 compound (acronym: CCFEB). The bond
connections will be tested during the CCFEB test subse-
quently on each of the two rows of chipcables to be as-
sembled. At that testing stage the correlation between
chipcable-ID and hardware address of the corresponding
STS-XYTER ASICs on the FEBS takes place the first time.

The electrical test of the sensor tab bonding to CCFEBs. To
perform this test the software of the “Fast connectivity test
of modules” [2] will be used. The hardware setup is cur-
rently under developement/adoption. The taken data from
this measurement are the first data of a nearly completed
module (shielding and cooling T-shelf excluded) and will
be stored in the module related database scheme.

Summary

All test stands received their naming based on discus-
sions with the related component/compound experts. It fig-
ured out, that communication between the assembly sites
could be streamlined and precised by usage of this com-
mon convention. The list of test stands and their namings
was distributed first in May 2021 and updated in December
2021 [3].
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Fast connectivity test during STS module assembly

B. Schmitt, A. Wilms, and C. J. Schmidt
GSI, Darmstadt, Germany

The fast module connectivity test is a software used to
ensure the quality of compound connections build at dif-
ferent steps of the module assembly. The sensor specific
implementation as well as a more elaborate analysis algo-
rithm were developed as part of a bachelor thesis written
at the GSI detectory laboratory in late summer of 2021 [1].
The main reason for its developement is to detect possibly
defective tab bond connections between readout cable and
silicon sensor assembled in the last steps of the module as-
sembly as early as possible. The software is based on the
already existing module test software.

Test setup

The test setup contains a common desktop PC as main
control unit with the developed software installed and a
GBTxEmulator board. The communication is done via an
already existing software installed on the desktop PC utiliz-
ing the GBTxEmulator board as a communication interface
for the (partially assembled) module under test. Further a
shielding box was used. The shielding box is neccessary
to shield the module under test from electromagnetic inter-
ference of the environment. Additionally a sheet of ESD
paper between the module and the box is used. An image
of the module part of the test setup is shown in Fig. 1.

Test procedure

The whole test can be split up into three main parts. The
data generation using the module under test, the data pro-
cessing and final data analysis on the PC.

Data generation

The data generation uses the discriminators located be-
hind the slow shaper part of the STS-XYTER read-out
chip! [2]. Over multiple iterations these discriminators
count the number of threshold crossings for their respec-
tive threshold (further called counts). After each iteration
the GBTx board reads the data from all STS-XYTER and
sends it to the PC where it is added and stored for further
analysis. These data are provided to the GBTx board and
added to one sum per discriminator. After the generation is
finished the data are send to the PC and persistently stored
for further analysis.

Ifurther information under https://redmine.cbm.gsi.de/documents/106
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Data processing

Noise measurements are influenced by a variaty of dif-
ferent factors both internal (e.g. position of channel un-
der test on the microcable or length of microcable) and ex-
ternal (e.g. running lab equipment) changing even within
a test procedure. Therefore the use of pre-defined fixed
thresholds as intended for the data analysis is not directly
possible. The data processing step is therefore mandatory
to refine the data for subsequent analysis. The main ref-
erence value of each channel is determined as an average
over multiple of its neighbouring channel counts and the
count of the channel under investigation itself. Single de-
fective channels - and their low noise count - would have
huge impact to the reference value and could mask out pos-
sibly defective channels. Therefore counts deviating too
much from the previous count or count values smaller than
a calculated threshold are excluded from further reference
value calculation and replaced by the average value of the
previous and next accepted channel count.

Data analysis

With the reference values calculated as an input, the
main data analysis can be performed. First a rolling av-
erage over a maximum of 9 channels (the reference chan-
nel and the next 4 channels below and above) is calcu-
lated - if applicable the previously calculated replacement
value is used instead of the original count. Afterwards the
percentual deviation from the original count to the refer-
ence value is calculated for each channel and channels with
counts exceeding a certain threshold are marked as defec-
tive. Figure 2 shows results for one STS-XYTER chip as-
sembled with two microcables.
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Figure 1: Part of the setup including the module, the shielding box, a cooling plate and neccessary electronics for the
read-out.

12000
10000
8000

6000

counts

4000

2000

0 20 40 60 80 100 120
channel index

Figure 2: Channel counts (blue) and reference values (yellow) for each channel of one microcable of the chipcable under
investigation, indicating one broken channel at index 120.
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Connectivity test of STS chip-cables via test fan

B. Schmitt, R. Kapell, O. Vasylyev , A. Wilms, and C. J. Schmidt
GSI, Darmstadt, Germany

The chip-cable connectivity test via testfan (CCTvT [1])
is a tool used to test the connectivity between a microcable
and one STS-XYTER ASIC after the bonding process. The
tool consists of two parts, a hardware and a software part
and is used after each bonding process of the two microca-
bles used to assemble one chip-cable. The first version of
the tool was introduced in March 2021 and is currently in
its third major release-version. The most up-to-date version
can be found in the CBM git code repository [2].

Hardware

The hardware part consists of a microcontroller with a
multiplexer and a hardware socket connecting to the bond-
pads located on the microcable testfan. The microcon-
troller is used to measure the current of every single trace
and the resistance between pairs of neighbouring channels.

Software

The software part is installed on a regular PC and con-
nected via a standard USB cable to the microcontroller. It
is used to start the test procedure on the microcontroller,
receive the test data and perform the analysis on it. Finally
the defective channels are displayed to the operator and
saved for further use and documentation purposes. Addi-
tionally for advanced users a detailed view on the raw data
is accessable.

Test procedure

In this section the data generation with the microcon-
troller and the data analysation on the PC are described in
detail.

Data generation

The data generation is started via the PC software and
performed by the microcontroller. The data generation is
split into two parts, the resistance measurement between
neighbouring channels and the per channel current mea-
surement. The first is used to detect possibly existing elec-
tric shorts between the channels, the second is used to de-
tect possibly existing broken channels. The measured data
are send via the USB connection back to the PC and anal-
ysed by the software subsequently.

Data analysis

The analysis is done similary for the resistance as well
as for current data. The data points are compared with pre-
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defined limits and categorized respectively. To find defec-
tive channels the respective datapoints (two resistance val-
ues to the neighbouring channels and one current value for
the trace under test) are checked against a predefined set of
rules to locate defective channels.

¢ ccvta

User Controls-

Figure 1: The PC software front-end with dummy test re-
sults showing different possible results.
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Status report on micro-cable production for the Silicon Tracking System

L Tymchukl, V. Borshchov', M. Protsenko', C. J. Schmidt*?, A. Wilms?, and C. Simons*
'Research and Production Enterprise “LTU”, Kharkiv, Ukraine; 2GSI, Darmstadt, Germany

Micro-cables

The CBM-STS analogue sensor readout cables are de-
signed and manufactured as documented in reference [1].
The corresponding production readiness review took place
in May 2021 [2]. For each module, a micro-cable set is
required which comprises 8 different types of cables, 4 of
each type. A cable has 64 signal leads each. A set also
comprises two layers for ASIC-shielding as well as two
layers of general module shielding. One essential ingre-
dient to successful production and further processing of
cables, is the employment of high precision masks with a
resolution of at least 16 000 DPI, which allow for the reli-
able production of traces, with width and spacing down to
20 pm/96 pm and free standing Aluminum bond traces of
45 pm width for TAB-bonding.

Production 2019 - 2021

Until now the micro-cables were produced through a
frame contract with the Ukrainian company Research and
Production Enterprise “LTU”. During the process of final-
izing the STS design, the nominal lengths of module cable
sets could be fixed starting from unit O towards unit 8, leav-
ing out the central ladders which have cutouts for the beam
pipe. The reason for this particular order of freezing de-
signs are the remaining uncertainties in the final design of
the beam pipe and the corresponding ladder designs for the
central ladders. Similarly, there are still uncertainties on the
detailed design of unit 8 which may still have implications
on the lengths of modules in this unit.

During the years 2019, 2020 and 2021, an overall of
520 sets of micro-cables (spar- cable sets excluded) with a
total of 147 different nominal lengths between 160.7 mm
and 483.7 mm have been produced and delivered to the
CBM-STS team at GSI, which amount to nearly 60% of
the full amount. For nearly each length, a high preci-
sion lithographic mask was designed, printed, and deliv-
ered to LTU. The complete CBM-STS will be assembled
out of 876 modules and correspondingly, the same number
of micro-cable sets. Figure 1 indicates the full spectrum of
nominal cable lengths.

Modified shielding layers

During the beam time activities for mCBM at SIS-18
it became apparent that the design of the module shield-
ing layers was still too simple. The shielding layers were
cut out of a laminate of polyimide coated Aluminum foil

* corresponding author
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Figure 1: Type of photomask with respect to the micro-
cable nominal lengths.

and a 160 pm thick Foamtak-II spacer layer of polystyrene
foam. When integrating several modules and their corre-
sponding cable stacks onto a ladder, the bare metal edges
of this cut laminate resulted to frequently cause electri-
cal shorts between the shielding potentials of neighbouring
modules. To prevent this in forthcoming assembly, the de-
sign of the shielding layers was modified. The Aluminum
layer is now somewhat recessed with respect to the poly-
imide edge. After lamination of the shielding layer to the
Foamtak-II spacer layer, the aluminum edge then results to
be entirely enclosed in the formed sandwich. In addition,
the P-side shielding layer is recessed further by 500 ym
than the N-side shielding layer. Functionality of this shield-
ing design is yet to be verified in practice.
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Electrical tests performed for STS modules produced at KIT
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The assembly of STS modules is a crucial step towards
the realization of the final detector. Multiple efforts, hard-
ware and software oriented, aim to establish a well-defined
and reliable procedure for producing and testing mod-
ules [1]. The Karlsruhe Institute of Technology (KIT) is
one of the production centers for the STS detector mod-
ules. KIT is expected to assemble one third of the total
number of STS modules, and to perform all checks during
the production phase [2].

With the purpose of practicing the assembly steps and
to identify possible flaws in the working flow, the KIT
team prepared a total of 5 modules during the year 2021.
The modules were built using the latest existing version of
voltage regulators (LDO), front-end boards (FEB version
2.0) and microcables. Fully functional STS-XYTERvV2.1
ASICs and silicon sensors were also used. The fully as-
sembled modules were brought to GSI for checking and
later on to be used in the assembly of a demonstrator lad-
der. This report summarizes some of the most significant
electrical tests performed on the modules.

Electrical tests

Initially, the modules were visually inspected, in search
for possible damages that could ocurr during transporta-
tion. No issues were found or reported, and therefore, the
modules were moved to the next testing phase. Each mod-
ule was powered on, output voltages and current consump-
tion for each LDO on the FEBs were measured in a ded-
icated setup. This check allowed to identify assembly is-
sues, electrical shorts and malfunctioning components on
the FEBs. Results are shown for each individual module
in Table 1. Some of the most crucial issues were related
to electrical shorts from the LDOs output to the ground
through the silver-conductive glue, and low or almost none
current drawn by the regulators. Only the module M03 was
graded positively in both FEBs, and therefore, accepted for
the next testing steps.

Performance of module M03

The module M03 was further characterized in the test-
box, where several paramteres including basic chip com-
munication, read/write configurations, ASIC ID read out,
VDDM monitoring, and current consumption were ass-
esed [3]. The sensor was biased asymmetrically at 150 V,
drawning a leakage current of 9.6 A. Communication
was possible with 12 ASICs out of 16 of the module. The
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Table 1: Summary of electrical tests.

LDO status output voltage (Volt) and current consumption (i)

Module D [Side | AvDD | vDDMi | vbbM2 |  vDD | QA
M0O N Volt,iOK Shortto GND  Not bonded ~ Not bonded FAIL
P Volt,iOK  OK oK oK ASS
N VoltioK 0K oK oK S
Mot P Volt,iOK  OK oK v=0.Shut  FAIL
N VoltOK,i=0 VoltOK,i=0 VoltOK,i=0 VoltOK,i=0 FAIL
Mo2 P Volt,iOK  VoltNOTOK Volt NOTOK Volt=0 FAIL
V03 N Vol ioK 0K oK oK s
P Volt,iOK  OK oK oK s
Vo4 N Shortto GND Volt OK,i=0.24 A(NOTOK) OK FAIL
P Volt,iOK  OK oK oK :

missing chips were all located in a single row of the FEBS§-
LPRN (B), in charge of reading out the p-side of the sensor.

Another essential parameter for good module perfor-
mance is the overall channel yield. The number of broken
channels, extracted from 12 working ASICs, was 48, dis-
tributed as 32 out of 1024 for n-side and 16 out of 512 for
p-side, respectively. Two large clusters, composed of 12
channels each, were located at the corners of ASIC 2 and
4 of n-side. These could be associated with two important
process during the handling of the chipcables: the cutting
of the technological zone of the microcables or the wire
bonding of the chipcable to the FEBS.

Monitoring of the VDDM potential in M03

Figure 1 illustrates the current drawn by the 1.2 V power
domain in the FEBs. Every point was measured after spe-
cific CSA current values were set on the ASICs (the acce-
sible ones). The large offset observed for the p-side is due
to four chips can not be configured properly.
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-
7 y=60.6x+431.5 === Linear (FEB_8 A2 (n-side))
-
™ | y=347x+1,6250 === Linear (FEB_8_B2 (p-side))
0
o 5 10 15 20 25 30 35 40

CSA_current [LSB]

Figure 1: Total current drawn by 1.2 V LDOs on each side
of MO3.
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Figure 2 illustrates the current drawn by the 1.2 V LDOs
after a sequential power of the n-side ASICs. In the initial
state, the CSA current was set to minimum in all ASICs,
then sequentially configured at CSA = 31. The overall cur-
rent shows the expected linear behavior with no difference
among the chips. The slope of the linear regression, used to
fit the data, is a measure of the current drawn by each ASIC
in the 1.2 V power domain. From this result, it is possible to
estimate the channels current to a value of 2.14 mA, which
is in agreement with the designed parameter (2 mA/ch) of
the ASIC [4].
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y = 274.6x + 387.6
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6 9

Number of ACTIVE ASICs
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Figure 2: Total current drawn by 1.2 V LDOs of the n-side
in MO3.

Another important test performed in the module M03
was the monitoring of VDDM potential, which determines
the proper functioning of the CSA [4]. The proper operat-
ing values of this potential are expected to oscillate around
1200 mV. Figure 3 shows the scanned VDDM values as
a function of the CSA current in all chips of the module
MO3 n-side. The values are read out via the diagnostic cir-
cuit implemented on each ASIC, and they corresponds to
a large range of CSA operating currents, being CSA = 31
the typical or reference value. Despite the imminent offset
fluctuations among all ASICs, a linear dependence of the
potential with the CSA current can be observed.

FEB-8_A2 (N-side)

VDDM potential [mV]

--®- N-side_0 -
--®- N-side_2 -
N-side_4 --

>+ N-side_6 -+

* N-side_1
- N-side_3
- N-side_5
* N-side_7

5 15 20 25 30 35 40

CSA current [LSB]

Figure 3: VDDM potential monitored on the n-side of
MO3.
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Summary

The production of five new modules, built with close to
final components by the KIT assembly team, can be con-
sidered as an essential learning step to achieve the expected
yield. The testing of these objects has shown important de-
tails to improve during the assembly procedure. Module
MO3 was further characterized in the test box, where 12
out 16 ASICs proved as functional. ASIC registers con-
figuration and ID readout were initially checked, showing
no corrupted bits on the operational ASICs. In addition,
MO3 was also used to monitor the power consumption in
the FEBS8 and the dependence of the VDDM potential with
the CSA current. These tests allowed to asses the VDDM
current drawn by a single channel, resulting in an overall
discrepancy of 7% with the design value. This result can
be considered in agreement with the expectations.
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Characterization of the first fully-assembled STS module with Cu micro cables
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During the last years, the KIT IPE laboratory was de-
veloping an alternative high-density interconnection tech-
nology based on copper microcables, that could be used
in the assembly of STS modules. The development of a
custom-designed machine and assembly protocol laid the
foundations for producing the first full-scale detector mod-
ule, hereafter called Cu_KIT_202. Figure 1 shows a picture
of the module, which was built from a 62 mm x 22 mm
CiS sensor, 16 microcables with a length of 20 cm, 16 STS-
XYTER2.1 readout ASICs, and two FEBs-8. The FEBs-8
were equipped with the latest version of the SCL LDOs for
providing the ASIC operating voltages of 1.2 and 1.8 V.

62 x 22 mm? sensor

copper microcables

FEB-8 p-side

FEB-8 n-side
STS-XYTER 2.1

Figure 1: Complete STS detector module in copper tech-
nology before application of microcable shielding.

After assembly at KIT, the module was brought to the
STS detector laboratory at GSI for testing characterization.
The module was installed in the so-called test-box, which
provides the cooling, low and high voltage interfaces for
operation. Figure 2 shows the measured ENC levels of all
channels on the n- and p-side, measured at a symmetric
bias voltage of 150 V. ASICs 1 and 7 of the p-side are non-
functional due to problems in the wire bonding process.
Channels without a proper analog response are set to zero.
Neglecting the z-strips on the p-side, as well as dead and
overly noisy channels, the average ENC levels on the n-
and p-side are 670 e~ and 590 e, respectively.

The 62 mm x 22 mm sensor has a total of 42 z-strips on
the p-side, which are connected via a second metalization
layer to form full-length strips. The additional capacitance,
introduced by the second metalization layer, almost dou-
bles the noise level of channels 0-41. Also shown in Fig. 2
are the expected ENC levels based on the ASIC load capac-
itance parametrization. It can be observed that the majority
of unconnected channels (48 out of 70) is located on ASICs
4 and 6 on the p-side. They are found to be clustered on the
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Figure 2: ENC as a function of channel number of the cop-
per module Cu_KIT_202. ASICs 1 and 7 on the p-side are
non-functional.

lower end of channels, respectively, indicating a slight tilt
between microcable and ASIC, or insufficient solder de-
position on this end of the cable. The calculated channel
yields are 97.4% and 92.1% for the n- and p-side, respec-
tively, resulting in an overall channel yield of 95.1% for the
module.

Figure 3 shows the ADC threshold distribution at cali-
bration The difference in threshold between the n- and p-
side is less than 1%. The ADC gain distributions reveal a
good uniformity with a gain of 0.112 £ 0.002 fC/LSB and
0.112 £ 0.001 fC/LSB for the n- and p-side, respectively.

ADG thr. dist. module cu_Kt_202

ADC gain dist module cu_kit 202
— nside

00

00— —ta00 3 0
Threshold (e- ain (C/LSE

Figure 3: ADC threshold and ADC gain distribution over
all channels of the module.

After having assured a good module performance with
the help of the ENC measurements, a symmetric bias volt-
age scan was performed between 40 V to 350 V for ASICs
2 and 3 of the p-side and ASICs 4 and 5 of the n-side. The
ENC-bias voltage curve for all four ASICs is presented in
Fig. 4. The data points represent the ENC averaged over
all channels of the ASIC while the error bars indicate the
channel spread. The sensor depletion is well reconstructed
on the n-side channels. When increasing the reverse bias
voltage starting from 0 V, the depletion zone expands from
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the p-side towards the n-side. At the lowest data point at
40V, the region surrounding the p-side implants is already
depleted, hence the ENC values stay completely flat on the
p-side. Looking at the n-side curve, full depletion appears
to be reached in between 80 V to 100 V, in agreement with
expectations.

t

2000 ‘ \[
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p-side n-side
—©- ASIC2  —&- ASIC4
-©- ASIC3  -®- ASICS

1500

ENC (&)

1000

50 100 150 200

Reverse bias voltage (V)

250

Figure 4: ENC-bias voltage characteristics shown for four
selected ASICs of the copper module.

In order to determine the absolute value of the signal
size that allows us to calculate the signal-to-noise-ratio
of the copper module, measurements with an 2! Am ra-
dioactive source have been performed. The measurements
have been conducted at various ADC threshold levels of
VRef T = 48 up to VRef_T = 52, corresponding to 6970,
5600, and 4250 e~, respectively. The measured energy
spectra are shown in Fig. 5 for ASIC 13 (n-side), where
it can be observed that the 59.5 keV v-peak is well recon-
structed. Since the ADC measures the signal above thresh-
old, the peak position moves to larger values with decreas-
ing threshold. Due to increasing noise pick-up, the peak
broadens slightly towards lower threshold values. A Gaus-
sian fit to the measured spectra results in peak positions
of 11.50, 13.40, and 15.65 ADC units, respectively. These
values can be expressed in electrons using the ADC transfer
function, yielding an average signal of the three measure-
ments of 14649 e~ . Finally, the signal-to-noise ratio can be
calculated as SNR = 14649 e~/ 670 e~ ~ 22.

Comparison of aluminium and copper
module technologies

A direct, quantitative comparison of noise levels be-
tween the copper module Cu_KIT_202 and a module built
with aluminium microcables is not possible, because the
combination of microcable length and sensor size used in
module Cu_KIT_202 does not exist in the final STS detec-
tor. However, comparing the measured noise levels with
the expected ones for non-irradiated modules in both tech-
nologies, respectively, reveals a consistent picture. It can
be concluded that with regard to the noise behavior, the
slightly increased capacitance of the copper microcable
clearly is no show stopper.
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Figure 5: Measured energy spectrum of the 24! Am-source
as a function of ADC units for ASIC 13 (n-side) for thresh-
old values of VRef T = 52, 50, and 48, corresponding to
6970, 5600, and 4250 e, respectively.

Another essential parameter for good module perfor-
mance is the overall channel yield. Too many broken chan-
nels negatively influence the spatial resolution, and thus
momentum resolution of the detector. The aim of the STS
production is to have less than 1.5% of broken channels.
At this stage, after many years of development, this bench-
mark is typically achieved by the aluminium modules.
Considering the fact that it is the first functional copper
module, the yield above 95% for the module Cu_KIT_202
is a great achievement. With more experience, it should be
possible to push this metric beyond 98.5%.

It was never intended to build the whole STS with copper
modules. It was, however, considered to have a mixed so-
lution of copper and aluminium modules in the case of in-
sufficient throughput of aluminium microcables for series
production. In this scenario, the copper modules are best
suited as the outermost modules on the ladders. If placed
on the periphery, the copper microcables do not cross a sin-
gle sensor on the ladder. Hence, the slightly higher ma-
terial budget of the copper microcables does not notably
affect the STS performance. Since there are 106 ladders
employed in the STS, a total of 212/876 = 24.2% of the
modules could be built in the copper technology in this
way. Moreover, if placed only on the periphery, the higher
thickness and stiffness of the copper microcables should
not cause major complications during detector integration.
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Serial production of the BM@N and the CBM STS mod-
ules requires optimization of the assembly and testing pro-
cesses which, in this case, are genetically connected to each
other since mounting of the malfunctioning element de-
stroys the final product of the assembly.

Testing of the low dropout voltage regulators (LDO) is
one of the first steps of the assembly of Front-End Board
(FEB), therefore mistake on this stage will decrease the
production yield of nondefective modules.

The objective of this work was the automation of the
testing procedure of the LDOs after their die-bonding onto
the FEB. The aim was to reduce the amount of the man-
ual work during LDO testing as a source of errors during
the tests. BM@N FEBs are tested with the help of custom-
designed fixture after their installation of FEBs onto the
cooling plate, a FIN. FIN evacuates the heat produced by
the FEB to the liquid cooling system of the STS [1]. The
layout of the BM@N STS FEB comprises test pads on the
top side of the PCB for testing of the 1.2V and 1.8V LDOs
during the assembly process (Fig.1). This procedure in-
cludes two tests LDOs operating under the load. The aim

|'|';|,1n
g a3 Cit &

Figure 1: LDO on FEB with test pads AVDD, VDD1.8.

of the first test is the verification of the wire bounding and
functionality of the device. If during the first load test any
of the LDOs in the FEB did not work properly, FEB is dis-
regarded assembly. The final test under the load is per-
formed to record the response of the regulator to a different
load in the range from 0.2 to 2 ohms and to verify the over-
current protection settings.

The test bench is based on the Keithley programmable
DC electronic load Model 2380-500. The block scheme of
the test setup is shown at Fig. 2. A special LabView soft-
ware was developed on automate the load tests.The mea-
surements are relatively simple. After the probe is con-
nected to the output of the LDO under test, the operator
presses the button that corresponds to the LDO under test
and the rest of testing is done automatically. Once the mea-

*The results presented in this paper are based on work performed be-
fore 24 February 2022.

surement has started, the program changes the load at fixed
intervals and the resistance, voltage and current values are
recorded and stored in the PC. The simplicity in realization

Main PC
Clean room

Programmable DC
electronic load

SENS lines
usB

Y

FEB BMN Patch panel Power Supply
2x DO 1.8V FEB 3V (4A)
2xLDO0 1.2V

Jono Jono

Figure 2: Block scheme of LDO test setup.

of the test due to the automatic change of the load allows
the operator to concentrate his attention in the correct con-
nection of the probe to the output of the LDO, while the rest
of the test is done automatically by the software, reducing
the time and increasing the quality of the measurements.

The results of test of two LDOs are presented in Fig.3.
Special tool has been developed for testing two FEBs (p-
and n-type) simultaneously. The test time of the LDOs on
a FEB was reduced from 30 minutes in manual procedure
to 1 minute in automated one.
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Figure 3: UV, IR curve and VR curve for LDO 1.2V.
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Study of glue with diamond powder fillers for BM@N STS modules * '

T. Lidenova', V. Mikheev?, A. Voronin', and Y. Murin'
IJINR, Dubna, Russia; 2D.I. Mendeleev All-Russian Institute for Metrology, Saint Petersburg, Russia

The main sources of heat within the BM@N STS read-
out system located within the detector itself are the STS-
XYTER and LDO ASICs. Mounted onto Front-End- Board
(FEB), they dissipate in total around 13 W per FEB which
has to be transferred effectively from FEB to the cool-
ing plate, FIN, to which the two FEBs of the module are
glued to. The main requirements to the glues used for this
purpose are high thermal conductivity and electrical resis-
tance.

Typically glues with such properties consist of an epoxy
(resin and hardener) to which different types of fillers are
added to increases thermal conductivity and electrical resis-
tivity of the glue. Unfortunately, changes of the mechanical
properties of the adhesive depending on the type and con-
centration of the filler are inevitable. Several commonly
used thermal fillers such as Al;O3, AIN, BN are planned
be compared to a diamond powder. The choice of the last
was inspired by the remarkable thermal conductivity and
dielectric strength of diamonds.

Two resins of different viscosity were used - HT2 and
ED-20 for preparing the samples with different concentra-
tion of diamond powder.

The measurement of thermal conductivity requires a
laminated glue sample to be of a certain shape and size -
cylindric samples of diameter 15 mm and height 5 mm.
While making them, we faced the problem of bubble for-
mation during mixing the adhesive. Bubble formation af-
fects the mechanical properties and changes thermal con-
ductivity of the samples, therefore a specialized THINKY
ARE-250 centrifuge was used to mix the adhesives. In or-
der to reduce the number of bubbles in the adhesive and
before curing glue a degassing in vacuum was undertaken
with alcohol pretreated surface molds. The further curing
adhesives was performed at room temperature and pres-
sure.

The thermal conductivity of thus prepared cylindric sam-
ples of diameter 15 mm and height 5 mm was mea-
sured with a help of specialized IT-)A-400 device of the
D.I.Mendeleyev Institute for Metrology (VNIIM) in SPb.
A typical result of these measurements is showed in Fig. 1.

Table 1 demonstrates numerically the increase of ther-
mal conductivity of samples with the increase of concentra-
tion of diamond powder in the sample. The highest thermal
conductivity is achieved when the two-component adhesive

* This project has received funding from the European Union’s Horizon
2020 research and innovation prograum under grant agreement No. 87107
and from Russian Foundation for Basic Research grant agreement No. 18-
02-40119.

T The results presented in this paper are based on work performed be-
fore 24 February 2022.
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has the highest filler concentration (No. 2 HT2). Compari-
son of samples 1 ED-20 and 3.2 ED-20 shows that the size
of the fraction, when mixed in equal proportions, does not
greatly affect the thermal conductivity. The comparison of
samples 10.1 HT2 and 4.1 HT2 shows that the use of a
mixture of diamond powder of two fractions in the filler,
within the considered concentration of diamonds in a sam-
ple, does not considerably change the thermal conductivity
of the glue.

Sample 4.1, HT2 Glue 35% /Diamond 65%
17

16

I~

A, Br/mK
[
w

\

30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180 190
%G

14

13

Figure 1: Typical dependence of thermal conductivity of
sample vs temperature.

Table 1: Thermal conductivity of samples with different
concentration of diamond powder.

Sample Diamond Mass ratio: | A,

ID fractions D1/D2/ W/(m°K)
D), um €poxy resin

No. 2| DIl - 8.5, | 56/21/23 2.3+£0.23

HT2 D2-50

No. 10.1 | D1-8.5 75/35 1.6 £0.16

HT2

No. 4.1 | D1 - 8.5, | 48/17/35 1.55+0.15

HT2 D2-50

No. 3.2 | D1 - 8.5, | 37/13/50 1.03 £0.1

ED-20 D2 -50

No. 1 | DI - 1.5, | 37/13/50 1+£0.1

ED-20 D-50

No. 3.2 | D1 - 8.5, | 37/13/50 0.98 £0.1

HT2 D -50

No. 6 | no dia- | no diamonds | 0.48 +0.05

HT2 monds
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Update on ongoing activities with STS ladder assembly

S. Mehta', F. Nickels®, U. Frankenfeld’, and H. R. Schmidt'?
'Eberhard Karls Universitit, Tiibingen, Germany; >GSI, Darmstadt, Germany

The Carbon Fiber ladders designed for STS act as sup-
port structures for the sensors. The sensors are glued onto
the ladder with the help of glass fiber structures referred
to as L-legs. For a tracking detector, it becomes very im-
portant to place the sensors at the right position. Our main
goal is to tune in the assembly procedure in such a way
that the sensors should not deviate from their nominal po-
sition. We aim to achieve the sensor mounting precision
to be within the range of 100 ym. In order to achieve the
required mounting precision, a well-defined assembly tech-
nique has been designed and tested.

Assembly of a full-size mechanical ladder

To test for the functionality and handling of the tools,
a ladder has been built with 10 non-functional modules as
shown in Fig. 1. This is the first ladder (type 12) built with
the maximum number of modules a ladder will have, to get
acquainted with the procedure of mounting the modules.
In the case of a full ladder, the first two modules are as-
sembled one after the other, since the tools are designed
in such a way that both the modules sit on the same po-
sitioning block, and that, afterwards, the modules can be
assembled in parallel on both the ladder sides as shown in
Fig. 2. Each module remains with the tool under vacuum
for 24 hours considering the curing time of CAF4 which is
used to glue sensors on L-legs.

= W;% L . B A
| 1

Figure 2: Parallel assembly of modules onto the ladder.

Ladder assembly precision

Once a ladder is fully equipped with modules, the next
step is camera-based optical survey [1]. The 3D positions
of the sensors are determined from alignment marks on
their surface. Between two consecutive sensors on a ladder
there is a gap of 1.5 mm in order to allow for the routing of
the modules’ micro cables (Fig. 3).
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Figure 3: Z positions of sensors measured on ladder.

To see how well the sensors are positioned on the ladder,
we check for the deviation from their nominal positions.
Figure 4 shows the deviation from the nominal values x, y
and z for the markers; in addition, for the z, the surface scan
of the sensors was also performed. We established that all
sensors are within the required precision range of 100 pm.
This step is planned to be performed for all the ladders in
order to store the information into the component database
to be able to track the positions of the sensors in the future.
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Figure 4: Deviation of sensor positions from the reference.

After having gained experience with the dummy lad-
der, we we assembled a ladder with functional modules.
A full-size ladder equipped with sensors only on one half
side — referred to as half ladder — has been assembled with
three functional modules and two dummy modules using
the same technique. This ladder, shown in Fig. 5 was added
to the mSTS detector and operated in beam.

Ladder vibration study

The main idea of building a ladder with non-functional
modules was to test the ladder under air flow. In order to
cool down the sensors, a perforated tube with 2.4 mm outer
and 2.2 mm inner diameters will be used in the middle of
a ladder, blowing cold air directly onto the sensors surface.
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Figure 5: Ladder with functional modules used for mSTS.

This tube is placed approximately 10 mm away from the
sensor surface. A gas flow of 20 I/min passing through the
tube from the top and bottom could lead to vibrations of the
ladder, affecting the tracking performance. To measure the
vibrations, a laser doppler vibrometer (LDV) is used [2].
Two identical full-size ladders were assembled in order to
measure the sensor vibrations. One ladder was sent to Univ.
of Oxford for analysis on a shaker table. From first results
it was concluded that the first eigen frequency is around
67 Hz; further work is ongoing [3]. A second, identical
ladder we studied at GSI to check for the impact of air flow
coming from the perforated tube on the ladder (Fig. 6).

Figure 6: Setup for ladder vibration measurement.

Measurement description

On either side of the perforated tube, several points were
measured on each sensor and averaged to see how much the
sensor is vibrating near the perforated tube. It was observed
that there was no vibration near the 67 Hz mentioned be-
fore, and maximum vibrations were coming from low fre-
quencies which could be the effect from the surroundings.
The measurements were taken without gas flow and with
flow of 20 I/m. Frequency vs. power spectral density is
plotted in Fig. 7.

To get a picture for a full ladder, the obtained vibration
RMS values are plotted vs. the positions along the ladder.
RMS is calculated using the formula shown together with
Fig. 8. The measurements with flow and background sub-
tracted is plotted in the graph. A frequency cut of 1 Hz was
applied in the RMS calculation to subtract “seismic” con-
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Figure 7: Frequency versus power spectral density spectra.

tributions. As expected, it was observed that the sensors
in the center of the ladder vibrate more strongly than the
sensors at its ends. However, the elongations are certainly
very small when compared to the precision requirement.
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Figure 8: RMS for the vibration produced along the ladder.

Conclusion

To ensure that all the ladders for STS are assembled with
the right precision, it is important to verify the precision of
the tools. At the same time it is equally important to gain
enough practise with the tools to make sure we get familiar
with the procedure and the handling. Two full ladders with
non-functional modules have been assembled and we veri-
fied that it was within 100 pm precision as required. Vibra-
tion measurements under the influence of cooling gas flow
showed only very small effect. A next step is to prepare two
half-ladders with functional modules, to be used in — after
electrical evaluation — in the STS mechanical demonstrator.
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Mechanics of STS cooling and progress on the STS thermal demonstrator

K. Agarwall, A. Dominguez Salgueroz, L. Elizarov?, U. Frankenfeldg, S. Mehta', U. Méller?,
H. R. Schmidt"?, M. Teklishyn®?, J. Thaufelder®, and O. Vasylyev*
'Eberhard Karls Universitit, Tiibingen, Germany; 2GSI, Darmstadt, Germany; 3KINR, Kyiv, Ukraine

The STS Thermal Demonstrator is tasked to implement
the silicon sensor and electronics concept under realistic
mechanical boundary conditions. This report summarises
the progress made on the thermal demonstrator and the me-
chanics of the components relevant to STS cooling. These
highlights were presented in further detail in the Engineer-
ing Design Review of STS Mechanics [1] and dedicated
STS Cooling Workgroup Meetings [2].

Sensor cooling

The silicon sensors located near the beam pipe
are exposed to cumulative NIEL! damage of
10 1MeV n.,/cm? over its operational lifetime and
will dissipate ~ 6 mW/cm? at -10°C. This marginal power
dissipation is conceptualised to be removed by forced
convective gas cooling to minimise the additional material
budget, and thereby maintain STS’s momentum resolution
performance.

The cooling elements foreseen for the silicon sensors are
perforated carbon-fibre (CF) tubes. The outer diameter and
shell thickness of these tubes is 2.4 mm and 200 pm respec-
tively, to reduce the local addition to the material budget
by x/Xo = 0.14%. The tubes were manufactured by ICM
Composites” by thinning down thicker CF tubes, which is
particularly challenging. Other mechanical R&D activities
such as tube bending and its stability under air flow, along
with the thermal simulations were reported in [3].

A custom-made leak-tight connector joining the CF-tube
to subsequent Swagelok® connectors has also been de-
signed and manufactured in-house. A smaller assembly of
the CF-tube with the connector is shown in Fig. 1 and the
concept has been added to STS’s CAD drawings.

Figure 1: Perforated CF-tube with custom-made connector.

Non Ionizing Energy Loss
2ICM-Composites GmbH, Germany, www.icm-composites.de
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Electronics cooling

The front-end and readout electronics located outside
STS’s physics acceptance dissipate substantially more
power of ~ 40 kW in the detector volume of 3.5 m®. They
are also targeted to be at -10°C to minimise the heat transfer
to the innermost silicon sensors which are located only 20-
50 cm away. 3M™NOVEC™6493 at -40°C will be used
as the coolant in liquid state and the corresponding thermal
simulations substantiating its usability are in [4].

The crucial selection criteria for all components to be
used in the electronics cooling circuit is their compatibility
with BM™NOVEC™649. All components and their un-
derlying materials (such as gaskets, hoses, sealants, etc.)
were chosen based on the prior research and operational
experiences [5-7].

FEB cooling plates

The aluminium (AIMg3) heat exchanger plates are man-
ufactured by using a a solid state joining process called
‘Friction Stir Welding’ by Cool Tec*. This technology al-
lows to flexibly mill fluid channels to enchance local heat
transfer coefficient between the coolant and the cooling
plate, thereby increasing the cooling performance. The
coolant pressure and spacing between two adjacent STS
units limits the maximum cooling plate thickness manufac-
turable with this technology to 12 mm. The bulging of the
sample cooling plate under various pressures was measured
with the STS ladder metrology setup [8], and was shown to
be ~ 50 pm at nominal pressure of 3 bar(g) (see Fig. 2).
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Figure 2: Measured bulging under pressure of the sample
FEB cooling plate.

3www.3m.com/3M/en_US/p/d/b5005005025
4Cool Tec Electronic GmbH, Germany, www.cooltec.de
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The respective connectors on the cooling plates are also
important to make sure that no leakages are observed dur-
ing the lifetime of the experiment, especially when STS
is mounted and operational in its sealed thermal enclosure.
Due to the limited options on the threaded connections pro-
vided by manufacturer on the cooling plate, metal-to-metal
sealing ensured by Swagelok® RS-Fittings® are the base-
line option. The leak tightness of these stainless steel fit-
tings with copper gasket has been successfully tested with
compressed air up to 7 bar(g). Feedback to add more alu-
minium thickness near the connector region of the cool-
ing plate for better sealing contact has been provided to the
manufacturer and will be implemented in future versions.

Distribution manifold

The distribution manifold located inside the STS ther-
mal enclosure is designed to passively distribute the de-
sired flowrate from the cooling plant to a given set of cool-
ing plates on the C-Frame. It comprises of the main tube
and individual branches along with their respective valves.
Individual branches are made from 1/4 inch stainless steel
flexible hoses, and can also help dampen the vibrations car-
ried by the coolant from the cooling system’s components.
Swagelok® Fl-series metal hose® is the chosen option be-
cause of its high pressure rating, Swagelok® VCR end-
connection availability, low bending radius (2.54 cm) and
low weight (0.16 kg/m). The fine flow regulation is pro-
vided by the Swagelok® NR-series needle valve’, where
components are rated down to -53°C and availability in
Novec compatible materials (UHMWPE, PEEK, Grafoil).
A sample manifold was produced by Swagelok® and is
shown in Fig. 3. Please note that the temperature and pres-
sure sensors in the sample manifold will not be included in
the final STS’s manifolds because of their unsuitability in
radiation and magnetic environment.

Figure 3: Sample distribution manifold with valves, flexi-
ble hoses and pressure-temperature sensors.
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www.swagelok.com/downloads/webcatalogs/en/MS-01-140.pdf
www.swagelok.com/downloads/webcatalogs/en/MS-01-180.pdf
www.swagelok.com/downloads/webcatalogs/en/MS-01-168.pdf

8Swagelok Stuttgart - B.E.S.T. Fluidsysteme GmbH, Germany,
www.stuttgart.swagelok.solutions
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Vacuum insulated feedthroughs and hoses

Based on the positive experiences of LHC based track-
ers [9], vacuum insulated transfer lines are the baseline op-
tion to transport the coolant into the STS. They substan-
tially reduce the space taken on the front wall of the STS
thermal enclosure and are less prone to breakages when
compared to tranditional insulation methods such as foam.

The novel aspect of this established concept are the vac-
uum insulated feedthroughs which would help to easily in-
tegrate and disintegrate the STS from the cooling plant, and
allows to reliably maintain the vacuum insulation from the
transfer lines into the STS thermal enclosure. Sample hoses
and feedthroughs have been manufactured by Demaco’
(see Fig. 4) and will be used to transfer the coolant into
the thermal demonstrator and other setups connected to the
cooling distribution system in the STS lab [10].

Figure 4: Left: CAD rendering of vacuum insulated
feethrough; Right: Samples of vaccum insulated hoses.

Thermal enclosure

Elementarily, the insulation panel comprises of CF-foam
sandwich which is further sandwiched in aluminised poly-
imide foils for electromagnetic and thermal shielding. Ad-
ditionally, the inner side of the enclosure’s side panel in-
cludes thin cooling plates tasked to act as the coldest spot
in the enclosure to safely host any condensation outside the
electronics area and provide additional cooling of the STS
environment. Calculations suggest that additional kap-
ton heaters on the outer surface of the panels will not be
needed. Nevertheless, they can be added if the contrary is
observed experimentally. The simplified idea of thermal
enclosure’s insulation panels has been reported in [11] and
the respective task force meetings [12].

CF-foam sandwich insulation panel

The sandwich panels are manufactured by CarbonVi-
sion'® by using 37 mm AIREX R82.60 foam sandwiched

9Demaco Holland bv, Netherlands, www.demaco-cryogenics.com
10CarbonVision GmbH, Germany, www.carbonvision.de
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between 1.5 mm CFRP skin. The back panel is thinner with
foam thickness of 17 mm to reduce the material budget in
STS’s physics acceptance. HELICOIL® threaded inserts
were used to integrate and seal the panels togehter onto the
ITEM mainframe. Polyamide rims are created along the
edges of the panels and cutouts for better stability and ther-
mal insulation (see Fig. 5 (left)). Please note that this R&D
doesn’t address the structural rigidity of bottom panel and
precision of positioning inserts, and this is focused as a sep-
arate activity. Furthermore, aluminised polyimide sheets
(25 pm + 25 pim) from CGS Tape'! will be vacuum bagged
onto these sandwich panels. The proof-of-principle of the
in-house vacuum bagging process with aluminium foils on
smaller panels was shown and results were deemed satis-
factory (see Fig. 5 (right)).

Figure 5: Left: CF-Foam sandwich panels mounted on the
mainframe; Right: Vaccum bagging of aluminium foils on
CF-foam panels.

Side-wall cooling plate

These aluminium cooling plates are manufactured by
Rubanox'? by using Roll-Bond technology, which allows
to minimise the thickness down to 2 mm. Two such sam-
ples have been delivered and are integrated to the thermal
demonstrator. Please note that no dedicated simulations
were done to optimise the channel geometry for these sam-
ples since they are foreseen as an initial proof-of-concept.
Subsequent versions will be based on thermal demonstra-
tor’s experience and detailed thermal modelling.

Thermal dummy ladders and C-frames

The primary test objects in the thermal demonstrator are
the thermal dummy modules, described in [11]. The ther-
mally ‘active’ layer comprises of 50 such modules which
are distributed amongst 6 ladders to form a half-station
mimicing the first station of the STS. All thermal dummy
modules and ladders have been produced with their inte-
gration tests done on a C-Frame to check and correct any
potential issues. The active layer is sandwiched between

! Creative Global Services (CGS), Canada, www.cgstape.com
12Rubanox Italia srl, Italy, www.rubanox.com
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two ‘passive’ half-stations for imposing realistic boundary
conditions on the air flow between individual half-stations.
The components for assembling these three half-stations
are now available and subsequent integration tests are on-
going (see Fig. 6). The powering and readout scheme is
currently being figured out.

Figure 6: Top: ‘Active’ C-Frame with thermal dummy lad-
ders; Bottom: ‘Passive’ C-Frame on the mainframe.
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A system for distribution of cooling liquid to STS test and assembly stands

I. Elizarov', K. Agarwal2, U. Frankenfeldl, and H. R. Schmidt'?
!GSI, Darmstadt, Germany; 2Eberhard Karls Universitit, Tiibingen, Germany

Motivation

At least three STS systems require intensive cooling in
the laboratory: the thermal demonstrator, the C-frame test
box, and the full detector during its integration and com-
missioning without beam. While STS assembly is the main
focus of the project team, the thermal demonstrator is a
prototype to verify cooling design concepts, and the C-
frame test box serves to test STS components at the nomi-
nal, sub-zero operational temperatures before their integra-
tion into the detector main frame. The cooling supply of
all the above mentioned devices will be provided by the
cooling plant, which uses 3M™ NOVEC 649™ liquid as
a coolant. Due to the foreseen operation and testing se-
quence the stands will be partly operated in parallel. In
addition, the expensive cooling liquid needs to be collected
from a detached device for its reutilization, and the flow
conditions have to be measured. The distribution system is
designed to address these operation scenarios, and is a test
rig by itself.

Description

The cooling and distribution system will be a new part
of the STS laboratory infrastructure. It will comprise on
its left and right hemispheres identical parts, which are as-

Figure 1: Isometric view of STS connected via eight flexi-
ble cooling lines to the distribution system.
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sembled next to the wall, for connecting to different test
stations through DN25 flanges (see Fig. 1). By moving
the STS insulated box either to the right or left in the
room, there will be enough space to access the C-frames
through the side panels. This is possible due to the use
of flexible vacuum-isolated pipes. The distribution system
has separate in- and outlets for the thermal demonstrator
(see Fig. 2).

Figure 2: Isometric view of the thermal demonstrator at-
tached to the cooling distribution system.

The ports for the thermal demonstrator and STS are
shown in Fig. 3: TD11R, TD12R, TD22R, and TD21R
are for the thermal demonstrator, while the ports STS11R,
STS12R, STS21R are designated for the STS insulated
box. Up to eight STS dedicated ports can be occupied for
the cooling system of the detector: four from each side.

An important part of the installation are threaded valves
3/8” for connecting a drainage system for collecting
NOVEC 649™ liquid from the devices that are no longer
require the cooling supply. Gas pressure is applied through
the top group of the valves (V1 — V4) to drain the liquid
out of the system through the bottom valves (V5 — V8).
For filling the system with the coolant, the procedure is the
opposite: first the gas is evacuated through the top valves
(V1 — V4), and then liquid is pushed through the bottom
group of the valves (V5 — V8). Note that, the shut valves
stay closed during the draining and filling sequence to min-
imize involved volume of the liquid.
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Conclusion

The design of the cooling distribution system allows for
the supply of the STS test stations with NOVEC 649™ lig-
STSIIR uid providing cooling to -40°C for the devices assembled
STS12R by the STS group. A drainage system can be attached to the
distribution system to charge and discharge the devices un-
der test with the coolant. Finally the volumetric flow rate,
temperature, and pressure can be measured to verify proper
flow conditions in the cooling systems.

STS21R

Figure 3: Cooling distribution system, right hand side.

After the thermal demonstrator is no longer in use, top
bottom ports are used for connecting the C-frame test box
through an adapter as it is shown in Fig. 4. Blind flanges
are then screwed on the remaining ports to seal them. As an
alternative, they can be used for connecting additional de-
vices, which may appear in the future. The pipelines layout
is optimized to take as little space as possible, and to as-
sure access to the control valves. The distribution system is
equipped with flow meters, pressure and temperature sen-
sors to measure the flow conditions.

Figure 4: A detachable pipe adapter for connecting the
C-frame test box to the cooling distribution system.
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Progress with the design of production-ready C-frame assemblies

O. Vasylyev', K. Agarwalz, U. Frankenfeldl, J. M. Heuser', P. Koczon', R. M. Kapelll, J. Lehnert',
A. Lymanetsl, C.J. Schmidt', H. R. Schmidt"*, M. Teklishynl, and J. Thaufelder1

GSI, Darmstadt, Germany; 2Eberhard Karls Universitiit, Tiibingen, Germany

The design of the C-frame assemblies for all STS units
is currently in its final stage. The following sub-assemblies
are being finalized in terms of the upcoming production
readiness:

e service harness routing — data and power cables;
e cable trays;
e peripheral read-out and power electronics stacks.

For each sub-assembly, two sets of requirements are
being considered: general requirements on the C-Frame
level, and specific ones for the actual parts. The first
ones include compatibility with the C-frame assembly
sequence, mounting possibility, and least possible amount
of similar designs. The latter ones are discussed briefly in
the corresponding sections. Figure 1 depicts the current
design state of Unit 07R with the included sub-assemblies.

Sensor cooling Power cable tray  Data cable tray
system

ROB/POB Stack

Harness
== routing

N
mavamvam v vamvan B

Figure 1: STS unit 07R with sub-assemblies.

Service harness routing and cable trays

For optimal usage of the available C-frame space it was
decided to route the read-out cables on top of each ladder
and the power cable underneath in the gap between the FEB
box and the ladder bearing. The power harness splits up at
the end and is routed to low and high voltage connectors,
respectively.

The assembly sequence of the C-frame is defined by the
harness topology. The ladders are mounted sequentially
from the inside of the C-Frame. This requires a modular
cable tray design, that allows a fixation of individual single
ladder harness bundles and subsequent insertion of the next
bundle. The concepts are illustrated in Fig. 2.
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Data cable tray sections

Power cable tray sections

Figure 2: Modular cable trays on unit O7R.

Peripheral read-out and power stacks

The mechanical design of stacks with peripheral read-
out and powering equipment has been implemented into
the STS model according to the latest development state of
the electronics and read-out chain. The stack configuration
is individual per half-unit and includes realistic placehold-
ers for mounting, fixation, and cooling parts. The read-out
boards have several critical components, e.g. FPGA chips
that require cooling. Heat removal is accomplished by at-
taching a board to a cooling block with contact areas on
the chip positions. The need for cooling also occurs for the
DCDC converters on the power boards. Based on the ex-
perience with mSTS operation, a bracket part was designed
that presses single-rows of DCDC modules onto the cool-
ing fin. Figure 3 shows an exemplary stack.

ROB Power Boards /4
(RPOBSs)

FPOB Mounting
brackets

Figure 3: Top stack of unit O7R.
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STS assembly sequence and impact on module and ladder production

A. Wilms and O. Vasylyev
GSI, Darmstadt, Germany

The CBM-STS will consist comprise 9 main mechanical
assemblies, called units 0 — 8, each of which is divided
into two half-units, denoted left and right. In total
876 modules have to be assembled, distributed among
106 carbon fiber ladders. The ladders, and thus also
the modules employed, are specific for their placement
on the individual units. Ladder variants are shown in
Fig. 1 [1]. An overview of the amount of modules and
ladders to be assembled for each unit is provided in Table 1.

Figure 1: Visualization of STS ladder variants.

Table 1: Number of modules and ladders in each STS-unit.

unit o1 2 3 4 5 6 7 8
modules |38 90 104 108 110 108 116 132 70
ladders |4 10 12 13 14 14 15 16 8

Unit assembly sequence

Each half-unit will be assembled in the same way, start-
ing with the innermost ladder (lowest absolute x-position
value) towards the outermost one (highest absolute x-
position value). The envisaged steps of the detctor assem-
bly sequence of each unit could be listed as follows:

(1) Left-side half-unit

(i) downstream part
(ii) upstream part

(2) Right-side half-unit

(i) downstream part
(ii) upstream part

(3) Units0-8

(1) The detector assembly sequence will start at
Unit 0 and will be consecutively continued up
to Unit 8.
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(ii) This third step of the detector assembly sequence
is schematically depicted in Fig. 2, as well as the
previously completed assembly steps mentioned
above.

Figure 2: Overview on STS-units including indications
of the envisaged main steps of the detector assembly se-
quence.

Impact on module and ladder production

Based on the layout of the different ladder types, ladders

to be assembled on the downstream part of a half-unit have
to be assembled starting with the midmost module of the
bottom part of the ladder (bottom half-ladder). In case an
upstream ladder has to be assembled, the first module to be
mounted onto the ladder will be the midmost one of the top
part of the ladder (top half-ladder).
All of these boundary conditions and different aspects of
assembly processes to be performed prior to the final de-
tector assembly, are reflected in the overall STS module
and ladder production sequence that is being worked out.
The final work structure and work sharing among the as-
sembly centers could differ from the detector assembly se-
quence described in this report, depending, e.g., on the de-
tailed boundary conditions around the components to be
employed, and logistics.
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STS beam pipe section: Concept and development status

J. M. Heuser, O. Vasylyev, M. Faul, and A. Senger
GSI, Darmstadt, Germany

Requirements to the beam pipe

A central challenge of the CBM experiment with its sta-
tionary target and related forward geometry is to separate
the beam ions not interacting at the target from those that
do interact and emit the reaction products into the canon-
ical aperture which has been defined as the polar angular
range from 2.5 to 25 degrees. The non-interacting beam
is further guided downstream in an evacuated pipe to the
beam dump at the rear end of the CBM underground hall,
whereas the reaction products leave the vaccum of the tar-
get chamber and pass through a “window” into the track-
ing volume of the STS and subsequently the other CBM
instrumentation where the detector components are oper-
ated at ambient air pressure. The beam pipe in the STS
requires a minimized material budget in both of its main
parts: (1) The window, attaching to the target box, must be
lightweight and thin to not deteriorate STS pointing resolu-
tion to the evacuated vertex/target region. (2) The guiding
volume through STS (“pipe”) must have a low wall thick-
ness to minimize interactions of the remaining beam “halo”
there. Additionaly, its entrance and exit radii must be large
enough to contain the vast part of the non-interacting beam,
but without compromising the physics aperture of the STS
detector. Beyond the STS-internal requirements, the beam
pipe section must be compatible with joining it to the tar-
get region upstream and the further CBM detector systems
located downstream of the STS. As the pipe must also al-
low handling for detector assembly, installation, reconfigu-
ration and maintenance, it becomes an integral part of the
STS design. Utmost importance must be placed on the ro-
bustness of the beam pipe against damage from external
pressure and miscellaneous forces, e.g. arising from the
coupling to the downstream beam pipe sections through the
RICH/MUCH detectors.

Tentative concept and first prototype

A tentative concept for the STS beam pipe was already
presented years back in [1], comprising of a “trumpet like”
shape for window and pipe matching the geometrical situ-
ation at SIS300 and upper SIS100 beam energies and pro-
files. Different technological options were considered in
particular with respect to radiation hardness, which were
best met with Be and Al materials, and thus omitting car-
bon fiber composites. However, since we have had no ex-
plicit collaboration group to take over such project, in par-
ticular for a Be solution also in terms of funding, we later
sought at GSI for a different solution based on compos-
ite material. A solution based on Al would not be favored
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in terms of background induced to the experiment if such
structure would be stiffened e.g., by vault-structuring. An
early prototype' manufactured around the years 2017/2018
was made from two 250 pum thick prepreg layers separated
by a foil, built-up and fused on a hub, yielding a cylindri-
cal and a conical section, plus a 500 pm thin window part.
A single vacuum test carried out in 2018 failed, resulting in
a structural rupture, however, could not be further investi-
gated in detail.

Relaunched approach

After some pause on this activity, in 2019, the status was
presented and discussed at [2], which resulted in a follow-
up study kindly offered and prepared by colleagues from
Purdue University?. It preliminarily suggested that carbon
fiber wall build-up at acceptable thickness of around 1 mm
was promising w.r.t. forces and vacuum tightness, and
had an initial look at different stress situations including
those at the window membrane. Soonafter, in the course
of the year 2020, the CBM collaboration started a topi-
cal workgroup activity on the experiment’s beam pipe and
target region, and the relaunched STS beam pipe activity
merged with it benefitting from the exchange on the many
interconnecivity aspects to agree upon and solve across
sub-systems. Most importantly, a new shape of the STS
beam pipe section was established, taking into account, the
meanwhile, changed STS geometry (with slightly enlarged
inter-unit spacing required due to by now detailed knowl-
edge of component sizes and mechanical tolerances) and
the requirements for larger initial and external pipe diame-
ter due to CBM physics studies now to be carried out down
to SIS100 beam energies as low as 2 GeV/nucleon, allow-
ing for an energy overlap with the complementary BM@N
experiment’s program at Nuclotron.

Current concept and its evaluation

Figure 1 shows the about 1 m long beam pipe section of
the STS in the detector and how it integrates with the other
beam pipe sections to form the CBM vaccum beam trans-
fer line from the entrance to the target region to the beam
dump. The proposed new shape of the STS beam pipe is
outlined in Fig. 2. The wall thickness is 1 mm, the beam
window on the left is 0.5 mm thick, all made from carbon
fiber composite. It realizes larger initial diameter of 40 mm
(a variant with 50 mm is also considered - bottom draw-

'W. Niebur et al., GSI, cooperation with Connova Deutschland GmbH
2A. Jung and S. Karmarkar, Purdue University, Composites Manufac-
turing & Simulation Center, www.purdue.edu/cmsc
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ing) and exit diameter of 104 mm. The shape follows an
all conical layout that is still compatible with the intended
physics aperture and also satisfies the wider beam profile
at the lowest end of the SIS100 beam energy range. The
window part is attached fix to the rear opening of the tar-
get chamber (Fig. 4 (top)), whereas the downstream end of
the conical section is held in a sliding and sealing mount
(Fig. 4 (bottom)), integrated in the back wall of the STS
system, which shall decouple it from axial forces of other
beampipe sectors further downstream .

Radiation study and physics performance

The radiation aspect has been studied with FLUKA sim-
ulations (Fig. 3) result in acceptable background interac-
tions in the detector and uncritical radiation load on the car-
bon fiber composite material [3]. Updated GEANT geome-
try coding (v21a-d) of STS with active and passive compo-
nents, including its beam pipe section, have been prepared
for CBM’s simulation software to enable the Collaboration
checking the intended STS construction towards fulfilling
the experiment’s physics performance, which is an ongoing
effort.

Engineering study and prototyping

In order to assess the proposed carbon fiber structure
w.r.t. stability and manufacturability, an engineering study
was carried out in late 2001 at ICM-Composites GmbH?>.
The engineering company was entrusted as it also produced
the carbon fiber support structures of the STS detector lad-
ders, and carried out a matching study of stiffening those
ladder variants with cut-outs for their placement on the de-
tector units close to the region intersected by the beam pipe.
The following points were addressed:

1. Preliminary pipe design, comparing two geometries:
o layer structure and its effect on possible denting
under atmospheric pressure;

e layer parameter analysis under variation of fiber
variant, layer structure, laminate thickness;

e FEM analysis of best variant.
2. Construction trial:

e carbon fiber winding on a conical core;
e surface treatment;

e test of vacuum tightness.
3. FEM analysis of the two variants:

e with the selected layering;

e for different load cases (atmospheric pressure,
axial and shear forces).

3ICM-Composites GmbH, Weiterstadt,
composites.de/

Germany;  https://icm-
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Simulations of the structure and experimental verifica-
tion of aspects of its manufacturing (see Figs. 5 and 6) [4]
show doability of the conical part with respect to the tar-
geted wall thickness of 1 mm, yielding regidity to buldging
if a certain laminate layer build-up of 6 fiber orientations
and high-modulus carbon fiber is used. Winding studies
proved that particular carbon fiber roving is suited to be laid
down tightly on a conical hub. Prototyope segments pro-
duced passed a preliminary evacuation test, realizing expo-
sure to 1 bar external pressure. Also a first confirmation of
vacuum tightness could be made. The most sensitive part
to be manufactured is the window. Attached to the coni-
cal part it is particularly subject to forces in the region of
the joint. The long lever arm of the pipe structure in com-
bination with already small movements, e.g. due to han-
dling during integration or bending of the detector main-
frame when installed in it, results quickly in shear forces
to cause critical damage way before the conical part would
fail. As the STS back wall will have to be lightweight (both
thermally insulating and “transparent” for particles in the
CBM physics aperture), particular care has to be put on the
beam pipe sectors connecting to the detectors downstream
to minimize/avert impact on STS and the rear pipe mount.

Next steps

The beam pipe is required to be available in its final
structure for the start of STS detector integration in the as-
sembly laboratory, scheduled for spring 2023. The aim is
thus to have a full prototype engineered and manufactured
in 2022 that will be subjected to thorough testing. Stabil-
ity under vacuum is a crucial requirement to be achieved.
The window must be engineered to become more sturdy.
The upstream and downstream mounts will be engineered
and verified on prototype assemblies as well as the STS
mechanical demonstrator. In the workgroup, the external
load from the downstream connections must be assessed
and minimized by development of suitable support com-
ponents. A dedicated test stand will be set up in the STS
laboratory to validate the full-size prototype beampipe for
vacuum tightness, pressure cycling, load cases and long-
term stability with sufficient safety margins.
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chamber (top) and interface at the rear STS wall (bottom).
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Figure 5: Implementation of the pipe for FEM calculations.

Figure 6: Prototype of the beam pipe’s conical section.
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Update on the simulation geometry for the Silicon Tracking System

M. Shiroyal’z, D. Emschermann’, E. Clerkin', V. Friese', A. Toia'?, O. Vasylyevl, and P. Dahm!

!GSI, Darmstadt, Germany; 2Goethe Universitit, Frankfurt am Main, Germany

Introduction

The Silicon Tracking system (STS) [1] is a key detec-
tor of the CBM experiment placed inside the 1 Tm dipole
magnet. It uses double-sided microstrip silicon sensors of
four different sizes, 6.2 x 2.2 cm?, 6.2 x 4.2 cm?, 6.2 X
6.2 cm?, and 6.2 x 12.4 cm? which at 8 tracking stations
along the beam axis, cover the area from close to the beam
axis outwards. The sensors are produced with a thickness
of 320 £ 15 um. Each sensor has 1024 microstrips on
both p and n-sides, positioned with a pitch width 58 pm.
A detector module consists of a silicon sensor connected
via Aluminium (Al) polyimide micro-cables to the Front-
End Boards (FEBs), placed outside the detector active area,
in order to minimize the material budget. It is mounted
on ladder space frames made from carbon fibre to mini-
mize multiple scattering of particles. These ladders are as-
sembled on C-frame structures made from Al, as shown in
Fig. 1.

AV

7S Sl
AVAVAY.

i o

Figure 1: Design of a C-frame along with dector ladders,
FEB boxes, POBs, ROBs and cooling interfaces [2].
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Updates in STS geometry

Significant developments have been made in the past on
the design of different detector componets which play cru-
cial role in the physics performance of the detector. There-
fore it is important to implement all the design hardware
updates in the ROOT-based description of the STS geome-
try. The most significant changes in the STS geometry are:

e Passive wall material

Pitch between the stations

Carbon fibre ladder length

Sensor thickness

Micro-cable material

Beam pipe

Passive walls

The passive thermally and electromagnetically shielding
wall around the STS is made from carbon fibers and Airex
foam of density 1.5 gecm™> and 0.065 g cm ™3 respectively.
The foam is sandwiched between two carbon fibers sheets
of 2 mm thickness.

Pitch between STS stations

The spacing between the STS stations (Pitch) in CAD
and ROOT-based geometry was 100 mm. However, new
development in the detector design have put stringent limit
on the spacing between different electronic components
and therefore it was decided to increase the pitch by nearly
5 mm, keeping the last station at the same position [3, 4].
The recent CAD and ROOT-based design of STS detector
now have a 105 mm pitch between stations. At the time
when this design was made, it was decided that the target
should be moved upstream by 40 mm to make space for the
elongated STS and its box.

Silicon sensors

To achieve adequate signal to noise ratio, radiation hard-
ness etc, 320 + 15 pm thick silicon sensors from Hama-
matsu were chosen. In the prototyping phase, 285 + 15 um
thick sensors from CiS were explored as well [5, 6].
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Micro-cables

The micro-cables connected to the sensors for signal
read-out are made from aluminium coated with polyimide
and have a thickness of 15 pm (metal) and 10 pm (poly-
imide), respectively.
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Figure 2: Schematic diagram of the micro-cable stackup of
a module [7].

Figure 2 shows a schematic cross-section of the micro-
cable. The total thickness of the micro-cables is 774 ym
(including both p and n-side) and total radiation length
was found to be 0.124%. The material budget per ca-
ble was re-calculated using the information of the differ-
ent layer thickness and fill factor. In the ROOT geometry
the micro-cable is implemented as a single volume with
the same thickness as the silicon sensors (320 ym.) By
solving the implicit function, as given in Equation 1, it is
concluded that the material in the mico-cable of thickness
320 pm could be approximated by Manganese with density
of 0.5656 gcm ™3 [8].

287

) 716424 ()
cm

The material budget for 8 STS stations, recalculated after

the modification of the silicon sensors thickness, micro-

cable material, and carbon fibre ladder lengths, is shown

to exhibit X/Xq smaller than 1.4% in the active area of the

STS detector (Fig. 3).

Beampipe

The ROOT-based STS geometry includes a conical
shaped beampipe (Fig. 4) made from carbon fiber rein-
forced plastic. Two possible configurations are considered
for further studies, with the same conical shape, thickness
(1 mm) and diameter (104 mm) on the downstream side,
but two different diameters on the upstream side: 40 and
55 mm, respectively, for further studying effects at beam
energies as low as 2 GeV/nucleon.

In addition, the back side wall has also been adapted
to the beampipe flange. Moreover, the vacuum chamber
which host the MVD dectector has also been modified as
shown in Fig. 5.
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Discussion

Different versions of the STS geometries, which include
recent technical design modifications, allow the study of
impact on the acceptance, tracking efficiency, and momen-
tum resolution. Table 1 shows a summary of the STS ge-
ometries, the main developments included, the beampipe
and the target position. As can be seen from Fig. 3, the
material budget amounts to 0.34% for the silicon sensors
of thickness 320 pm, 0.12% for the Aluminium-polyimide
micro-cables, while fully assembled ladders with modules
amounts to material budget from 0.3% to 1%.
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Figure 3: Material budget diagram for all eight STS stations.

Table 1: Summary of various STS geometries, beampipe variants and target positions in CBM coordinate system.

STS Detail, Beam pipe Target
geom. modification up- and downstream radii (cm) pos. z (cm)
v2la pitch, front/back wall solid, ladders/half ladders  old: cyl. r,, = 2.10, con. rg = 4.00 -4
v21b 21a + adjusted central ladder new: conical, r,, =2.00, ry =5.20 -4
v21lc  21b + only beampipe changed, ladder position =~ new: conical, r,, =2.75, 14 =5.20 -4
v21d 21b + honeycomb foam in backside wall new: conical, r,, = 2.00, ry =5.20 -4
v2le  21b + STS local origin + global origin from new: conical, r,, =2.00, rg =5.20 -44
center of magnet

v21f  21b + beampipe flange attached to backside wall new: conical, r,, = 2.00, ry = 5.20 -4
v2lg  2le+ beampipe flange attached to backside wall new: conical, r,, = 2.00, ry = 5.20 -44
v21h v21f + sensor thickness (320 pum) new: conical, r,, =2.00, rgy =5.20 -4
v21i no beampipe flange attached to backside wall + new: conical, r,, =2.00, rg =5.20 -44

sensor thickness + micro-cable thickness

Figure 4: Conical shaped beampipe (v21b) with 40 mm di-
ameter in upstream side for the STS along with a place-
holder representation of the target box which also com-
prises MVD.

Figure 5: Updated vaccum chamber in the STS box where
the MVD detector will be placed (left); beampipe flange to
interface STS and RICH beam pipe sections (right).
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Assembly, testing and comissioning of the mSTS detector

M. Teklishyn'? and A. Lymanets'
'GSI, Darmstadt, Germany; >KINR, Kyiv, Ukraine

Motivation and system layout

The mSTS is a core detector of the mCBM test setup ar-
ranged at SIS18 cyclotron as a part of the FAIR Phase 0
project. The layout of the mSTS tracker is downscaled
from the STS design. It involves two tracking layers of
12 x 12cm? and 18 x 18cm? arranged in four physical
units mounted on the aluminum support structures (half-
c-frames). The main goal for these studies is to have the
ultimate test of the detector performance in the fully inte-
grated system in close-to-final running conditions and fully
integrated latest version of components. The development
and commissioning of the assembly and testing procedures
is planned to be used for the STS. Finally, one can evaluate
the hit and track reconstruction performance with the ion
beam from SIS18.

Figure 1: CAD drawing of the mSTS detector. Four units
are shifted outside the enclosure for illustration.

The mSTS at the current stage includes 11 modules: two
with 62 x 124mm?, 9 with 62 x 62 mm? DSDM silicon
sensors; 22 read-out FEBs with 8 SMXs each plus two ser-
vice FEBs for pulser signal injection. The back-end and
powering electronics includes 5 common read-out boards,
5 power boards for FEB to provide supply voltages for the
FEBs.

Unit assembly and installation

At the end of 2020 there was only one functioning mod-
ule at the Unit1 in the mSTS enclosure. Two modules of
the Unit O failed because of improper thermal properties of
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Figure 2: Ladders of UnitO (right) and Unit1 (left) in-
stalled inside the mSTS enclosure.

the protection glue at the front-end boards. Thus failed lad-
der of the UnitO was replaced with a new one; the issue
with the brittle glob top was addressed. Also, the new ver-
sion of SMX 2.2, latest LDOs (both 1.8 V and 1.2 V nom-
inal V4,) were used for the upgrade.

Modules of the Unit0 demonstrated good performance
before and after installation, showing mild improvement
because of proper micro-cable stretching on the ladder sup-
port structure (see Fig. 3). However, few ASICs failed after
the installation of the ladder to the c-frame support struc-
ture. Possible explanation is the residual tension at the FEB
connectors of the flat data cables.

The performance of the Unit 1 was affected by multiple
electrical shortage in its modules. Particularly, we found
out a leak through the bottom edge of the module shield
touching the carbon-fibre ladder support structure. Also,
one could detect multiple occasional break downs between
side edges of the module shields. These issues were ad-
dressed with additional Kapton foils and special 3d-printed
thin (120 pm) insulation pads. All these observations have
later leaded to the improvement of the design of the module
analogue lines protection.

The Unit?2 for the given version of the detector was as-
sembled from scratch using the latest versions of the com-
ponents and taking into account all lessons learnt during
the assembly of the previous modules. The process of the
mechanical integration is shown in Fig. 4. Few minor me-
chanical reassessments were made during its assembly; in
particular, mechanical support and cooling interface were
adjusted for the common read-out boards.

The assembly procedure of Unit 3 was particularly chal-
lenging due to the extremely constrained arrangement of
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Figure 3: Baseline width of the 02Tr_3 module in the test
box before installation (top) and after installation in the
UnitO (bottom). Mind that ASIC 7 is missing on the p-
side.

Figure 4: Assembly of the Unit2 components in the STS
laboratory.

its components. Also, the unit frame was used as a test
bench for the comparison of the performance if the wide-
shielded and narrow-shielded ladders featuring the same
topology of three 6 x 6.cm? sensor modules (see Fig. 5,
right photograph: all three sensors are exposed at the bot-
tom). Comparative studies showed no significant perfor-
mance difference. At the end, the narrow-shielded technol-
ogy was adopted as simpler straight-forward solution.

The last unit of the mSTS suffered from the highest frac-
tion of failed ASICs after the installation. One FEB out of
10 was inaccessible at the end, while three others showed
troubled communication with one or two chips each. These
issues are believed to be mainly because of the malfunc-
tioning digital communication lines and never experienced
with newer integration routines.
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Figure 5: Narrow-shielded ladders installed in the Unit 3.

Also, during the installation of the high-voltage and low-
voltage lines for the mSTS modules, we experienced fre-
quent powering failures. Those were addressed with the
introduction of new low-voltage lines with more flexible
while more robust endings; examples are given in Fig.6.

Figure 6: Old (left) and new (right) low-voltage lines for
mSTS.

System integration

The units of the mSTS detector were installed in the alu-
minium enclosure upon their completion. Each module of
the given unit was extensively tested before being assem-
bled on the ladder, after ladder installation on the unit and
after unit installation into the mSTS enclosure (see Fig. 7).

The mSTS units were provided with necessary services
inside the enclosure: low and high voltage according to
the STS powering scheme [1], optical lines for DAQ and
cooling lines to deal with the heat dissipation in the red-
out electronics. The patch panel for the detector services
was installed on the front wall of the mSTS enclosure; it is
shown in Fig. 9.

The powering and high-voltage bias of the mSTS de-
tector modules required special wire harnesses (shown in
Fig.8) to be manually arranged each time for a specific
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Figure 8: LV (left) and HV (right) wire assemblies for the
mSTS detector. The LV line features particularly compli-
cated topology to respect the nominal mapping of the de-
tector powering scheme.

unit to respect the electronics mapping at the cable and
power crate levels. Also, a combined high-voltage filter
was specifically prepared to provide mSTS sensors with the
clean and stable high voltage source.

After installation of the units and integration of the ser-
vices the assembled detector was fully commissioned and
tested in the STS laboratory; no performance deterioration
was observed comparing to the individual unit tests.

Transportation to the cave and operation

The mSTS detector was transported to the mCBM cave
at once with its enclosure sealed. The basic functionality
tests and electrical tests followed the transportation: no im-
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Figure 9: The mSTS detector installed in a cave.

mediate issue was observed at the time. Later, during the
first days of the detector operation we observed the need
in the additional cooling power for the long-term machine
run. Two water cooling units of 300 W and 500 W cool-
ing power at operation temperature of about 15 °C were in-
stalled to provide cooling of Units 0-2 and Unit 3, respec-
tively.

The powering of the detector electronics was provided
by the MPod power crate installed next to the mCBM cave.
The high voltage for first two units was sourced by the same
crate. Two other units received bias voltage from the HV
unit installed in the counting room.

The calibration files necessary for the proper detector op-
eration were uploaded to the DAQ machines for the first
three units. The Unit 3 received those later which lead to
its belated introduction to the full system operation. Apart
from that, all four mSTS units were proved to be mainly
functional after the installation and transportation proce-
dures.

The details of the detector operation are given in the sep-
arate chapter of the present report.

Conclusions

The assembly of the mSTS detector served as a perfect
playground for the development of the integration proce-
dures of the future STS machine. Many design features
were tested and some of those readdressed based on the
installation or operation experience.
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EPICS based test setups on the way to the Silicon Tracking System’s
Detector Control System

M. Bajdel'?, the STS team*!, K. Kozlova', A. Sokolov', and P. Zumbruch!

IGSI, Darmstadt, Germany; 2Goethe Universitit, Frankfurt am Main, Germany

Data acquisition, parameters monitoring as well as stor-
age are very important tasks for every experimental setup.
Furthermore, the previously mentioned tasks become even
more crucial in an environment of heavy ionizing irradia-
tion. In order to ease the use and implementation time of
different software instances, a fairly novel approach was
used. It is primarily based on a containerization of differ-
ent EPICS-related applications used to monitor and con-
trol experimental setups [1]. This contribution contains an
overview of activities which partially or fully build upon
the containerized applications.

The mSTS as a pathfinder

Harsh environment, radiation or magnetic field could
cause a temporary limitation to access a given setup. There-
fore, in many cases certain applications need to be de-
ployed in order to ensure efficient monitoring and control
of a setup. For this purpose, a complete Detector Control
System (DCS) for the mSTS was deployed. This system
features the solutions listed in [1], it ensures operational
safety and enables an operator to:

e monitor process variables and check their history;
e control services used by the mSTS;
o take actions in case of alarm states.

The mSTS consists of 11 detector modules, what cor-
responds to 22 Front End Boards (FEBs). Each FEB is
powered by a low voltage line, and it also provides bias
voltage for the silicon sensor. In total 51 channels are used
to power the mSTS. Moreover, two Lauda chiller are used
to efficiently cool down the Front End Electronics (FEE).
To monitor the performance of the mSTS several tempera-
ture and humidity sensors were placed inside the enclosure.
Their values provide a valuable insight into the detector op-
eration, indicating i.e. coolant setpoint. Figure 1 shows the
latest scheme of control nodes and services. One of the
crucial elements of the system is the Finite State Machine
(FSM). It is deployed on one of the nodes which is respon-
sible for the operational safety of the system. If there is
any problem with the cooling (device failure, not enough
coolant etc.) or the temperature rises too much, then the
FSM automatically powers down the FEE. The described
detector control system of the mSTS has been operational
for more than 8 months without any major problems, nei-
ther operational nor hardware.

*https://wuw.gsi.de/work/forschung/cbmngm/cbm/activities/
sts/group_members
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Figure 1: Schematic view of the DCS structure.

Power dissipation of the mSTS

The mSTS modules can be distinguished not only by
their units, but also by the components from which they
are built. Figure 2 shows how the power dissipation of dif-
ferent units differ depending on the used components. The
power dissipation depicted in the plot is the sum of all the
contributions from voltage drop in the lines, connectors,
DC/DC converters and FEBs.
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Figure 2: Comparison of a power consumption of different
mSTS modules based on average unit current and estima-
tions based on FEB currents measurements (Charge Sensi-
tive Amplifier nominal value marked with dashed red line).

The modules of units 1 and 3 were previously used for
other tests, and they are built out of older parts, thus their
power dissipation is much higher than for units O and 2.
Power dissipation of modules from units O and 2 matches
the calculations depicted as FLAv2 based on measurements
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aimed to estimate currents drawn by a FEB and theoretical
calculations of voltage drop in the other components of the
mSTS. Furthermore, Figure 2 shows the successful efforts
made to enhance the electrical performance of the modules.

Irradiation of a MPOD crate

The control system based experimental setups provide
important insights into the operation of devices in radiation
environments. MPOD crates with low voltage modules will
be used for powering of the Front End Electronics (FEE)
during the CBM experiment. In order to evaluate the effect
of the radiation on the power supplies, a CC24 controller,
a low voltage module and a high voltage module were irra-
diated during the mCBM experiment.

a5y fter 1 b
0 1

o0

00001

Figure 3: Expected ionization dose distribution in the
miniCBM cave at O+Ni 2GeV 107 ions/s on 4 mm Ni tar-
get; (the red circle indicates the crate position.

FLUKA simulation by A.Senger.

The crate was located (Figure 3) in such place to ensure
a similar dose that those crates will experience during the
CBM experiment.

Figure 4: MPOD mini crate and TLD dosimeters
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Figure 4 shows the experimental setup. Control and
monitoring were implemented to ensure that a Single Event
Upset (SEU) can be detected and associated with a corre-
sponding part of the crate. After two months of irradiation,
the total dose reached 67.5 mGy. Based on this number and
calculations, we could expect about 1.5 SEU per controller
per month during the CBM experiment. Nevertheless, the
low SEU statistics resulted in another irradiation campaign
at the septum of SIS18 accelerator.

Thermal cycling of FEBs

Another important activity aiming to evaluate the FEE in
the operation conditions of the STS is also partially based
on the control system developments. There are several pos-
sible operation scenarios:

e normal operation as depicted in Fig. 5. It corresponds
to the temperatures between -12°C and -17°C. It this
scenario, FEBs need to survive temperature changes
around 25°C during active cycling and about 20°C
during passive cycling;

Temp (Celsius)
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-28,2

Figure 5: Temperature map of the FEB and a FEB box
during the nominal operation.

e reboot scenario - in this case, any FEB is switched off
for a given fin, that would mean that the FEB tempera-
ture is around -27°C and the non-powered FEB is even
colder. In this case, the temperature change would be
around 10°C for the active FEB and around 20°C for
the passive FEB;

switch-off scenario - due to the failure of a power
board or a power supply, FEB(s) will switch off and
their temperature will drop down to -38°C. That
would correspond to the temperature change of about
30°C for the passive FEBs. This scenario results
also in the need to power up the FEBs at very low
temperatures.
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To summarize, a FEB needs to survive temperatures
changes of:

1. passively* non-powered FEBs) - 30°C
2. actively - 25°C
3. startup at - 38°C

The setup prepared for those tests is depicted in the Fig-
ure 6. The components used for completing the setup in-
cluding interfaces between the FEB and the fin, as well as
between the fin and the cooling plate, were different from
those planned for the STS. An example of a few cyclings
can be seen in the Figure 7.

Figure 6: Two FEBs attached to one fin residing on a cool-
ing plate and connected to the low voltage cables and read-
out inside a climatic chamber

Chamber Temp
Temp sensor

Temperature[C]
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Figure 7: Passive cycling of FEBs, temperatures of the
Lauda chiller and Binder depicted in the first plot (40°C
change) and relative humidity values in the plot below

Initial round of thermal cycling involved 4 FEBs, and it
aimed to evaluate the performance as per the plan which
was described above. In order to do that, FEBs under-
went frequent optical and performance inspections. The
first round of cycling activities leads to the following con-
clusions:

e during passive cycling no issues were observed re-
gardless of the temperature difference set during the
cycling (down to -40°C);
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e during the active part of cycling some issues with
LDO were observed. Therefore, a second round of
cycling experiments has already begun to increase the
statistics and also adjust some parameters (LDOs volt-
age drop, currents) to have a more realistic approach
as per the operation in the STS and using the compo-
nents that are planned to be used for the final detector.

Fiber optic sensors for the STS

In order to ensure safe operation of the detector at low
temperatures (ambient temperature about -10°C and cool-
ing plate temperature around -40°C) the information about
the relative humidity or frost point is of the uttermost im-
portance. Ionizing radiation and magnetic field also play
a role in choosing proper humidity sensors. Furthermore,
it has to be relatively easy to implement such sensors in a
hardware interlock.

The STS will most likely have 3 different technologies
and types of humidity and temperature sensors:

e capacitive sensors - one of the commercially available
Sensors

e Sniffing system
e FBG based Fiber Optic Sensors

Each of the sensors is supposed to play a different role
in the operation of the STS. The capacitive sensors will be
used during the commissioning and for the reference at the
early stages of operation. Sniffing system which will suck
the air from the inside of the STS provides very accurate
measurements of the water content. Furthermore, the read-
out can be easily integrated with a PLC-based interlock.
The Fiber Bragg Grating-based Fiber Optic Sensors (FBG
FOS) will provide information about the temperature and
humidity throughout the experiment. Their features ensure
accurate operation in magnetic field and also after irradi-
ation. A first approach to calibrate and characterize such
sensors is summarized in [2]. That contribution contains
also the working principles of FBG FOS.

FOS can be used either as an array of sensors or as a sin-
gle sensor. In both cases, to measure relative humidity it’s
necessary to precisely measure temperature. The temper-
ature measurement point should be as close as possible to
the humidity measurement point.

Tested sensors are depicted in Figures 8 and 9.

Figure 8: Temperature and humdity FBG-based FOS.
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Figure 9: Humidity FBG-based FOS in an array.

The thickness of the polyimide coating over the Fiber
Bragg Grating is 20 ym. The main difference between the
active part of the sensors lays in the technique of applying
the hydroscopic coating. In case of the array the polyimide
was applied in layers of 5 ym and in case of single sensor
it was just one layer of 20 pm.
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Figure 10: Relative Humidity sensitivity at different tem-
peratures.
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Figure 11: Temperature sensitivity at different relative hu-
midity values.
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According to equation 1, a Bragg wavelength change
is sensitive to both temperature and relative humidity
changes. Therefore, both factors need to be experimen-
tally determined in order to measure the RH. The readout of
the interrogator, sensors and storage were all implemented
with use of EPICS based containerized system.

Calibration curves of two humidity sensors are illus-
trated in the Figure 10 and 11. The sensor FOS 1 doesn’t
have a linear response, what is probably related to dam-
age during the assembly. The second sensor has Sy
2,17 pm/%RH and St = 10, 25 pm/°C what is consistent
with the results reported in [2]. The time constant of the
sensor equals to 180 s, which is a much higher value in
comparison to the capacitive sensor data sheets (e.g. 8 s
for the SHT8S). Nevertheless, a fast response time is not a
crucial parameter for the STS.

The performance of these sensors will be compared with
the array of sensors in terms of sensitivity factors, time-
response and hysteresis. The final design for the STS will
be chosen based on the previously mentioned factors and
mechanical constrains of the detector.

Conclusions

The containerized EPICS-based applications have
proven to be extremely useful regardless of the setup size.
EPICS based input output controller, graphical user inter-
faces, archivers, databases, alarm servers, alarm loggers
can be easily deployed and monitored. The described cases
summarize the efforts towards the building blocks of the
DCS for the STS and presumably other subsystems of the
CBM experiment.

References

[1] M. Bajdel et al., The Containerized Detector Control System
Sfor mSTS in mCBM, CBM Progress Report 2020, 153-154

[2] M. Bajdel et al., Towards humidity and temperature monitor-
ing of the STS, CBM Progress Report 2020, 49-50



CBM Progress Report 2021

Silicon Tracking System

Performance of the mSTS detector during the mCBM beam campaign 2021

D. Ramirez' and A. Toia'?
!GSI, Darmstadt, Germany; 2Goethe Universitit, Frankfurt am Main, Germany

In the mCBM 2021 beam campaign at SIS18 (GSI),
O+Ni collisions at 2 AGeV were measured with beam in-
tensity of up to 10'C ions per spill (cycle of about 10 s,
extraction during ca. 7.5 - 8 s) and approximately 500 kHz
interaction rate.

The mini-STS (mSTS) setup consisted of 2 tracking sta-
tions covering a total area of 12 x 12 cm? and 18 x 18 cm?
respectively, arranged in 4 units with a total of 11 mod-
ules: two modules with 62 x 124 mm? and 9 with
62 x 62 mm? double-sided double-metal silicon microstrip
sensors, equipped with 2 Front-End Boards (FEBs), each
comprising 8 SMX (STS/MUCH-XYTER) ASICs each for
the readout, plus two service FEBs for pulser signal injec-
tion, 5 C-ROB boards for readout, and 5 POB boards pro-
viding low voltage for FEBs and C-ROBs [2].

Commissioning and operation

Prior to the installation in the mCBM cave, an energy
calibration was performed to adjust the dynamic range of
the ADC using a calibrated internal pulse generator and
dedicated counters in the chip to record the S-curves. The
estimated baseline noise level corresponds to ENC below
the targeted system noise of 1000 e™.

During the few hours of main data taking time, the first
tracking station was fully operational, except for a few scat-
tered channels and two entire read-out ASICs missing, and
was operated with significantly different thresholds (be-
tween 2500 and 12000 e™) in order to allow systematics
performance studies. Parts of the last unit in the second
tracking station could not be brought into stable operating
conditions; therefore, it was kept off.

The mSTS data rates were up to 280 MB/s, which corre-
sponds to an average of 70 Mhits/s.

Hit reconstruction

Reconstruction chain

The data from the detectors are recorded in a set of time
slices written into a Time Slice Archive (TSA-file). These
time slices contain the full amount of data recorded by the
DAQ in a defined time frame (5.12 ps in this case). The
TSA-files are first unpacked and written in a CbmRoot tree,
which contains digis. CbmStsDigis are raw data that con-
tain the address (channel and module) of the fired strip, and
time and charge information of the signal. Clusters are re-
constructed by correlating signals from neighbouring fired
strips. Hits are finally derived from the correlation of clus-
ters on the p- and n-sides. Events are defined using a seed
detector (mTOF in this case) and including all digis within
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a symmetric time window: (—50,+50) ns. A trigger con-
dition of 3 mTOF digis was set in order to accept the event.

Time calibration

The hit reconstruction algorithm looks for pairs of clus-
ters: front and back side of the sensor, within a specific time
window. In order to avoid the reconstruction of hits from
non-correlated clusters is necessary to adjust the global
mSTS and the individual ASICs’ offset to ensure synchro-
nization. A fine time tuning requires a precise time mea-
surement reference, which is the main reason for select-
ing the detector with the best time resolution available dur-
ing the campaign: mTOF. The time correlations between
mSTS-mTOF have been built for a time slice, from where
the global time offset between the two subsystems is ex-
tracted after fitting the correlation peak.
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Figure 1: Time walk correction as a function of the sig-
nal charge (in ADC units): (blue) time difference between
mSTS-mTOF digis; (red) time difference after time walk
correction.

It is also crucial to check the charge dependence of the
signal timing: time walk effect [1]. The relevance of such
a test arises from the fact that the time delay due to time
walking is considerable, reaching values of up to 20 ns,
which prevents the cluster search algorithm from work-
ing optimally with the smallest possible time window. In-
correct digi’s time could lead to the wrong formation of
clusters either by grouping digis with the incorrect time or



Silicon Tracking System

excluding them, making a wrong local hit reconstruction
due to truncated clusters. Figure 1 shows a comparison
before-after the time-walk correction implemented for an
ASIC, where the error bars represent the r.m.s. for the given
charge intervals. This charge-dependent time-shifting is
applied at the digi-level.

Once the proper time calibration has been done, the time
resolution of the mSTS can be extracted. Figure 2 shows
a time difference plot between mSTS-mTOF digis. Fitting
the peak, the value of o = 6.449(9) ns was obtained for a
mean value ¢ = —5.536(9) ns.
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Figure 2: Fitted time difference, mSTS-mTOF digis.

Charge calibration

Charge calibration must be applied before proceeding to
the reconstruction step. Figure 3 shows the charge distri-
bution of all clusters as a function of the cluster size. Fig-
ure 4 shows the charge distribution of 1-strip-cluster sig-
nals that are correlated on the p- and n-sides for unit O
and unit 2, where different thresholds and calibration were
used. Although the lower threshold of the units are not the
same, nor the overflow bins lay at the same charge value,
the overall distributions are quite similar, with a clear peak
around 24 000 e~ corresponding to the MIPs, clearly sepa-
rated from the noise contribution, especially visible in unit
0 where the hardware threshold was set to 2580 e™ .

Hit reconstruction

In the reconstruction, clusters are obtained by neighbor-
ing strips fired close in time (£20 ns). Hits are built from
the correlation of clusters on the p- and n-sides within a
time window of 20 ns. Figure 5 shows the reconstructed
hits projected on the XY plane. From the top picture, the
impact of the missing ASICs on the reconstruction can be
seen, leaving a relevant empty area.
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Figure 3: Cluster size vs charge distribution: (left) unit 0,
(right) unit 2.
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Figure 4: Charge distribution comparison: (red) unit 0,
(blue) unit 2.

Space correlations

STS tracklets

The correlations between hits of the different stations al-
low to extract information on the space resolution achieved
with the mSTS system. At first, all hits of station one are
combined with all hits of station two inside a time window
of (—50,+50) ns (Fig. 6 (top)). Then only the pairs that
are closest in time, are kept. For those, X and Y correlation
are shown in Fig. 6 (bottom). Picking the pairs closest in
time significantly reduces the influence of non-correlated
hits and improves the spatial resolution. The correlation is
better in X than in Y direction since the sensor pitch follows
the X coordinate, while in Y is tilted and the resolution is
therefore reduced by 1/tan(7.5°%).

Moreover the YY correlation was built by merging the
contribution of the different units in the first station, which
are located at different z-positions. The effect has been
verified in simulations. Figure 7 shows the same correla-
tion, separately for the hits that come from the two differ-
ent units. Clearly, the two diagonal structures have differ-
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Figure 5: Hits map projection on XY plane: (top) station 1,
(bottom) station 2.
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Figure 6: Hits correlation between mSTS stations: (left
column) X correlation, (right column) Y correlation; (top)
correlations inside (—50,+50) ns time window, (bottom)
correlations for best time match.

ent angles, producing two different correlations. Although
the difference between the angles is relatively small, it pro-
duces significant smearing of the peak obtained when pro-
jecting along the diagonal. Then, it is essential to split them
when estimating the resolution.

The resolution determination is obtained by fitting the
peak after projecting along the diagonal of the correspond-
ing correlation. Figure 8 shows these projections as well
as the comparison versus simulation (top: XX correlations;
bottom: YY correlations for unit 0).

The standard deviations obtained from the fit reported
in Table 1 are highly consistent with the expectations from
simulation.
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Figure 7: Hits correlation for YY from simulated data:
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Figure 8: Left column: fitted peak (red) of the diagonal
projections (black). Right column: comparison between
simulation (red) and data of the normalized projections for
the correlation (blue).

Table 1: Standard deviations for the fitted peaks.

[cm] [ oxx TYY(0) Oyy(1)
Simulation 0.0280(2) 0.0603(6) 0.1063(13)
Data(run 1588) | 0.0280(3) 0.0655(7) 0.1099(16)

Vertex reconstruction

The best mSTS hit combinations are used to extrapolate
to the expected vertex position in the target plane. Using
a residual minimization procedure, the optimal position of
the detector with respect to the target has been determined.
Figure 9 shows the XY distribution of reconstructed ver-
tices. The target is a rectangular Ni plate of 15 x 35 mm?.



Silicon Tracking System

Our vertex reconstruction is consistent with the target di-
mensions and a plausible beam spread of about half a cen-
timeter.
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Figure 9: XY distribution of reconstructed vertices.

STS-TOF correlations

STS hits are also correlated with hits reconstructed in the
mTOF detector, after a residual minimization procedure [3]
has been applied to determine the optimal position of the
two detectors relative to each other and to the target. Fig-
ure 10 shows mSTS-mTOF correlations in X and Y: the
width is mainly determined by the worst space resolution
of the mTOF detector, and the large distance between the
two systems.

Hit reconstruction efficiency

Using an additional external detector allows one to check
the performance of each mSTS station individually, as it is
possible to build tracklets from the correlation of any two
hits and check the hit reconstruction efficiency of the third
station. Specifically, hits in the first mSTS station are cor-
related with hits in mTOF, the tracklet is extrapolated to the
plane of the second mSTS station and the expected space
point is calculated. Figure 11 shows the XY distribution
of tracklets extrapolated to the first and the second mSTS
station, respectively.

Finally the expected, extrapolated space point is corre-
lated to the hits effectively reconstructed on the second
mSTS station. This can be studied for both mSTS stations.
Figure 12 shows the X and Y correlations between the ex-
trapolated hits and the reconstructed hits, for both cases.

However, to make a quantitative assessment of the hit re-
construction efficiency, as reference candidates should be
considered only those space points arising from extrapola-
tion of tracklets that correspond to a real particle, and do
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Figure 10: Hits correlation: (left column) X correlation,
right column) Y correlation; (top) mTOF vs mSTS station
one, (bottom) mTOF vs mSTS station two.
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Figure 11: Extrapolations from mSTS-mTOF tracklets:
(left) on the first, (right) on the second mSTS station.

not fall into inactive areas of the detector. Therefore the al-
gorithm has been studied with simulations. In simulations
it is possible to check wheather the correlated detector hits
are generated from the same track. Figure 13 shows the
difference of the X position of the extrapolated expected
hit to the locally reconstructed one, Az, for all possible
combinations (black), only for those where the hit in the
reference mSTS station and in the mTOF (blue) or when all
three hits in the two mSTS stations and in the mTOF have
contribution from the same track (green). Clearly the cases
corresponding to the same track traversing all the three sta-
tions are concentrated in a narrow peak around zero, on
top of a combinatorial background arising from random hit
combinations.

In the data, we cannot check wheather a pair of hits is
generated from the same track. However, the sample of real
correlations can be enhanced imposing that all pairs used to
build the extrapolations come from the target. For this, the
mSTSO0(1)-mTOF tracklets were extrapolated to the target
plane (similar to what shown in Fig. 9 for the mSTS0-STS1
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Figure 12: Hits correlation: (left column) X correlation,
(right column) Y correlation; (top) extrapolated hits using
mTOF and mSts station 1, (bottom) extrapolated hits using
mTOF and mSTS station 2.
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Figure 13: Az = Xeactrapolated - Xlocally reconstructed-
(black) all possible extrapolations; (blue) only hits
pairs, mSTS:mTOF having contributions from the same
track; (green) only when the triad extrapolated (pair
mSTS:mTOF), locally reconstructed, have contributions
from the same track.

tracklets) and only those pairs coming from the small in-
tense region were used to build the reference space points.
Figure 14 shows the difference in X between those refer-
ence points (from mSTSO(1)-mTOF tracklets) and the lo-
cally reconstructed (STS1(0)) points. The correlation peak
is sligthly more narrow and centered for simulations, be-
cause of the uncertainties of the alignment procedure ap-
plied in data, but otherwise the agreement is remarkable.

Based on this, we can derive a condition for the ef-
ficiency: the extrapolated hit is considered found (i.e.
matched by a local reconstructed hit) if the XY-distance
between them Ap < 0.2 cm and if they are all inside a
time window: € [—50, +50] ns.

In order to avoid issues with inactive areas of the de-
tector, the comparison between expected extrapolated and
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Figure 14: Az = Xeactrapolated - Xlacally reconstructed of
(red) simulations: hits pairs, mSTS:mTOF having contri-
butions from the same track; (red) hit pairs mSTS:mTOF
originating from the target.

locally reconstructed hits has been made in a small limited
area z € [—1.5,1.5| Ny € [—5,—2], where the detector
is fully operational. This lead to an approximate value of
efficiency: 97.6% for station 1 and 97.4% for station 2.

Summary and outlook

For the first time in the beamtime of July 2021 a mSTS
setup comprising of two tracking stations and a large num-
ber of modules was built with the most up-to-date compo-
nents, assembled and operated. The targeted STS system
noise of around 1000 e~ was achieved, in agreement with
theoretical expectations. Reliable long-term operation in
heavy-ion test-beam was achieved. Besides a few uncon-
nected channels (typically less than 1%), and two broken
ASICs, three detector units were operational. An excellent
space and time resolution, in line with expectations, was
demonstrated. The charge distributions of reconstructed
hits show a clear separation between noise and mip posi-
tion. Using the correlations of mSTS hits, the vertex recon-
struction is achieved successfully. Using the mTOF as ad-
ditional external reference, we assess a satisfactory sizable
hit reconstruction efficiency of 97.5%, compatible with the
expectation from simulations. Further differential studies
can bring insights in the dependence on thresholds and fur-
ther settings of the detector.
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Introduction

J-PARC E16 [1,2] aims to measure dielectron in pA col-
lisions at 30 GeV. It started its commissioning in 2020, and
the first physics data taking is expected in 2023. We will
adopt STS as the most inner tracking system for the spec-
trometer. We expect it to have a position resolution of ap-
prox. 30 pm, a time resolution of approx. 6 ns and an
efficiency of approx. 95%.

We have performed a beam test using the positron beam
at ELPH, Tohoku University [3] in December 2021. The
purpose was to establish STS operation by ourselves and to
measure the time resolution and the efficiency of the proto-
type 02TI_6. The size of the Si sensor is 62 x 62 mm?. The
FEBS boards are connected by 45 cm-long micro-cables
and are equipped with prototype SMX’s v2.1 [4].

Experimental setup, DAQ and STS box

The test experiment was performed at ELPH on De-
cember 20-23, 2021. Positron beam with a momentum
of 600 MeV/c was used. The beam repetition cycle was
17 sec, out of which the beam was extracted continuously
for 10 sec. Fig. 1 depicts the experimental setup. Five scin-

Scintillators Si sensor Scintillators
60 x 60mm?
10x10mm?2
30x30 mm? 10x10mm?2

2.5mm overlap

beam |

Discriminators /
Coincidence unit

x

Figure 1: Experimental setup

tillators were used to define the beam spot to be 2.5 mm
horizontally and 10 mm vertically. The coincidence rate
of the scintillators were about 30 Hz when the beam was
extracted. In between the scintillators, the STS prototype
was placed. Data taking was performed using a GBTXEMU
board connected to a PC through a switching hub. The two

*Work supported by JSPS KAKENHI Grant Nos. JP21H01102 and
JP20H05647.
T kazuya.aoki@kek.jp
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FEBS boards of the sensor were connected to the GBTx-
EMU board through flat cables. We prepared a separate
FEBS8 board whose calibration port accepted the scintilla-
tor coincidence signal. The FEB8 was also connected to the
same GBTXEMU. The e-link clock was 160 MHz and the
TDC is counted in DDR, which resulted in 3.125 nsLSB.

A special firmware of the GBTXxEMU was prepared for
the test experiment, based on Smx-tester [5]. Smx-tester
has data FIFO for each e-link and records 64-bit 40-MHz
system-clock together with the SMX data frames. While
TDC of an STS hit is only 14bit (the full range is 51 usec),
64-bit system-clock enabled us to reconstruct higher TDC
bits. Slow control and FIFO readout can be done using
IPBus which was very slow for data taking (~ 1 sec per
e-link). Therefore, SiTCP [6] was implemented which en-
ables fast TCP data transfer up to 1 Gbps. A data frame
was 96 bits in total and was received by the PC.

Figure 2 shows a photo of the STS box. The sensor is
glued using CAF4 on to the sensor support (black in the
photo) which is made of ABS. Then the support is mounted
on the aluminum back plate. The FEBS8 boards of the sen-
sor are attached to a 1 cm thick aluminum plate using heat-
conducting sticky sheets. This plate is attached to the back
plate which is cooled on the outside by a fan.

Figure 2: Photo of the STS box, taken after the beam test.
The Kapton sheets were not there at the time of experiment,
which may have caused the electrical contact problem.

The bias voltage applied to the sensor was only £35 V
as there was a current leak when more bias was applied.
(The nominal value for the bias is =75 V.) We suspect the
cause of the leak is due to an electrical contact between the
micro-cables and the STS box. The applied bias voltage
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was close to the value required for full sensor depletion,
but did not reach over-bias. Therefore, the collection field
is very weak near the strip and could worsen the collection
efficiency.

The noise level was quite high and vary time to time,
possibly due to grounding, not-enough bias voltage, and
loose micro-cables moving around inside the box.

Results and discussions

For a very short period of time the noise level was low
enough to take data. The data presented here was taken
during that period. Three SMX’s from the n-side were
only readout and used without ADC calibration (trim ad-
justment).

Figure 3 shows the time difference of the sensor hit
and the scintillator coincidence. We observed two peaks.
Peak 1 comes from an SMX and peak 2 comes from the
other two SMX’s. The figure illustrates a problem in the
synchronization which needed to be solved. According
to Peak 1, the time resolution was 5.6 ns which is good
enough for the J-PARC experiment. Note that time walk
correction was not done. Figure 4 shows the beam profile.
Here, peak 1 (blue line) corresponds to the Peak 1 in Fig. 3.
The efficiency was only approx. 25%.
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Figure 3: TDC difference between an STS hit and a scin-
tillator coincidence.
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So far identified reasons for the low efficiency are A)
half of the channels (even-numbered strips) were effec-
tively masked, which accounts for 50%, and B) the thresh-
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olds were too high which accounts for 70%. The root cause
of A) and B) were high noise level of ~0.8 fC.

A) Due to high noise, mainly even-numbered strips were
hot. We effectively masked these strips by raising the cor-
responding ADC ch.1 threshold very high (trim was set to
1). About half of the strips were masked by the procedure,
which resulted in 50% loss.

B) Figure 5 describes the threshold distribution for un-
masked channels of the SMX which corresponds to Peak 1,
in terms of test pulse height (amp_cal) of SMX [3]. The av-
erage threshold was 3.5 fC (corresponds to 44 in amp_cal).
Energy loss distribution of incident particles was calculated
using Garfield++/Heed and compared with the threshold.
The average threshold makes the efficiency to be 70%.

Summary and outlook

A beam test was performed using an STS prototype at
ELPH in Japan. The prototype was successfully operated.
Time resolution was good (5.6 ns) but the efficiency was
low (25%). Main reasons for the low efficieny were identi-
fied. Study continues at our lab to improve the STS opera-
tion and performance according to the findings.

Threshold for unmasked channels in an SMX
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Figure 5: Threshold distribution for unmasked channels in
the SMX which accepts most of the beam hits.
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RICH summary*
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The CBM RICH project has made substantial progress
in various fields in 2021 despite the difficulties which we
all encountered during the continuation of the Corona pan-
demic. In this Progress Report we will present our achieve-
ments.

The RICH project has transitioned from the design- into
the construction phase, with significant progress in many
aspects over the last year. Following the clear mandate
from the mechanics CDR and photon detector EDR end of
2020, we have started the construction of a full-size camera
demonstrator. This prototype of one full camera (the RICH
has two of those in total) will allow for a complete test of
the mechanical design to qualify it in terms of mechanical
stability, practice camera handling procedures, and confirm
the functionality of the closed-loop air-cooling system. The
latter is already under construction and will allow to derive
all necessary experience for the design of the full system
for CBM. The whole camera demonstrator including the
cooling advanced considerably in 2021 and will be com-
pleted and tested in 2022.

The development of the photocamera prototype is
closely connected to the overall design of the RICH cam-
era mechanics, in particular also the shielding box. After
the successful completion of the RICH mechanics CDR in
2020, the EDR was being prepared and was close to fi-
nalization before Feb. 24, 2022. A first version of the gas
system FDR has been handed in Jan. 2022.

Progress has also been achieved in the production of first
readout components for the electronic readout chain of the
CBM RICH. All 230 backplanes for the RICH detector
have been produced and did undergo a QA testing. Thus, a
“first of series test” for the RICH electronics has success-
fully been achieved in 2021. In total, a production yield
of around 90% is reached which is comparable to the ex-
perience in HADES. A fraction (98) of these backplanes
will now be installed in the photocamera prototype which
is under construction.

The mRICH detector readout firmware was successfully
changed to the new CRI platform which will be the fi-
nal platform for RICH in CBM. The CRI took over the
functionality of the previously used DPB and FLIB and
showed a remarkable performance in all beamtimes start-
ing summer 2021. A new unpacker that was necessary to

*Work supported by GSI and BMBF contract No. 05P15RGFCA,
05P19RGFCA,  05P21RGFCI, 05P15PXFCA,  05P19PXFCA,
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(HFHF), GSI Helmholtzzentrum fiir Schwerionenforschung, Campus
Gieflen
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adopt to the data format from CRI was successfully imple-
mented. In addition, a first functional bridge between the
CBM DCA and the TrbNet Slow Control was developed
and tested.

The slow control system for the RICH detector includes
also monitoring of additional sensors regarding e.g. the
temperature and magnetic field in the RICH detector. Small
sensor boards that can be inserted inside the gas volume be-
low the MAPMTs have been developed and tested. Signals
from those sensors can also be included into a hardware in-
terlock system for MAPMT protection for which a concept
has been proposed.

The RICH detector, ring reconstruction and low-mass
vector meson analysis in cbmroot has seen considerable
changes and updates in 2021. The RICH geometry used so
far in CBM simulations was established with conversion
macros from CAD drawings directly. However, this
conversion needs expert knowledge and was not further
usable, thus we re-implemented the full RICH geometry
based on ROOT. This is a sustainable solution for easier
maintenance. Ring finding in mCBM has always been
more difficult and less performant than in CBM due to
special features of the aerogel setup. New NN based noise
reduction algorithms have been developed to improve
this situation. In addition, CNN ring recognition has
been developed and is investigated as alternative to the
well established Hough Transform. The dilepton analysis
framework had been growing since more than 10 years
and thus developed a structure which was not any more
efficient and easy to overlook. Therefore, the whole
framework has been restructured providing nowadays also
routines for background compilation.

Last but not least it is worthwhile to report at least on
this RICH summary level, that the HADES RICH detector
is now operated with 428 of the CBMs H12700 MAPMTs
including same the DiRICH readout chain as is planned
for CBM, has participated very successfully in a 4-weeks
HADES beamtime with p+p collisions at SIS18.
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Prototype of the CBM RICH photon detector”
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Introduction

As a result of the construction design review (CDR) of
the RICH mechanics conducted in October 2020, it was
recommended to start immediately with the assembly of a
full-size prototype (“demonstrator”) of the first RICH pho-
ton detector camera in order to qualify the design in terms
of mechanical stability, to practice camera handling proce-
dures, and in particular to confirm the unique closed-loop
air cooling concept. Transferring the theoretical 3D model
into a full engineering design involved the investigation of
manufacturing possibilities and iterative adjustments to the
design of the camera parts, which was done in close co-
operation with the manufacturing companies and experi-
enced colleagues of the RICH working group. Based on the
most recent CATIA CAD model of the detector, the camera
front was manufactured in our workshop at the University
of Wuppertal. Those parts of the camera box which were
too large to be handled by our local workshop were manu-
factured by an external CNC-milling company after inten-
sive market review. All mechanical main components for
the first camera prototype became available end of 2021.

Camera rack

For assembly of the prototype camera, a specially de-
signed camera rack was built from stable aluminum con-
struction profiles. Fixed to this camera rack is a camera
mounting flange identical to the later mounting flanges on
the RICH vessel. This mounting flange will later be the
only contact surface between camera and RICH vessel with
its shielding boxes. Using ball bearings, the heavy camera
prototype (total weight ~ 600 kg) can be rotated to any po-
sition around the z-axis, which aids assembly work. Later,
this rotating stand will also be used to practice the instal-
lation routine of a fully equipped camera module into both
upper and lower mounting position in the detector. More-
over, it will serve as a maintenance rack inside the CBM
cave. A photograph of the full-size demonstrator of the
photon detection camera including the supporting camera
rack is shown in Figure 1.

Construction of the demonstrator

The photon detector camera consists of two mechani-
cal main units, the camera front and the supporting cam-
era box. The camera front consists of 14 individual CNC-
milled aluminum columns (material: EN AW-5083), ar-

*Work supported by BMBF (05P19PXFCA, 05P21PXFC1) and GSI
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ranged in a circular shaped pattern following the optimal
focal plane of the RICH mirror. The individual elements
are screwed - and additionally glued - together, serving as
support structure for the MAPMT read-out modules, such
that the resulting area of the MAPMTs’ entrance windows
closely matches to the Monte Carlo optimized photon de-
tection plane of 2226 x 741 mm?, see [1].

The camera box consists of three individual CNC-milled
parts (material: EN AW-6082): two identical D-shaped
top and bottom plates and a rectangular flange, which are
screwed - and additionally glued - together. The D-shaped
plates serve as support for the camera front to maintain
the specific radius of R = 1699 mm of the photon de-
tection plane, resulting in a radius of R = 1650 mm at
the inner inside of the camera front. The total weight of
these parts amounts to ~ 120kg, and outer dimensions
to 2235 x 990 x 410 mm?3. All openings in the camera
front will be closed by MAPMT readout module back-
plane PCBs. A gas-tight seal is ensured by means of a
rubber O-ring situated in a fine grove in the aluminum el-
ements, sealing against the gold-plated PCB backside, as
shown in Fig. 2. Each camera will be inserted from out-
side into its own shielding box, which in turn is an inte-
gral part of the RICH radiator vessel and is fixed solely via
its flange against the mounting flange of the shielding box.
This design ensures mechanical decoupling of the fragile

Figure 1: Photograph of the full-size demonstrator of the
photon camera unit, showing the camera front consisting
of 14 individual support frames, as well as the mechani-
cal frame structure consisting of three individual compo-
nents. The demonstrator is mounted to the rack for assem-
bly work.
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Figure 2: Section of the camera front, showing the rubber
O-ring (d = 1.5 mm) lying inside a groove in the aluminum
column (marked with A) and two green MAPMT readout
module backplanes (marked with B).

MAPMTSs and camera against the heavy steel parts of the
shielding box.

Top and bottom plates of the camera box are identically
D-shaped, CNC-milled aluminum parts (material: EN AW-
6082) with dimensions of 2038 x 380 x 15 mm?. The flange
of the camera box (used for fixation and handling of the
camera) is a solid, rectangular CNC-milled aluminum part
(material: EN AW-6082) with dimensions of 2235 x 990 x
20 mm?.

The 14 frame elements of the camera front are individu-
ally CNC-milled (material: EN AW-5083) with dimensions
of 900 x 157 x 10mm3 each. A similar mounting con-
cept for the readout modules was already applied for the
HADES RICH detector, and has proven to provide suffi-
cient strength, gas- and light-tightness.

Due to the slight curvature of the photon detection
plane and due to manufacturing tolerances the, gap be-
tween neighboring MAPMT entrance windows between
two columns is now in the order of d’ ~ 3 mm, where the
gap between MAPMT windows on the same frame element
is in the order of d = 1.5 mm. This minimum gap is needed
in order to still be able to remove individual MAPMTs by
a special tool and to provide sufficient safety margin for
MAPMT tolerances.

FEM stress simulation

The structural stability and stiffness of the mechani-
cal parts of the camera unit has been simulated by ap-
plying a Finite Element simulation (FEM) on a simplified
model of the aluminum camera unit. The following pa-
rameters of the simulation were chosen: Young modulus
E = 7.0 x 10'° N/m?2, density p = 2.7 g/lcm? for the cam-
era material and the weight of the camera structure itself,
and an additional load of 250 kg acting in vertical direction
representing the weight of the MAPMTs and read-out elec-
tronics, with a tilt angle of the camera of 22 ° from vertical
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Figure 3: FEM simulation result of structural stability and
stiffness of a simplified aluminum camera unit based on
CATIA.

around the x-axis. The plates have a thickness of 15 mm
and the flange has a thickness of 20 mm, the simulated ma-
terial consists of a high-strength aluminum alloy (EN AW-
6082) to find a good balance between stability and weight.

According to the simulation results depicted in Fig. 3
(obtained with CATIA and independently confirmed with
CALCULUS), a maximum deformation of 0.16 mm is to
be expected, with maximum von-Mises stress values reach-
ing ~ 10 MPa.

Final design parameters

This preliminary engineering design is based on the fol-
lowing geometrical parameters: A mirror tilt angle of 12°
with respect to the horizontal beam line, and the according
positions and tilt angles of the cylindrical shaped photon
detection plane (dimension 2226 x 741 mm?) which were
the result of detailed Monte Carlo based optimizations (see
[3D:

Upper camera unit: center of sensitive plane at Z =
2402 mm, Y 1655 mm, tilt angle 22° from vertical
around the x-axis; Lower camera unit: center of sensi-
tive plane at Z = —2402mm, ¥ = —1655 mm, tilt angle
—22°).
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Prototype of the CBM RICH cooling system*
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A central issue in the development of the CBM RICH
photon detectors is the cooling of the frontend readout
electronics. Both photon cameras together will comprise
around 2500 individidual electronic modules, producing a
total of around 2 x 3 = 6kW heat dissipation during op-
eration. Within each camera, the electronics are located
in a fairly small, closed volume, enclosed by the camera
module- and shielding box walls. Direct water cooling of
the dissipated heat is almost impossible due to the large
number of individual readout cards, and the inherent dan-
ger of water leaks right inside the sensitive electronics.
This has been the motivation for the development of a
closed-loop air-cooling concept, where cold air (T< 18° C)
is injected into each camera module and guided via a large
number of individual cooling channels right in between the
electronic modules, pushing the warm air out between the
modules, away from the backplane and PMTs which are
particularly sensitive to heat (The sensor temperature must
stay below 30° C at all time). The heated air (~ 45° C)
is then extracted again from the camera volumes, and re-
circulated via a large blower through a water-air heat ex-
changer, following the requirement that the detector heat
dissipation shall not be released into the cave directly. This
concept has been tested on smaller prototypes already, giv-
ing first estimates on the required air volume [1, 2, 3].
Based on these measurements, we estimate the cooling air
requirement to be in the order of 5 m®/min per camera, or
600 m3/h for the full RICH. The pressure drop inside the
camera should stay well below 100 mbar, more in the or-
der of 20-40 mbar according to current estimates. Pres-
sure drop in the heat exchanger+separator is ~ 20 mbar at
maximum expected air flow. The new prototype cooling
system, which in the current version should be sufficient
to cool one full camera module, will allow to derive ex-
act numbers on the requirements, and help to determine
the final blower (probably a rotating piston blower for ef-
ficiency reasons) to be obtained. It will further allow to
get first experience with the cooling system and to develop
all necessary control- monitoring- and safety interlock sys-
tems. The cooling prototype (see Fig. 1) is build around
the large air-water heat exchanger (Parker WFN090) with
additional centrifugal water separator (Parker SFHO89N)
to reliably remove any condensing water from the output
airstream. The heat exchanger represents the coldest point
in the closed loop, ensuring a relative humidity of the out-
put air less than 100 % everywhere else in the loop to avoid
condensation. The heat exchanger is already dimensioned

*Work supported by BMBF (05P19PXFCA, 05P21PXFC1) and GSI
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Figure 1: Picture of the prototype cooling system setup in
the lab, consisting of a large water-air heat exchanger with
water separator, fed by a small sidechannel blower to be
used for the first tests (left).

for the full CBM RICH detector, and will later be moved
into the CBM cave as part of the final system. A small
blower at the input side provides the necessary airflow and
differential pressure (max. 2.2 kW, 400 m3/h @ 100 mbar).
For first measurements the system will be operated open-
loop, with air inlet via a large filter, but also closed-loop
operation is possible. Airflow and pressure are controlled
by a variable 3-phase frequency converter in the electronic
control cabinet (Fig. 2), including also a Raspberry-Pi for
slow-control and monitoring of the blower and all attached
sensors. Cooling water is controlled via a solenoid valve,
allowing temperature control (for the purpose of test mea-
surements) of the air flow by using a PID control loop.

Figure 2: Control cabinet for
the blower control, including a
Raspberry-Pi for control of the
blower and sensor readout via
EPICS.
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Introduction

The CBM RICH detector signal digitization and read-
out is based on the DIRICH readout chain [1], providing
a quasi free-streaming FPGA-TDC readout with leading-
and trailing edge time measurement. The sensors and read-
out electronic is organized in readout modules of 3 x 2 =
6 Multianode PMTs each, digitized by twelve DIRICH
FrontEnd modules (FEBs) (32+1 readout channels each).
All readout cards per module are supplied via a common
DIRICH power module on the same backplane, offering
four different Low Voltage (LV) supply channels (1.1V,
1.2V, 2.5V, 3.3V) as well as high voltage distribution
(up to —1500V) for all six MAPMTs per module. For
the CBM RICH, we intend to use DC-DC converters on-
board the DIRICH-power module in order to supply all LV
needs from a single ~ 36 V DC input line. This drasti-
cally reduces the cabling effort and problems due to volt-
age drops on long supply cables as compared to a power-
ing scheme using external LV power supplies. Experience
from the HADES RICH detector, using the same readout
chain, however showed significant additional noise induced
by the large number of DC-DC converters close to the sen-
sitive analog electronics despite already comprehensive fil-
tering efforts. In the end, in HADES an alternative pow-
ering scheme had to be implemented, where LV is sup-
plied by external power supplies, and only a linear fine-
regulation onboard the power modules is accomplished.
Noise performance of this external supply scheme can be
regarded as reference for all future DC-DC-based efforts.

For the CBM RICH detector, a new iteration of the
DIRICH power module has been developed, using new
generation “silent switcher” DC-DC converters (Linear
Technologies LT8648), combined with additional state-of-
the-art filtering measures and optimized PCB design, in or-
der to reduce the noise induced by the converters. Further
shielding can be achieved using a special metal shielding
cage and an additional EMV absorber foil close to the con-
verters.

Different variants of this new power module were tested
in the lab, and the noise performance quantitatively com-
pared to the old power module, both using the onboard
DC-DC as well as the external powering scheme with only
linear regulation of the old module (which is considered as
the reference).

*Work supported by BMBF (05P19PXFCA,05P21PXFC1), and GSI.
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Figure 1: Old power module with on-board DC-DC con-
verter, both single voltage input (SVI) and external LV in-
put (upper left); New power module with SVI port only
(DC-DC converter) (upper right); with additional metal
shielding box (lower left); and with shielding box plus
EMV foil (lower right).

Laboratory Measurement of induced noise

In order to compare the noise performance of the differ-
ent power modules and configurations, the ”average noise
bandwidth” of the DIRICH input channels is taken as the
measurement observable. To determine this noise band-
width, the threshold for each channel of a DIRICH is varied
in small steps from negative to positive thresholds measur-
ing the scaler rate (the scaler is a simple edge counter after
the discrimination stage) at each step. A steep in-/decrease
in the measured scalar rate as function of threshold marks
the noise edges. The difference between positive and neg-
ative noise edge is considered the noise bandwidth, their
mean value defines the individual channel baseline. A fully
equipped backplane with twelve DIRICH-FEBs, a power
module and combiner was set up in the lab in order to com-
pare the different power module versions with respect to
the induced noise.

Comparison of the induced noise from different power
module variants was achieved according to the following
scheme:

e The backplane was fully equipped with all modules in
order to achieve a realistic power load situation.

e The noise bandwidth was always determined for the
same DIRICH module to ensure equal noise perfor-
mance of the DIRICH itself.
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Figure 2: Average half noise bandwidth over 32 channels for the different power modules with different configurations.

The DIRICH under test was positioned in different
backplane slots varying its distance to the power mod-
ule allowing to measure the distance dependence of
the DC-DC-induced noise on the DIRICH.

Average half noise bandwidth over all 32 channels of
the DIRICH under test was measured.

These measurements were repeated using both old and
new DIRICH-Power Module, where both the inter-
nal, DC-DC-based as well as the external powering
scheme were applied for the old module.

The measurements of the new power module were re-
peated with- and without shielding box and EMV foil.

Also the influence of the DC-DC input supply voltage
(18 V to 32 V) on the noise performance was studied.

Measurement results and discussion

Results of the induced noise measurement for all the
tested configurations is summarized in Fig. 2. Given is the
measured half noise bandwidth (from baseline to end-of-
noise) for different positions of the DIRICH module on the
backplane with respect to the power module (color code),
and for the different configurations (z-axis). The value
of half noise bandwidth, measured after the DIRICH pre-
amplification stage and given in mV, is a good measure of
the minimum threshold the DIRICH can be operated at, be-
fore the input channels start to pick up noise.

For reference, the HADES RICH detector is usually op-
erated at threshold voltage levels in the order 50-70 mV
(after pre-amplification), ensuring good single-photon effi-
ciency and timing precision. With the new power module,
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using the DC-DC based powering scheme, the noise level
observed in all DIRICH configurations is usually well be-
low this threshold, particularly if the additional shielding
plate is used. For the old power module however, if us-
ing the on board DC-DC converters, the noise level reaches
average values close to 100 mV in close proximity to the
power module, with individual channels even larger. In
this case, an operation threshold well above 100 mV would
be required, sacrificing significantly efficiency and timing.
Noise figures achieved with external LV powering are still
the lowest, but only slightly better than the performance
achieved with the new module and DC-DC powering if the
metal shielding cage is mounted. A clear distance depen-
dence can also be observed, with largest noise levels closest
to the power module, proving that the EM noise is mainly
radiated over air, and not coming in via the supply lines.
With the new iteration of DC-DC converter and using
a shielding cage, the overall noise bandwidth is less than
10 mV which is far less than the standard operating thresh-
old of 50-70 mV, and very close to the external LV power-
ing scheme.
Additional tests showed, that using the new power mod-
ule with DC-DC powering as compared to the old module
with external powering also has very little to zero effect on
the overall timing precision of the DIRICH. These results
could also be confirmed in the mCBM setup, where the new
power module was also tested.

References

[1]1 J. Michel et al., Electronics for the RICH detectors of the
HADES and CBM experiments, Journal of Instrumentation,
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Introduction

The CBM RICH detector readout electronics is orga-
nized in modules of 3 x 2 = 6 Multianode Photon sensors
each, read out via 12 DIRICH frontend cards, a DIRICH-
Concentrator, and DIRICH-Power module. Central ele-
ment of each such readout module is the DIRICH back-
plane PCB, interconnecting the 6 photon sensors mounted
at the front side, and the 12+2 readout modules mounted
on its backside. The backplane PCBs were the first of the
CBM RICH readout components to be built in mass pro-
duction. With the production starting in 2021, a total of
230 backplanes were assembled by the external company
”Rossmanith”. Once installed, exchanging backplanes is
a time-consuming procedure. Thus, we decided to per-
form a comprehensive QA survey of each single backplane,
assuring that all backplanes later installed in the detector
are fully functional. This QA test includes semi-automatic
tests of every single analog/digital channel, trigger-, power-
and clock distribution.

Test procedure

Figure 1: Backplane test setup. The DIRICH readout mod-
ules are located on the right, with the input specially de-
signed test PCBs inserted on the left.

Each backplane under test is mounted inside an air
cooled rig, shown in Fig. 1, and fully equipped with a ref-
erence set of DIRICH readout modules. Using the same
DIRICH front-end card at the same position for each tested
backplane ensures that any variation observed in compari-
son to the standard reference backplane data set is caused

*Work supported by BMBF (05P19PXFCA, 05P21PXFC1) and GSI
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solely by the backplane under test. Test pulses of realis-
tic amplitude and shape are injected in parallel into each
of the 348 analog input channels using custom made pulse
distribution boards replacing the MAPMT’s. A single pulse
generator is used as common signal source, its output be-
ing passively split via resistive dividers, such that the signal
amplitude is alternating between two levels in neighboring
channels on the backplane. This approach allows to also
check for cross talk or short circuits between neighboring
backplane channels, and produces a distinct pattern easily
comprehensible already on a quick look.

The test procedure itself is based on a software tool for
threshold- scan and adjustment which had been developed
for control of the HADES RICH (cf. [1]). For automatic
evaluation, one fully-functional backplane is defined as ref-
erence so that deviations to this reference can easily be de-
tected by a monitoring script. Channel-to-channel varia-
tions which can be caused by gain variations in the DIRICH
input amplifier stages, are excluded by always using the
same DIRICH modules during all measurements.

0x1716

i 5 l! 15 !! !5 !! 0

Threshold
NS

Channel

Figure 2: Threshold scan result for 32 out of 384 simul-
taneously measured channels with the reference backplane
measurement marked in pink.

Each DIRICH comprises sensors for supply voltage and
temperature, and these values are read out and stored for
each start up sequence, providing a first quick check for
short circuits on the backplane. A cooling fan mounted
beneath the right hand side (see Fig. 1) of the backplane
ensures that neither the 12 DIRICH’s nor the combiner- or
power module exceed at temperature of 35 °C.

The main test measurement consists of a threshold scan on
all 384 DIRICH channels, where the discriminator rate, i.e.
the rate on the DIRICH input stage, is plotted as function
of threshold. If the channel is working correctly, this spec-
trum must show a clear amplitude-dependent cut-off in rate
once the discriminator threshold exceeds the signal ampli-
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Figure 3: Noise bandwidth scan result for 32 out of 384
simultaneous measured channels with the reference back-
plane measurement marked in pink.

tude. The pulse generator amplitude is kept constant for all
measurements, and chosen such, that this cut-off is visible
around 300-500 mV discriminator threshold. An example
of such a threshold scan on a single DIRICH (32 channels)
is shown in Fig. 2. One can clearly spot the high and low
signal amplitude in neighboring channels. The reference
measurements marked in pink allow to easily identify ma-
jor deviations between this measurement and that of the
reference backplane.

As a second measurement, the noise bandwidth on all
channels is measured. This property is a measure for the
noise picked up on the input stage of the DIRICH and as
such might be altered by improperly soldered connectors
on the backplane, leading to open input channels. Hereby,
an either too large or too small noisebandwidth might in-
dicate problems in the individual channel. Figure 3 shows
an example of such a noise band measurement for a sin-
gle DIRICH. The significant asymmetry between channels
1-16 and 17-32 (front / back side of the module) seen
here could be caused by proximity to the DIRICH-Power
module inducing noise on the directly facing side of the
DIRICH module.

Further tests check for the presence of channel 0 trigger
reference signals in each DIRICH module, which is crucial
for use in the detector. Any conspicuous features in these
channels are considered to be a severe issue.

In a final step, all test results are stored within the hard-
ware database at the University of Wuppertal.

Measurement results

After inspecting all 230 backplanes, several defects and
features have been found. If a backplane showed defects,
the test procedure was repeated multiple times to exclude
trivial mistakes. These defects can be summarized as fol-
lows (see also Tab. 1): Most of the tested backplanes, 206
pc or 89% of all tested backplanes, showed no significant
issues. Hereby, minor deviations within 5% with respect to
the reference were tolerated in each channel. These back-
planes can directly be installed in the CBM RICH detector
where a total of 2 x 98 = 196 backplanes is needed to equip
both photon cameras. Eleven percent, i.e. 24 out of 230
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tested backplanes, showed issues during the tests which re-
quire further investigation and maybe SMD rework. Out of
these 24 erroneous backplanes, 17 have been found to have
only minor issues. These were identified by having at least
one major threshold deviation from the reference measure-
ments or were missing at least one complete channel. Since
this is a very high standard, erroneous backplanes had to
display this feature in multiple test runs. Such defects can
probably still be fixed by re-soldering individual connec-
tors on the DIRICH-or the PMT side. A total of seven
backplanes showed more severe issues. These can be di-
vided into two major categories. Either the trigger timing
signal is missing (i.e. channel 0) in at least one DIRICH
channel or the start up sequence could not be completed.
While the missing trigger might be fixed by re-soldering
the according connector, the latter malfunction indicates
a severe short circuit or PCB problem. Backplanes with
such severe issues need more detailed investigations to see
if they can be fixed. In summary, a total production yield
of around 90% is achieved, which is similar to the yield
from an earlier backplane mass production for the HADES
RICH detector. Albeit having such a high yield, the results
still underline the necessity for detailed QA testing prior to
installation in the detector.

N ‘ Status

206 without any issues
17 | few individual channels missing
7 more severe issues

Table 1: Summary of backplane series production QA re-
sults.

A fraction of the tested backplanes will now be installed
in the CBM RICH camera demonstrator to evaluate the
overall camera design. Later, the whole setup will also be
used for realistic tests of the CBM RICH cooling concept.

References

[1] J. Fortsch et al., Deriving the discrimination threshold in the
DIRICH readout chain, CBM progress report 2017, p. 63.
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Introduction

The CBM RICH detector is a gaseous Cherenkov detec-
tor with Multi-Anode Photo-Multiplier Tubes (MAPMTs)
as photon camera. In order to achieve a long lifetime of the
MAPMTSs and a low dark rate for the best data quality, it is
important to operate at an adequately low temperature. In
case of failures, e.g. of the cooling system, an automated
shutdown of the low- and high voltage is needed. Addi-
tional shutdown scenarios are foreseen and will be included
into an interlock system.

The Interlock System

The CBM RICH interlock system will be build from two
layers. First of all, a software based interlock system will
be in place. Based on e.g. EPICS, the low and high volt-
age power modules could be switched off if certain control
values are out of range. As the experience over the last
years in HADES and mCBM showed, software and net-
works which are essential for communication, are prone
to errors. Therefore, a second layer of a hardware based
backup interlock has been developed. The hardware inter-
lock is always active, and has threshold values higher than
the software based interlock and will react even if the soft-
ware is not operational.

The hardware interlock system is designed as a modular
and scalable system based on logical hardware. It is de-
signed for assembly in an eurorack, defined by the eurocard

*Work supported by BMBF (05SPI9RGFCA, 05P21RGFCI) and
Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF),
Helmholtzzentrum fiir Schwerionenforschung, Campus Giefen.

T adrian.a.weber@exp2.physik.uni-giessen.de
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Figure 1: CAD rendering of the interlock system PCBs in
the eurorack.
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standard, with a custom backplane, two master modules as
well as up to 6 slave modules (see figure 1).

Specific hardware (e.g. see figure 5) will generate con-
trol signals for the interlock unit. For example, a dedicated
Trb5sc (or Trb3sc) will read-out temperature values from
a temperature sensor chain located between MAPMTs and
the DiRICH backplanes. Based on this temperature infor-
mation the software interlock is fed but also the hardware
interlock system is controlled.

Each of the control units is connected to a master channel
of the interlock (shown in figure 2). The master module
hosts 4 inputs each, which are all separately galvanically
decoupled from the rack. A standard Ethernet cable with
RJ45 connector is used to connect the origin of the control
signals to the interlock system. The connection consists
of two LVDS signals, one 5.5 V power line and a ground
connection. On the master module, two LVDS receivers
per channel are driven by the power connection and convert
the LVDS signal into a LVTTL signal. The LVDS signal
from the control unit has to oscillate with a minimum of
0.5 HZ. The oscillation from the control unit is required
as a watchdog. In case a control unit has a problem or a
complete failure and it stops oscillating, the interlock will
directly be activated.

The converted oscillating LVDS signal is further con-
verted into a static signal by the use of an ICM7555. The
static signal is galvanically coupled to the common part of
the master module.

All static input signals of both master inputs (up to 16
signals) in the power domain of the interlock rack are trans-
ported via the backplane towards all 6 connected slave

Figure 2: Rendering of the PCB of the master module for
the interlock system.
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Figure 3: Rendering of the PCB of the slave module for the
interlock system.

modules. A slave module has 3 output channels (see fig-
ure 3). The channels can be connected to the interlock
ports of the commercial low and high voltage power units
(e.g. TDK Lambdas, ISEG HV,...) of the RICH detector via
standard copper cables.

For each of the up to 18 output channels, a combination
of all 16 input channels of the master modules can be se-
lected to control the output channel. The selection of the
input channels used for the interlock control, is based on a
16-bit DIP-switch and AND-gates. Finally the AND of all
selected input signals control two parallel relays to switch
the control lines of the power supply. Two relays are used
as a backup in case one has problems and gets stuck.

In case an interlock should not be active, an expert can
insert a key, based on a barrel jack connector, to shorten the
relays and deactivate the functionality of the output channel
of the interlock rack.

The CBM RICH Backplane Sensors

As previously introduced, the CBM RICH detector slow
control will monitor the temperatures of the MAPMTs to
keep them in a safe temperature domain. Next to the tem-
perature measurement, the RICH will also measure the
magnetic field in different positions on the photo camera
as magnetic fields have a direct influence on the efficiency
of the MAPMTs.

The temperature and magnetic field measurement of the
CBM RICH detector is a further development of the ex-
isting monitoring system build for the HADES RICH. A
network of DS18B20 temperature sensors will be placed
in between the MAPMTs and the backplanes where they
are mounted on. In addition, MLX90393 3-axis magnetic
field sensors will measure the magnetic field on the same
PCB. Figure 4, left, shows the first equipped prototype
PCB. Each row of the photon camera will be equipped with
up to 16 of these PCBs in a chain. The readout of each
row is based on 1-wire for the DS18B20 and I2C for the
MLX90393 sensor. In order to handle voltage drops, keep
the wiring at a minimum and be able to fully activate or de-
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Figure 4: (left) backplane PCB with temperature and mag-
netic field sensor. (right) Adapter PCB for sensor chains.

activate the sensors, an adapter PCB in front of each chain
is required (Figure 4, right).

The adapter boards will be chained to reduce the amount
of wires. The boards are connected to a 5.5 V power line.
Each board has an own LDO and power protection circuit
to generate the operating voltage for the sensors on the con-
nected PCBs and to operate a 1-wire to I2C converter. This
converter allows to reduce the amount of wires needed to
communicate with one row of sensors to just a single wire.

In order to use the temperature sensors for the hard and
software interlock, but also for additional TDC measure-
ments of e.g. laser triggers, a dedicated Trb5sc AddOn
board is developed. The board hosts an own Atmega32U4
microcontroller to read out the sensors and to generate the
interlock signals. It has a full input protection, spare con-
nections for 1-wire, and is also usable as a general pur-
pose AddOn. In order to cope with long 1-wire connec-
tions I2C to 1-Wire drivers are used for the communication
with the backplane sensors. In the laboratory, already a first
firmware (without the support of the I2C to 1-wire driver)
was successfully tested and the temperature as well as the
magnetic field sensor boards could be read out.

Figure 5: Rendering of the Trb5sc AddOn PCB.
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Introduction

The mCBM 2021 beamtime campaign marked the tran-
sition from mCBM phase-I to phase-II. From phase-II on,
the readout chain utilises the Common Readout Interface
(CRI-1), merging the functionality of the previously used
DPB and FLIB into one single FPGA board. The re-
designed readout-chain with the CRI as new key com-
ponent was operated for the first time in the mCBM
2021 beamtime and showed already a remarkable per-
formance. Here, we report recent developments of the
mRICH CRI firmware and first results obtained from the
Fe+Ni@1.71 AGeV beamtime in March 2022 will be
shown.

The mRICH CRI

The development of the CRI based mRICH readout is
based on the ideas and experiences from the previous DPB
readout and adds new solutions. The concepts of the CRI
based readout system for the mRICH introduced in the
CBM progress report 2020 [1] were further improved and
the firmware of the CRI was developed. In addition, a first
functional bridge between the CBM DCA and the TrbNet
SlowControl was developed and tested.

The CRI serves as a data combiner of data links from up
to 47 combiner modules with 12 DiRICH boards per com-
biner each. One additional link of the CRI is reserved for
the TFC system. The 47 links to the combiner boards are
split up in the CRI into up to 24 links on SLR 0O respec-
tively 23 on SLR 1. The Xilinx XCKU115 FPGA of the
CRI utilized the technology of stacked dies. It is build from
multiple dies which are interconnected. Each of the dies
is a Super Logic Region (SLR) of the FPGA. Both SLRs
of the mRICH CRI are handled as individual FPGAs with
identical logic, except the TFC connection and the detailed
configuration of the logic.

The (m)RICH detector front end electronics (FEE) is
based on the TrbNet based DiRICH and combiner boards.
The readout of the DiRICH FEE buffers is initiated by trig-
ger signals. Similar to mCBM phase-1, a pseudo trigger is
send from the CRI board to the combiners.

On each combiner board, a central trigger system (CTS)
is located and translates the pseudo triggers from the CRI
into trigger messages of the TrbNet world to readout the

*Work supported by BMBF (05P19RGFCA, 05P21RGFC1) and
Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF), GSI
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FEE (see Ref. [1]). The trigger distribution via the op-
toLink board from phase-I is replaced by the usage of spe-
cial comma characters of SERDES on the optical fiber con-
nection between CRI and combiner, the so called Deter-
ministic Latency Messages (DLM). Based on the duration
of a microslice and the 40 MHz clock of the timing and fast
control (TFC) system, pseudo triggers are generated on the
CRI (see trigger generator in Fig. 1). In order to cope with
high data rates an increase in the readout rate, independent
of the mircoslice rate, is needed. Therefore the possibility
to generate sub-triggers is introduced. Inside a microslice,
several sub-triggers can be produced in the CRI to increase
the readout rate of the FEE while the global microslice rate
stays constant. The duration of the sub-triggers has to be
a multiple of 25 ns as well as an integer fraction of a mi-
croslice.

Each SLR of the CRI hosts a control hub. This hub
is used to control two data (and slow control) hubs. The
control hub is the entry point of the TrbNet slow control
into the TrbNet network of a SLR. The hub only handles
slow control commands and appears in the TrbNet as an
endpoint. The layer of data hubs serves as additional end-
points and can host up to 12 links to combiner boards each
(see Fig. 1). A further scaling into more data hubs with
less links each is possible.

The layer of data hubs is connected to the combiner
boards. The hubs receive the data transmitted by the me-
dia interface of the combiners and vice versa. It extracts
the slow control as well as the FEE data from the TrbNet
data stream. The slow control response from the FEE is
transmitted to the control hub and further to the TrbNet-
DCA Bridge ( or Slow-control Trb3sc). The FEE data from
each combiner is extracted from the TrbNet data stream, to-
gether with additional control signals from TrbNet.

The extracted data and TrbNet control signals are fur-
ther processed by the trb parser entity. For each link
from a combiner a trb parser entity checks whether the
incoming TDC data from the last sub-sub event of the FEE,
as well as the CTS packets, are valid or show inconsisten-
cies. In case of format errors or buffer overflows sub-sub-
events are fully discarded. Valid data is transferred to an
AXI4-Stream interface with configurable data width and a
prepended header with meta-info.

The AXI4-stream transfers the validated FEE data to a
ms filter entity. The ms filter entity time filters the
packages according to their internal trigger time, the time-
stamp of the CRI as well as the defined microslice window,
defined by the ms merger entity.

Data from all ms filters is merged into microslice
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Figure 1: Schematic overview of the mRICH CRI firmware. The firmware is divided into the two SLRs. For each SLR a
control hub and two data hubs are instantiated. Each SLR can be connected to up to 23 respectively 24 combiner boards.

packages in the ms merger entity, based on the generated
sub-triggers and the microslice duration. The microslice
package is further handled by the common CRI infrastruc-
ture, including the FLIM interface.

The slow control communication with the CRI is based
on the Detector Control Agent (DCA). The slow control of
the DIRICH and combiner FEE, as well as parts of the CRI
are based on TrbNet and therefore not directly compatible.
Next to the possibility of a separate trb3sc connected to the
CRI as slow control input device, a TrbNet-DCA bridge
was developed. The bridge receives TrbNet slow control
commands in the TrbNet package format via DCA on the
CRI and forwards them into the TrbNet slow control chain.
Responses from TrbNet are buffered at the DCA bridge and
can be readout via DCA again.

The TrbNet slow control daemon is reused. A dedicated
python script accepts the UDP based commands from the
daemon, sends them via the DCA to the CRI and handles
the response. In order to cope with the different layout of
the TrbNet setup with many entry points to a smaller Trb-
Net network in the CBM experiment, a merging of data
from both SLRs is integrated to the python script.

Results from CRI based mRICH readout

The full mRICH readout chain from DiRICH boards
via the combiners towards the CRI was tested in several
beamtime campaigns. The following results are obtained
in March 2022 in the Fe+Ni beamtime at 1.71 AGeV (run
2160). The shown results are produced with an interme-
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diate calibration of the mTOF. Further improvements are
expected by newer calibrations.

With the introduction of the CRI the synchronisation
between the sub-detectors was changed. For the first
time the newly developed TFC was used to sync all

time difference mRICH-mTof
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Figure 2: Time correlation between TOF and RICH in run
2160. (Fit of peak: 29.8+5.6 ns)
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Figure 3: Spatial correlation between mTOF and mRICH
hits in run 2160. Only TOF modules in overlap to the
mRICH are selected for this histogram.

sub-detectors. Additionally, an important change for the
mRICH compared to mCBM phase-I is the encapsulation
of the microslices in the RICH. Since phase-II the RICH
data format is redefined and all the information for the
unpacking of a microslice is contained in a single mi-
croslice. This change is especially important for the data
distribution for unpacking to different processing nodes.

Figure 2 shows the time difference between digis in the
RICH and the TOF detector. The offset between both sub-
systems is adjustable by a correction parameter. For now
a standard value was used. Further optimization is needed
as this has to match the time of flight of the particles. The
time correlation obtained by the RICH and TOF detectors
is clean and sharp with a standard deviation of 5.6 ns.

In order to prove the correct behavior of the free-
streaming readout, not only correlations in time should be
observed. Figure 3 shows the spatial correlations in X and
Y between TOF and RICH hits for modules located in the
overlap region between both detectors with respect to the
target. In comparison and as a cross check, figure 4 shows
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Figure 4: Spatial correlation of hits for non overlapping
region of TOF and RICH.
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Figure 5: Time distribution of digis from TOF, TO and
RICH, as well as the reconstructed RICH rings. The dif-
ferent detectors reproduce the overall spill shape. Rings in
the RICH are only reconstructed in spills.

the spatial correlation for the modules next to the RICH
where no spatial overlap to the target is possible. Indeed,
figure 4 shows no correlation in X and Y between RICH
and TOF. All in all, the correlations in time and space are
very clean. They confirm the correctness and synchronicity
of the data transport with the new CRI based readout chain
of the RICH as well as the TOF detector.

Furthermore, figure 5 shows the amount of digis for
different sub-detectors for a certain period of time. It
reproduces the spill shape of the beam for the different de-
tectors. In addition it shows, that the RICH rings are only
reconstructed during spills, supporting the functionality of
the RICH detector and the correctness of the data.

Next to the common analysis between TOF and RICH,
also the basic parameters of the RICH detector are in-
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Figure 6: Time over threshold distribution of the RICH in
digis in run 2160.
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vestigated. Figure 6 shows the time over threshold (ToT)
spectra after offset correction. The sharp double peak
structure is identical to previous runs in phase-1I as well
as phase-I. The application of a ToT cut and the event
building are needed to produce hits of the RICH detector.
Figure 7 shows the hit map of the RICH detector with
all FEE boards operational. The right side of the figure
shows the centres of the reconstructed rings. The rings
cover the full area of the RICH, but still tend to be located
in-between MAPMTs.

Summary

The change of the readout scheme of the mRICH detec-
tor to the CRI based readout was a success. Next to the
stable behavior of the full detector in several beamtimes,
major milestones in the firmware development of the RICH
detector could be achieved. The synchronicity and validity
of the data transport could be shown in two detectors. Next
to the time and spatial correlations between sub-detectors
also the correctness of the data in the RICH itself could be
shown as for example rings could be reconstructed also in
between different backplanes, i.e. data from different com-
biner boards.

91

Ring Imaging Cherenkov Detector

pixel position Y [cm]
ring center Y [cm]

pixel position X [cm] ring center X [cm]

Figure 7: (Left) Hit distribution in X and Y of the mRICH
for run 2160. Artifacts are visible due to rotation in space
and the corresponding binning problems. (Right) X and Y
position of the centres of reconstructed RICH rings.
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mRICH pattern recognition using convolutional neural networks*
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In this work a deep learning approach is presented to rec-
ognize noise patterns, especially inside ring formations and
to ultimately remove them to improve ring finding quality.
Specifically for the mRICH detector not only Cherenkov
photons from the aerogel are detected but also signals from
charged particles passing through the MAPMTs, including
potentially additional Cherenkov photons generated in the
MAPMT window. This results in a high amount of de-
tected noise hits typically in the center of expected rings,
which causes problems for the current ring finder algorithm
(via Hough Transformation [1]). This center noise might
be used together with parts of the ring hits to calculate a
false ring with typically only half the radius (see Fig. 4).
These mismatches are way more common in real data than
in simulation, because of overall more center noise.

The study is performed on UrQMD simulation data us-
ing 1.24 AGeV/c Au+Au minimum bias collisions.

Data labeling

The data labeling is done using information, which is
only available in simulations. The core idea is to check if
at least one! of the photons, which was used to construct
a hit, was created inside the radiator (aerogel) volume. If
this is the case, the hit is labeled as true hit (value of 1) and
noise hit (value of 0) otherwise.

Network architecture

32@72x32 32@72x32

16@72x32

l@nx%
—

5x5 RelU

16@72x32
1@72x32

5x5 RelU 5x5 RelU 5x5 RelU 3x3 Tanh

Figure 1: NN architecture stacking 2D convolution layers

Each of the 2304 pixels of the mRICH MAPMT plane
provides information to one input of the neural network
(Fig. 1). In order to have unique values for each pixel, the
hit collection is split into non overlapping time windows
with a fixed length. Given some dead time of 30 ns as im-
plemented in simulation, a time length of 25 ns is used. For

*Work supported by BMBF (05P21RGFC1).
I'The choice of "at least one’ photon created in the acrogel, is motivated
by the idea to rather preserve hits than to remove noise.
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the input two approaches are compared, the first is to only
use the hit location. The second is to also include the corre-
sponding hit time (relative to the start of the time window).
The output of this network is then a denoised time window.
The training set consists of 357.7k time windows (20% of
that as validation data) and the testing set of 357.1k time
windows.

Results
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Figure 2: NN response values for true/noise hits respec-
tively, evaluated on the test set.

Evaluating the test set provides metrics in order to eval-
uate how well the NN is performing. The NN response
values are shown in Fig.2. For true hits, the position and
time curve is shifted to the right, with an average value of
0.977 and 0.963 for the position only network. The im-
provement when including time is a lot more noticeable in
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Figure 3: Confusion matrices comparing the two input
methods with a threshold of 0.5 applied.

case of noise hits, with an average response value of 0.110
for position and time and 0.307 for position only. When
applying a threshold of 0.5 and evaluating the confusion
matrices for each method (Fig.3), a significant improve-
ment can also be seen here for the position and time method
compared to only using the hit positions.

In Fig. 4 a simulation event is shown for using only the
Hough Transformation ring finder and in Fig.5 the same
event applying the NN before ring finding for noise reduc-
tion. In particular the removal of the center noise improved
the ring finding.

Outlook

The developed noise reduction neural network has
shown good results on simulation data and has now to be
tested on real data. The next step to improve the over-
all performance is to implement a region of interest (ring
structures) algorithm, to decrease the input/output size of
the NN. Details for the most convenient implementation
are under discussion.
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(Au+Au collisions at 1.24 AGeV beamenergy) using the
Hough Transform ring finder only, color code corresponds
to the hit time in ns.

Entries
C
)
10F
s
5
-10
45% - {:}
_2o§
;‘126”11%”7'16 50 5 10 '15”')‘:(2?le
Figure 5: Event display (simulation) of the mRICH

(Au+Au collisions at 1.24 AGeV beamenergy) denoising
the hits using the NN and running the ring finder after-
wards, color code corresponds to the hit time in ns.



Ring Imaging Cherenkov Detector

CBM Progress Report 2021

Ring reconstruction based on Convolutional Neural Networks for the mCBM
RICH detector*
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Convolutional Neural Networks

Convolutional Neural Networks (CNN) are known for
showing great performance in image analysis. Therefore,
it was proposed to apply it to the ring reconstruction in the
mCBM-RICH photodetector plane and to compare it to the
currently used Hough Transform Method.

A typical architecture for CNNs is shown in Fig. 1. Con-
volutional layers use a number of different filters (also
called kernels) which are usually square matrices (e.g. 3x3
or 5 x 5). One filter then slides over the input image and
calculates the dot product of the kernel matrix with its cur-
rently underlying input matrix. All values generated from
one filter produce a so called feature map. These feature
maps then form the output of the convolutional layer. After

Convolutional
Layer

Pooling

Layer Fully Connected

Layers

Output

Input Layer
Layer

Figure 1: Typical CNN architecture [1]

a convolutional layer often follows a pooling layer which
is used to downsample the image in order to keep compu-
tational costs low. Depending on the problem, the form of
pooling may vary. Similar to the convolutional kernels the
pooling kernel also slides over the input image but here re-
turns the maximum/average value of the underlying matrix
of the input. The max pooling and average pooling opera-
tions are depicted in Fig. 2. Here, a pooling kernel of size
2x 2 is used with a stride of 2 per step, resulting in an output
which is half the size of the input. Deep CNNs can consist
of multiple blocks which consist of one or more convolu-
tional layers with a pooling layer at the end. The first con-
volutional layers usually detect simple features like edges
and corners while deeper convolutional layers can detect
more complex shapes.

For classification and regression problems, the convo-
Iutional/pooling layers are typically flattened, followed by
fully connected layers and lastly the output layer.

*Work supported by BMBF (05P19RGFCA, 05P21RGFC1).
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Figure 2: Max and Average Pooling Operation [2]

Applying a CNN on ring reconstruction for
the mCBM RICH detector

As Artificial Neural Networks are a type of supervised
learning, every input image has to be paired to a corre-
sponding output, which in this case is a flat array with the
ring parameters.

To train the CNN, a toy model was constructed, that
produces images the size of the mCBM detector (72 px X
32 px) with (at the moment) up to three rings and some ran-
dom noise (Fig. 3). The ring parameters are then written
into the target array. Because the model might be adapted
to the CBM RICH detector in the future, where rings often
have more elliptical shapes, five ring/ellipse parameters are
used: position of the ring center (x, y), semi-major axis,
semi-minor axis and angle. Three rings with 5 parameters
each results in an output of the size of 15. If there is less
than three rings, the relevant array entries will be set to
zero. For now, only perfect rings will be used for training,
i.e. semi-major equals semi-minor axis and angles will be
set to zero.

Figure 3: Example of an event display created by the toy
model for training the CNN (the right image is scaled in
order to draw a thin ring for the fit)
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Model architecture and hyperparameters

The architecture which yielded the best results so far
has 4 convolutional blocks, each consisting of two convo-
lutional layers followed by a max pooling layer. In each
consecutive block the number of filters in the convolutional
layers are double the size of the convoultional layers in the
last block, starting with 64 filters in the first block. Each
filter is of size 3 x 3. The output of the last max pooling
layer will be flattened and fed into a dense layer with 64
nodes, followed by the output layer with the 15 nodes that
represent the ring parameters. On each convolutional and
dense layer the Rectified Linear Unit (ReLU) was used as
the activation function.

Deep neural networks are prone to overfitting which
means the model isn’t able to generalize very well and
learns the noise in the data rather than its features. There
are several regularization techniques that can be used to
overcome this problem. Here we apply batch normaliza-
tion after each convolutional and dense layer.

Stochastic Gradient Descent (SGD) (with a momentum
of 0.9) was used as the optimizer to reduce the loss (here:
mean squared error) while training. The model was trained
for 24 epochs with a batch size of 256 on a dataset the size
of 200000. 80 percent of this dataset was used for training
and 20 percent for validation.

The optimal learning rate was determined to be in the
range between 1 - 1076 and 0.05. This was done by using
the “LR range test” proposed by Leslie N. Smith [3]. Cycli-
cal learning rate schedules have shown better results than
monotonously decreasing the learning rate (cf. [3]). Ther-
fore, the model was trained by using a triangular cyclical
learning rate schedule with the lower bound of the deter-
mined range as the initial learning rate and the upper bound
as the maximum learning rate as shown in Fig. 4. The
schedule is divided in three cycles with each cycle halving
the maximum learning rate of the preceding cycle.

0.05

o

=)

learning rate

10 15
epoch

20 25

Figure 4: Learning rate schedule used for training the CNN

Results

Accuracy as well as loss for training and validation
datasets are depicted in Fig. 5. To also test the model per-
formance on unseen data, a test dataset with 100000 entries
was created. Evaluation on this dataset yielded a loss of
0.4455 and an accuracy of 98.18%. For further evaluation
a mCBM-simulation dataset was used to visualize the ring
fitting which can be seen in Fig. 6. For this dataset, noise
reduction as described in [4] was performed as first step.
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The model was created with tensorflow/keras in python
but is being integrated into ROOT at the moment. Once
integrated, a direct comparison between the CNN and the
Hough Transform Method will be possible.
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Figure 5: Loss and accuracy charts for training and valida-
tion data
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Figure 6: Predictions of the CNN on mCBM-simulation
data after noise reduction according to [4].
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The new RICH geometry in the ROOT format*
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The current RICH geometry (v17a) was designed in
2017. This geometry is realistic with respect to the over-
all design and the material budget, and shows good electron
identification and pion suppression performance. However,
the protection of the MAPMTs from the magnetic stray
field had been an open issue. A new round of geometry
optimization was performed in 2019 and 2020. The main
idea was to move the PMT plane out of the magnetic field
by rotating the mirror to 12° from its current value of 10°,
which allows reduction of material of the shielding box and
simplifies the detector installation and maintenance. The
results of the optimization can be found in [1].

The release of this geometry was delayed due to sev-
eral issues. One of them was the procedure of the geome-
try creation. The geometry was created using the CATIA-
GDML Geometry Builder tool [2] which allows creation of
a ROOT compatible geometry in the GDML format from
the CAD system CATIAS. Then, a GDML file can be con-
verted to the root format using the ROOT TGDMLParse
class. One of the consequences of using such a tool was
that it was hard to make even a small change in the ge-
ometry without a CAD expert who should also be famil-
iar with the Geometry Builder tool. Taking into account a
long-term support requirement it was agreed to implement
all new RICH geometries only using ROOT TGeoManager
and C++ which are the common development tools in chm-
root. The results of this work are presented in this report.

The general geometry volume hierarchy looks very sim-
ilar to the v17a version. Each individual pixel is included
into the geometry (see Fig. 1). There are 4 types of pixels:
central pixels and 3 types of edge pixels. 8x8 pixels are
grouped into the PMT volume which also includes addi-
tional passive materials. The basic PMT module consists
of 2 by 3 PMTs and passive materials for the DiRICHes,
the data combiner and the power boards. On the next level
7 PMT modules are grouped vertically into a PMT col-
umn. One half of the full PMT plane is formed by 14 ver-
tical PMT columns. The full mirror consists of 80 mirror
tiles of 6 different types (see Fig. 2). The mirror support
structure includes belt-shaped aluminum frames which are
placed behind each mirror tile. The passive materials also
include the RICH aluminum box and the main frame, the
entrance and exit panels which are made of kapton, and the
mirror aluminum support structures.

The geometry builder allows to adjust many geometry
parameters, namely, the rotation angles and positions of the
mirrors and the PMT planes etc. It is important to mention
that the rotation of mirrors does not change the position

*Work supported by BMBF (05P19RGFCA, 05P21RGFC1).
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Figure 1: RICH PMT plane components: 8 x8 PMT pixels,
PMT module, PMT column.
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Figure 2: RICH mirror components: half mirror (different
colors show different mirror tile types), belt aluminum sup-
port for mirror tile.

of the PMT plane as it was in the previous geometry. All
single geometry components can be positioned and rotated
independently to each other. The full geometry is displayed
in Fig 3. The magnetic field shielding box is to be imple-
mented in the next iteration of this development.

Figure 3: The new RICH geometry in the ROOT format.

References

[1] S. Lebedev et al. "RICH geometry optimization”, CBM
Progress Report 2019 (2020) 55

[2] S. Belogurov et al. 2014 J. Phys.: Conf. Ser. 513 022003



CBM Progress Report 2021 Muon System

Muon Detection System

97



Muon System

CBM Progress Report 2021

Development of the muon chambers (MuCh) for the CBM experiment: a
status report

S. Chattopadhyay
VECC Kolkata, India-700064

The di-muon detection system at CBM consists of seg-
mented absorbers made of the combination of concrete &
graphite in the 1°¢ absorber followed by iron plates of vary-
ing thickness in the subsequent 5 absorbers. The R&D ac-
tivities include the development of the GEM chambers for
the 1°* two stations and the high-rate RPCs for the 3" and
4th stations. These large size GEM chambers are made of
specially-designed readout PCB using 8-layer boards.

Two real-size GEM chambers took data in the miniCBM
experiment during 2019-2020 and an issue was observed at
high rate and high voltage that resulted in the loss of link
connection during data transfer. A detailed investigation
was made in the lab to find the issue to be due to the HV dis-
tribution that needs some modification in the layout. This
has been implemented in a new module as shown the Fig.1
and two chambers with modified layout have been tested
at the GIF++ at CERN and miniCBM at GSI. At both the
places, the detectors could run at high voltage and at high
hit rate. The chambers were then installed and made ready
for taking data with Au beam at miniCBM setup. This is
the first time that the GEM chambers are being readout at
the miniCBM using CRI boards. A DAQ monitoring sys-
tem is also developed. The miniCBM data analysis is in
progress, however initial results show that the GEM cham-
bers are capable of handling high particle rate. During this
period, a detailed analysis was done of the 2019-20 data for
obtaining the efficiency of the GEM chambers which goes
up to 90%. Some more studies on GEM chamber have been
performed.

Figure 1: MuCh Station 1 module with modified drift PCB
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A large GEM chambers suitable for the 2"? station has
also been built using the joining PCB technique and has
been tested in the lab using cosmic muons giving — 95%
efficiency. We have also performed studies on the high-
rate RPCs specially built using smaller gas-gap and thin-
ner electrodes for handling high particle rate. One real-size
RPC suitable for the 37¢ station has been tested with beams
in presence of photon flux at GIF++ (Fig. 2) and at the
miniCBM setup. In GIF++ it has been found to work up to
the desired rate at relatively higher operating voltage giv-
ing higher than 95% efficiency. The chamber has also been
integrated to the miniCBM DAQ and took data using Au
beams.

Figure 2: RPC module at GIF++ beam line

On the simulation front, detailed efforts are made to
study the performance of the MuCh setup using the pro-
posed beam-pipe and modified beam holes. It was also
studied using a setup in which the absorber plates have re-
alistic non-uniformity in the surface thickness. This has
resulted in the increase in length of the setup. In the infras-
tructure front, a major progress has been made on develop-
ment of a HV system built at VECC. The system based on
assembling several HV modules in a crate has been tested
at the miniCBM beam and the performance seems satisfac-
tory. during this period, the mechanics went through some
modifications mainly to deal with the availability of suit-
able quality of irons and the design of the new beam-pipe
for the low energy beams.

The activities on reviews on GEM, RPC, LV, HV, con-
trol system and mechanics are ongoing and scheduled to
be mostly completed during 2022-23.
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Charging-up effect in single mask triple GEM chamber

Sayak Chatterjee, Arindam Sen, Supriya Das, Sanjay Kumar Ghosh, and Saikat Biswas
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The Gas Electron Multiplier (GEM) detector is being
used in many High Energy Physics Experiments as tracking
device because of its good rate handling (~1 MHz/mm?)
capability and high detection efficiency (>95%) [1]. Due
to the foreseen high interaction rates (~10 MHz), triple
GEM chambers will be used as the tracking stations in the
first two stations of CBM Muon Chamber (MuCh). The
GEM foil, which is the main component of the GEM de-
tector, is made up of 50 pm thick Kapton with 5 pm thick
Copper cladding on both sides. A large number of holes are
pierced into the 60 um thick Copper cladded Kapton film
using photo-lithographic techniques [2]. Depending on the
photo-lithographic techniques used, GEM foils are clas-
sified as either Double Mask (DM) or Single Mask (SM)
foils. Due to the presence of the dielectric medium (Kap-
ton) inside the active volume of the chamber, the behaviour
of the chamber changes when exposed to external irradia-
tion. As a result, the gain of the chamber increases initially
and then reaches a constant value asymptotically. This phe-
nomenon is known as the charging-up effect [3]. The initial
increase in the gain is mainly due to the accumulation of the
charges on the surface of the Kapton inside the GEM hole
which in effect increases the electric field strength inside
the holes and thus the gain of the chamber increases. After
some time, when a dynamical equilibrium is achieved, the
electric field strength inside the holes do not change fur-
ther and the gain of the chamber reaches a constant value.
The time up to which the gain of the chamber increases,
referred as the charging-up time, mainly depends on the
charge density inside the GEM holes. In this report, the ef-
fect of charging-up time on the gain and irradiation rates of
a SM triple GEM prototype of dimension 10 cmx10 cm is
discussed [4].

The SM triple GEM prototype having a drift gap of
3 mm, transfer gaps of 2 mm each and induction gap of
2 mm is operated in continuous flow mode with Ar/CO4
gas mixture in 70/30 volume ratio. A Fe® X-ray source of
energy 5.9 keV is used to irradiate the chamber and also to
measure the X-ray energy spectra. The readout plane con-
sists of 256 X-tracks and 256 Y-tracks. Each of the X and
Y-tracks are connected to two 128 pin connectors. For data
acquisition, a sum-up board (obtained from CERN) is used
for each 128 pin connector and thus a total of four sum-up
boards are used in this prototype. The signal from the GEM
chamber is fed to a charge sensitive preamplifier (VV50-2)
having a gain of 2 mV/fC and shaping time of 300 ns. The
output of the preamplifier is fed to a linear Fan-In-Fan-Out
(FIFO) module. One analog output signal from FIFO is fed
to a Single Channel Analyser (SCA) used in integral mode
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and the signals are counted using a NIM scaler. Another
output from the FIFO is put to a Multi Channel Analyser
(MCA) to obtain the energy spectra. The ambient tempera-
ture (T) and pressure (p) are monitored continuously using
a data logger.

The gain of the chamber is calculated assuming full en-
ergy deposition of 5.9 keV energy deposition in the 3 mm
drift gap and knowing the calibration factor of the MCA.
To eliminate the effects of temperature and pressure varia-
tions, the gain of the chamber is normalised using a param-
eterisation of the form Ae(BT/P)_ where A and B are the
free parameters. The variation of the normalised gain as a
function of time is shown in Fig. 1. The initial decrease
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Figure 1: Variation of normalised gain as a function of time
(in hour) at a AV=409 V across each GEM foils and with

particle flux of ~ 7.78 kHz/mm?.

in the gain for the first few minutes is due to the initial
polarisation effect of the dielectric. To avoid the initial de-
crease part, the High Voltage (HV) of the detector is kept
on for around one hour before starting the measurement.
The measurement is started as soon as the Fe%® source is
placed on the chamber. In table 1, the details of the ap-
plied HV and the corresponding electric field strengths at
the different parts of the chamber are summarised.

HV AV Gain Drift field | Transfer field | Induction field

W) (%) (kV/cm) (kV/cm) (kV/cm)
-5085 | 409 | ~ 12950 ~24 ~3.6 ~3.6
-5100 | 410 | ~ 13600 ~24 ~37 ~37
-5115 | 411 | ~ 14300 ~24 ~37 ~3.7

Table 1: Potential difference across each GEM foil, aver-
age gain and fields on the various gaps of the triple GEM
chamber for different HV settings [4].

The studies are performed with different irradiation rates
at different AV’s across the GEM foils. Taking analogy
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from the charging-up mechanism in RC network, the nor- Acknowledgements
malised gain is fitted with an exponential function of the
form p0 (1 - ple~*/72), where p0, pl and p2 are the free
parameters and t is measured time. The details of the
charging-up time for different irradiation rates and differ-
ent gain of the chambers are summarised in table 2 [4].
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AV rate Saturated | Charging-up
(V) | (kHz/mm?) gain time (h) References
~ 0.04 ~ 13000 | 0.268 (+0.003) .
— 1] F Sauli, Nucl. Ins . Methods Phys. Res. A 386 (1997
409 | ~0.04 | ~11800 | 0.207 (+0.001) | 1 gyt Nuch fnstrum. Methods Phys. fes. & 356 (1957
~0.42 ~ 12600 | 0.280 (+0.002) [2] Oliveira et al., United States Patent, Patent No.: US
~0.04 ~ 13800 | 0.285 (i0'005) [3] P. Hauer et al., Nucl. Instrum. Methods Phys. Res. A 976
410 | ~0.14 | ~ 13700 | 0.351 (+0.003) (2020) 164205,
~0.42 ~ 13500 | 0.407 (i0'002) [4] S. Chatterjee et al., Nucl. Instrum. Methods Phys. Res. A
~7.78 ~ 13400 | 0.335 (i0.00Q) 1014 (2021) 165749
~ 0.14 ~ 14500 | 0.190 (40.002)
411 ~ 0.42 ~ 14700 | 0.436 (+0.002)
~ 7.78 ~ 14000 | 0.186 (4+0.001)

Table 2: Saturated gain and charging-up time for different
irradiation rates [4].

The charging-up time as a function of irradiation rates is
shown in Fig. 2 for different AV’s across the chamber. No
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AV=411V
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Figure 2: Charging-up time as a function of rate for differ-
ent voltage settings [4].

clear dependency is observed on the charging-up time of
the chamber with different irradiation rates and with dif-
ferent gain of the chamber. This might be due to the fact
that we are observing an overall effect due to the three
GEM foils and it is very difficult to disentangle the effect
of individual foils on the observed charging-up time. The
charging-up time is found to be 10-30 minutes for a gain of
~10%.
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Performance test of a real size Resistive Plate Chamber for MuCh
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Introduction

The Compressed Baryonic Matter (CBM)[1] is an up-
coming experiment in the future Facility for Anti-proton
and Ion Research (FAIR) in Darmstadt, Germany. The
CBM experiment will have various detector systems like
Silicon Tracking System (STS), Ring Imaging Cherenkov
detector (RICH), Muon Chambers (MuCh) among others.
The muon detection system of the CBM experiment - Muon
Chamber (MuCh) will have a unique feature that its to-
tal absorber will be sliced with muon-detectors placed in
between them in order to facilitate momentum dependent
track identification, hence improving the efficiency of de-
tection of low momentum muons. MuCh will have 4 dif-
ferent stations to house detectors for muon detection and
each station will house three detector layers. Gas Electron
Multiplier (GEM) based gaseous chambers will be used as
active detector elements in the first 2 stations. As for the
374 and 4*" stations, RPC is being considered as a cost-
effective technology option[2]. In this report, we have pre-
sented the test results of a real size RPC for MuCh tested at
GIF++, CERN, Switzerland.

Test results at GIF++

A real size bakelite RPC for the 37¢ stations of MuCh
has been tested at GIF++ facility at CERN, Switzerland.
The dimensions of the detector have been shown in Fig-
ure 1. The test set up has been shown in Figure 2. The
RPC alongwith the readout electronics were housed inside
a aluminium box. A wet gas mixture of R134a : iC4H10
: SF6 :: 952% : 4.5% : 0.3% (with 40 % humidity) was
flown through the detector with a flow rate maintained at
5.0 V/hr. Self-triggered ASIC, MuCh-XYTER, was used to
read out the signals from the RPC with the help of pick-up
panel containing (45 x 10) pads[3].

GIF++ houses Cs-137 gamma source having activity
~14 TBq with a provision to use different attenuation fil-
ters to vary the photon flux. The incident photon fluxes at
our detector position with different attenuation factors have
been tabulated in Table 1. The 2D pad hit distribution from
the detector is shown in Figure 3. One can clearly see the
beam spot. The pad dimension in this region of the beam
spot is ~ 23 mm x23 mm.

Figure 4 shows the variation of current in the RPC as a
function of the applied voltage for different photon fluxes
incident on it. It can be observed that the current increases
with the increase in photon flux as well as applied voltage.
This behavior in current is as expected. The maximun cur-

1161.3

All Dimensions are in mm.

Figure 1: Dimensions of the real size RPC tested at GIF++.

Figure 2: RPC inside the aluminium box ready for test at
GIF++.

rent recorded was ~ 160 uA at 9600 V in presence of 2.72
M H z/cm? photon flux.

We have measured the muon detection efficiency of the
RPC in absence and in presence of photon flux. The photon
flux was varied from 0.69 M Hz/cm? to 2.72 M Hz/cm?.
The variation of the efficiency with high voltage has been
shown in Figure 5. A plateau close to ~95% efficiency
was obtained in absence of the photon flux from 9400 V.
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| Attenuation factor | Photon flux (MHz/cm?) ||

| 22 | 2.72 |
| 46 | 1.36 |
| 100 | 0.69 |

Table 1: Photon flux incident on RPC at different attenua-
tion factor.
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Figure 3: Hit distribution on the pads of the PCB. The RPC
was at 9600 V with 2.72 MHz/cm? of photons hitting on it.
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Figure 4: Variation of current as a function of applied high
voltage.

The efficiency of the detector reduced in presence of pho-
ton background. Higher was the photon flux, higher was
the reduction. at the highest voltage studied (9600 V), the
reduction is relatiovely less. This behavior has been shown
in Figure 6. However, the RPC has shown muon detection
efficiency of > 90% at applied voltage of 9600 V in pres-
ence of ~ 2.72M H z/cm? photons falling on it, which can
be clearly observed in Figure 5 and Figure 6.

Summary

A real size single gap RPC detector has been success-
fully tested detection efficiency of the incident muons in
absence and presence of photon flux at GIF++. The de-
tector has shown efficiency > 90% in presence of ~
2.72M H z/cm? photon flux as background. In the near
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Figure 5: Efficiency of the RPC as a function of applied
high voltage at different photon flux.
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Figure 6: Variation of muon detection efficiency of the
RPC as a function of incident photon flux.

future, it has to be tested for high particle rate handling ca-
pability as well as its long term performance.
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In this work our focus is to determine efficiency of a
GEM detector in the mini-MUCH system and study its
variation with time, GEM-high-voltage and, mTOF-{.

We have used the data collected during March-May
2020 in the mCBM experiment at SIS18 in GSI, Germany.
Figure 1 shows a photograph of the experimental set-up
including all the sub-systems; mSTS, mMUCH, mTRD,
mTOF, mRICH and mPSD. All sub-systems are aligned
25° to the beam-axis. For mMUCH, we tested two real-
sized GEM modules for the 1°¢ station of MuCh at different
values of GEM-HV and thresholds. This analysis however,
focusses on two runs that were collected at GEM HV 4700
V and 4800 V in low intensity (2x10%/spill) Pb+Au col-
lisions at 1.06 AGeV with thick and thin targets of thick-
nesses of 2.5 mm and 0.25 mm, respectively.

Figure 1: Photograph of the mCBM(2020) setup including
all the sub detectors

In this analysis, events are reconstructed from the raw
data using a time-based event reconstruction technique fol-
lowing a Fixed Time Window algorithm of 200 ns [2]. In
our previous reports [2, 3] we have shown that using mTOF
track information we can achieve good spatial and time cor-
relations between GEM1 hits in mMUCH and the projected
position of the mTOF tracks on the GEM1 plane. Thus, we
further extend our work to determine efficiency of a GEM
detector (GEM1) relative to the project mTOF tracks. The
GEM1 efficiency is calculated according to the following
definition:

Eff= No. of mTOFtrackswithassociated GEM1hitsintheprojectedare

In order to select good quality mTOF tracks and reduce
the number of fake tracks, following selection conditions
are applied: (a) mTOF tracks with atleast 4 hits (3 hits from
mTOF layes and 1 from TO ), (b) mTOF tracks within 5 cm
radial cut around target origin (0,0,0) and, (c) time corre-
lated mTOF tracks with GEM hits (3¢ time window).

Within the common acceptance between mTOF tracks
and GEMI1 hits (Fig. 2) on the GEM1 plane, we first in-
vestigated the variation of x and y residuals of GEM1 hits
w.r.to projected mTOF tracks at GEM1 plane for different
pad sizes as shown in Fig. 3. These are done after correct-
ing mutual misalignment between GEM1 and mTOF detec-
tors. At first, we have divided a GEM chamber according to
the pad dimensions. Pads with the smallest dimension are
in 5<y<20 cm, middle size pads are in -5<y<5 cm and
large size pads are in -20<y<-5 cm, as shown in Fig. 2.

§ 20 - -
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Figure 2: Common acceptance of GEMI1 hits & mTOF
tracks shown in black boundary, blue points are the fired
pads centers.

We see that the widths of the residual distributions are
smaller for higher granularity region as compared to that
in the lower granularity region which is consistent with
pads sizes. This shows our residual calculation for effi-
ciency estimation is reliable. Next we calculated efficiency
of GEM1 module within 30 of the residual mean in x and
y according to the definition of efficiency. Then we plot-
ted the efficiency as a function of time which is shown in
Fig. 4, This shows uniformity of efficiency with time.

We further studied the mTOF track 3 dependence of ef-
ficiency which is shown in Fig. 5. We calculated the effi-
ciency for four different ranges of mTOF f; 0.2<5<0.6 ,
0.4<f8<0.8, 0.8<3<1.2 and inclusive 5. As can be seen
from Fig. 5, at lower [ efficiency is higher and vice-versa.

2This is because the energy deposition in the detector is ~

No. of projected TOF tracks in common acceptance

1/6. Thus the observed variation in the efficiency with /3 is
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Figure 3: The variation of x and y residuals of GEM1
hits w.r.t projected mTOF tracks at GEM1 plane within the
common acceptance of GEM1 and mTOF with different
pad sizes : small pads 5<y<20 cm (top), middle pad sizes
-5<y<S5 cm (middle) and large pads sizes -20<y<-5 cm
(bottom)
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Figure 4: Efficiency variation of GEM1 with time-slice.

consistent with expectation.

Next we studied the dependence of GEM1 efficiency on
GEMI high voltage (HV) for two values of GEM1 HV
4700 V and 4800 V. Figure 6 shows the GEM1 efficiency
with GEM1 HV. We notice that the efficiency increases
with HV. The increase in GEM1 efficiency is about 8% for
an increase of 100 Volts in GEM1 HYV, which is consistent
with our expectations. Further we will do these exercises
with more HVs and detector thresholds data in next mCBM
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One real prototype of the second station of the muon
chamber has been fabricated and tested at VECC. The read-
out PCB of the module is 100 cm long and it consists of
1824 readout pads. To read out the entire detector, one
needs 15 MUCH Front End Boards (FEB). Due to manu-
facturing constraints of such a large size PCB in India, we
went for a joined PCB. The entire PCB gerber layout and
mapping was done at VECC and it was fabricated by an
Indian industry at Bangalore. Figure 1 shows the gerber
layout of readout PCB.

Figure 1: Gerber layout of readout PCB

A second station Muon Chamber consists of a drift PCB
and 3 GEM foils placed in a gap configuration of 3-2-2-
2 mm and a readout PCB. A mixture of Argon and CO,
gases at a proportion of 70:30 is used as sensitive medium.
High voltage is applied such that summed up GEM voltage
across the 3 foils goes upto 1180 Volts. Figure 2 Shows a
cluster charge spectra (in ADC) of Fe3 source with a clear
escape peak and the main peak. Gain of the module has
been measured using Fe5® at 2 different locations across
the active area and it remains consistent with Change of
HV as shown in Figure 3.
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Figure 2: Fe% Spectra (Cluster charge in terms of ADC) at
Summed Voltage = 977 Volts

The FEBs used to acquire data were calibrated with a
threshold of 6 fC and with a maximum range of 81 fC. Be-

* c.ghosh@vecc.gov.in

yond 1015 V the Fe55 spectra gets saturated at the highest
ADC value, i.e 81 fC.
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Figure 3: Gain variation at 2 different location on the de-
tector

A 3 fold cosmic coincidence setup was made at VECC
with the same module. Detector efficiency, gain etc were
measured with cosmic muons. An efficiency upto 98% has
been obtained with 18 ns time resolution at Summed GEM
HV = 1110 V and detector gain was around 17000. The
noise study has been performed across the detector readout
plane. As this is a joined PCB so we observed a row of
noisy pads across the joining portion of the PCB as shown
in the mapping of readout plane in Figure 4. This PCB
consists of 19 columns and 96 rows. With proper ground-
ing and shielding this noisy ring has been taken care of.
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Figure 4: Noise of readout PCB
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Performance studies of bakelite RPC with new technique of linseed oil coating
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Introduction

Keeping in mind the possibility of using bakelite Re-
sistive Plate Chamber (RPC) detectors as future high rate
capable tracking devices [1], we have taken up a study
to characterise RPC prototypes built using bakelite plates
commercially available in local market of India.

The prototype is coated with linseed oil. However, in this
work, we have adopted a different technique for the linseed
oil treatment. Usually, the linseed oil coating inside the
bakelite RPC is done after making the gas gap as reported
in Ref. [2] and [3]. In contrast, in the present work, the
bakelite plates are coated with linseed oil before making
the gas gap. The prototype is tested with cosmic ray using
100% (C2H3F,) gas and conventional NIM electronics.

Fabrication of the detector

Two bakelite plates having a dimension 27 cm x 27 cm
and thickness 2 mm are used as the electrodes. The bulk re-
sistivity of the plates is measured to be ~ 3 x 10190 cm at
22°C temperature and 60% relative humidity. The bake-
lite plates are cleaned using an isopropyl alcohol bath.
Commercially available linseed oil is used for the coating.
About 2 g of linseed oil is applied over the 27 cm X 27 cm
area of each plate. Based on the specific gravity (0.930 at
15.5 °C) of the fluid, the estimated coating thickness would
be ~ 30 um. The linseed oil is distributed over the surfaces
and both the plates are left for 15 days in a sealed box for
curing. Two plates are then cleaned again with dry air. Uni-
form separation between the electrode plates is ensured by
using four edge spacers of dimension 27 cm X 1 cm and
thickness 2 mm and one button spacer of diameter 10 mm
and thickness 2 mm. All the spacers are made of polycar-
bonate (resistivity ~ 10'® € cm). Two nozzles also made
of polycarbonate for gas inlet and outlet are fixed with the
edge spacers. All the spacers are glued on the oil coated
side of the plate using Araldite epoxy adhesive. The glued
plate is kept for 24 hours for curing and the other plate is
glued on it and kept again for curing for 24 hours. After
cleaning, a thin layer of graphite is coated on the outer sur-
faces of the bakelite plates for the distribution of voltage.
A gap of 1 cm from the edges of the plate to the graphite
layer is maintained to avoid external electrical discharge.
The average surface resistivity of the two graphite layers
are found to be ~ 510 k/(] and 540 k€/O1 respectively.

*arindam@jcbose.ac.in

Experimental set-up

Two  paddle scintillators  having  dimensions
10 cm x 10 cm (SC1), 20 cm x 20 cm (SC3) and a
finger scintillator of dimension 10 cm x 2 cm (SC2) are
used to built the cosmic ray test bench. The coincidence
signal obtained from the paddles and the finger scintillators
are taken as the trigger (3F). RPC is placed in between the
finger (SC2) and the paddle scintillator (SC3) as shown
in Figure 1. All the scintillators are operated at 1550 V
and -15 mV threshold is applied to the leading edge
discriminator (LED).

The RPC signal from the pick-up strip is first fed to the
10x fast amplifier, the output of which goes to the LED.
From the LED one output goes to the scalar to count the
number of the signals from the RPC which is known as
the noise count or singles count of the chamber. The other
output from LED goes to the dual timer to apply the proper
delay to match the signal with the trigger. The output of the
dual timer in coincidence with the trigger is defined as the
4-fold.

sc1 LED

10cmx10cm

L—1
sc2 LED

10cmx2cm

27 cmx 27 cm

sc3
20cm x 20 cm

x
T
[¢]
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Figure 1: Schematic of the experimental set-up

100% Tetrafluoroethane (CoHoF,) gas is used as the ac-
tive medium. A typical gas flow rate of 2 ml/min equivalent
to 6 gap volume changes per day is maintained by using
two needle valves.

The leakage currents from both the sides as measured by
the high voltage (HV) modules along with the temperature
and the humidity are also recorded at the time of measure-
ment using a data logger, built-in house [4].

Result

After building the chamber, 100% C2HsF, gas is purged
for 24 hours before application of HV. To check the perfor-
mance of the detector, firstly the leakage current through
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Figure 2: Leakage current as a function of the applied volt-
age for the RPC module.

the RPC module is measured as a function of the applied
voltage and the result is shown in Figure 2. The curve of
leakage current vs. voltage as found here is not only very
similar to the curve as reported earlier [2] but the magni-
tude of current is also comparable.

Both the efficiency defined as 4F/3F and noise rate are
measured for discriminator threshold setting -20 mV for the
RPC. The temperature and relative humidity values during
these measurements are recorded and the average temper-
ature is found to be about 27 °C and the average relative
humidity is found to be 44%. The efficiency and the noise
rate as a function of voltage is shown in Figure 3. The
efficiency saturates at ~ 85% from the applied voltage of
10.1 kV onwards [5]. The noise rate increases with applied
HV. The noise rate is found to have increased to ~ 170
Hz/cm?.
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Figure 3: (a) The efficiency and (b) Noise rate as a function
of the applied voltage.
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Summary and outlook

The detection efficiency of the RPC in the cosmic ray test
is comparable with those found with conventional linseed
oil coated bakelite RPC [2, 3, 6]. However, the investiga-
tion behind the high leakage current and high noise rate is
going on. The long-term stability test, measurement of tim-
ing properties and the effect of the temperature and relative
humidity on the performance are planned to be carried out
in future.
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Ethernet Control Backend design of HV module Testing for mMUCH at
mCBM Experiment

V. Negi *, A. K. Dubey, S.K Thakur , S. Chattopadhyay, S. Srivastava, and A.De
VECC Kolkata, India-700064

The mini CBM (mCBM) experiment is considered as
FAIR phase-0 experiment and its results are crucial for un-
derstanding the complication and performance of the full
CBM experiment. This report describes the development
of backend control system for the indigenously developed
high voltage system which will be used in CBM-MUCH
detector system. One of the proto-type is presently in-
stalled in mCBM powering one GEM detector. In this ar-
ticle we emphasizes on the reliable operations of the rasp-
berry pi based Ethernet control system in backend while
UART based communication with microcontroller in its
frontend. In order to support dynamics of the experiment,
control system hardware, firmware and scripts were de-
signed to have scalable and sustainable control and mon-
itoring system.

First prototype of the two channel HV supply is shown in
fig.1. Two modules of Spellman make HV power supply,
each has - 5kV, 2mA, 10W isolated output with load and
line regulation better than + 0.001 percent are cascaded in-
side the box.

m\ Assembled HV
power supply

HV power supply
module

Hameg 4-channel
DC power supply

Figure 1: Two Channel HV Supply

This prototype power supply has one slave microcon-
troller (Arduino Mega) and one master controller board
(Raspberry pi board) for control and monitoring of power
supply parameters. As shown in fig.2 micro-controller
receives and sends commands/monitoring parameters via
UART on the front end (HV module side) as well as on the
back end (rasberrypi master side). Rasberrypi segregates
data, wrap it into Ethernet frame and send it to MUCH slow
control machine via UDP over Ethernet. Later on, this HV

* vnegi@vecc.gov.in

Supply module was installed in m-CBM cave. One chan-
nels of HV supply was used to power GEM detector during
the mCBM experiment.

UDP
OVER
ETHERNET

‘m-:ao:<=|

Figure 2: Control circuit for HV Module

As shown in fig.3 rasberrypie receive/send data from the
ethernet backend via socket program written in its boot
memory.

RASBERY_PI

ubp
over
Ethernet

Server PC
Figure 3: Python sripts in Rasberrypi

UART and Ethernet communicates via 512KB flexible
buffer through hand shaking . Python based UDP socket
scripts were written for successful and reliable monitoring,
control and data logging of HV Module (HVO) .The sys-
tem had been validated in the environment of mini CBM
experiment for more than 100 hours.
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Design and Development of Readout PCBs for 3rd station at CBM-MuCH
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"Variable Energy Cyclotron Centre, HBNI, Kolkata, India; 2Departmc::nt of Physics, University of Calcutta, Kolkata,
India

The Muon Chamber (MuCh) of CBM is a segmented
absorber system with detectors placed in between the ab-
sorbers. MuCh consists of four detector stations sand-
wiched between the absorber seg- ments. At the 3rd and
4th stations of MuCh, Resistive Plate Chambers (RPCs)
have been conceived for muon tracking. Here we report
the design and development of the readout PCBs for the
3rd station of the CBM-MuCH RPC detector.

The segmentation of a real size trapezoidal shaped sig-
nal pickup PCB for the 3rd station of the RPC detectors at
CBM-MuCH is designed with precise calculations. These
detector readout PCBs are of 1181-mm (about 4-ft) in
length and 542mm (about 2-ft) wide and 2.4mm thick. To-
tal 18 no. of modules accommodate the full azimuth cov-
erage with coverage of 20 deg for each detector module.
Each PCB is designed using trapezoidal pads layout in the
48 no. of concentric circles with progressively increasing
radius. The size of the smallest trapezoid pad is 1.0lcm
and that of the largest pad in the farthest most radius is 5.0
cm as shown in Figure 1. The exact parameter values are
crucial for the integration of the designed PCBs with the
MuCH front end electronics (FEE) and with the other de-
tector systems at the experimental site. The calculations
include the rotation angles, replication steps, vertical and
horizontal tolerances to avoid any shorts during the pro-
duction.

Min PAD size = 1.02 cm
Max PAD size = 5 cm

Figure 1: Design of readout PCB for 3rd station at CBM-
MuCH

The tolerance between the two pads both horizontally
and vertically is 0.2 mm to avoid any shorts and kept such
so that it could be produced in the production foundries
with optimum charges. Provision is also kept for the in-
jection of the external test pulse charge through capacitor
coupling to the FEE boards.

Total 04 no. of connectors with 1.27 mm pitch are placed
for insertion of FEE boards at approximately equal dis-
tance, leaving space from the zeroth coordinate so that the
board could be placed in the test beam system also. The
signal tracking of T8 size is chosen and routing is done with
minimum 8 mil (1 mil = 0.0254mm) track to track distance.
Tracks are broom shaped at the far end so as to avoid cross
talk between the nearby signal tracks. The PCB is out-
lined with the thorough holes for connecting the screws at
the board edge to attach the pickup panels to the detector
firmly for efficient charge collection. The boards are fabri-
cated with FR4 material, ENIG finish and Glass Transition
Temp (Tg) 170 for production quality tests and to decide
for the further production lot.

2 no.s of PCBs are produced for the first test with the
RPC detectors. The initial testing of the PCBs have been
carried out in VECC. The overall performance of the detec-
tor along with PCB has been tested successfully in GIF++
facility at CERN Geneva. As of today the RPC detector
along with the designed PCB is under test at mini-CBM
GSI, Darmstadt Germany.

109



Muon System

CBM Progress Report 2021

Drift PCB modification of station-1 MuCh module for readout electronics link
stability

J. Saini*, A. K. Dubey, C. Ghosh , V. Negi, and S. Chattopadhyay
VECC Kolkata, India-700064

Two GEM detectors are installed in mCBM cave as a
part of mini-MuCh detector system. In April 2020 beam-
time, it was observed that with high voltage of GEM de-
tector, some spikes are generated within the detector sys-
tem and creating e-link losses in the MUCH/STS-XYTER
electronics. The other symptoms which were observed in
the data collected with the setup were, timing offsets dur-
ing the run and unstable DAQ in start of a new run. The
basic schematic of the setup used during this period was as
shown in figure.1.

Control Room Counting Room mCBM Cave

uTCA Crate
ECS Controls H DAQ Machine 3 E[ x <
/ [ 7 g B
'

Local Network

Figure 1: Schematic of the AFCK based setup in mCBM

In this figure.1 in “mCBM cave” section, it was observed
that CROB to FEB-C board connection which are known
as e-links were getting disconnected with the spikes in the
detector and CROB to FEB-C board communication was
no more possible. However, the data generated at the FEB
boards is still continued to be received at CROB. The data
now received after these link breaks have timing offsets.
This was further investigated at VECC starting bare PCB.
After the detailed investigations, it was observed that the
spikes are generated in the HV segmentation introduced for
GEM segment isolation.

Drift board optocoupler
based HV segmentation ¥

Block-1 Block-2 Block-12
[
L S| L. S L S
Modification || o o o | | oy e |
as compared
“ EER EEE  EEE
Al z E O H
G IE TGN 135

Figure 2: Optocoupler HV segmentation

In figure.2 it can be seen that earlier after the resistive
chain, the HV was directly fed to opto-couplers. Due to
this a small spike in any segment is seen by all the segments
of the GEM foil and the spike gets amplified which in turn
was generating e-link loss. This issue was resolved in the

* jsaini @vecc.gov.in

Modification done in drift board after which link
break was resolved oo

Modification

as compared
to earlier tests

Figure 3: Optocoupler HV segmentation after modification

later design as shown in figure.3 and now 1M resistance
which was used only in the output line is now divided in
560K and 470K and thus isolating each optocoupler from
one another. After this modifications, the GEM detector
was tested in high rate environment in Gif++ experiment in
CERN. There it was found that no more link losses were
observed. The same detector was then installed in mCBM
cave.

Figure 4: MuCh Station 1 module with modified drift PCB

Apart from this a new drift PCB was designed according
to the above modification. Using this PCB along with read-
out PCB, GEM foils and other components a new module
has been built at VECC, as shown in figure.4. The same
has been tested at lab with high voltage and no link loss is
observed for a continous operation of 48 hours and more.
The cosmic muon detection efficiency has been measured
in lab using this prototype and found out to be around 96%
efficient corresponding to summed voltage of 1125 Volts.
This module was installed in mCBM cave. In March, 2022
it was tested at high intensity Uranium beam. The prelim-
inary high rate results show that detectors and electronics
are showing stable behaviour. No such timing offset jump
is observed. Further data analysis is in process.
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In house development of high voltage power supply to be used with GEM
detectors of CBM-MuCh detector system

S. Srivastava®, S. K. Thakur, A. Dey , V. Negi, J. Saini, A. K. Dubey, and S. Chattopadhyay
VECC Kolkata, India-700064

GEM detector stations of the Muon Chambers needs
High Voltage Power Supply (HVPS). VECC, Kolkata is
engaged in developing these HVPS system along with its
necessary control architecture. The system comprises a
crate that can accommodate 10-12 numbers of HVPS along
with its support components. As a prototype a MPS series
high voltage module of rating -5kV, 2mA is control and
monitored using a single dedicated microcontroller. Some
necessarily specification of HVPS is described in Table 1.
Initially an Arduino mega microcontroller is attached to
HVPS as shown in Fig. 1 as a slave. This microcontroller
is master control by Raspberry pi. In the final scheme these
modules will be controlled by Texas instruments based mi-
crocontroller (MSP430FG4619). High Voltage setting i.e.
ramp up and down rate, set voltage and over current is
mainly controlled by microcontroller. Single line python
code sent by the user set the desired setting of the HVPS.

Sr. Parameter Value

No

1 Voltage better than + 0.001% (load &

regulation line)

2 Voltage stability 0.02% (200 ppm) for 8 hrs after 1
hr warm up.

3 Output Ripple Less than 30mV p-p (very low
ripple & noise)

4 Measurement current <IpA, voltage <1V (14

resolution bit ADC ~ 0.13 pA, 0.7V)

5 Standards Compliant to EEC EMC directive,
UL, CE marked, RoHS compliant,
EN61010-1, UL61010-1

Table 1: HVPS specification of MPS05N10/24/DCC2,

Spellman, USA

As the micro controller should remain active in any con-
dition a hardware watchdog timer is also attached with the
microcontroller, that reboot the microcontroller in every 7s
if no response is receive from it. After restart of the mi-
crocontroller the microcontroller set the HVPS to its initial
diffault setting. The user has to re issue the new setting in
order to set HVPS.

The Figure 2 shows the state machine flow chart of the
micro-controller used to control and monitor the HV power
supply module. The microcontroller initaillizes the nec-
essarily parameters of the HVPS and then monitored the
present status of the current and voltage. If at any time user
want to set the new parameter to the HVPS then an serial

* saurabh @vecc.gov.in
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Figure 1: Two Channel HV Supply and its components

interrupt will occur. The microcontroller then load the new
parameter of the HVPS setting and then check whether the
HVPS reached the desired set point or not. During the op-
eration if at any time the overcurrent is reached the micro-
controller will then rampdown the power supply to O volt
and raise the flag. The user can sent the new setting only
after resetting the flag.

Initialize HVPS and other interlocks,
e.g. initial set Voltage, ram up, ramp
down rate, over Current etc.

¥
Read and send the present
Voltage and Current status
periodically.

Is serial
Interrupt
occur?

Is Current
read > over
current

Is Voltage
read = Set
voltage

Load the new
Ramp up and
down rate,
over Current
limit and set
Voltage.

Is Voltage
read < Set
voltage

Decrement the HVPS
with Ram down rate.

Figure 2: Flow chart for the HVPS micro-controller
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Summary on the TRD project

C. Blume' and the CBM-TRD working group
nstitut fiir Kernphysik, Frankfurt am Main, Germany

Introduction

The main task of the Transition Radiation Detector
(TRD) is to identify electrons above momenta of 1 GeV/c
and thus to extend the electron identification capabilities
of the CBM experiment into momentum regions above
p ~ 5 GeV/c. For high momenta the TRD should pro-
vide a pion suppression factor in the range of 10 — 20 at
an electron efficiency of 90 %, in order to allow for a high
quality measurement of dielectrons in the mass range from
below the p and w masses to beyond the J/3) mass. Due
to its capability to identify charged particles via their spe-
cific energy loss, the TRD in addition will provide valuable
information for the measurement of fragments and thus be
also decisive for the hypernuclei program of CBM.

These requirements can be fulfilled with a Xe/CO-
based Multi-Wire Proportional Counter (MWPC) detec-
tor in combination with an adequate radiator. The default
MWPC design is composed of a symmetric amplification
area of 3.5 + 3.5 mm thickness, complemented by a 5 mm
drift region to enhance the TR-photon absorption probabil-
ity in the active gas volume. This geometry provides also
efficient and fast signal creation, as well as readout, with
timescales below 250 ns per charged particle track. The
performance of the detector is maximized by reducing the
material budget between radiator and gas volume to a min-
imum.

The baseline design for the TRD at SIS100 will consist
of one station, composed of four detector layers. It will be
positioned between the Ring Imaging CHerenkov (RICH)
and the Time-Of-Flight (TOF) detector and thus will help
to reduce the background in the TOF resulting from track
mismatches by providing additional position information
between RICH and TOF. The TRD will also be used as
tracking station behind the last absorber of the MUCH de-
tector in the muon configuration of CBM.

Module development and pre-production

The most important step within the TRD project during
the recent year was a first move towards a series production
of the outer TRD modules. To prepare this, firstly a pre-
production of five type-5 modules will be done [1]. These
modules will then be thoroughly tested and a production
readiness review (PRR) will be held. If this results in a
positive evaluation, the full production of the outer mod-
ules will follow. This pre-production is being done in the
laboratories in Frankfurt and Miinster. A completely new
laboratory for the production of wire chambers is there-

fore being constructed in Miinster, while the existing one
in Frankfurt has been refurbished and cleaned. All required
materials (e.g. frames, back panels, pad planes, wires) have
been ordered or are already delivered.

In order to validate the design of the outer chambers, fi-
nal tests have been performed. One addresses the deforma-
tion of the entrance window, which in the case of the outer
chamber consists of a foil supported by a carbon grid. In
the case of a pressure difference of the detector gas rela-
tive to the ambient pressure, it will exhibit a slight bulge
which can affect the gas gain. A detailed measurement was
performed [2] with the result that the maximally tolerable
pressure difference is 0.7 mbar. Another study was done
for the entrance window of the innermost chambers of the
TRD-2D type. Here it is foreseen to use a composite struc-
ture of Rohacell, Kapton and honeycomb. Several versions
have been investigated [3], with a special emphasis on their
absorption of x-ray photons. Based on this measurements
an optimized version of the entrance window was designed.

Infrastructure

In preparation of the engineering design review (EDR)
of the LV- and HV-system, the requirements on the LV-
supply-system have been evaluated in detail. Based on
these final numbers a re-design of the system has been done
[4]. The overall power demand of the whole TRD was es-
timated to be 15.8 kW.

Furthermore, work on the design of the TRD support
structure and on the gas system has been continued in
Miinster. For the latter, all components needed to set-up
a one-line test system have been purchased.

Front-end electronics and readout

The SPADIC chip, developed at the ZITI in Heidelberg,
will be used for the readout of the outer TRD modules.
While this ASIC did generally provide the required func-
tionality, it turned out that this version, on one side, ex-
hibited problems in the analogue part in many channels,
and on the other side was suffering from a relatively high
noise level. As these issues would make the application of
the ASIC in the final experiment quite cumbersome, it was
decided to rather introduce an intermediate development
version 2.3. This version provides, in addition to modifi-
cations supposed to solve the above mentioned problems,
also several minor bug fixes (e.g. configurable number of
pre-samples and proper read-back of the analogue shift reg-
ister) and other new features (e.g. charge injection on all

114



CBM Progress Report 2021

channels). Two versions of these test ASIC (2.3a and 2.3b)
were produced and extensive tests have started in Heidel-
berg. It turned out that the problems on the digital side
seem to be solved with the new versions, while the investi-
gation of the noise level is on-going.

Further progress has been made in the development of
the firmware for the SPADIC based readout. It has been
rewritten for the usage with the CRI-based readout which
was used during the data taking with mCBM in the recent
year. Additionally, the firmware development was moved
to a High-Level-Synthesis (HLS) framework, allowing for
a much more flexible implementation, bug fixing and opti-
mization.

For the innermost modules the readout is supposed to use
the Fast Analog Signal Processor (FASP) chip, developed
for high data rates at the IFIN-HH in Bucharest. This read-
out has been prepared for its operation in the mCBM DAQ
chain at GSI and successfully operated during the data tak-
ing campaign in 2021 [5].

mCBM participation

The TRD participated also in mCBM data taking in
2021. In addition to the two large modules of the design
foreseen for the outer regions of the TRD, read-out by the
SPADIC based system, also two modules of the TRD-2D
version, planned for the innermost region of the detector
and read-out by the FASP/GETS FEE-and DAQ-system,
were operated in the setup [5]. Both systems were able
to successfully take data with the mCBM-common CRI-
based readout scheme. The analysis of this data was one
of the main activities during the recent year. Clear corre-
lations between the hits seen by the TRD modules and the
TOF detector have been established as a first step towards
a complete tracking and physics analysis with mCBM [?].

Software and reconstruction

In the course of the recent year the development of a gen-
eral unpacker framework has been finalized. This software
is also used for the analysis of the TRD data collected in
the mCBM setup [7].

The analysis of the test beam data taken at DESY al-
lowed the preparation of updated response functions for
electrons, to be used for the simulation and analysis of the
particle identification with the TRD. It will now be used in
updated physics performance studies.

The impact of different arrangements of the radiator, im-
plying also a different spacing of the TRD layers, on the
physics performance was investigated in details. However,
no clear conclusion could be drawn so that the final de-
cision on the configuration will rather be based on more
technical aspects.

An important prerequisite for more detailed physics per-
formance studies with the TRD-2D, as required for the ap-
proval of the TDR addendum, is the inclusion of the TRD
in the global tracking scheme. A first implementation has

Transition Radiation Detector

been done and is now been evaluated and used for further
studies.

TDR addendum

The addendum to the technical design report (TDR) of
the TRD, describing the proposed TRD-2D design, has
been prepared. After an internal review within the CBM
collaboration it was submitted to the FAIR-ECE and is cur-
rently under review by the committee. A first feed back
indicated the need for more detailed performance studies
to underline the physics case. These studies are currently
under way.
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Start of TRD module production”

P. Kiihler!
nstitut fiir Kernphysik, WWU Miinster, Germany

Introduction

As a major step in the realisation of the TRD in the CBM
experiment, the series production of detector chambers is
currently starting. Despite of delays, mainly due to shifts
and adaptions in the procurement of products, the chamber
production chain in the institutes in Frankfurt and Miinster
is commissioned to a large extent, which is summarised
in this report. The first production goal is to complete 35
chambers of “type-5”, which is one of the two large TRD
chamber variants foreseen for the outer regions of the de-
tector. 32 modules based on these chambers (module con-
sisting of MWPC and radiator) will be installed in CBM,
i.e. 26% of the TRD active area, while three will serve as
spare/maintenance buffer.

Production process

The production process of MWPCs for the CBM-TRD
is divided into the following steps:

1. Backpanel carrier

2. Backpanel complete (read-out cathode)

3. Entrance window frame

4. Entrance window complete (drift cathode)
5. Wire electrode layers

6. Chamber closing

Figure 1: Pneumatically driven alignment frame for the
TRD module backpanel frame (step “1”, above).

*Work supported by BMBF grants 05P19PMFC1 and 05P19RFFC1.

Production places

Production places for the aforementioned steps have
been commissioned, corresponding to the specific require-
ments in cleanliness, tooling and storage. QA procedures
of the production processes have been performed along the
up-running of production, i.a. flatness scans of the read-
out cathode pad plane (glueing process) and a pressure-
dependent characterisation of the pre-stretched foil en-
trance windows. A part of the cathode pad plane on its
corresponding vacuum table can be seen in Fig. 2. The
workflow of pre-products has been defined. We start the
production in split-mode between Miinster and Frankfurt,
thus requiring a transfer of pre-products, while a transition
to independent chamber productions in both institutes is ex-
pected after operation launch of new cleanrooms (ISO 7,
while also ISO 5 available) in the Miinster institute.

Figure 2: Pad plane for the segmented TRD read-out cath-
ode in 4-layer design with the intrinsically gas-tight con-
nections.

Pre-series and QA

A number of five detector chambers is defined as pre-
series, after which those five chambers will be subjected
to extensive QA tasks in order to characterise the stability
of the production processes. This QA comprises i.a. gas
tightness measurements, gain scans on the complete active
area and high-voltage checks. The pre-series QA will serve
as confirmation of production readiness for the full series.

Summary and outlook

The production process of TRD chambers is commis-
sioned. We expect to finish five pre-series chambers in the
27 half of 2022 after delivery of delayed upstream prod-
ucts and completion of external works (signal connector
soldering).
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Design of the LV supply system for the TRD*

P. Kiihler' and F. Roether?
'nstitut fiir Kernphysik, WWU Miinster, Germany; 2Institut fiir Kernphysik, Frankfurt am Main, Germany

Introduction

The Low Voltage system for the TRD will supply its
front-end electronic with an overall net demand of 16 kW
electrical power, transported via a 12V stage and trans-
formed by DC-DC converters to the lower target voltage
levels nearby the supplied electronics. In view of the En-
gineering Design Review for this LV system calculations
of the voltage drop in the full transport layer have been
completed, i.e. in the cables and bus bars, as well as on
the corresponding power losses, both in dependence on the
conductor dimensions. On this basis, decisive design pa-
rameters can be pinned down now.

LV transport layout

LV power is distributed to the TRD modules by pairs of
bus bars of opposite polarity, which are mounted vertically
on the main frame between the detector modules. Those
bars will supply the front-end electronics of the TRD, i.e.
the read-out electronics and the GBT-based aggregation
boards (“ROBs”). The nominal bar voltage is 12V. As
the channel density of the TRD varies for different detec-
tor regions, also the power demands are different. The ex-
pected power demands are given in Fig. 1. These values
include the losses from the subsequent levels, in particular
from DC-DC conversion down to the operation voltages
of the electronics, but not yet losses within the bars or be-
fore. A cross section of 16 mm? per conductor of the bars
is foreseen.

The bus bars themselves are fed by cables directly from
Wiener PL506 units in the E10-service area. As the TRD
can be moved in two dimensions (z for overall positioning,
z for TRD-specific maintenance), the corresponding flexi-
bility will be considered for the LV cables and their local
paths. Full and safe functionality of the LV system will kept
for the TRD maintenance positions, as full system checks
relying on a working LV supply are part of the test routines
after module exchange.

Conversion to 2.5V (and also 1.5V for the ROBs) is re-
alised with the radiation-hard CERN FEAST modules. The
input power of these converters is, to first order, by princi-
ple constant irrespective of the input voltage (neglecting
a minor efficiency dependence), which is used within the
voltage drop calculations until the DC-DC stage. Particu-
lar for the TRD electronics is the independence of its power
demands with respect to the detector’s counting rates. Fur-
thermore to be respected is a strict maximum input voltage

*Work supported by BMBF grants 05SP19PMFC1 and 05P19RFFC1.
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Figure 1: One of the four identical TRD layers and its LV
power bus bars, 12 V level. Left and right side are mir-
rored with respect to each other. The numbers below each
bus bar designator indicate the power delivered by this bar,
i.e. before losses in the bars itself and cables towards the
detector.

of the FEAST voltages of 14 V.

The voltage drop and corresponding power losses in the
TRD bus bars and feeding cables are a function of the in-
put voltage (supply clamps), which can be parametrised by
a polynomial depending on conductor cross sections and
lengths. For realistic conductor geometries, we calculate
total power losses of up to 3.1kW, which is compatible
with the thermal design. The FEAST input voltage range
is strictly ensured both by active sensing and by complying
with the range even on supply side.

Summary and outlook

For an overall TRD net power demand of 15.8 kW, we
calculate an additional power loss of 3.1 kW in the assumed
transport layer. Voltage limits of the FEAST DC-DC con-
verters are strictly fulfilled by system design. Mechanical
and connection details of the bus bar structure are being
developed.
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Measurements of the entrance window bulge of TRD chambers

L. Faber and F. Fidorra
Institut fiir Kernphysik, Miinster, Germany

An overpressure of the detector gas in the TRD will re-
sult in deformations of the flexible entrance window, i.e. a
bulge. A deformation of the foil changes the electric field,
which results in a change in gas gain. The tolerable defor-
mation limit during detector operation is derived from the
tolerable electrical field deformation and was determined
to be —0/+1 mm [1].

The foil is divided into segments by a carbon lattice which
is glued to the foil. With a mechanical setup which is
shown in Fig. 1 the bending of the foil segments and of
the whole carbon lattice were measured independently. To
measure the foil deformation as function of the differential
detector gas pressure, the chamber overpressure was regu-
lated and monitored with a corresponding gas setup using a
newly produced chamber in the TRD preseries production.

Figure 1: Methods of distance measurements

Using a parabolic fit to describe the bulge along one
axis of the structure yields an estimate value of the max-
imum bulge for the used overpressure. For one measure-
ment along one axis of the carbon lattice the data points
and the parabolic fit are shown in Fig. 2.
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Figure 2: Results of measuring the bulge of the foil for an
overpressure of (0.79 £ 0.08) mbar

The maximum bulge was measured along the horizon-

tal, the vertical, and the diagonal axis for two different seg-
ments and along the horizontal, and the vertical axis for
the carbon lattice. All the measurements were performed
over different overpressures ranging from 0 mbar to 1 mbar.
Since the two measured bulges are independent, the maxi-
mum bulge of the whole entrance window is calculated as
the sum of the two. It was possible to confirm a linear de-
pendence of the expansion within this overpressure range
[2], as shown in Fig. 3.
The chamber can safely be operated at overpressures up to
p = (0.70 £ 0.15) mbar [2], since the maximum bulge will
stay below 1 mm which can be compensated by energy cal-
ibration as stated above.
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Figure 3: The dependence of the maximum bulge on the
overpressure

We obtain a maximum tolerated overpressure of
—0/40.70 mbar. This value is to be ensured by the TRD
gas system [3] and translates into a maximum allowed gas
flow per line. This is an important input value during tun-
ing and commissioning of the first TRD gas line.

The measurements can further be used as a reference in
simulations of the entrance foil and field deformation, e.g.
for start values of the detector gain calibration.
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Entrance windows for the TRD-2D chambers for the CBM-TRD*
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The TRD detector of the CBM experiment will be used
as intermediate tracker between the STS and TOF detec-
tors, for electron/pion discriminator and to enhance the PID
performance in combination with TOF. In order to fulfil
these requirements in the high counting rate environment
of high particle multiplicities at low polar angles, which is
specific for CBM as a fixed target experiment, the active re-
gion of the multi-wire proportional chambers was reduced
to 12 mm thickness (4 mm drift and 2 x 4 mm amplification
regions) and the readout cell to ~ 1 cm? pad size. In order
to obtain a very good position information in two dimen-
sions, a new pad-plane architecture was developed based
on triangularly shaped pads [1].

Another essential component of these chambers is the
entrance window, i.e. the mechanical support for the drift
electrode which has to have a minimal absorption for the
transition radiation (TR) produced in the radiator in front
of the chamber and enough mechanical rigidity to minimize
the deformation at ~ 1 mbar pressure difference created by
the gas flow in the chamber. A real size prototype with

mE L. w
TRD prototype

Absorber in front of the collimated area

Collimated area
ssFe source (4 |

Figure 1: Configuration of the experimental setup used for
absorption studies.

outer dimensions of 60 x 60 cm? with an entrance window
based on a structure composed of 20 pum aluminized Kap-
ton + 3 mm Rohacell + 9 mm honeycomb + 3 mm Rohacell
+ 20 pm Kapton was assembled and extensively tested in-
beam, operated with a dedicated FEE [2,3].

Among other performances parameter important for the
present studies, it is worth mentioning that for a fibre type
radiator, a 2 % pion suppression factor at 90 % electron
efficiency has been estimated for a six layer configuration,
based on the above mentioned chamber structure. No de-
pendence of the results on the position across the surface of
the entrance window was observed. The absorption mea-

*Work supported by the Romanian Ministry for Research, Innovation
and Digitisation, NUCLEU Program (contract PN 19060103) and RO-
FAIR Program (contract HICORDEFEND 03/16.11.2020).

1
75 pum Kapton foil + 9 mm
honeycomb + 75 um Kapton foil

-
20 ym aluminized Kapton foil +3
mm Rohacell foam HF71 +9 mm
honeycomb + 3 mm Rohacell foam
HF71 + 20 um aluminized
Kapton foil
TRD-2D 2012 entrance window

3
20 ym aluminized Kapton foil + 3
mm Rohacell foam HF71 + 6 mm
honeycomb + 3 mm Rohacell foam
HF71 + 20 um aluminized
Kapton foil

4
0.25 mm aluminized
carbon fiber + 9 mm
honeycomb + 0.25 mm
aluminized carbon fiber

5
20 pm aluminized
Kapton foil + 9 mm
honeycomb + 20 pm
aluminized Kapton foil

6
170 um aluminized
carbon fiber + 9 mm
honeycomb + 170 pm
aluminized carbon fiber

7
150 pm carbon fiber + 9 mm
honeycomb + 20 pum
aluminized Kapton foil

8
135 um carbon fiber + 25 pm
aluminized Mylar foil + 9 mm
honeycomb + 20 um
aluminized Kapton foil

9
100 pum carbon fiber + 25 um
aluminized Mylar foil
+ 8 mm Rohacell foam HF71
TRD-ALICE entrance window

Figure 2: The structure of different samples used in the
absorption measurement.

surements for the above described entrance window, using
a 5°Fe source, showed a 57.7 % x-ray absorption. Be-
fore starting the assembling of CBM TRD-2D chambers,
we have done some absorption studies of different entrance
window configurations in order to decrease as much as pos-
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sible the absorption of low energy TR photons, while still
limiting the mechanical deformation at ~ 1 mbar pressure
difference to a reasonable level. The setup used for these
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Figure 3: Absorption value for 5.9 keV ®®Fe x-rays for the
samples presented in Fig.2.

studies is presented in Fig. 1. In front of a smaller sized
TRD prototype, of the same configuration as it was pre-
sented above, a sheet of lead with a rectangular opening
(Fig. 1 left) was mounted. The opening is completely cov-
ered by the absorber and the active area of the TRD (Fig. 1
right) is illuminated by the x-rays of a ®Fe source. The
signals from the multi-wire anode electrode, processed by
a charge sensitive preamplifier, a shaping amplifier and a
discriminator, were fed into a scaler.

A few versions of the entrance window of different con-
figuration were assembled and measured. An overview of
these versions and their structure is presented in Fig. 2. The
results of these measurements are presented in Fig. 3. As
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Figure 4: Kapton attenuation coefficient for 5.9 keV °Fe
X-rays.

can be seen, a structure based on 135 pm carbon fiber foil
+ 25 pm aluminized Mylar + 9 mm honeycomb + 20 ym
aluminized kapton foil, has an absorption of 31 %, twice
as low than the absorption of sample 2 used as entrance
window for the prototypes mentioned above, and more
than two times less than the ALICE-TRD entrance window
(sample 9). For such a configuration the measured mechan-
ical deformation in the middle of the window of dimensions

CBM Progress Report 2021

60 x 60 cm2, which is the size used for the TRD cham-
bers in the inner zone of the CBM-TRD, is =~ 1.75 mm at
1 mbar pressure difference. As this deformation will in-
crease the thickness of the drift zone only, minor effects on
the gain are expected. The slight increase in the drift time
will not have a strong impact on the counting rate perfor-
mance. However, as it is a global and symmetric deforma-
tion, any impact on measured observables could be easily
corrected offline.
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Figure 5: Aluminium attenuation coefficient for 5.9 keV
55Fe x-rays.
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Figure 6: Carbon fiber attenuation coefficient for 5.9 keV
55Fe x-rays.

The measured attenuation coefficients for 5.9 keV 55Fe
x-rays in Kapton, aluminum and carbon fiber are presented
in Fig. 4, Fig. 5 and Fig. 6, respectively. For the final cham-
bers we foresee to use 100 pm carbon fiber layer, instead
of 135 um. Therefore, the absorption will decrease even
further, with direct consequence on the pion rejection per-
formance.
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A complete new architecture for the inner part of the
TRD wall of CBM at FAIR (wrt the TDR [2]) was pro-
posed long ago as an improved tracking device to bridge
the gap between STS and ToF systems. During this year
we have reached several milestones for system integration:
a dedicated physics topic and full system implementation
described in the TDR Addendum, experimental and soft-
ware integration demonstrated in the mCBM setup, Front
End Electronics (FEE) and Data AQuisition (DAQ) inte-
gration (also in the mCBM setup) and, finally, combined
data analysis together with STS, ToF, RICH and PSD sys-
tems for the mCBM July 2021 data taking campaign.

TRD TDR Addendum

The advantages of the TRD-2D architecture and its per-
formances in operation with the dedicated FEE are compre-
hensively described in the Addendum [1] to the TRD-TDR
[2]. The Addendum already went through an internal re-
view of the CBM collaboration followed by the FAIR ECE
review, in the first part of 2021.

Technical Design Report
for the CBM

ADDENDUM
Transition Radiation Detector 2D
(TRD-2D)

The CBM Collaboration

Compressed Baryonic Matter Experiment

February 2021

Figure 1: The Addendum for the TRD-2D solution for the
inner part of the TRD wall.

The document, of more than 100 pages, describes a de-
sign optimized for tracking in two dimensions with amaz-
ing resolutions, as demonstrated by detailed simulations.
The device is aimed at improving the tracking efficiency
in the region of highest particle occupancy of small polar
angles, but it also adds to the physics topics the possibil-
ity to initialize the detection of low pr particles by com-
bining high spatial resolution in a magnetic field free re-

*Work supported by Romanian Ministry of Research, Innovation and
Digitization NUCLEU Project Contract PN 19060103 and RO-FAIR
Project FAIR-03/16.11.2020.

gion. Besides, a dedicated FEE is proposed, which support
the triangular, signal read-out topology. The FAIR ECE-
ECSG evaluation committee recommendation, to expand
the physics case for more realistic simulations is work in
progress.

TRD-2D @ mCBM 2021

The final test of the R&D phase of the CBM experiment
was the realization of a small scale prototype, the mCBM
experiment [3], which integrates all systems foreseen for
the final design. The TRD-2D was implemented for the
common data taking of the July 2021 in-beam test cam-

paign.

setup_mebm_beam_2021_07.C

Figure 2: Integration of the TRD-2D detection system with
the mCBM ’21 for both the experimental setup (left) and
its simulated replica (right).

Two modules of the TRD-2D types were installed as
shown in Fig. 2 (left), an almost real-size chamber (labeled
TRD-2D in figure), operated with the native FASP/GETS
[4] FEE, and a small sized chamber (labeled TRD-2Dh in
figure) steered with both FASP and SPADIC FEE (see also
Fig. 3 (bottom)). The two modules were supported by the
common services of the TRD (gas and LV) and read-out by
the common CRI based DAQ of the mCBM.

In parallel with the hardware developments, software a
been developed to support the integration in the
CbmRoot. In Fig. 2 (right) a snapshot from the simulated
replica of mCBM is shown, in which the TRD-2D modules
are seen installed in front of the large two TRD-1D mod-
ules. The unpacking of GETS bit streams into CbmRoot
data structures was developed from start on the common
framework provided by the collaboration.
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TRD-2D FEE/DAQ integration

Concluding a decade long effort for developing a FEE
system dedicated to the TRD-2D, the FASP/GETS [4] was
finally integrated with the CBM DAQ based on GBTx data
serialization and CRI.

r. f
Subsystem

min max avg

== PSD 0B/s 240MB/s 63.8MB/s
RICH 0B/s 71.3MB/s 20.3MB/s
STS 0B/s 878MB/s 690 MB/s
== TRD 0B/s 649MB/s 368 MB/s
== TRD2D 0B/s 158MB/s 9.80MB/s
== Total (right-y) 0B/s 1.81GB/s 1.10GB/s

Figure 3: Integration of the SPADIC and FASP ASICs
in parallel on the TRD-2Dh chamber for mCBM ’21 (top
left); Data rate of the TRD-2D as represented in the
GRAFANA snapshot taken during July 2021 mCBM data
taking campaign (bottom).

The full CBM DAQ, including the FASP/GETS, was
finalized shortly before beam start and tested extensively
during mCBM data taking. In Fig. 3 (bottom) a snapshot
from the DAQ monitoring tool GRAFANA is reproduced
in which several statistics of data rate per system are re-
ported. The TRD-2D/FASP is featured in this plot under
label TRD-2D while the TRD-2Dh/SPADIC (see top left)
is integrated with the TRD-1D modules under label TRD.

In parallel, a dedicated test was conducted, on the TRD-
2Dh module, to compare the two FEE solutions developed
in the TRD community, the SPADIC and FASP ASICs. As
such, the chamber was hooked to two different data pro-
cessing chains which were merged in data analysis. The
test was successful and its application on TRD-1D cham-
bers was also suggested for further elucidating systematic
effects.

TRD-2D first data in the CBM environment

Integrating all developments from the past on all exper-
imental components, the data, shipped by the mCBM in-
frastructure to disks, represented the true evaluation of the
whole effort.

A very successful run (1588), of more than 160 min, was
recorded with the following detectors in the downstream di-
rection: STS, TRD-2D, TRD, ToF, RICH and PSD. A very
preliminary quality check of the data, besides the obvious
DAQ test of time synchronization, was to monitor the beam
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profile and compare the data rates for the two beam condi-
tions, on/off.
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Figure 4: SIS18 beam profile seen in the raw data of all
mCBM 2021 detector systems.

In Fig. 4 a time-window of less than 1 min from this run
is shown in which four beam spills are registered. As the
data rate (number of digis in 10 ms in figure) varies with
detector system, a normalization to 1 was been performed
on each rate for the beam-off intervals. Using such scaling
procedure it would imply to interpret the values measured
during beam-on intervals as an estimation of the integrated
S/N for each detection system. Such interpretation was
supported also by other analysis. For the case of the TRD-
2D/FASP the S/N is only surpassed by the Psd system but,
as opposed to the later, it is also not limited by the interac-
tion rate.

More details on the spatial-time correlation of the TRD-
2D data with the rest of the detection systems, which were
installed on the experimental acceptance, are presented on
a separate contribution [5].

Conclusions

A very successful year was concluded for the TRD-2D
project. Several working connections have been estab-
lished to the CBM community ranging from the definition
a new physics channels for low pr track reconstruction to
the first common data taking with the rest of CBM systems.
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Four TRD modules (see Fig. 1), having geometries and
Front End Electronics (FEE) close to those proposed for
the CBM experiment [1], were operated in the mCBM test
facility at SIS18 at GSI Germany. Their current opera-
tion mode in mCBM is without radiators but a second pur-
pose, i.e. as intermediate tracking device, is followed by
installing them between the STS and ToF detectors as in
the final experiment.

Figure 1: The TRD setup at mCBM 2021 comprising four
modules: TRD-2D, TRD-2Dh and two TRD-1D modules.

Three TRD modules were dedicated to tracking, while
the TRD-2Dh was mainly used for FEE tests [1]. The cur-
rent report emphasizes the spatial-temporal correlation of
the TRD reconstructed data relative to STS and ToF.

Time correlations, raw-event selection

A close to final common DAQ was tested for the first
time during the mCBM 2021 campaign driven by a com-
mon clocking scheme (the TFC). A trigger-less data stream
imposes challenges also on the data analysis as time-
dimension became instrumental in data reconstruction. A
hybrid event definition was developed based on a ToF data
correlation and the time-coincidence with the rest of the
detectors within a time-slice' (TS).

The time correlations are shown in Fig. 2 for all nCBM
2021 systems: STS, TRD-1D, TRD-2D, RICh and PSD.

*Work supported by Romanian Ministry of Research, Innovation and
Digitization NUCLEU Project Contract PN 19060103, RO-FAIR Project
FAIR-03/16.11.2020, BMBF grant 05SP19PMFC1 and 05P21PMFC1 and
BMBF grant 05P19RFFC1 and 05P21RFFC1.
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Figure 2: Time differences within a TS between ToF selec-
tion and the other mCBM components; the time correlation
is emphasized by the Gauss+background fit (dashed-line).

For each system, the distribution has two components: a
flat background of uncorrelated data and a Gaussian-like
peak of signals correlated to the event. The model is shown
in Fig. 2 by a dashed line for each case and its deviations
from measurements are to be further investigated. An event
time-resolution can be also derived for each system (see
figure legend) and such value positively compare with real-
istic simulations of the experimental setup. For the case of
TRD-1D the time-resolution is clearly limited by not fea-
turing the time extraction from the SPADIC signals in the
unpacker yet but only using the rough ADC sample timing.

The time correlations, as shown in Fig. 2, are used to cal-
ibrate and define time-windows for raw-event reconstruc-
tion. They are used to restrict the local cluster/hit recon-
struction only to the sub-set within time windows. A fur-
ther improvement of event definition is based on construct-
ing the spatial correlations between hits in various systems
as detailed below. The efficiency and bias of such proce-
dures is under investigation using simulations.

Spatial correlations, local reconstruction

The development of a raw-event selection procedure
with data is in progress. From a TRD perspective, a possi-
ble test is to extend the time selection to those events with
only two hits in both the STS and ToF systems. Further
constraints are imposed on the hits being measured in dif-
ferent modules of each system. A linear interpolation is
performed on the four spatial points, mimicking the parti-
cle trajectory, and its intersects with the fiducial volumes
of the TRD modules consequently estimated.

In Fig. 3 an example of a linear interpolation between
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Figure 3: Linear interpolation between STS and ToF hits
(red markers) and their spatial correlation with the TRD
hits (blue markers); the projection on the horizontal (left)
and respectively the vertical (right) plane are shown to-
gether with some outline of the read-out volume of each
system.

two STS and two ToF points (red markers) is shown for
both, horizontal and vertical projections. The TRD local re-
construction generates for this selection the hits displayed
as blue markers in the figure. For both projections the lin-
ear interpolation is represented by the red line, which enters
the active volumes of all three systems, and consequently,
its correlation with the TRD hits can be followed. A quali-
tative outline of the read-out volume of each system is also
shown by boxes for a first check on efficiency.

A global view on the performances of the TRD system
within the close to final CBM setup, as represented by the
mCBM experiment, was obtained by integrating a larger
statistics. In Fig. 4 the correlation of TRD hit position with
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Figure 4: Correlation of TRD hit position with STS-ToF
interpolation for the high resolution direction of TRD-1D
(top) and TRD-2D (bottom).

STS-ToF interpolation is shown for the data selection in-
troduced before. For the TRD-1D only the high resolution
direction is shown which, for the first module (index 37), is
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parallel with global x and with global y respectively for the
downstream module (index 53). As the TRD-2D delivers
position estimators for both coordinates x and y directions
are shown. For the global y direction (perpendicular to an-

odes) the data hints towards wire identification but a more

sensitive analysis i

s in progress.
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Figure 5: Residual distributions between TRD hits and
STS-ToF linear interpolations, along the high resolution di-
rection of each module; the TRD-1D modules (top) and the
TRD-2D module (bottom).

A preliminary quantitative estimation of the perfor-
mances of the TRD system as it is presently implemented
is obtained by projecting Fig. 4 along diagonal. In Fig. 5
the residuals for the three tracking TRD modules are re-
ported wrt. the STS-ToF interpolation for the high reso-
lution direction. For all three cases the fit is performed in
the range [—0.7,0.7] c yielding a combined STS-TRD-ToF
spatial resolutions of o, ~ 5 mm and oy < 4 mm.

Conclusions

The preliminary results of spatial-temporal correlation
of reconstructed TRD measurements with STS-ToF inter-
polations are as expected. We therefore conclude, that the
integration of various detection solution, especially TRD,
was successful. Next steps are to refine the performances
and prepare for mCBM 2022 A reconstruction campaign.
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TOF - Summary

L. Deppner

Physikalisches Institut der Universitit Heidelberg, Germany

The main focus of TOF, since the last Progress Report
2020, was on the development of new MRPCs prototypes
in order to mitigate the observed gas pollution and aging ef-
fects as reported in several meetings and for instance here
[1,2, 3, 4, 5]. The proposed strategy, which was discussed
in a dedicated review meeting and supported by the exter-
nal reviewer, is to develop methods to exchange the counter
gas in between the gapes in a much more rapid way com-
pared to gas diffusion. Within the groups different designs
have been realized, constructed and partially tested by now
[6, 7, 8]. For the MRPCI1 prototypes a 100 % gas transmis-
sion through the gaps is foreseen which is quite a challenge
to realize. These counters have to cope with the highest
interaction rates up to 50 kHz/cm? and needs therefore the
most efficient way of gas exchange. Figure 1 shows the in-
dividual gas supply to each stack of a MRPCla prototype.
For the other MRPC types the situation is more relaxed.
Here a sealing around the glass plates using 3D printed
frames is intended. However, the gas is not completely
forced to flow through the gaps and the gas exchange rate
is slightly reduced. Test chambers housing sealed coun-
ters of all MRPC types are installed in mCBM and are be-
ing tested in the current beam time period. Further more,

Figure 1: Sealed MRPCla prototype withe 100 % gas
transmission. The gas is distributed via pipes to each stack.

X-ray test in the institution labs are being performed. In
addition a second aging test with gammas at the IRASM
facility (Bucharest) is foreseen. Based on the outcome a
production readiness review (PRR) is targeted in Q3 of this
year.

The electronics PRR is in preparation as well. Charge

injection tests in the EE department at GSI are being per-
formed and a decision on the final layout including the type
of protection diode will be taken soon.

A substantial progress has been achieved in the design
of the TOF main frame which permitted the passing of
the CDR milestone and entering the engineering phase for
most of the frame parts. The engineering design of the
outer module chambers is close to final and the integration
in the outer TOF module support frame (OTMSF) frame
(see Fig. 2) utilizing a light weight construction for mini-
mizing the material budget in front of the active area is be-
ing designed. In addition a concept to dismount installed
modules for maintenance reasons was developed. Cur-
rently a test substructure comprising a half column with
12 modules is under constructed at the Physikalisches In-
stitut in Heidelberg. With this frame mock-up test stand the
practicability of the mounting procedure, connectivity han-
dling of the infrastructure and cable routing strategies can
be exercised.
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Figure 2: Back view of the CBM TOF wall illustrating the
design of the main frame.
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In-beam test of the MSMGRPC protototypes for the CBM-TOF inner zone in
the mCBM eperimental setup”
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Two Multi-Strip, Multi-Gap Resistive Plate Counter
(MSMGRPC) prototypes with the highest granularity re-
quired by the inner zone of the CBM-TOF wall were de-
signed and assembled. They have a double stack configu-
ration with 5 gas gaps per stack of 200 um gap size. The
active area is defined by 32 strips of 9.02 mm pitch and
60 mm length, readout at both ends. The strip architec-
ture for both high voltage and readout electrodes allows
to tune the signal transmission line impedance in order to
match it to the input impedance of the front-end electron-
ics (FEE) [1]. The resistive electrodes are made of Chi-
nese glass of ~10'° Qcm resistivity. They were assembled
and mounted together in a gas tight and electromagnetically
screened box.

Figure 1: The counters installed in the experimental setup.

The two prototypes were first successfully tested with
cosmic rays in the detector laboratory of HPD/IFIN-HH,
proving a very good efficiency and time resolution [2].

Later on, these prototypes were installed (Fig. 1) in the
mCBMY/SIS18 experimental setup and tested in the mCBM

*Work supported by Romanian Ministry of Research, Innovation and
Digitization, NUCLEU project (contract PN 19060103) and HICORDE-
FEND project ( contract RO FAIR 03/16.11.2020).

T mpetris @nipne.ro

beam-time campaigns of 2021 year. The counters were
equipped for the first time with the front-end electronics
designed for the inner zone of CBM-TOF, which integrates
on the same motherbord the PADI XI front-end electronics
(FEE) and the GET4 TDCs. The gas box was flushed in a
standard mode, with a gas mixture of 97.5% CoH2F4+2.5%
SFg. The results presented in this report were obtained us-
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StripSide

Figure 2: Time over threshold distribution.

ing a2 A-GeV 0% beam on a Au target.

The 2D plot of the Time over Threshold (ToT) distri-
butions for the two ends of the 32 strips of each counter
(Fig 2), shows a good matching of the signal transmis-
sion line impedance to the input impedance of the front-end
electronics.
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Figure 3: Efficiency and cluster size as a function of one
polarity of the applied high voltage.

Fig. 3 shows on the left side the scan of the efficiency
with the applied high voltage, reaching a plateau around
96% and on the right side the corresponding cluster size
(the multiplicity of the strips with signal in a single hit) for
which an average value between 1.5 - 1.7 is obtained in the
efficiency plateau, for a 200 mV FEE threshold.

The system time resolution, including the contributions
of both detector under study (DUT) and reference counter
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Figure 4: System and single counter time resolution as a
function of one polarity of applied high voltage.

(REF), obtained from a Gauss fit of the time difference
spectrum, is presented in Fig 4. A single counter time res-
olution of the order of 40 ps is obtained if one considers an
equal contribution of the two counters.
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Figure 5: Cluster counting rate as a function of time in spill.

A scan with the beam intensity was converted in the in-
cident particle flux on the chamber.
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Figure 6: Efficiency as a function of counting rate.

The rate as a function of time in spill reproduces the
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beam spill shape as it is shown in Fig. 5, proving quali-
tatively the counter performance in high counting rate.

As one can be observed in Fig. 5, at the beginning
of the spill the counting rate on the counter was about
30 kHz/cm?, higher than the expected value for the inner
zone of CBM - TOF in the real experiment. Fig. 6 shows
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Figure 7: Time resolution as a function of counting rate.

the efficiency as a function of counting rate for a +/-6 kV
applied high voltage and 200 mV FEE threshold. As it can
be seen, it does not deteriorate significantly with the count-
ing rate. At a counting rate a bit larger than 25 kHz/cm? the
measured 70 ps system and 52 ps single counter time reso-
lution, shown in Fig. 7, are still very good. Worth mention-
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Figure 8: Time difference spectrum at the highest measured
counting rate.

ing that the time spectrum still keeps the gaussian shape at
the highest measured counting rate, as it could be seen in
Fig. 8.
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Ageing effects on MSMGRPC based on low resistivity glass electrodes in high
irradiation dose*
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The CBM - ToF sub-detector, based on multi-gap resis-
tive plate counters, will be exposed to charged particles
counting rates up to about 3- 10%*/cm?-sec and hit multi-
plicities up to ~1 hit/cm? at the smallest polar angles and
9 meters distance from the target. As CBM experiment
is foreseen to run 2 months/year for about 10 years, age-
ing tests in high irradiation dose are mandatory in order to
guarantee that the detector will maintain its performance
over the lifetime of the experiment. A schematic archi-
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Figure 1: Schematic architecture of the double sided Multi-
Strip Multi-Gap Resistive Plate Counter.

tecture of the double sided Multi-Strip Multi-Gap Resis-
tive Plate Counters (MSMGRPCs) based on low resistivity
glass electrodes, foreseen to be used to equip the region of
low pollar angles (2.5° to ~11°) of CBM-TOF sub-detector
is presented in Fig.1. Detailed studies on ageing effects of
MSMGRPC in high irradiation dose, were performed at the
multi-purpose irradiation facility of IFIN-HH based on a
high intensity °Co source.

The MSMGRPC was operated using a standard gas
mixture (90%CoHoFa4+ 5% C4Hig +5%SFs), for about

*Work supported by Romanian Ministry of Research, Innovation and
Digitization, NUCLEU project (contract PN 19060103) and HICORDE-
FEND project ( contract RO FAIR 03/16.11.2020).

T mpetris @nipne.ro

40 hours in a total cumulated dose of 13 kGy. MSMGRPC
dark current and dark counting rate, efficiency, cluster size,
surface and volume resistivity of the glass electrodes after
irradiation were measured and compared with their values
before irradiation. After a period of two weeks of recov-
ery under working gas mixture flow, the measured values
of these parameters were approaching the same as the ones
before irradiation [2, 3].

Nevertheless, after disassembling the irradiated counter,
visible layers deposited on both sides of the glass elec-
trodes and ablation type patterns were observed. Photos

Figure 2: Photos of the two sides of a floating resitive glass
electrode.

of the two sides of a floating resistive glass electrode are
shown in Fig. 2. The surface facing the cathode electrode
is presented in the upper photo and the surface facing the
anode electrode in the bottom one.

A comprehensive analysis of the composition and prop-
erties of the deposited layers on the glass electrodes,
based on different methods, i.e. Scanning Electron Micro-
scope (SEM), X-ray Photoelectron Spectroscopy (XPS),
foil Elastic Recoil Detection Analysis (ERDA), Rutherford
Backscattering Spectrometry (RBS), Atomic Force Mi-
croscopy (AFM) and Terahertz Time Domain Spectroscopy
(THz-TDS) were performed.

Some of the results of the EDX investigations on the ele-
mental composition of some samples of surfaces for the an-
ode and cathode sides of a glass electrode after irradiation
of the MSMGRPC are presented in Fig.3. The fluorine con-
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Figure 3: Results of the EDX investigations on the elemental composition of some samples of surfaces for the anode and

cathode sides of a glass electrode after irradiation of the MSMGRPC.

tent of the two sides of the irradiated glass electrodes of the
MSMGRPC operated in high irradiation dose is significant
and different for the two surfaces. The anode side contains
31.7340.3% fluorine relative to 18.81£0.2% found on the
cathode surface. One should mention that it is not present
in the composition of the non-irradiated glass. As far as
concerns the oxygen, relative to 46.10£0.3% correspond-
ing to not irradiated glass plate, the values obtained for
the irradiated glass plate are 23.124+0.2% and 36.42+0.3%
for the two surfaces, respectively These findings were con-
firmed by the other types of analysis mentioned above.

The surfaces scanning using AFM evidenced an in-
creased surface roughness with larger peak to valley struc-
tures on the surfaces of irradiated glass electrodes relative
to the non-irradiated ones. THz-TDS analysis evidenced
negligible changes in the dielectric constants of irradiated
floating electrodes, the estimated impact on the transmis-
sion line impedance being of the order of a few percent.
Therefore, no major impact on the impedance matching to
the one of the front-end electronics is expected.

The measured surface and volume resistivity of the float-
ing glass electrodes as well as of the glass electrodes in
direct contact with the high voltage electrodes of the irra-
diated counter were found to be the same as for the non-
irradiated glass plates.

The reported measurements were performed using a
housing box flashed with the working gas mixture. There-
fore, the gas exchange in the 140 um 10 gas gaps of the
counter is via diffusion process. It is well known that the
polymerization phenomena is inversely proportional with

the gas flow rate. Therefore, a directed gas flow through
the gas gaps is expected to decrease the observed ageing
effects.

A first prototype, with an architecture designed for a di-
rected gas flow through the gaps between the resistive elec-
trodes, was already assembled and tested in beam in July
2021 (see [4]). However, because this tested prototype has
a ratio of the gas transmission of only 70%, another one
which aims to have 100% percent gas transmission is in
progress to be realized.

Based on the produced charge in the counter by a pho-
ton, during the operation in the high irradiation dose,
and the charge produced by a charged particle in an in-
beam test, we estimated an equivalent of more than 3.10°
avalanches/cm?-sec, which is 10 times higher than the
counting rate expected at CBM for the most forward region,
i.e. low polar angles. Besides an increase of the gas flow
through the gas gaps, using a directed flow MSMGRPC ar-
chitecture, ageing studies in an exposure to a lower dose
rate and longer time, conclusive for the operating condi-
tions in the CBM experiment, will be performed.
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First MSMGRPC protototype with a directed gas flow tested in the mCBM
experimental setup*
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Before starting the construction phase, ageing tests in
high irradiation dose of the MSMGRPCs (multi-gap, multi-
strip resistive plate counters) developed for the inner zone
of the CBM-TOF are mandatory in order to guarantee
that such a detector will maintain its performance over the
whole lifetime of the experiment. A detailed study of the
ageing effects on the performance of MSMGRPC in a very
high gamma irradiation dose and short time exposure is re-
ported in [1]. The tested MSMGRPC was placed in a hous-
ing box flushed with the working gas mixture. Therefore,
the gas exchange in the gaps of the counter took place via
diffusion process. It is well known that a faster gas ex-
change in the gas gaps via directed gas flow is expected to
decrease the observed ageing phenomena, decreasing the
polimerisation processes and the chemical radical deposi-
tion on the glass plates. Based on these, a new detector
architecture was developed for the mitigation of the ageing
effects.

The prototype has the spacers positioned outside of the
electric field, shorter strips (5.6 cm instead of 6.0 cm, as
those reported in [2] have) and forced gas flow through the
gaps. The inner geometry (gas gap size, number of gaps
per stack) was kept identical to those reported in [2].

Figure 1: Left - gas guider components. Right - the counter
during assembling, with two gas giders mounted to the ends
of the stack.

The gas guiders which assures the gas flow directly
through the gas gaps are presented in Fig. 1 - left side.
They are mounted at both ends of each stack, one for gas
in and the other one for gas out. Fig. 1 - right side shows
the counter during assembling having two such gas distri-
bution boxes mounted to the ends of the first stack of the
counter.

The prototype was conditioned and tested in the DetLab
in Bucharest and transported to GSI for in-beam tests in
the July 2021 mCBM beam time. Fig. 2 shows the ob-

*Work supported by Romanian Ministry of Research, Innovation and
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FEND project ( contract RO FAIR 03/16.11.2020).
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tained efficiency (red markers ) as a function of applied
high voltage, with a similar behaviour with the one ob-
tained for the identical prototypes with gas exchange via
diffusion (blue markers). The measured svstem time reso-
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Figure 3: Time difference spectrum.

lution is of 74 ps and a single counter time resolution of
51 ps is estimated, supposing equal contributions of the
detector under study and the reference counter. However,
we would like to mention that the tested counter has a gas
transmission through the gas gaps around 70%. The asem-
bling of a prototype with a 100% gas transmission through
the gaps is in progress.
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Inspections of the low-resistive glass plates from aging MRPC2 using a
Scanning Electron Microscope.*

Botan Wang, Xiaolong Chen, Qiunan Zhang, Yi Wang', Dong Han, and Baohong Guo

Key Laboratory of Particle and Radiation Imaging, Department of Engineering Physics,
Tsinghua University, Beijing 100084, China

The unprecedented flux condition of the CBM-TOF wall
is fulfilled with the application of the 10%° €2/cm? resis-
tivity glass as MRPC electrodes. Thanks to the resistivity
decrease of two orders of magnitude, the real-size proto-
types of MRPC1 and MRPC2 for TOF show the rate capa-
bilities over 20 kHz/ cm? in beam tests [1]. The role of the
low-resistive glass makes it the crucial part of the detector.

The operations of MRPC2 in FAIR Phase-0 programs
not only yield excellent results, but also help in application
issues like aging effect [2]. From mCBM runs, the rise of
dark current and noise rate reflected the gas pollution effect
of ionization product accumulation. The effect is found to
behave in two scales: one is the temporal effect within ir-
radiation periods, the other is the aging effect with run op-
erations. The effects described above has been confirmed
in different laboratory tests, and solutions have been dis-
cussed and practiced for more stable future operations of
CBM-TOF.

Besides the aging tests which has detailed former studies
[3], examination on the material of the post-run counters
is also a distinctive way to study the aging effect because
it provides opportunity to understand the principle and to
recognise the position of the interaction. Our colleagues in
Bucharest have been using an extensive set of equipment
for the analysis of irradiated low-resistive glass [4].

2 MRPC?2 real prototypes were sent back from Heidel-
berg which showed high dark current in operation. We dis-
assembled the counters and find that for one counter the
current problem is from a cracked glass plate which has
slag and spark signs on the surface. For the other, compli-
cated patterns were observed on most of the glass plates,
indicating that the high dark current is an overall effect.
Figure 1 has shown one of the surfaces, where a large burnt
area can be seen. Within the area distributes some white,
powder-like patterns, with most of them along the fish-
lines. These visible changes of surface condition can not
be formed without long period of discharge.

With most of the electrodes showing similar changes, we
are able to collect samples with some typical patterns for
SEM inspections and related analysis. The polarities of the
samples were recorded as the glass polarity: A the positive,
and B the negative. And it is easy to learn that under the
view of the gas gap the polarities are just opposite. Samples
of both sides from another MRPC2 has been collected as

*The work is supported by National Natural Science Foundation of
China under Grant No. 11927901, 11420101004, 11735009, U1832118,
and by the Ministry of Science and Technology under Grant No.
2018YFE0205200, 2016 YFA0400100.
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Figure 1: A naked-eye inspection of the returned MRPC2.

comparison. The counter has been working for over 5,000
hours under cosmic rays in our laboratory. Table 1 lists the
description of the samples, and Figure 2 summarizes the
elemental analysis results. As sample 2 and 3 shows, the
long term operation with proper dark current control will
not cause significant aging effect.

index | Description Surface
1 brand new glass -
2 cosmic A
3 cosmic B
4 irradiated, fishline pattern A
5 irradiated, fishline pattern B
6 irradiated, spot pattern A
7 irradiated, spot pattern B

Table 1: Descriptions of the collected samples.

Figure 3 shows the microscopic view of a brand new
sample. The field of vision is neat only with some light
colored spots. The glass has shown the components as a
type of the doped silicate in Figure 2, and the spots area
has a similar fraction, but has additional Mg and K. So the
spot structure might be the result of crystallization.

Under SEM, the irradiation structures can be clearly seen
as Figure 4 on both sides of the surface. Along with the
change of color, cracks and deposition stains invisible to
naked-eyes are found in most structures. They could be
the source of the dark current and rate. The structures are
likely to form by the mutual interactions of discharge, de-
position and chemistry. For fishline structures, it is easy to
find characteristic distances around 30 pm, indicating that
the contact section of glass and fishline is only tens of pm
in width. The unique pattern of fishline region is possibly
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Figure 3: View of the brand new glass, with the zoomed
view of a light colored spot.

related to the different electric field compared with the gap
region. The element fraction is different on opposite polar-
ities. The negative surface has higher weight percentage of
Sodium, while for the positive, the majority is Iron. A rea-
sonable explanation would be that Na™ is more movable
than other ions like Fe™+ and AI3* so it drift in electric
field towards the negative surface. F'~ deposits on both side
of the surface and more fraction on the negative side. Sam-
ple 5 shows an unusual pattern of a spot which is visible as
well without scope. It is possibly attributed to an intense
streamer, because the circle pattern has the same level of
size as a typical avalanche. In addition, the less deposition
in the circle can be explained by the space charge effect.

This work has provides the evidences that lead to a bet-
ter understanding of the glass aging effect, including the
deposition of Fluorine, the patterns around fishline, and the
marks of intense streamers. They can well explain the in-
crease of the dark current and noise rate for the aging coun-
ters. Based on the results, it is necessary to improve the gas
exchange in gas gaps, which leads to the development into
the sealed MRPC [5]; and to avoid abnormal discharges,
which requires an advanced slow control in terms of tem-

Figure 4: Typical pictures of the surface patterns on irradi-
ated glass plates. Red squares mark the region for element
analysis with results shown in 2.

perature, working high voltage, etc. Proper improvement
on the fishline, if practical, will also benefit the glass in
operations.
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New potential MRPC prototypes to reduce gas aging effect for CBM TOF

K.Wangl, Y.Zhou', X.Wang', and Y. Sun'

! State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei
230026, China

The aging effects of MRPC detectors have been studied
over the past few years. The structures of MRPCs need
to be specially optimized to maintain its performance over
the whole lifetime of the experiment, since CBM-TOF is
foreseen to run 2 months/year for about 10 years in high
luminosity environment.

Here we report the SEM analysis results of the aging
effects of CBM/STAR eTOF MRPC3b operated at STAR,
including the surface characteristics and elemental analy-
sis of glass electrodes and fish line spacers. Semi-sealed
CBM-TOF MRPC3/4 prototypes, which may weaken the
aging effects, have been tested under cosmic-ray, and some
preliminary results were showed here. Prototypes built
with cuboid spacers have been proposed which may reduce
the gas pollution around the former fish line spacers.

SEM analysis

Through visual inspection of MRPC3b from STAR that
were operated at high luminosity for a long time, obvious
traces of depositions could be found on the surface where
fish lines lie against glass electrodes. A scanning of the
deposition both on the electrodes and fish lines has been
done with Scanning Electron Microscope (SEM) to get a
better resolution. Figure 1 shows the images of electrode
samples ( Figure 1(a) 1(b)) and fish line samples ( Figure
1(c) 1(d)).

For Figure 1(a) 1(b), the deposition traces could be found
in the region of about 30 microns around the contact sur-
face between fish lines and electrodes. More compositions
were found on the cathode surface. The fish line (Figure
1(c) 1(d) ) irradiated for a long time at high luminosity also
shows obvious marks compared with the new fish line.

Further chemical elemental analysis results with SEM
proved that under the strong electric fields, the elements of
the glass electrodes have a directional movement inside the
glass and fish line (including sodium and silicon, etc.), es-
pecially in the deposition areas. The fluorine in the work-
ing gas also appears along the deposition of the cathode
glass. These results illustrate that some gas molecules may
be ionized due to the high electric field and avalanche ef-
fect, and for the vicinity of fish line, the ionizations may be
more severe. These gas pollution may lead to aging effects.

Semi-sealed CBM-TOF MRPC3/4

Semi-sealed CBM-TOF MRPC3/4 with 3D printed gas
guider and gas blockers are designed to speed up the work-
ing gas exchange in the gas gaps and may reduce gas aging
effects in MRPCs. The structures of semi-sealed MRPC3/4

(a) anode surface (b) cathode surface

Used fish line

(c) new fish line

(d) used fish line

Figure 1: Samples of SEM images: (a) the anode surface of
electrode (b) the cathode surface of electrode. (c) the new
fish line. (d) the used fish line in MRPC3b.

are basicly same with normal MRPC3/4: double-stacks and
ten gaps MRPC with ultra-thin float glass electrodes. The
sealed design is showed in Figure 2. Gas blockers are
placed along both sides of each stack and a specially de-
signed gas guider is placed on the side perpendicular to the
direction of the fish line to ensure a uniform flow of gas in
each stack.

Blocker ~ Gas guider

Figure 2: structures of Semi-sealed MRPC3/4

Semi-sealed MRPC4 prototypes have been assembled
and tested under cosmic rays along with two normal
MRPC4. The working gas mixture is composed of 90%
Freon , 5% iso-C4H1g and 5% SFg. The dark currents for
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sealed counters are very stable and low, less than 10 nA at
6000 V. A single counter time resolution of 65 ps and an ef-
ficiency of 94% were obtained in the test. These results are
consistent with normal counters. Further test is expected in
the upcoming mini-CBM high rate environment.

Novel design of MRPC spacers

More compositions are found by SEM in the vicinity of
fish line, which may hint the gas pollution is more severe in
this area due to the gas exchanges are less adequate and the
electric field is stronger. Simulations of the electric field
show (Figure 3(a)) that, using the normal fish line as the
support spacers between two electrodes, the electric field
intensity in the region of 20 microns around the spacer-
electrode contact surface is more than 4 times larger than
the parallel gas gaps. But if the normal fish lines are re-
placed by cuboid spacers, electric field distribution will ob-
viously be fairly uniform (Figure 3(b)).

electrode
el electrode

Fish line Cuboid spacer

electrode electrode

(a) b

Figure 3: Simulations of electric field in gas gap: (a) fish
line spacer (b) cuboid spacer

Based on above considerations, a novel MRPC with
cuboid spacer has been proposed. 400 mm long, 208 um
thick, 2 mm wide teflon tapes will be used to replace fish
lines. The assembling and test of this new detector are still
ongoing.

In conclusion, the SEM analysis results for ultra-thin
float glass CBM/STAR MRPC3b have been reported. De-
tailed studies show the aging could be more severe around
fish line. Two potential MRPC prototypes (semi-sealed
MRPC3/4 and MRPC with cuboid spacers) have been pro-
posed to reduce the aging effect. More studies and tests
in terms of performance, aging and material stabilities are
still underway.
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The superconducting dipole magnet of the CBM experiment

P. Senger
FAIR, Darmstadt, Germany

End of 2020 we decided to perform separate Final De-
sign Reviews (FDR) for the various components of the
magnet in order to advance with the construction of the
major parts, and, hence, to reduce the delays caused by the
pandemic restrictions at BINP in Novosibirsk. End of Jan-
uary and beginning February 2021, the FDRs of the magnet
yoke and its support, and of the power supply and the en-
ergy extraction system have been submitted. Meanwhile,
the yoke blocks, each consisting of five steel layers, are
welded and machined. Finally, the yoke has been assem-
bled and painted (see figure 1). Laser tracker measurements
of the precise yoke geometry are ongoing. Also the con-
struction of the power supply, the energy extraction sys-
tem and the dump resisters including the ordering of com-
mercially available components is progressing according to
schedule.

Figure 1: Assembled yoke of the CBM magnet

One of the important tasks, which suffered from the re-
strictions, was the construction of a realistic mock-up coil
including the impregnation. Meanwhile, the coil vessel
consisting of an U-shaped circular mandrel and a cover
plate has been manufactured from stainless steel (see fig-
ure 2). Also, the winding tools have been built. The wire
layers will be isolated by a 0.3 mm thick G-10 foil with
holes. The coils will be impregnated at a temperature of
about 50 — 60 °C in order to reduce the viscosity of the
compound. Moreover, the coil will be impregnated inside
the vessel at a pressure of 2-3 bar. The winding an impreg-

nation tests with the mock-up coils are planned for early
2022.

Figure 2: Photo of the mock-up coil vessel consisting of a
circular U-shaped mandrel with a cover plate.

A crucial part of the coil construction are the support
struts of the coil, which have to compensate the magnetic
forces corresponding to 300 tons. On the other hand, the
struts should be thermally isolating, because they have to
resist the pressure between the coils at a temperature of 4
K and the vacuum vessel at room temperature (see figure
3). The idea is to use for each coil two large single rings
made of Glass-Fiber Reinforced Plastic (GFRP), which are
connected by a stainless steel ring, as illustrated in figure 3.

— Support strut

- Stainless steel plate

- Helium cocling tube

- SC winding

- Copper case

- E
e — Radiation shield
Vacuum vessel

Figure 3: Cross section of the upper coil with the SC wind-
ing inside the copper case and the Helium cooling tube, the
stainless steel plate the support struts, the radiation shield
and the vacuum vessel.

In order to determine the mechanical stability of the
GFRP rings, a pressure test and ANSYS calculations have
been performed. For the pressure test, a GFRP ring with a
diameter of 1640 mm, a thickness of 12 mm and a height
of 180 mm was used. A photo of the test setup is shown
in figure 7. The ring was stable up to a pressure equivalent
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to 740 tons, although the pressure could be not applied ex-
actly uniformly over the ring circumference because of the
large ring diameter. Nevertheless, this result creates some
confidence, that the struts will withstand safely 300 tons
uniformly distributed over the ring. In addition, as result
of the ANSYS calculations, the thickness of the outer strut,
which experiences the large temperature gradient, will be
increased to 14 mm, and its shape will be modified, in or-
der to achieve a safety factor of 5 against buckling. Once
the final struts will be available, the pressure tests will be
repeated on shorter samples under well defined conditions.

Figure 4: Photo of the test setup with a strut ring of
1640 mm diameter, and a 1000 ton press with a table size
of 1600 mm.

The layout of the cryogenic system, i.e. the branch box,
the transfer line and the cryostat is progressing. The branch
box distributes the liquid Helium coming from a cryogenic
plant to the CBM magnet, and to the feed box for the
HADES magnet (see figure 5).

Figure 5: Piping inside the branch box for distribution of
the liquid Helium to the cryostats of CBM and HADES.

The final specifications for the control valves, the pipe
sizing, and the safety valves in branch box and cryostat are
still under development, and will be documented in great
detail for the examination by a notified body (TUV). The
cryostat provides the liquid Helium to cool the coils, which
are connected in series (see figure 6). The Helium flow is

Magnet

driven by the thermosyphon effect, i.e. by convection, and
is supported by an additional heater. A concept for multiple
mounting of the T and L junctions is under discussion. The
implementation of such a concept is crucial to guarantee
the correct reassembly and operation of the cryostat after
the Factory Acceptance Test and the Site Acceptance Test
at FAIR.

Al % Assembling
] place
He transfer l (/

Upper coil

line

Lower coil

Figure 6: The cryostat with the connection to the coils.

The branch box is connected to the cryostat via a transfer
line of more than 30 m length. The details of the piping
inside the transfer line have been specified. The routing of
the transfer line has been adapted to the modified platform
geometry. The branch box is sitting on a balcony at the wall
of the cave as shown in figure 7.

Figure 7: The cryostat with the connection to the coils.

Postscript: Due to the sanctions imposed on Russia af-
ter the Russian attack on Ukraine, the cooperation between
GSI/FAIR and BINP in Novosibirsk has been indefinitely
suspended. Therefore, the development and fabrication of
the magnet has been ceased, and even the delivery of the
produced parts like the yoke is not possible. We have con-
tacted Western companies, which would be able and will-
ing to produce the magnet, but before publishing a call for
tenders, we have to clarify the funding situation, as the
magnet ought to be a Russian in-kind contribution.
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Status of Upstream Platform Development *

M. Janda'', J. Brajerl, P. Chudobd?, F. Lopotl, and A. Kugler2

Faculty of Mechanical Engineering, Czech Technical University in Prague, Technicka 4, 160 00 Prague, Czech
Republic; 2Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Rez 130, 250 68 Rez, Czech republic

Introduction

The purpose of the platform is to provide required sup-
port for the HADES detector, ECAL and their equipment.
Overview of the platform with detector and equipment is
in the Fig. 1. The platform has two levels. The HADES
detector, ECAL, HADES magnet and the beam dump are
located on the lower level of the platform. The cryoplat-
form and area designed as parking position for the RICH
detector are located on the higher level of the platform.

Figure 1: Overview of Conceptual Layout of the Upstream
Platform.

Constraints and Requirements

The platform consists of concrete beams with the di-
mensions of 0.6x0.6x6.7m on the upper section and
0.620.627.8m on the lower section and supporting steel
construction. The area underneath the platform provides
space for placement of several racks and must contain
an emergency escape corridor of minimal dimensions of
1.222m without any obstacles.

The dimensions of any single component and sub-
assembly must not exceed 6x10m with weight up to 30¢.
These limits are given by the dimensions of the access shaft
and by the lifting capacity of the crane in CBM cave.

The fixation of the platform is possible only to the re-
inforced concrete floor of the CBM cave and to the CBM
magnet foundation. The load applied on the steel construc-
tion is presented in the table 1.

* Work supported by FAIR-CZ-OP 1L
CZ.02.1.01/0.0/0.0/18-046/0016066.

f martin.janda@cvut.cz

Table 1: Upstream Platform Load

‘ ‘ Item Load Location ‘ ‘
Concrete blocks | 200¢ | Upper and Lower Section
Cryoplatform 15¢ Upper Section
RICH 16t Upper Section
Hades 25¢ Lower Section
Ecal 35¢ Lower Section
Hades Magnet 5t Lower Section
Beam Dump 35t Lower Section
Additional Load | 1¢/m? | Upper and Lower Section

Design Description

Figure 2: Upstream Platform Design Overview.

The upstream platform is designed as a simple steel
beam frame with concrete beams lying on the top of it. The
concrete beams themselves form a straight floor intended
for placing the detectors and other equipment. The steel
frame provides required support for the concrete beams.

The total weight of the steel platform is 34 tons. The
assembly breakdown can be seen in Fig. 2 (see different
colors of the frames and pillars). The steel support struc-
ture consists of 645 individual subframes and 43 pillars.
The maximal size of each subframe is 6.222.75x0.3m for
the upper part of the platform and 9.623.0520.3m for the
lower of the platform. Its maximum weight is 2.4¢. Its di-
mensions are not limited by the access shaft to the CBM
cave but by maximum allowable dimensions for the trans-
portation on a truck.

The platform is designed to be assembled in CBM cave
from frames and pillars. All components and subassem-
blies are bolted together.
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FE Analysis

A preliminary finite elements analysis is performed on
simplified but reliable beam model. The simplified 3D
model is shown in Fig. 3. All profiles (I and C-shaped
profiles) are substituted for 1D elements. The simplifica-
tion has no impact on the platform deformation, but it can
influence the local stress behavior.

ANSYS
s

Figure 3: Simplified FEA Model of the Upstream Platform.

The meshed FEA model of the upstream platform with
concrete beams on the top of it is shown in the Fig. 4. The
figure shows not only the mesh but also the load acting on
the surface of the platform (summarized in the table 1). The
boundary conditions of the model are set as follows:

o All components of the steel frame (beams) are bonded.

e Frictional contact occurs between the back side of the
frame and the rigid wall representing the CBM cave wall.
There is no fixation to this wall.

o All pillars are fixed to the ground.

e The first steel beam of the platform lower section is
fixed (highlighted in red in Fig. 4). It represents a fixation
of the frame to the CBM magnet foundation.

e Frictional contact between the concrete beams and
beam frame.

e Frictionless contacts between the concrete beams. The
beams are in contact, they can separate and can slide with
no friction, but they cannot overlap.

Figure 4: Meshed FEA Model of the Upstream Platform
with Load Distribution.

The table 2 lists some material properties used for the
analysis. The properties used for the mild steel are com-
monly used values. The material properties for the con-

Infrastructure

crete beams have not been known yet. The young modulus
of the beam is a value for pure concrete only. The density
is counted with some reinforcement (50% of steel). These
values are used for calculation of the weight as well as pre-
liminary deformation of the beams.

Table 2: Material Properties
[ Material | Young Modulus [ Density ||
Steel 2e + 11Pa 7850kg/m>
Concrete 3e +10Pa 5000kg/m?®

Figure 5: Total Deformation of the Platform for Load Case
1 and Step 3.

Fig. 5 shows the deformed model of the platform (grav-
ity sag + equipment mass + additional load). The highest
deformation (up to 0.75mm) of the platform can be seen on
the upper section. Due to the higher number of pillars un-
derneath the lower section of the platform, where a higher
load is expected, the maximum deformation of the lower
part of the platform is about 0.5mm.

Conclusion

The designed steel construction of the upstream platform
provides a support for the number of concrete beams which
form a flat surface where HADES, ECAL, HADES mag-
net, beam dump, RICH and Cryoplatform are placed. The
platform has two parts. The upper section with the height
of 4.2m and the lower section with the height of 3m. The
design allows to use the area underneath the platform for
placement of several racks.

The steel support structure of the platform is designed as
an assembly of 11 welded frames and 43 pillars. The final
assembly will take place in the CBM cave. The maximum
size of components is limited by the allowable dimensions
for the transportation on truck. The biggest component is
the subframe of the lower section with the dimensions of
7.822.620.3m with the weight of 1.6¢.

The finite elements analysis has been performed to cal-
culate deformation and stress of the platform loaded by its
own weight (steel support structure and concrete blocks),
weight of the equipment on the platform and additional
load of 1t/m?.

143



Infrastructure

CBM Progress Report 2021

Beam following assembly*
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Introduction and Requirements

During the last year, the design of the CBM beampipe
with its driven deflection mechanism has been developed.
The following contribution is dedicated to a brief overview
of the CBM beampipe geometry with the focus on the
RICH/MuCH section that has been committed to its first
Finite Element Method analysis. Its main focus is towards
the design of the tilting joint including the flexible compo-
nent for downstream beampipe deflection and its stability
simulations. Some preliminary design concepts of the
bellow assembly holding frame for the both configurations
of the experiment either with RICH or MuCH detector are
introduced as well.

The CBM beam pipe will serve for maintaining of
vacuum about 10~% mbar along the primary beam path
in order to aviod unwanted secondary interactions of the
beam with the atmosphere. It is needed to design the
CBM infrastructure with a low material budget to prevent
degradation of the experiment performance caused by the
secondary collisions with the surrounding parts. It is the
reason, why light materials such as carbon fibre composite
materials are prefered and all infrastructure systems close
to the ion beam might be designed with respect to the low
material budget as well as mechanical stability at the same
time. [1]

Design overview of CBM beampipe sections

The beampipe for the CBM experiment is divided into
a few sections that are named according to the adjacent
detectors. The beampipe is formed by a conical section
and a cylindric downstream piping. The conus originates at
the STS section and goes through the whole RICH/MuCH
section with its basic geometrical deflection of 1,2°. The
downstream section will be connected via a flexible tilting
joint, which deflects the cylindrical downstream section
of the beampipe. The design of the beam pipe provides a
deflection angle in the range between -2,5°and 2,5°0of the
downstream beampipe position from the main longitudinal
axis of the experiment.

* Work supported by The European Union’s Horizon 2020 research and
innovation program under grant agreement No. 871072, CREMLINplus
and FAIR-CZ-OP II. CZ.02.1.01/0.0/0.0/18-.046/0016066

* Jan.Kollarczyk @fs.cvut.cz
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Figure 1: CBM beampipe scheme

RICH/MuCH section

The latest design has been created with the intention to
reduce the dimensions of the metal bellow weldment with
large material budget from the previous concepts. The
reduction has been reached at the expense of the opening
of the cone and with 1,2°basic geometrical deflection.
Therefore, this latest concept can be used just for a single
polarity. The polarity change is intended to be performed
by rotation of the cone. And so, the beampipe support
frame has to accomodate two configurations.

1200

Figure 2: RICH/MuCH beampipe

The upstream part of the RICH/MUCH cone is inserted to
the connecting part of the STS section, which is joined to
the STS rear wall. The cylindrical mounting of this joint
enables sliding movement of the RICH/MUCH beampipe
in axial direction through the O-ring sealing, and so
provide a degree of freedom for axial shift as well as the
rotation around the z axis.

The downstream connection of the RICH/MUCH
cone is realised via a carbon fibre flange, which mates
with the flange of the bellow weldment. The result of
this connection is the fixed position of the RICH/MuCH
beampipe in all directions.

Using Ansys or Abaqus software, the preliminary
FEA calculations of deformations and stability of the
RICH/MuCH cone were performed. The total deformation
of the beampipe under vacuum conditions is shown in the
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figure 3. The simulations have been performed for / mm
wall-thickness of carbon fibre. The load is determined
by the pressure difference between the inner vacuum and
outer atmospheric pressure. This leads to outer pressure
forces acting on the cone normal to its surface.

-nmss Max 00201 -0,0143 0,003 -a,uuzw
00229 00172 00115 0,00574 0Min

D: Static Structural

Total Deformation

Type: Total Deformation

1000,00 (mm)

250,00 750,00

Figure 3: Total deformation of the RICH/MuCH beampipe
under vacuum conditions

Tilting joint

The design of the tilting mechanism for the downstream
beampipe will be realised as an assembly of a metal bellow
and carbon fibre composite plates surrounding the bellow
for length fixation purpose. The deflection is performed
by a stepper motor NEMA 34 with the nominal operating
torque 9,33 Nm. The motion is transformed by the lead-
screw with the nominal diameter of /2 mm. The transmis-
sion of torque from the motor to the leadscrew is guaran-
teed by the servo shaft couplings. The leadscrew is con-
nected with the aluminium roller controlling the movement
of the bellow downstream flange on the aluminium arc-
shaped rail. The centre of the arc curvature is located at
the beginning of the beampipe within the target area.

Figure 4: Tilting joint with bellow

A metal bellow represents highly flexible thin-walled
mechanical part, which serves for compensation of angu-
lar, axial or lateral displacement. There is a wide range of
different bellow types based on the way of manufacturing.
This application uses an edge-welded stainless steel bellow,
which consists of a number of pairs of edge-welded rings.
Due to the advantageous mix of its mechanical properties,

Infrastructure

such solution meets high demands of the CBM experiment
on infrastructure components. Based on the geometrical
attributes of mating parts as well as of the given maximal
deflection of the downstream section, the edge-welded bel-
low with inner diameter of 250 mm and outer diameter of
285 mm from the material DIN 1.4404 has been chosen.
The length of the bellow itsself with 108 convolutions (i.
e. pairs of rings) is 280 mm, which means that the bellow
is slightly compressed from the state of its free length all
the time. The length of the whole weldment with the bel-
low and side flanges is 350 mm. The outer face surfaces
of these both flanges have got a groove for viton O-ring
sealing to preserve vacuum tightness. [2]

Panel x
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Figure 5: Deformed bellow in its extreme position

Under vacuum conditions, reaction forces are produced
within the bellow tending to return the whole part in its
undeflected shape and shrink it due to the spring-like
behaviour of metal bellows. Therefore, a rigid frame
and an assembly with leadscrew are used to maintain a
given position of the bellow edge flanges. The bellow can
withstand extreme mechanical, chemical and radiation
conditions due to stainless steel material.

The bellow itself with its sub frame from carbon fibre
composite plates forms a closed system in terms of local
forces generated by the flexible bellow in reflection of the
outer overpressure of I atm. Different designs of the frame
have been always tested for 2 positions. In the first one
the bellow is undeflected in terms of angular deformation,
which means that there are not created any lateral reaction
forces. But the compressive tendency of the bellow under
vacuum causes an axial load on the carbon fibre composite
sub frame (which is supposed to absorb all the deformation
energy). Such a sub frame will be exposed to the axial
vacuum force of 7 000 N and to the forces generated by
weights of all components including the beampipe. The
definition of the boundary conditions is defined by the
mounting to the beampipe frame, and so the left flange is
clamped.
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In comparison to the previous case, the extreme posi-
tion of the deflected bellow by 1,3° adds a lateral reaction
of the bellow of 2 460 N, which is captured by the kine-
matic mechanism with the leadscrew. The vacuum reaction
forces of the bellow are positively but non-linearly propor-
tional by its dimensions.
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Figure 6: Total deformation of the frame of bellow in un-
deflected (left) and extreme (right) position

Mounting of the tilting joint

The frame structure for the tilting joint clamping
also serves as a supporting construction for both the
RICH/MuCH cone and the downstream section of the
CBM beampipe. Based on the spacial demands on the
main beampipe frame, 2 versions are needed because of
the alternative configurations of the CBM experiment, that
could be operated either with RICH or MuCH detector.
Both versions are expected to be adapted for both polarities
of the magnetic field.

The first frame for RICH version consists of steel
HEB profiles fixed to the ground. The central box clamps
the bellow flange and enables position compensations in all
directions due to the vertical C-shape profiles. The central
box is connected to the frame by carbon fibre composite
plates in a web-like shape.

Figure 7: Beampipe frame for RICH configuration

CBM Progress Report 2021

The second configuration of the experiment with the
MuCH requires different attitude because of the lack
of space between detectors for any frame construction.
Therefore, a wedge-shape bended metal sheet will be
installed in order to fix the edge flange of the bellow
weldment to the front wall of the MUCH station.

Figure 8: Beampipe frame for MuCH configuration

Conclusion

Beam following system was developed based on
the bellow and the drive with leadscrew. The support
frames of the beampipe are in developement. Their static
structural stability as well as their behaviour under dy-
namic conditions will be evaluated and the design solutions
will be optimized in relation to the results of FEM analyses.
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Introduction

The Beam Pipe is a tube which isolates the charged par-
ticles coming from the particle accelerator from our exper-
iment. In this specific case, the particles are after a colli-
sion with the target material. In order to prevent any un-
desirable secondary interactions of primary beam with the
atmosphere and hence compromise performance of the de-
tectors, strong vacuum (= 10~* mbar) must be maintained
inside the beam pipe. The positions for pumping and mon-
itoring of the vacuum using the ISO-K flanges and the po-
sitions for auxiliary diagnostics using the ISO-KF flanges
are a part of the beam pipe. Due to the overall length of the
pipe, it was divided into smaller segments to enable pro-
duction with the required precision and to reduce the risk of
damaging the pipe during transport. The pipe was designed
as a thin shell, which is also structurally robust, using as
few metallic components as possible. The service life of
the beam pipe must achieve at least 40 vacuum to atmo-
sphere pressure cycles. Due to the environment in which
the pipe will be used, the radiation resistance to the non-
ionizing and to the ionizing radiation must be guaranteed.
The limit radiation dose, when the beam pipe maintains all
of its original properties, are the minimum dose of /100 kGy
for ionizing radiation and fluences 1013 neq/cm? (I MeV
neutrons). The proof of reaching the required mechanical
and radiation resistances must be based on the testing of
provided prototypes. The vacuum tightness test under op-
erating conditions must also be substantiated by tests of the
beam pipe prototype.

PSD Beam Pipe

An appreciation of dimensions and the number of con-
nection parts or pipes can be gained from Fig. 1. Toler-
ances and precision of dimensions and shapes are given by
1SO 2768 — mK. As shown, the PSD Beam Pipe consists
of 5 straight segments and 5 interconnecting insets. Two
interconnecting insets include ISO — K flanges for vacuum
inputs and three interconnecting insets include ISO — KF
flanges that can be used for auxiliary diagnostics and mon-
itoring.

e Straight part
In total, the Beam Pipe comprises five straight seg-
ments with a simple circular cross-section. Three of

* Work supported by The European Union’s Horizon 2020 research and
innovation program under grant agreement No. 871072, CREMLINplus
and FAIR-CZ-OP II. CZ.02.1.01/0.0/0.0/18-.046/0016066
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Figure 1: Layout of PSD Beam Pipe.
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them have a length of 3350 mm, one segment has a
length of 2700 mm and the last one has a length of
1200 mm. The inner diameter of the pipe is 180 mm,
with a wall thickness of 3 mm. On both ends of the
pipe is a 100 mm long section where interconnecting
insets are slid inside.

¢ Interconnecting inset

Connection parts have three grooves for O-rings to en-
sure tightness at both ends. The outer diameter of the
part with grooves for O-rings is /80 mm. The mini-
mum wall thickness is 3 mm. In the middle section of
the inset is a hole for the ISO - K or ISO - KF flange.
The diameter of the hole depends on what type of in-
set is used. For ISO — K, the hole diameter is 76,2 mm
and for ISO — KF flange the diameter is 57 mm. There
is a support part between the vacuum flange and the
inset. This support part is glued to the surface of the
inset and the vacuum flange is glued inside. At both
ends of this support part are grooves. While manufac-
turing the inset by means of winding, an extra bundle
of carbon fibers fits directly into this groove at each
side, hence the bundles are over-winding the support
part and help to get a stiff connection. The last con-
figuration of the inset is without a vacuum inlet. The
inset with ISO - KF flange is shown in Fig. 2.

Vacuum in Downstream Beam Pipe

The required level of vacuum to be maintained in the
downstream Beam Pipe is ~ 10~* mbar. To reach it,
multiple vacuum pumps have to be used. Downstream
Beam Pipe consists of several straight segments of differ-
ent lengths and shapes. Placement of vacuum pumps has a
leading order impact on the pressure profile. Several cases
of pressure profiles for Beam Pipe are shown in Fig. 3.
Full beam pipe with marked inlets or pumping positions
is shown in Fig. 4. All the calculations are done using
MolFlow. For the moment, pumping speed 35 I/s and out-
gassing rate [1] of 1076 hPa-1-s~! - cm™2 are assumed.
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Figure 2: Interconnecting inset - configuration with ISO -

KF flange.
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There is no better knowledge of leakage of connection or conncetion

any other specific parts. The most important impact on the
final placement of vacuum inlets will be given by available
space along the pipe.

Pressure profiles

T e e Figure 5: Beam Pipe with turbomolecular vacuum pump
assembly.

st the pipe is closed by an exit window made of thin metal-
oo lic foil. It consists of several different parts since manu-
facturing, transport and installation would be impossible in
case of single piece solution. The PSD beam pipe consists
of 5 straight segments. Between those are interconnect-
ing insets with negative shapes and with O-Rings to reach
asica . . . . . vacuum tightness. Wall thickness is 3 mm and the inner di-

P enemEin ameter of the pipe is /80 mm. The vacuum was calculated

for several cases and the results are shown.

2
=<

Figure 3: Pressure profiles for different placement of vac-

uum inlets. References
[1] MOSHEY, E. A., A compilation of Outgassing Data on Vac-
i Inlet B uum Materials. Princeton, NJ, 1982

Inlet A

Inlet C

Inlet D

Figure 4: Downstream Beam Pipe with two vacuum inlets.

The required vacuum level is achieved in two steps.
First, a vacuum of lower quality is achieved by vacuum
stations connected to the outlets of turbomolecular vacuum
pumps mounted directly on ISO - K flanges on the inter-
connecting inset as shown in Fig. 5.

Conclusion

A 14.25 m long tube called PSD Beam Pipe was de-
signed. It is connected to the metal bellow and the end
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The Up-stream Part

J. Thaufelder'
'GSI, Darmstadt, Germany

A concept for the vacuum pipe has been created for the
beamline to the CBM experiment target. The vacuum pipe
runs between the last accelerator quadruple, at the entrance
of the Cave, through the Hades experiment to the target
approx. 17m away. The vacuum pipe with all the necessary
components is called the up-stream part (see Fig.3) and
consists of

e the part in front of Hades with a beam diagnostic, t0
counter and a pump station which allows to operate
the part without the downstream vacuum system,

Figure 1: Cross-section of the longitudinal axis at the area

feed-through of th ipe through the Had
© @ eec-tirougA of the vacuim pipe through the Hades of the vacuum feed-through in the Hades experiment.

experiment and

e the beam diagnostics with t0 counter and pump station
before the CBM target holder.

From the accelerator side, a pressure of 10~8 mbar is ex-
pected; the pressure at the target should be in the range of
10~* mbar. The required pressure profile is to be achieved
by means of differential pumping, which will require smart
dimensioning and positioning of the pumping stations in
further development. As far as possible, proven vacuum
and diagnostic technology will be used to minimize the
system’s susceptibility to errors. One of the biggest chal-
lenges is the passage through the Hades experiment, where
a vacuum pipe of about 6 m is needed, which has special
requirements on the mountability. The maximum diameter
that can be carried out is 170 mm, which limits the diame-
ter of the vacuum pipe. Due to the unsuitable dimensions
of the CF-DN160 standard flanges, a smaller size would
have had to be selected for the feed-through. To avoid
large changes in cross-section, a flange solution was used
for the feed-through that has proven itself with GSI quadru-
ples (see Fig. 1 and 2).

For further development, the interfaces to the mounting
and the pump stations must be specified. Furthermore, a
suitable assembly plan must be drawn up, which describes
the work steps for switching between the Hades and CBM
experiment and, in the best case, the vacuum in the down- 5 4
stream part is kept.

Figure 2: Smallest diameter for the Hades geometry of
170mm (left) and the approach for the vacuum flange for
the feedthrough (right). The vacuum pipe from the acceler-
ator side (1) and the welding flange (2) are pre-assembled.
The vacuum pipe (4) is fed through and sealed with the
loose union flange (3) and the O-ring (5).
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Figure 3: General view of the up-stream vacuum system for the CBM experiment, running from the cave entrance through
the Hades experiment to the target holder in front of the dipole magnet with STS and MVD detector (right to left).
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Construction of a target exchange device for the CBM experiment at FAIR

P. Dahm * !
!'GSI, Darmstadt, Germany

Introduction

Since it was deemed desirable, to rapidly exchange tar-
gets between or even within a single run of the CBM ex-
periment, a device for target exchange has to be included
in the designs. This device should be mounted to the so
called "front flange” of the Multi-Vertex-Detector (MVD),
and thus will be located within the magnet and centered
around the beamline. Due to it’s position within the ex-
periment and the requirements this mechanism needs to
fulfill, the design is quite challenging. First of all, the
space for the installation is limited to a diameter of around
300mm around the beamline due to the cables and con-
nectors of MVD and the Silicon Tracking System (STS).
The planned location of TO-Counters and Beam diagnos-
tics, limits the space upstream of the envisioned target to
around 500mm. The available space for the mechanism it-
self is further reduced when one takes into account, that
six targets with as large a diameter as possible need to be
stored and maoved within this space. Furthermore, the en-
tire mechanism needs to be vacuum tight and able, to re-
liably operate at a pressure of 10~“mbar. The amount of
electronics should be minimal, due to the inherently high
radiation doses and strong magnetic fields encountered in
the center of the experiment. Best case would be, a purely
mechanical device. Last but not least, the exchange of tar-
get sets should be as easy a procedure as possible, to limit
the exposure of personell to activated targets during the re-
quired maintenance.

Construction

To incorporate all these requirements, several ap-
proaches have been considered. The very first drafts in-
cluded a simple revolver wheel and a ladder-style arrange-
ment on the inside of MVD’s front flange, driven by a
radiation hard stepper motor and, in case of the ladder-
style arrangement, a ball screw. The development of these
two ideas was discontinued rather quickly, because main-
tenance and target exchange would require removing the
MVD from it’s position along with all connections and,
because no shielding of activated targets was reasonably
achievable. Instead it became clear, that storage of the tar-
gets upstream of the flange and movement along the beam
axis would be required.

Since the individual targets need to be moved along the
beam axis, to reach the final measurment position, and the
use of segmented targets should be possible as well as that

* p.dahm@gsi.de

of single slice targets, a shell construction out of carbon
fiber tube was devised. These shells, as seen in figure 1
should hold the individual target foils and provide struc-
tural support as well as points for the exchange mechanism
to hold on to, without touching the delicate foils directly.

Figure 1: Lightweight carbon fiber shells as holder for tar-
get foils.

In order to store a selection of targets (for a run of the
experiment, a total of five different material and one empty
target should be available) a ladder and drum style maga-
zine were considered. Ultimately the drum style was cho-
sen, because it makes an overall more compact build of the
mechanism possible and does not require a separate drive-
and control unit.

To move the targets along the beam, a carrier was de-
signed, to hold on to the shells and move along the central
axis of the device. To reduce the material budget and in-
crease the overall stiffness along with the rigidity and tol-
erance to mechanical forces, the axis in the center of the
device was designed to be a large diameter and hollow in
the center.

In order to increase the life expectancy of the device and
reduce the overall complexity, a single acting spring loaded
pneumatic cylinder with a lift of 250mm was chosen as
drive unit. It controls the movement of the target shells
along the beam and also the rotation of the storage mag-
azine. Since the synchronization between the two move-
ments is exclusively mechanical, there are no electronic
controls, that could fail in the intense radiation of the envi-
ronment.
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sideration for the final pieces, because the use of heav-
ily optimised structures provides a significant reduction of
material budget while retaining the stiffness of solid parts
manufactured with traditional methods such as milling and
turning. Since the time needed for further research in this
regard however might not align with the timeline of the
project, current manufacturing was considered, to achieve
a MVP (minimum viable product) as soon as possible.

Figure 2: Central axis and movement mechanism with tar-
get carrier and bearings.

In order to make maintenance and troubleshooting of the
device easy, the vacuum vessel was designed such, that the
most critical part (the drive unit) is not inside the vauum
volume. instead it is accessible from the outside at all
times. In order to excange a target set for another how-
ever, the vacuum will still need to be broken and the vessel
opened. In order for this procedure, to be as easy as possi-
ble, the vessel should be designed with a single cover, that
can be opened with few screws and a contour fitting o-ring
to provide sufficient sealing, for a stable working pressure.

<

e

] P\ \ W,

Figure 4: Rapid prototyping of the device
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Figure 3: Compact mechanism inside the vacuum vessel,
displayed without covers.

Rapid prototyping

In parallel to the CAD design and concepting work, pro-
totyping in terms of additive manufacturing has been go-
ing on, as presented in [3]. Most of the individual de-
sign choices, such as the use of hollow axis and the holder
for targets through compliant mechanisms has been experi-
mentally verified. individual parts were 3D-printed and fit-
ted together, in order to check for tolerances, even though
additive manufacturing is currently not (or only to a lim-
ited extent) foreseen, to be used for the final maufacturring
of the device. For several parts, such as the carrier bolt
(the piece that holds the target shells during movement and
measurement) Additive manufacturing is still under con-
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Status of PSD Beam Pipe GEANT4 geometry”

P. Chudoba'', M. Janda?, J. Kollarczykz, M. Smetand?, A. Kuglerl, and F. Lopot2

"Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Rez 130, 250 68 Rez, Czech republic; 2Faculty
of Mechanical Engineering, Czech Technical University in Prague, Technicka 4, 160 00 Prague, Czech Republic

Introduction

The beam pipe engineering development is discussed in
separate contributions [1, 2]. Here, the overview of the cur-
rent status of development of the geometry for simulations
is given. Short prospects of a planned future development
is included at the end of the contribution.

Main constraints

The main focus in the beam pipe development is to find
a balance between the requirements connected with the
physics performance of the experiment and the engineering
requirements in order to be generally able to build it. The
requirements shrink to the material budget as low as pos-
sible for achieving the best possible physics performance
of the experiment and to keep enough material so the beam
pipe is stable. To find this balance it is necessary to perform
Monte Carlo simulations to identify problematic concepts
or unexpected hot spots in concepts and designs suitable
from the engineering point of view.

Basic concepts of the GEANT geometry
assembly

The overall view of the engineering design is shown in
Figure 1. The corresponding representation of the assem-
bly in the GEANT geometry is shown in Figure 2. For
improved clarity, the assembly is divided into three main
parts:

e Conical section - RICH/MuCH section
e Bellow assembly
e Cylindrical tube - PSD beam pipe

The conical section and the cylindrical one are in the
GEANT assembly represented by simple cone (7GeoCone)
and straight pipe (TGeoTube).

The simplified bellow assembly consists of a carbon
fiber bellow holding structure, stainless steel bellow with
flanges, aluminum guiding rail with carriages, and stepper
motor with a steel lead screw with nut.

e Bellow holding structure The opposing pieces of the
holding structure are realized by the same symmet-
ric shapes. The left and right pieces have also shapes

* Work supported by The European Union’s Horizon 2020 research and
innovation program under grant agreement No. 871072, CREMLINplus
and FAIR-CZ-OP II. CZ.02.1.01/0.0/0.0/18-.046/0016066
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Figure 1: Overview of the beam bipe.

Figure 2: GEANT representation of the beam pipe geome-
try.

that have to accommodate the movement of the bel-
low. Both shape types are represented by several arbi-
trary trapezoids (7GeoArbS) in order to reproduce the
complex curved shape from the engineering design.

o Stainless steel bellow The bellow is represented by a
set of five cut tubes (TGeoCTub) in order to follow the
complex shape of the deformed bellow. To represent
the bellow segments as simply as possible the thick-
ness of the wall of the tube segments was chosen to be
the same as the thickness of the bellow segments and
the density was reduced as there is a vacuum on the
inside and air on the outside of the bellow.

e Guiding rail and carriages The guiding rail is rep-
resented also by a trapezoid (TGeoArbS) and the car-
riage is represented by a simple building box (TGeoB-
Box).

e Stepper motor and lead screw with nut The motor
is represented by a simple building box (TGeoBBox)
and the lead screw with nut by an assembly of tubes
(TGeoTube). In the case of the lead screw, the tube
has zero as the value of the inner radius.
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The respective assemblies same as the overall assembly
are enclosed in TGeoAssembly in order to avoid collisions
and overlaps between the binding volumes.

Materials

The materials are represented as a composition of ele-
ments according to relevant material libraries. The compo-
sitions of respective materials are:

e Carbon fibre composite: 89.26% - carbon, 6.11% -
oxygen, 2.71% - chlorine, and 1.92% - hydrogen;

e Stainless steel: 67.135% - iron, 17.5% - chromium,
11.5% - nickel, 2.5% - molybdenum, 1% - manganese,
0.25% - silicon, 0.05% - nitrogen, 0.035% - carbon,
0.0225% - phosphorus, and 0.0075% - sulfur.

e Aluminum: 100% - aluminum

Figure 2 is color coded according to materials: gray -
carbon fibre composite, red - stainless steel and blue - alu-
minum.

Currently existing configurations
So far the existing configurations are:
o Maximum deflection of 2.55° - v21e;
o No deflection - v21f;

e Phys. case 2 corresponds to Au beam of 3.3 AGeV/c,
50% magnetic field - v21g;

o Phys. case 1 corresponds to Au beam of 12 AGeV/c,
100% magnetic field - v21h;

Planned development

Currently, the plan is to automatize the geometry modifi-
cation by means of creating the bellow assembly in a para-
metric way with the beam deflection angle as the input pa-
rameter. The second step is to implement the lamination
effect of the bellow by means of variable material density
in different bellow sections depending on the deflection an-
gle.

Conclusion

A simplified, but detailed enough initial geometry rep-
resentation was created for the first simulations. The next
steps in development were defined to make the geometry
overcome the current need to change the volumes defini-
tions for each beam deflection angle.
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Candidate SIS100 beampipe geometries for simulation

E. Clerkin *
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Several new beampipe simulation geometries were cre-
ated during the course of last two years, though they were
not widely distributed, in order not to confuse the commu-
nity with a myriad of technically unfeasible designs. This
decision was counter-balanced by a need to rapidly pro-
vide a realistic beampipe geometry which could in tandem
influence incremental design improvements. Evidently, as
the section of the beampipe which transverses a detector,
can heavily affect detector’s design, construction, mainte-
nance and operation, detector groups rightly have vested
self interest and responsibility to ensure the quality and
performance of their section of the pipe. Conversely, the
beampipe itself is an extensive subsystem which trans-
verses the entire experiment, affects every detector sub-
system, introduces crucial mechanical challenges to over-
come by physically connecting detector subsystems and
thus requires global-experiment-design-considerations at
each step. The beampipe is thus an area were coordina-
tion and communication in the spirit of the CBM collabo-
ration is vital to ensure that physics performance is priori-
tised whilst robustness of the technical design is assured.

Reference [1] of this report, indirectly discusses the cre-
ation of the many simulation geometries over the last year
based upon the previous (“vl6a_le”) default. Each cor-
responds to the creation of slightly varying trial STS ge-
ometries. As some of the geometries in Ref. [1] are the
current default beampipe simulation geometries distributed
with our DEC21 CBMROOT software release, of partic-
ular importance is Tab. [1] which shows which beampipe
to use with which STS and then the recommended place-
ment for the target along the nominal beam axis. Ref. [2]
contains the technical design considerations used for the
STS beampipe section, with some advancements, espe-
cially in the beampipe window, which at present are not in
the default simulation geometries mentioned above. This
is at least partially addressed in Sec. [2] of this document.
Ref. [1] also contains the STS back-wall flange which is
used, and the target box which is used with some modifica-
tions, in Sec. 3 of this manuscript.

From the STS back wall, the beampipe is to transverse
the RICH/MUCH section, through the TRD, and the TOF,
and finally on to the PSD and the beam dump. Informa-
tion regarding the technical considerations such as vacuum
and connector inlets of the cylindrical beampipe from the
TRD on, is contained in Ref. [3] of this report. Ref. [4]
contains the beampipe simulation geometry for the entire
downstream section. Primarily, it comprises of a down-

*e.clerkin@gsi.de

Figure 1: Size of beampipe parts are not to any fixed scale.
Top-left shows the target box which houses the MVD and
target. Top-right shows the beampipe window along with
a wide conical section. Middle-left shows the STS flange
which is supported by the back of the STS box. Middle-
right shows the narrow conical section which transverses
through the MUCH/RICH detectors. Bottom-left shows
the implementation of the bellows. Bottom-right shows a
simple cylindrical tube used for the downstream section.

stream cylinder, and the narrowed conic-based tube which
transverses the RICH/MUCH. Between these two sections,
a bellow assembly (see Ref.[5]) is added to allow a deflec-
tion angle for the beam between the downstream cylinder
and narrowed conical section. Creation of a sophisticated
representation of the bellows for simulation is contained
in Ref. [4]. The bellow assembly is responsible for a sig-
nificant percentage of the overall material budget of the
beampipe as part of its structure and supports needs, and
it was a noteworthy advance to add a small deflection angle
of 1.2° between the STS and RICH/MUCH conic sections,
so latter conic could have its directrix significantly reduced,
reducing its material budget but more importantly the ma-
terial budget of the entire bellows part. Ref. [6] highlights
this case. It is a necessity for simulation geometries, un-
like their CAD equivalents, to have an accurately specified
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Figure 2: Shows the concatenation of a STS beampipe (v21d) and the undeflected downstream beampipe (v21f) using
the method discussed in Sec. 1. The downstream cylindrical part, in black, has been cut short for display purposes.

internal make-up. Composite material and positioning in-
formation of parts is contained in Ref. [4] of this report.

The two substantial pseudo-independent efforts of the
last two paragraphs are complementary beampipes geome-
tries for simulation which unfortunately create a small con-
fusion for our simulation teams in the CBM collaboration,
as highlighted by creation of redmine issues 2424, 2429,
and 2431, on how to use these two independently created
geometries in conjunction with one another. The next sec-
tion, Sec. 1, of this document documents a straight forward
approach to do this, without the need for code changes to
the CBMROOT code base. Later, Sec. 3 provides a single
monolith binary which follows the traditional single geom-
etry binary per subsystem approach.

1. Setting-up a simulation

This section documents how to set up our software
suite, CBMROQOT, to run a basic transport simulation us-
ing the two introduced beampipes with correct configu-
ration. Subsequent simulation stages of digitisation and
reconstruction follow their normal modus operandi. The
basic configuration stage for CBMROQOT is via setup files
which are placed in the “geometry/setup” folder but must
follow strict naming conventions. Using one of the de-
fault setup files as a starting sample is a good approach,
e.g. open “setup_sis100_hadron.C” in a editor and rename
it by changing only the “hadron” part of the filename,
i.e. “setup_sis100_newpipe.C”. The default beampipe is
“v21d” in this sample setup. This is fine to be used for the
upstream and STS sections but needs to have the addition of
the downstream sections. Here, the user will need to spec-
ify the beam energy as different downstream pipe geome-
tries are used for different beam energies. The following
lists the downstream beampipes with energy and magnetic
field strength pairs such that a full stripped gold ion (Z =
79+) beam (cp. Ref.[4]) hits the beam dump.

o (pipe_v21le) Maximum deflection angle.
beam dump possibly at (0.7m,0,18.82m)

T=2AGeV (P=2.85AGeV/c) MF=50%
T=3AGeV (P=3.89AGeV/c) MF =70%
T=4AGeV (P=491AGeV/c) MF=85%
T=5AGeV (P=5.93AGeV/c) MF =100%

e (pipe_v21h) maximum kinetic energy for SIS100
beam dump possibly at (0.225m,0,18.845m)
T=11AGeV (P=12AGeV/c) MF =100%

For example, choosing a 4 AGeV beam, the pipe_v2le
may be used with a magnetic field strength of 85% of the
nominal 1 7T field. This beampipe may be included by sim-
ply listing its tag 'v21e’ after the upstream beampipe 'v21a’
separated by a colon. See Fig. 2 for two pipes joined to-
gether in this way.

TString pipeGeoTag = "v21d:v2le”;

CbmSetup* setup = CbmSetup::Instance();
setup—>SetModule(ECbmModuleld::kPipe, pipeGeoTag);

The magnetic field strength should also be changed to:

Double_t fieldScale = 0.85; // field scaling factor

This beampipe configuration does not include the STS
flange (middle-left of Fig. 1) which separates the STS wide
conical and RICH/MUCH narrowed conical sections of the
beampipe. This back-wall flange isolates axial and toroidal
vibrations which could cause damage to delicate STS in-
struments even if their magnitude are small (Ref. [7]).
In terms of the transport simulations, the STS back-wall
flange is an important addition to the material budget. To
include it, the STS team (cf. Ref. [1](Tab. [1] and Fig. [5])
has provided the following STS geometry.

TString stsGeoTag ~ ="v21g”
setup—>SetModule(ECbmModuleld::kSts, stsGeoTag);

These changes are sufficient to configure this setup file. To
run a transport simulation for 10 events, the following com-
mand may be executed from the “macro/run” folder

cd macro/run
root —1 —q ’run_tra_file.C("inputfile”,.10,."”,."sis100_newpipe”)’

where “inputfile” is generated URQMD data for the
4 AGeV gold on gold collision. This completes a simu-
lation mini-guide for the official full beampipe distributed
with the CBMROOT DEC21 release.

2. Updated beam window

A near-target simulation beampipe was created in the
GDML language which was based, mostly, on the technical
drawing TN ED-1159370-D-001-10 for the purpose of get-
ting sufficient convergence between the CAD and GEANT
for the beam window, and also in order to simplify the
present beampipe geometry script to allow more rapid im-
plementation of changes in the future. It had already been
decided in beampipe meetings, although not updated yet in
the CAD, that a cylindrical section in the initial part of the
STS beampipe section seen in the technical drawing should
be removed in favour of an uninterrupted conical beampipe
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Figure 3: Geometric arguments for fitting a torus shape to
approximate the CAD window. The graphic determines the
radius of its tube. Details are explained in the text.

section from the window through to the back of the STS
box (cf. Ref. [2]). This came about due to FLUKA stud-
ies (Ref.[6]) which showed radiation buildup in the kink
between the cylindrical and conical regions.

Several challenges are required to be overcome to de-
velop a functioning beampipe which can be used in the
vicinity of the target. Unfortunately, CBMROOT expects
a certain nodal hierarchy of its volumes, with many fixed
nodal names. The MVD detector is to be placed in the
“pipevacl” volume of the beampipe. The target is also
placed in this structure and its position depends on whether
it is generated on the fly in the transport macro or included
as a stand-alone subsystem in the setup file.

In order to select a simple shape for the window which
approximates the technical drawing’s design, the parame-
ters for a cut torus was calculated by the following short
geometric arguments. A torus may be thought of as a filled
circle which is made solid by revolving it round a central
origin in the 3rd dimension until it meets up with itself
again after 360° to form the classical doughnut-shape. As
such it is defined by two non-equal radii, the radius of rev-
olution, and the radius of the tube R. Figure 3(a) shows
the central 2D slice of a torus orientated vertically, and dis-
plays the three numerical values extracted from the techni-
cal drawing which will define the size and scope of the win-
dow section. Namely the diameter of the window should be
260 mm and bulge forward towards the MVD detector and
target by 21.81 mm (22 mm) and the opening for the con-
ical section should have a diameter of 40 mm. The main
effort will be to determine R with the radius of revolution
following simply via the inclusion of half the gap between
the two circles, i.e. R 4 20mm. In Fig. 3(a), the part of the
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torus which makes up the surface of the window is shown
as a red solid line from this perspective.

The symmetry of the top and bottom of Fig. 3(a) allows
us to redraw Fig. 3(b) subtracting half the 40 mm gap so we
know the distance between the closest and furthest point to
the origin on the surface of the window is 110 mm. Writing
an equation for the length of the blue line in Fig. 3(b):

Rsinf + R =110 )

A second equation which relates R to the angle 6 is sought.
Figure 3(c) focuses now on the top semicircle of (b). The
numerical value which relates the bulging of the win-
dow towards the target, and MVD is included on the di-
agram. Writing an equation of the length of the blue line in
Fig. 3(c):

R =22+ Rcosf 2)

Combining these two equations and eliminating for 6 give
the quadratic equation and root.

R? —264R + 12584 =0 3)
R = 62.43 mm )

The radius of revolution is half of 40 mm larger, i.e. Rp
= 82.43 mm. Solving for 6 allows the determination of
where to place the cut to obtain the full window shape.

The rest of the near-target beampipe is created in a
straight forward fashion after extracting other values from
the technical note. The conical section should have a di-
ameter of 80mm at its most downstream section and be
1012 mm in total length. The outer flange for the window
is set to 300mm diameter using a short cylinder of 7 mm.
Finally, the window is placed 240 mm from the target. The
surface of a torus of 0.5 mm thick carbon fibre is used. Full
human readable details may be seen in GDML script for
this beampipe in the geometry repository of CBMROOT.
Top right of Fig. 1 shows the window, its flange, and the
conical pipe combined together as a combined upstream
beampipe geometry.

3. A monolith binary

As a single geometry binary is supplied for all other
subsystems in the CBMROOT simulation environment, it
may be expected that a single monolithic beampipe ge-
ometry binary is supplied in the near future. This must
follow the restrictive hierarchical nodal structure expected
by CBMROOT in order to function correctly without the
need for code changes between switching of versions. As
the beampipe has close proximity to many detector sub-
systems, there needs to be precise placement with little or
no keep out volumes which may create unwanted overlaps.
These are known to have a detrimental effect on the con-
sistency of our simulations. Lastly, it is vital that we capi-
talise on the many advancements in design of a simulation
beampipe geometry from our diverse but collective efforts.

These aims are accomplished by writing a beampipe
macro which creates empty nodes obeying a fixed nodal
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Figure 4:

structure. The actual volumes are then cherry-picked from
the existing geometry binaries by pointing directly to that
binary from the node. Placement information is also ex-
tracted and processed with only some small manual effort
to specify the change in coordinate systems between the
source geometries. The “pipe_v22b” beampipe geometry
as shown in Fig. 4 is made up of the independent volumes
in Fig. 1. With the exception of the downstream cylinder
in the bottom right of the Fig. 1, all other volumes are ex-
tracted from existing binaries or GDML scripts. It is a topic
of a future decision as to which volumes should belong to
the beampipe geometry and which are better incorporated
into other detector subsystems. Nevertheless, the target
box, cf. Fig.[5] of Ref. [1], is supplied by the STS team
with a small edit to cut a circular opening for the window
flange. The top right window was already introduced in
Sec. 2. The STS flange is extracted from the “sts_v21{” ge-
ometry binary whilst the RICH/MUCH narrow conical sec-
tion is extracted from “pipe_v21f”. The version of the bel-
low assembly then depends on which closest approximates
the angle of the downstream tube from the “pipe_v21f”,
“pipe_v21g”, or “pipe_v21h” binary. An extracted bellows

Figure 5: Shows the CBM experiment in its compact elec-
tron configuration with the top material (y > 0) cut away
to reveal the beampipe.

Shows the combined volumes to form beampipe (v22b) consisting of a target box, window, STS section,
RICH/MUCH section, bellows, and downstream cylindrical section which has been cropped short for display purposes.

is shown in the bottom right of Fig. 4.

Finally, in order to visualise this beampipe in conjunc-
tion with all detector subsystems included, Fig. 5 shows
this monolith beampipe from a vertical upstream position.
The downstream tube (red) transverses through the PSD
(green and magenta), the central openings of the TOF (dark
red) and the TRD layers (cyan), and then on to the bellows
(blue). The narrowed conic tube transverses the RICH, fol-
lowed by a wider conic through the STS. Just visible is the
beam window (green) at the end of the target box (red).
Unlike Sec. [2], the MVD versions 'v20c¢’ should be used
with ’pipe_v22b’. Its sensor layers (magenta and green)
supported by heat-sinks (red) are followed by the tiny semi-
circular disk which is the target (blue). This completes our
discussion of the beampipe simulation geometries.
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FLUKA calculations for the RICH/MUCH section of the CBM beam pipe.*

A. Senger'
FAIR, Darmstadt, Germany

The CBM beam pipe

The CBM beam pipe downstream the target box con-
sists of several sections: the conical pipe inside the Sili-
con Tracking System [1] is coupled to a conical pipe which
guides the beam through the RICH/MUCH detectors. Be-
hind the RICH/MUCH detectors, this conical pipe is con-
nected via a bellow to a straight cylindrical pipe through the
TRD, TOF, PSD down to the beam dump. This cylindrical
pipe has a total lenght of about 15 m and consists of sev-
eral pieces. While the first two conical pipes have a fixed
position, independent of beam energy and magnetic field,
the long cylindical pipe will be pivoted around the bellow
according to the deflection of the beam.

15

|||| Rgtart = 55 mm Reng =125 mm

beam pipe deflection ~1.26°

Figure 1: Proposed RICH-MUCH section of the beam pipe.
The red dashed line illustrates the beam direction without
magnetic field. The beam pipe inside the STS and the beam
pipe inside RICH/MUCH are bent by an angle of 1.26°.

Geometry optimization

Originally, the polar angle acceptance of the CBM de-
tectors was defined by an inner polar angle of 2.5° and an
outer polar angle of 25°. The angular acceptance of the
beam pipe inside the SIS also is close to 2.5°, which al-
lows for a deflection of a gold beam at a kinetic energy of
11A GeV at the nominal magnetic field integral of 1 Tm.
At gold beam energies below SA GeV, the magnetic field
has to be reduced.The opening of the STS beam pipe also

*Work supported by CREMLINplus.
T a.senger@gsi.de

allows to switch the polarity of the field. An extrapola-
tion of a conical beam pipe through RICH/MUCH with the
same polar opening angle of 2.5° would result in a pipe
diameter of almost 40 cm at a distance of about 4.5 m. It
turned out, that the bending of a pipe and a bellow with
such a large diameter under vacuum conditions would re-
quire large forces, and,consequently, very massive beam
pipes. In order to relax the forces, it was proposed to re-
duce the opening angle of the conical beam pipe through
RICH/MUCH, so that the final pipe diameter is only 250
mm. In order to accommodate the required bending angle,
the RICH/MUCH beam pipe will be connected to the STS
beam pipe at an angle of about 1.26°, as illustrated in fig-
ure 1. This angle allows both the maximum bending angle
and calibration measurements without magnetic field, but
no switching of the magnetic field polarity. For this case,
the connection between STS and RICH/MUCH has to be
rotated by 180°.

FLUKA calculations

Simulations have been performed with the FLUKA
package ([2], [3]) in order to study the radiation dose pro-
duced in the beam pipe by the beam. The FLAIR interface
([4]) was used for the visualization of the results. The cal-
culations were performed for an Au beam with an energy
of 4A GeV, a 1% interaction Au target, and for two mag-
netic field settings and beam intensities: 85% of the nomi-
nal magnetic field value with a beam intensity of 10° ions/s
for physics experiments (see Fig. 2), and without magnetic
field with a reduced beam intensity of 107 jons/s, which can
be used for detector alignement measurements (see Fig. 3).
Fig. 2 illustrates, that the flux of charged particles and the
ionizing dose is mainly produced in the beam pipe at the
side of the deflected beam, like in a straight conical beam
pipe with a larger opening angle.The background produced
by the beam in the opposite (non-bending) site of the beam
pipe is much lower. In the case of no magnetic field, as il-
lustrated in Fig. 3, the background is more or less symmet-
ric, although the non-deflected beam is closer to the straight
side of the beam pipe.
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Figure 2: FLUKA results for an Au beam with a kinetic
energy of 4A GeV, an intensity of 10° ions/s, 85% nominal
magnetic field, and a 1% interaction Au target. Top pic-
ture: charge particle distribution. Bottom picture: ionizing
dose. The white dashed line illustrates the acceptance of a
straight beam pipe with a large conical opening angle

Conclusion

The beam pipe of the CBM experiment has to guide the
beam from the target through the detector systems down to
the beam dump, taking into account the variable deflection
of the beam depending on beam energy and magnetic field
strength. The beam pipe consists of conical parts inside
the STS and the RICH/MUCH detectors, connected via a
bellow to a cylindrical part. In order to reduce the force
required for the bending of the bellow, the conical opening
angle of the beam pipe through RICH/MUCH is decreased,
and the beam deflection is taken into account by connect-
ing the RICH/MUCH beam pipe to the STS beam pipe at an
angle of about 1.26°. This concept allows the performance
of measurements at SIS100 beam energies at the envisaged
magnetic field settings, including detector alignement mea-
surements without magnetic field. The FLUKA calcula-
tions demonstrate, that the radiation background produced
by the interaction of the beam with the inclined conical
beam pipe with reduced opening angle is comparable with
the radiation produced in a straight conical beam pipe with
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Figure 3: FLUKA results for an Au beam with a kinetic
energy of 4A GeV, an intensity of 107 ions/s, zero magnetic
field, and a 1% interaction Au target. Top picture: charge
particle distribution. Bottom picture: ionizing dose. The
white dashed line illustrates the acceptance of a straight
beam pipe with a large conical opening angle

larger opening angle.
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Improvement of time alignment between hardware and software
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Background

Previously, a prototype of the timing system has been in-
tegrated into the experimental setup [1]. It has been demon-
strated that the problem of relative time drift within TFC
system was successfully solved. At the same time, operat-
ing systems of computing nodes were already synchronized
using Precision Time Protocol (PTP). Running on indepen-
dent reference clocks, the TFC system and the PTP net-
work have inherent clock drift that led to significant time
shifts over extended operating periods, eventually hinder-
ing event reconstruction.

Implementation

The BNL-712 board, which serves as a platform board
for the TFC system, features a high-performance PLL
Si5345. This PLL is used by the TFC core to generate sys-
tem and auxiliary clocks. In the TFC Endpoint firmware,
the clock recovered from the inbound TFC link is for-
warded to Si5345 as a reference. A similar scheme can
be used in the TFC Master to synchronize local clock with
an external reference.

As the computing infrastructure of the experiment is syn-
chronized with the accelerator White Rabbit network, we
select the same time reference for the TFC system. Thus,
a White Rabbit receiver is needed to receive the reference
clock, which must then be forwarded to the FPGA.

The PEXARIAS card has been chosen as a White Rabbit
client. This board can be easily mounted into a FLES Entry
Node and provides up to 3 outputs with programmable fre-
quencies yet synchronous with the White Rabbit network.
Combined with a White Rabbit Timing Mezzanine Card
(TMC) attached to the TFC Master board, PEXARIAS
makes a solid solution for delivering a global White Rabbit
clock to the TFC Master.

Evaluation

To evaluate the clock drift performance of the proposed
synchronization scheme, an evaluation setup has been built
(Fig. 1). At the beginning of the test, both the comput-
ing node and the TFC Master design were started syn-
chronously to the same global clock. The absolute value
of the initial time offset between the node and the board is
irrelevant for the test and is arbitrary.

After approx. 60 min of stable operation the clock output
of the PEXARIAS card was turned off, thus emulating loss
of external reference clock for the TFC Master board. As a

Figure 1: Photo of the evaluation setup (by D. Emscher-
mann). Upper card - BNL-712 with an optical connec-
tion (unused) and a LEMO input for the external clock.
Lower card - PEXARIAS with a White Rabbit input and
a LEMO clock output. PTP link on the computing node is
not shown.

result, Si5345 switched to a free-running mode, which led
to TFC clock drift at an increasing rate (Fig. 2). Another
~ 60 min later, the clock output of PEXARIAS was re-
enabled and the board clock phase stopped drifting relative
to the external reference and remained stable until the end
of the test.
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Figure 2: TFC Master clock drift relative to the computing
node. Dashed vertical lines mark approximate points of
mode switching (to free-running and back).
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Prospects of GBT-FPGA as the TFC core interface
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Background alignment between frames and words may corrupt latency-
deterministic transmission. Therefore, this alignment must
be monitored by the user firmware using feedback flags of

GBT-FPGA and adjusted if needed.

One of the major functions of the Timing and Fast Con-
trol system is to ensure common time notion in all of the
DAQ electronics. In the tree-like TFC network, a Mas-
ter node distributes time information to a number of CRI
boards (Endpoints) [1]. With this approach, the overall ac-
curacy of CRI time synchronization is sensitive to varia-
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tainty is to use the GBT-FPGA core [2]. This IP core han-
dles low-level control of FPGA Gigabit transceivers and
provides a versatile data link with optional forward error
correction.

The core comes in two versions: standard and latency-
optimized. Whereas the standard version uses a FIFO-
based interfacing scheme similar to that described above,
latency optimization features a bufferless CDC on either
the transmitter or the receiver. Although having no buffer
in the datapath entails certain system constraints, it poten-
tially removes virtually any latency uncertainty.

Figure 3: Block diagram of the evaluation setup.

In order to evaluate potential benefits of using GBT-
FPGA as the TFC data transfer interface, a basic system
has been built with two BNL-712 boards connected with an
optical fibre (Fig. 3) to emulate TFC Master and Endpoint.
The optical link is served on both ends by GBT-FPGA, with
latency-optimized Tx path on the Master side (sender) and
Rx path in the Endpoint (receiver).

So-called gearbox modules are responsible for clock do-
main crossing in the GBT-FPGA datapaths (Fig. 2). Since
the core is meant to transfer data frames that are made up
of multiple data words, system-side frame clock is slower
than the word clock by an integer factor. As a latency-
optimized gearbox splits up or recomposes a frame, mis-
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In the sender, data for transmission is set from a Python

script in software. When a predefined test pattern is being
sent in a series of frames, a pattern detector in the sender
generates a long pulse that is connected to a coaxial con-
nector and can be monitored with an oscilloscope.

Likewise, reception of this series of test frames causes a
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pattern detector on the receiver side to generate an equiva-
lent pulse, which is also captured with an oscilloscope.
With this scheme, the delay between rising edges is
equal to the transmission latency. This delay is then mea-
sured with an oscilloscope connected to the corresponding
RF connectors (Fig. 4). In the current setup, a Tektronix
TDS6154C oscilloscope is used for the measurements.

File Edit Vert Horz/Acq Trig Display Cursor Meas Mask Math App MyScope Utilties Help Button
Tek Run  Sample

{ (SR Dely

Figure 4: GBT-FPGA latency measurement.

Evaluation

To evaluate link latency and its reset-to-reset determin-
ism, 15 series of measurements were done. Each series
(run) contained 1000 latency measurements as described
above and depicted in Figure 4. Between runs, the GBT-
FPGA on the Receiver side was reset. To handle the num-
ber of measurements to be done, the evaluation process
was automated with a Python script that controlled the
boards and collected oscilloscope readings via VISA in-
terface over Ethernet.

Mean latency over 1000 samples (unsorted)

269 A

268 -

267 A

266 A

265 -

264 .

Transmission latency, ns

263 A . .

262 A

Figure 5: Mean latency values over 15 measurement runs.

As seen in Figure 5, core reset in the receiver makes
the mean transmission latency vary from run to run within
~10 ns, between approx. 261.6 ns in run 3 and 269.2 ns in
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run 4. This suggests correct frame-word alignment in the
Receiver GBT-FPGA core on both ends.

On the other hand, the latency stays relatively stable
within each run. Figure 6 shows a typical latency distri-
bution and demonstrates that transmission latency does not
vary by more than ~500 ps.
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Figure 6: Transmission latency distribution within one run
(5000 samples).

Conclusion and future work

Overall, the initial test demonstrates excellent absolute
transmission latency values below 270 ns based on GBT-
FPGA cores, which makes it feasible to attain hardware
response time of the TFC system within a few microsec-
onds. Latency variation within each run is contained
within ~500 ps range, but there is still a significant reset-
to-reset latency uncertainty of ~10 ns. The sources of this
uncertainty have yet to be investigated in future work.

It is also expected that link latency determinism can be
further improved by introducing TClink as a layer below
GPT-FPGA [3]. This is a protocol-agnostic FPGA core that
has been developed at CERN and is meant to mitigate clock
phase variance by controlling at low level.
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FPGA -related development for CBM DAQ *
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In 2021 the work was mainly concentrated on the con-
tinued development and maintenance of fundamental com-
ponents of the CRI firmware.

Address Generator for Wishbone (AGWB)

The hierarchy of internal registers in the CRI firmware
is managed by the AGWB [1], which generates the address
map, the HDL implementation of registers and bus infras-
tructure, and the support (routines and data structures) for
the software. In 2021 the problems discovered in the previ-
ous year were finally solved. A requirement to combine in
a single VHDL code slightly different designs for individ-
ual SLRs of a large FPGA has been solved by introducing
so-called “variants”. This new functionality has also been
included in the final implementation of the AMAP XML
format, supporting the C++ code.

The mechanisms checking the coherency of versions be-
tween the hardware and software were modified to support
“variants”. A set of minor improvements increased the ef-
ficiency and legibility of the generated VHDL. The cor-
rectness of the XML description of the system is now veri-
fied using the RELAX NG schema - for faster detection of
mistakes. The generated VHDL code for each block may
optionally contain the automatically created test registers.
The inserted WB crossbars may include additional pipeline
registers for better timing closure in complex bus trees. The
generated Python interface has been supplemented with re-
flection functionalities, significantly improving the quality
of the interactive work.

Development of the HCTSP controller

The former DPB firmware used a complex controller
for communication with the frontend chips using the Hit
& Control Transfer Synchronous Protocol (HCTSP) [2].
Most of its functionalities were implemented in hardware,
which resulted in a very high resource consumption and
limited flexibility. For CRI with a higher number of con-
nected FEBs and a necessity to support various FEB con-
figurations, that concept of the HCTSP controller had to be
redesigned.

The new solution: the HCTSP bridge uses a signifi-
cantly different paradigm. Functionalities not requiring

*Work partially supported by GSI, partially by statutory funds of In-
stitute of Electronic Systems. This project has received funding from the
European Union’s Horizon 2020 research and innovation programme un-
der grant agreement No 871072.

T wojciech.zabolotny @pw.edu.pl

real-time operation have been moved to the software. This
modification was also facilitated by changing the control-
ling interface from IPbus to PCle, which significantly re-
duced the roundtrip latency. The architecture of the HCTSP
bridge has been designed based on the possible scenar-
ios of communication with the frontend ASICs. That ap-
proach enabled sharing of certain blocks between multi-
ple FEBs (e.g., command slots, ACK catchers). Only a
few blocks had to be separately instantiated for individ-
ual uplinks (e.g., the 8b10 decoders and special sequence
detectors). Handling command acknowledgments and re-
transmission in software eliminated the need for a complex
switch matrix for command responses.

The Python library controlling the HCTSP bridge has
been implemented. The design has been tested in VHDL-
Python co-simulation tests.

The CRI firmware with the HCTSP bridge has been suc-
cessfully used during the beam tests.

Preparation of the tester firmware

The third area of activity was the further development
of the SMX tester firmware for QA testing of SMX ASICs
and assembled Frond End Boards [3]. In 2021 the tester
firmware has been modified to use the HTCSP bridge block
(for improved flexibility). The introduced changes include
the run-time selectable E-Link clock frequency. Addition-
ally, the possibilities of reading the SMX data at higher
speeds have been improved by adding a possibility to trans-
mit the received data in UDP packets.

The full speed readout of the SMX ASICs is possible
with tester operating in a GBTXEMU mode with the dedi-
cated GERI board.
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A FLES Interface Module for the CRI*
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Latest FLES hardware developments focused on the
transition of the readout chain from the Data Process-
ing Board (DPB) plus FLES Interface Board (FLIB) to
the Common Readout Interface (CRI). Figure 1 gives an
overview of the architectural change. This revised readout
architecture features only a single FPGA-based PCle card,
the CRI. A new FLES interface module (FLIM) was de-
veloped to provide a FLES interface for the CRI hardware
design. Logically, the CRI FLIM design is a merge of the
DPB FLIM and the FLIB design without the components
for the optical link. However, all components have been
adapted or rewritten to fit the new architecture and the Kin-
tex Ultrascale FPGA.

A schematic overview of the FLIM design and the inte-
gration into the overall CRI hardware design is depicted in
Figure 2. The FLIM and the subsystem design share the
same PCle interface between FPGA and host. However,
the designs have vastly different requirements for commu-
nication with the host. While the subsystem logic uses only
PIO access, the FLIM implements a high-throughput DMA
design. To minimize dependencies between the hardware
designs and device drivers, the FLIM and the subsystem de-
sign use two separate PCIe physical functions (PFs).> The
CRI FLIM uses the same PDA kernel driver architecture as
the FLIB in conjunction with an adapted userspace device
library. As the FPGAs PCle-block provides only a single
interface shared by both PFs, an arbiter is used to route
TLPs to the appropriate destination.

The overall architecture of the FLIM follows the former
FLIB design. It provides multiple independent input chan-

*Work supported by BMBF and HIC for FAIR

IThe CRI's Kintex Ultrascale FPGA is split into two Super Logic Re-
gions (SLRs). The discussion here focuses on a single SLR. The FLIM
and PCIe components are duplicated for both SLR.

2A PClIe PF is a full-featured PCle function associated with its own
configuration space including PCI IDs, bus address, and device driver.

single FLES cluster

RN FLts AN FLts
TE GBT DPB custom opt. Link FLIB PCle > BEWUW [InfiniBand > Welelel
P ooe Pz oce

&
FLES ‘ FLES
FEE GBT CRI PCle > A% long-range InfiniBand Pl proc.
P roce [ o

|
entry cluster ‘ compute cluster

Figure 1: Comparison of the DPB/FLIB and the new CRI
readout chain. Tasks of the DPB and the FLIB are merged
into a single FPGA card, the CRI.
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Figure 2: Overview of the new FLIM design for CRI. Each
FLIM provides multiple independent channels to the sub-
system design. FLIM and subsystem design share a single
PCle interface, but are mapped to different PFs.

nels. Each channel is associated with its own DMA engine
and a set of buffers in the host memory. All channels dy-
namically share the same PCle interface. For configuration
and control of the DMA engines, the FLIM features its own
slow control bus and PCle bus bridge.

Towards the subsystem components, the new CRI read-
out chain keeps the same microslice-based FLES interface
already used in the DPB. The transition between FLIB and
CRI designs was split into two steps to ease the transition
for the subsystems. In the first step, which is now con-
cluded, the microslice interface towards the subsystem de-
sign was kept close to the DPB version. Only the clock fre-
quency was slightly adapted to better fit the overall design.
In the second step, the microslice interface will be revised
to streamline operations and provide the full performance
of the PCle interface.

While the external interface was kept close to the origi-
nal design, most internal components have been rewritten
to fit the new FPGA architecture. This is especially true for
the PCle-related parts of the design, as the new Ultrascale
FPGA core provides a significantly different interface com-
pared to the old FPGA. During the rewrite, care was taken
to ensure that most of the internal data path is already ca-
pable of exploiting the full performance of the faster PCle
interface and that not many changes are required in the sec-
ond transition step.

The newly developed FLIM is fully integrated into the
CRI hardware design and was successfully used in the
mCBM 2021 data taking.
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CRI based mMUCH DAQ setup and online monitoring
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Ruprecht-Karls-Universitit Heidelberg, Germany

For last few years, Common Readout Interface (CRI)
development work has been going on. After April 2020,
mMUCH was uninstalled for debugging of link loss and
other issues. During November 2021, mMUCH was re-
installed on the beam table in mCBM cave. The readout
chain of mMUCH was updated to CRI based DAQ as com-
pared to AFCK in earlier mMUCH setups. Fig. 1 shows
the present mMUCH setup connection to CRI Based read-
out chain in mCBM. Two real sized GEM detectors and
one real sized RPC detector were installed in the cave.
mMUCH detector front end boards (FEBs) were readout
via Common Readout Board (CROB) having one master
GBTx and two slave GBTx. Each CROB is connected to
CRI via two LC-MTP12 fan-ins. Each CROB consists of
1x Rx and 3x Tx links. The MTP12 connectors carry 12x
Rx and 12x Tx optical fiber links, however, due to firmware
and resources limitation, only 3-CROBx could be readout
via two MTP12 connectors. So maximum 6 CROBs can
be connected to one CRI as per the present configuration.
Each CROB may be connected to maximum of 9 Front End
Boards (FEBs) via MUCH-FMC however, due to some is-
sue, few of the slots in these CROBs were not stable in
communication with FEB boards. This will be further in-
vestigated.

CRI card is mounted on PCIe GEN3 16x data bus on
motherboard of the DAQ server. Number of CRI con-
nected in a particular DAQ server depends on available
PCle slots. In mMUCH setup two CRIs were used which
were installed in en05 entry node placed in the cbm count-
ing room. CRI-0 is connected to GEM-1 detector using
3 CROBs via SLR-0 and RPC detector was connected to

Green Cube Control Room

Counting Room

= i contol
P

DAQ Machine

? ECS Controls
Local Network

CROB-3 CROB-0 CROB-2

5834 ¥ALAX

Sl sisonw
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Figure 1: CRI based mMUCH DAQ Setup at mCBM.
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Figure 2: Pictures of online monitoring for GEM1 (left)
and GEM2 (right) sector channel map during DAQ running
in publisher mode.

1 CROB via SLR-1. GEM-1 was readout via 15 FEBs
while RPC was readout via 4 FEBs. CRI-1 is connected
to GEM-2 using 3 CROBs via SLR-0.

For performing quality assurance or online monitoring
of the raw data, monitoring scheme and parameter files
have been updated to accommodate CRI based readout
configuration. Relevant classes and macros have been up-
dated for online monitoring.

Figure 3: Picture of Online monitoring canvas for FEB by
FEB electronics channel plots. Maximum of 54 FEBs can
be connected under 6 CROBs. Blank space shows that par-
ticular FEB is not connected.

To summarize, a CRI based mMUCH DAQ setup has
been enabled and all the relevant python codes for DAQ
configuration and CbmRoot Online Monitoring classes
have been adopted. The same has been used for March
2022 data taking with mCBM and one of the main goals of
the beamtime, which is commissioning of CRI based DAQ
for mMUCH, has been achieved. Online pictures shown in
fig. 2 and fig. 3 shows different canvases for mMUCH (for
2 GEMs and one RPC detector) online monitoring during
data acquisition running in the publisher mode.
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Large-Scale Performance of the Data-Flow Scheduler (DFS) and FLESnet

F. Salem and F. Schintke

Zuse Institute Berlin

Abstract

We present measured, sustained timeslice building rates
of FLESnet and DFS on large-scale deployments with 96
nodes: 48 entry and 48 processing nodes. The results
show an average sustained aggregate data rate of up to
~340 GB/s.

Additionally, we discuss early ideas on handling elas-
ticity and heterogeneous data volumes in FLESnet using
DFS, i.e., how to dynamically add and remove nodes dur-
ing runtime and how to deal with skewed distributions of
microslice sizes efficiently for resilient performance.

Introduction

The First-Level Event Selector (FLES) cluster builds
timeslices (TSs) for analysis using FLESnet!. Entry nodes
receive data from sensor links in a single, circular mem-
ory buffer and chop the stream into micro slices (MSs) to
aggregate them to timeslice components (TCs). Process-
ing nodes (PN) receive TCs from all entry nodes to build
complete timeslices (TSs) for further analysis.

Our data flow scheduler (DFS) coordinates transfers
from all entry nodes to all processing nodes over time
as many parallel independent pairwise data transfers in a
round-robin manner to avoid the congestion of endpoints.
It aims for uniform progress and buffer fill levels [1], which
leads to a shorter duration to build TSs.

Elasticity for FLESnet

Currently, FLESnet is designed for a static number of entry
and processing nodes. DFS fault-tolerance (DFS-FT) [2]
tolerates processing nodes’ failures by reassigning the data
to the remaining processing nodes. Adding or replacing
nodes at run-time is desirable for better system’s elasticity.
To complete a timeslice, a predefined number of entry
nodes has to be available. When an entry node fails, in-
complete timeslices have to be triggered and discarded.
DFS already supports that, but FLESnet should allow re-
placing/adding an entry node while the system is running.
When a processing node fails, adding a new processing
node would be beneficial to relax the load on other nodes.
Entry nodes should agree to which PN each TC should
be sent so that matching contributions arrive at PNs to build
complete timeslices. When a new PN, joins FLESnet,
all input nodes have to agree from which point in the data
stream PN, starts receiving TCs. Without an agreement,

Thttps://github.com/cbm-fles/flesnet

the TCs to PNs mapping could become inconsistent, and
PNs would miss some TCs to complete their T'Ss. The tim-
ing of the agreement is challenging and crucial as all nodes
have to behave consistently. DFS has to decide from which
time interval a new node would join the system via a con-
sensus procedure. New entry nodes should join the system
as soon as possible to prevent data loss. The joining of a
new processing node is not that critical and assigning TCs
to it could be delayed to a relaxed following time-interval.

Heterogeneous Data Volumes

DFS load balancing (DFS-LB) [3] dynamically distributes
TSs according to processing nodes capabilities in hetero-
geneous systems. It currently assumes TCs of a common
fixed size, which allows straightforward bandwidth predic-
tion. With heterogeneous MSs, the accuracy of prediction
decreases and may lead to worse load balancing propos-
als. DFS should monitor the entry buffers and attempt to
predict the fill distribution and react appropriately.

Each of n entry nodes has a limited single buffer with
MSs, and each PN has n limited buffers to receive TCs
from the entry nodes. Data can be freed from a PN’s buffer
when a TS is complete (TCs for that TS were received from
all entry nodes). Data can be freed from an entry node’s
buffer when the respective PNs acknowledged them. If a
PN’s buffer is full, the respective entry node cannot send
more data to that processing node. If an entry node cannot
get rid of its data, its buffer may fill up, and eventually data
would need to be dropped, which should be avoided. Thus,
entry and processing nodes strongly depend on each other.

When we assume a skewed distribution of MS sizes over
entry nodes (e.g., detector elements far away from the beam
produce less data), some processing buffers of a PN could
be filled more compared to others. Here, a more dynamic
assignment of the buffers in the PNs could help alleviate
the risk of overfull buffers.

When we assume a fluctuating distribution of overall TS
sizes (e.g., short periods with many events to measure and
periods with few events to measure), DFS-LB should take
the buffer fill levels into account for the assignment of TS
building to avoid full buffers.

DFS Integration into FLESnet and mCBM

We integrated DFS, DFS-FT, and DFS-LB into the main
repository of FLESnet and tested them on the mCBM
FLES cluster at FAIR/GSI.
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Figure 1: Measured avg. timeslice building rate per entry
node on overload scenario with 48 entry nodes. Gray areas
and lines denote min/max and 10"/90™ percentiles.
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Figure 2: Duration to complete timeslices at PNs on over-
load scenario (min/max, median, 10"/90™ percentiles).

Performance on a Large-Scale Deployment

We tested FLESnet and FLESnet+DFS on up to 96 nodes to
evaluate their scalability and sustained performance. Two
different scenarios are examined: An overload scenario,
where data is generated faster than the network can dis-
tribute, and a network limit scenario, where data is gener-
ated slightly below the network limit. We use FLESnet as
a baseline to evaluate the performance of FLESnet+DFS.
The shown results exclude the first 60 seconds of each run
to focus on sustainable performance independent of initial-
ization, warm-up, and idealized empty-system phases.

Experimental Setup. We tested the scenarios with Libfab-
ric on OmniPath! with 96 nodes: 48 entry nodes and 48
processing nodes. Each node has 2x Intel Cascade Lake
Platinum 9242 (CLX-AP) with 48 cores, 384 GB RAM,
1x Intel OmniPath host fabric adapter, 100 Gb/s per 1-to-1
connection. Each micro slice is 10 KB, and each TS com-
ponent is 1 MB. The circular entry buffer is 128 GB, and
the receive buffer for each entry node at each processing
node is 2 GB, i.e., 96 GB per PN. Each node embodies ei-
ther an entry or a processing node.

Overload Scenario. In this scenario, each entry node gen-
erates 9 GB/s, resulting in 432 GB/s total data generation
rate. Fig. 1 depicts the bandwidth statistics over runtime.
FLESnet+DFS reaches a stable aggregate bandwidth of
~2340 GB/s. FLESnet+DFS can complete timeslices at pro-
cessing nodes ~50x faster than pure FLESnet (Fig. 2).

Thttps://www.hlrn.de
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Figure 3: Measured avg. timeslice building rate per entry
node on network limit scenario with 48 entry nodes. Gray
areas and lines denote min/max and 10%/90" percentiles.

avg: 6103 ms |
FLESnet ‘

FLESnet

+DFS avg: 58 ms

0 10k 20k 30k 40k
duration to complete TS at PNs (ms)

Figure 4: Duration to complete TSs at PNs on network
limit scenario (min/max, median, 10%/90" percentiles).

Network Limit Scenario. In this scenario, each entry node
generated ~7.1 GB/s, resulting in 340 GB/s total data gen-
eration rate. Fig. 3 depicts the bandwidth statistics over
runtime. FLESnet+DFS reaches a stable aggregate band-
width of 340 GB/s without data loss and completes times-
lices at PNs ~100x faster than FLESnet alone (Fig. 4).

Conclusion

We discussed early ideas for elasticity and heterogeneous
data volumes in FLESnet and its Data-Flow Scheduler. We
aim to allow adding nodes during runtime and to fairly dis-
tribute heterogeneous TS volumes over processing nodes
for overall resilient throughput.

Performance results of FLESnet on a large-scale deploy-
ment indicate more stable throughput and shorter durations
to complete timeslices with DFS. Aggregate bandwidths of
up to ~=340 GB/s were reached with 48 entry nodes.
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Motivations

For last few years, ‘unpackers’ for the different subsys-
tems in mCBM had been developed differently by each
subsystem. This lead to incoherence between the subsys-
tems and restrictions towards running in parallel with dif-
ferent subsystem at the same time. This also made the
maintenance complicated when trying to use the same logic
in both a FairTask and a FairMQ device.

Stronger integration of the unpackers in a common
scheme preparing for usage in different frameworks is
therefore very much needed and started to be introduced
for the 2021 mCBM campaign with the first subsystems
readout using the CRI board.

Differences with previous approaches

The concepts driving this new architecture are 1) a sep-
aration between the framework bound part and the pure al-
gorithmic part, 2) in the pure algorithmic part a separation
between the processing code (so-called “Algo” class) and
the configuration code (so-called “Config” class), 3) the us-
age of only standard digis classes as output storage, and fi-
nally 4) a separation of the monitoring of the raw data and
unpacking process into a separate class, optionally called
from within the “Algo” part.

The rational behind separating the framework bound and
algorithmic part is that it allows to use the later in both the
FairTask and FairMQ worlds. This minimizes the even-
tual code maintenance and makes sure that the raw data are
processed in identical ways irrespective of whether running
online or offline, or whether running in a laboratory test-
stand or a combined experiment such as mCBM or CBM.

The further separation between the processing code and
the configuration code in the algorithmic part allows to
switch between different versions of the former depend-
ing on the geometry tag of the sub-system. This provides
a unified and simplified way to handle eventual raw data
format changes, which may still happen as we gain more
experience with our completed experimental setup. It is
also preparing the stage for a transition from the current pa-
rameter classes, based on the FairRoot ones, to the planned
online configuration system with a client-server approach.

In previous versions of the unpacking code, Digi classes
derived from base ones were sometime used to represent
intermediate stages or to provide expanded information.
This however is not compatible with the existing recon-
struction chains, which are already running on simulated
data using the standard Digi classes (local reconstruction
and event builder) It is also leading to many flag controlled

code blocks and code duplication in order to accommodate
both possibilities. An additional reason for avoiding de-
rived Digi classes is that the base ones are currently un-
der review to minimize their memory footprint, which in-
cludes removing inheritances and virtualization. As a con-
sequence, in the new unpacking scheme, only the standard
Digi classes CbmXxxxDigi are used, with “Xxxx” being the
given detector sub-system.

Calls to monitoring methods such as filling histogram
are often expensive in CPU time, while the monitoring in-
formation displayed in the human interface is often expen-
sive in memory. It is therefore often a target for removal
when code is optimized for maximum online performance.
By moving the monitoring of the raw data and of the un-
packing process to a separate class and calling its methods
only if an instance of the monitoring class is added to the
“Algo”, we can keep the possibility to enable it if necessary
without having performance losses when running on data
known to be valid. This also allows FairMQ processing pat-
terns where for example multiple branches are processing
timeslices in parallel, but only one of those has monitoring
enabled. In this example, with N the number of branches,
the amount of monitored data would be downscaled to 1/N,
and if fact, because the timeslices are distributed to the first
branch ready, even less as the monitoring branch is slow-
est. However, for the same reason, the global processing
throughput would not be much impacted provided N is suf-
ficiently large: at worst equivalent to N-1 branches.

Outlook

The new architecture was implemented for the mSTS,
mTRD and mTRD2D, mTOF, mRICH and mPSD during
the transition to the CRI based readout for the Spring-
Summer 2021 mCBM beamtime campaign. The two re-
maining detectors were added for the Spring 2022 mCBM
campaign: mBMON (a.k.a. TO) and mMUCH [1].

This represents only the first step toward the final CBM
online code, as further optimizations are still needed to
allow for parallelization at various levels (processes or
threads, GPUs, ...). Various improvements will also be
needed to make the monitoring less tightly coupled to the
processing code while keeping its functionalities and im-
proving its ease of use by non-expert users.
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Towards an online-capable software stack
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The CBM software collection cbmroot has evolved over
many years by now to a considerable size. Quite naturally,
the developments were focused on typical offline tasks,
such as the realistic simulation of the experiment data, the
reconstruction of these simulated data, and their analysis to
assess the physics performance of the anticipated experi-
mental setup. The chosen framework was FairRoot based
on the ROOT package as a platform. Typically, emphasis
was put on the efficiency of the reconstruction and quality
assessment by comparison to the MC truth, while execution
speed was, with some exceptions, not a design criterion.

With the advent of real experiment data, first from iso-
lated laboratory or in-beam setups of single detector sys-
tems, and lately from the mCBM full-system prototype,
the demand for software to be applied in real-time arose
and has been ever increasing since. The final aim of the
CBM experiment, namely to online inspect the full raw
data stream and select physically interesting data based
on this online inspection, became more prominent and has
now to be addressed in earnest.

Efficient online data processing, however, comes with
special requirements for data structures, interfaces, and al-
gorithms, many of which are not met by the current soft-
ware. Possibly the most prominent lacking feature is to en-
able concurrency to make cost-efficient use of the available
computing capacities. An online execution model is yet
to be established. FairMQ is a promising model, enabling
concurrency on the process level and providing a control
system for process deployment and monitoring. First ex-
periences with FairMQ were already gathered, but its full-
scale application is yet to be demonstrated, and the final
choice of the online framework is yet to be done.

In view of this situation, efforts to establish a software
stack capable of online application were started in the fall
of 2021. The main design considerations are:

e Re-define data structures. Minimize their size, since
the memory footprint is decisive for processing speed.
Remove, wherever still present, MC-related informa-
tion. Avoid polymorphism and virtual tables, such that
the data structures can also be used on GPU.

e Define proper data interfaces and containers. Data
should be provided to a processing step in the required
arrangement such as to avoid re-sorting. Use STL
containers instead of e.g., TClonesArrays.

e Separate the actual algorithms from framework layers,
enabling to make use of the algorithms from different
execution models (e.g., FairRoot, FairMQ) without
changes to the algorithms.

e Implement granular processing steps operating on
the smallest independently treatable data units. This
allows to flexibly implement concurrency features
(multi-threading, multi-processing) in the calling soft-
ware layer.

e Separate monitoring and data QA from the algo-
rithms. The algorithms must provide monitoring data
to higher-level instances, where their handling is man-
aged (e.g., online display, state transitions).

e Minimize the dependence on external software (e.g.,
ROOT). Use the standard C++ libraries wherever pos-
sible.

e Use modern C++ features. The minimal requirement
is the C++17 standard.

e Establish maintainable code which can be passed be-
tween developers with minimal friction. This means
that the code shall be concise, modular, and well-
structured. Concise yet complete in-code documen-
tation is imperative.

e Execution speed is to be considered from the begin-
ning.

The implementation strategy is to gradually replace the
currently used reconstruction software with minimal dis-
ruption. The online software must be applicable also for of-
fline usage, be it with archived experiment data or with sim-
ulated data. Thus, the new software is part of the cbmroot
repository and its build system. For the algorithm layer, a
new top-level directory algo is used, in which no depen-
dence from ROOT is allowed and in which the design criteria
outlined above are applied.

As a prototype of an online processing application, a
simple chain using STS data only was established (Fig. 1).
This chain comprises as processing steps the unpacking of
raw data, an event trigger based on the time distribution
of the STS digis, and event building providing event-wise
digi data (CbmDigiEvent). The latter are forwarded to file
storage in a ROOT TTree.

Figure 2 shows schematically the implementation units
for the integration in the FairRoot task/run framework.
The algorithm layers comprise re-implementations of the
STS unpacker [1], the digi-based trigger [2], and the event
builder [3]. The unpacker algorithm is formulated to op-
erate on one FLES microslice as the smallest indepen-
dent data unit. The loop over FLES components and mi-
croslices is executed on the task level, which also man-
ages the supply of input data to the algorithms and the han-
dling of their output data (digis, trigger, events) as well as
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Figure 1: Prototype for online processing, comprising a
simple chain with STS data only

the proper configuration of the algorithms with the user-
defined parameters. On the task level, a source task in-
terfacing the FLES timeslice input and a simple QA task
inspecting the produced events are added. The central
steering class CbmReco implements the processing graph
(chain) by wrapping FairRunOnline and instantiating the
task in the processing chain. Execution is done with the bi-
nary cbmreco_fairrun, which is user-configured through
a YAML file. Alternatively, a ROOT macro reco_ts.C to be
executed from the ROOT prompt can be used. The execu-
tion time of the process steps and some basic numbers are
monitored on the console (Fig. 3). The current simple QA
controls the time distribution of the digis relative to the trig-
gered event; a peaked distribution signals that real events
were triggered (Fig. 4).

algo task steer exec
CbmSourceTs ~ +

confighun

Unpacksts «—»  CbmTaskUnpack < reco_ts.C

TimeClusterTrigger + » CbmTaskTriggerDigi CbmReco

¥
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configiun

CbmTaskEventQa

Figure 2: Implementation of the online prototype in the
FairRoot task/run scheme

[INFO] SourceTs: Reading time slice 19 (index 190) at t = 1626314963871488000 ns

[INFO] Unpack [ 836.8 ms] TS 19 (index 190), components 3 / 11, microslices 3003, inp
[INFO] TriggerDigi [ 319.1 ms] TS 19, digis 19258412, triggers 31022

[INFO] BuildEvents [ 45.3 ms] TS 19, triggers 31022, events 31022, frac STS digis 34.0 %
[INFO] DigiEventQa [ 20.8 ms] TS 19, events 31022, digis 6555173, digis per event (211.3
[INFO] SourceTs: Reading time slice 20 (index 200) at t = 1626314966431488000 ns

[INFO] Unpack [ 610.2 ms] TS 20 (index 200), components 3 / 11, microslices 3003, inp
[INFO] TriggerDigi [ 223.4 ms] TS 20, digis 15405215, triggers 31854

[INFO] BuildEvents [ 43.4 ms] TS 20, triggers 31854, events 31854, frac STS digis 43.0 %
[INFO] DigiEventQa [ 21.1ms] TS 20, events 31854, digis 6623533, digis per event (207.9
[INFO] SourceTs: Reading time slice 21 (index 210) at t = 1626314968991488000 ns

[INFO] Unpack [ 634.9 ms] TS 21 (index 210), components 3 / 11, microslices 3003, inp
[INFO] TriggerDigi [ 215.0 ms] TS 21, digis 15395248, triggers 31224

[INFO] BuildEvents [ 42.6 ms] TS 21, triggers 31224, events 31224, frac STS digis 42.3 %
[INFO] DigiEventQa [ 20.7 ms] TS 21, events 31224, digis 6517473, digis per event (208.7

Figure 3: Console log of the process execution in the
task/run scheme

Figure 5 illustrates the equivalent implementation in the
FairMQ scheme (work in progress). The algorithm layer is
identical. Tasks are replaced by device classes with equiv-
alent functionality. For each device, an executable binary
is created. The execution is done from a shell script, which
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Digi time in event

Figure 4: Event building QA: time distribution of STS digis
relative to the event

thus also implements the process graph and the user inter-
face.

algo device binary exec
Unpacksts «—>  CbmbDevUnpack runUnpack
TimeClusterTrigger <>  CbmDevTrigger runTrigger

start_buildevents.sh

s b

Figure 5: Implementation of the online prototype in the
FairMQ scheme

The presented prototype aims to prepare the ground
for comparison and further development of the execution
frameworks as well as serve as a template for integrat-
ing more processing steps. Multi-threading will be intro-
duced on the task/device level for the unpacker in the loop
over components or even microslices. In the FairMQ in-
tegration, it has to be considered how far multi-processing
shall be introduced, e.g., by defining not one device per
process step, but, for the unpacker, per FLES component.
Alternatively, the entire reconstruction process can be im-
plemented as a single device, thus not making use of the
multi-processing capabilities of FairMQ, but profiting from
its runtime integration in terms of process deployment and
monitoring. In this latter case, the process graph can be de-
coupled from the framework binding and be implemented
in a standalone, ROOT-free fashion.

The next processing steps to be integrated are to add lo-
cal STS reconstruction (cluster and hit finding), for which
an implementation on GPU is underway [4], and to include
the unpackers of other detector systems, which will make
the online processing already applicable to mCBM.
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MuCh unpacker and converting raw data into CbmMuchDigi
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During the 2021 mCBM campaign, A unified unpacking
scheme has been developed [1] by separation between the
framework bound part and the pure algorithmic part. It also
provides stronger integration of the different subsystem’s
unpackers. Following this common architecture, a new un-
packer is now developed for the MuCh subsystem, as last
year due to COVID situation, the MuCh team could not
take part in the 2021 mCBM campaign. Three new classes
have been added i.e CbmMuchUnpackAlgo, CbmMuchUn-
packConfig and CbmMuchUnpackMonitor under the Cbm-
Root directory structure reco/detectors/much/unpack. This
unpacker also provides unified unpacking with respect to
mCBM and CBM. It uses the standard output digi con-
tainer, CbmMuchDigi vector, to store digi information. The
same digi container is used for simulation then reconstruc-
tion and also will be used for the final CBM.

CbmMuchDigi objects contain only 3 basic information:
a) time-stamp of the digi, b) unique address of the digi
following CbmMuchAddress scheme, and c) charge of the
digi. Time-stamp of the digi is the relative time to the
start time of the particular TimeSlice, instead of the ab-
solute UNIX time as in the previous unpacker. The Cbm-
MuchBeamTimeDigi vector branch, used earlier, contained
many data acquisition chain related raw information like
ROC Id, FEB Id, Channel Id, real-x, real-y etc to gener-
ate CbmMuchAddress during further reconstruction. Stor-
ing all DAQ related information in the raw digi makes it
5 times heavier than CbmMuchDigi in terms of memory.
Now spatial position information, from CRI based data ac-
quisition readout chain and hit message of Sts-MuCh-Xyter
(SMX) chip, is extracted and is packed in a unique 32 bit
integer value following ChbmMuchAddress scheme during
the unpacking using this unified unpacker. With this spa-
tial address value, relative hit time and ADC information
is packed in the CbmMuchDigi container. In the unpack-
ing process, raw DAQ related information is not present in
the rootified file, therefore the ascii parameter file mMuch-
Par.par must be correct with respect to mapping of CRI
to MuCh Detector position, Number of GBTx board con-
nected to CRI, Number of FEBs connected to GBTx, FEB
to channel mapping etc. This information is used for gen-
erating CbmMuchAddress for each digi. During 2022 data
taking at mCBM, the par file has been modified accord-
ing to CRI connection information. As in the mMUCH
setup, one layer of RPC detector has also been installed
during December 2021 at mCBM. For the same RPC row
column to FEB number, channel number mapping informa-
tion has also been incorporated in the MuCh parameter file
and corresponding param class is modified. Based on the

active Elink IDs from hit messages, FEB id is generated in
the MuchUnpackConfig class, which is used for generating
spatial address information.

Figure 1: Generated online time-correlation plots between
different subsystems in the mCBM setup. Top right plot
shows the time-correlation of the mMuCh detectors (both
GEM and RPC combined) using this new unpacker.

To summarize, a unified MuCh unpacker has been devel-
oped in which the unpacking approach has been revisited
and translation of raw data into digis has been performed
and the same is used for recent data taking with mCBM
during March-April 2022. One of the main goals, a lighter
structure which is easier to handle and adjust towards par-
allel processing/multi-threading, has been achieved by un-
packing data in a common process, in particular for MuCh
using the standard output digi vector CbmMuchDigi, and
also the digi vector is stored in root file. Using this un-
packer algorithm, an MQ device has been developed which
is compatible for online usage and first attempt has been
made for performing time correlation between different
subsystems via MQ based online event building. Fig. 1 is
an online plot during data taking where an event builder
device is running directly on the raw data stream using
unified unpackers of different subsystems. Note: The
”old” scheme/code of unpacker is still valid but needs some
tweaking.
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Introduction

The data acquisition concept of CBM has to cope with
autonomous, self-triggered front-end electronics, without
any hardware trigger. The DAQ will aggregate the mea-
surements from the detectors and deliver a raw data stream
partitioned into “timeslices” to the online data process-
ing. The timeslice is a transport container without physical
meaning; it typically contains data from several thousands
of events. The task of online data processing is to select
subsets of these data for storage, suppressing the raw data
rate by more than two orders of magnitude.

Our current picture of online processing falls into three
steps:

e Unpacking: the packed raw data are transformed into
context-free data units called “digis”. Context-free
here means that the data can be interpreted without
knowledge of their position in the data stream. Time
calibration is applied in this step, too.

e Triggering: from the digi stream, points in time de-
noting potentially physically interesting events are
derived. The software trigger can be very simple
(minimum-bias, just identifying events) or very com-
plex (reconstructing and analysing events up to track
or secondary vertex level).

e Event building: digis belonging to a triggered event
are copied from the full data stream and forwarded to
storage.

In this report, we describe an implementation of the third
step, the event building.

Algorithm

The event building itself is algorithmically close to triv-
ial, since it constitutes but a copy procedure from the time-
ordered digi stream into event objects. The prerequisite
parameters are time intervals around the trigger time which
ensure that all (relevant) digis belonging to the triggered
event are comprised in the output event. These intervals
have to be determined e.g., by studying the simulated de-
tector response to an event and specified to the event build-
ing algorithm. They will differ from detector to detector,
depending on their timing response and also from the vari-
ation of time-of-flight of the particles to the detector ele-
ments.

The algorithm performs a loop over all seed (trigger)
times for a given timeslice input. For each seed time, all

digis from each detector which fall within the pre-defined
time window around the seed time are collected to form
event candidates.

The seed times are taken from the digi data stream of
one or several reference detectors to be specified by the
user. Each digi from the reference detectors then is taken
as a seed. Digis from reference detectors which fall into
the time window set for this detector are combined into a
single seed (“seed cluster”). Fig. 1 illustrates the method.
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window beginning” Seed" time
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window range”
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Figure 1: Event building with different time windows per
detector.

Alternatively to the built-in trigger, external triggers
can be used by the algorithm. In this case, the class
CbmSeedFinderSlidingWindow is used to create a trig-
ger list from the timeslice data [1].

Valid events are selected by applying a set of
predefined cuts, immediately after the construction
of each event candidate. = These can currently in-
clude a minimum and a maximum number of digis
for each detector which an event can contain, and
are set by calling the SetTriggerMinNumber () and
SetTriggerMaxNumber () functions at the task level.

The event builder supports three distinct modes of oper-
ation:

e NoOverlap: Digis cannot be shared between events.
New seeds found within the “widest window range”
of the previous event (see Fig. 1) are discarded. This
mode may lead to incomplete or missed events in the
case of event pileup and hence should only be used at
very low event rates.

e AllowOverlap: New seeds are only rejected if they
are found within the “seed time window range”, i.e.
the time window size of the reference detector of the
previous seed. In this mode, the time windows asso-
ciated with subsequent events may overlap, and indi-
vidual digis may be assigned to more than one event
as a result.
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e MergeOverlap. New seeds are never rejected. In-
stead, if a new seed is found within the “widest time
window range” of the previous seed, then any digi
found within the time windows around it is also added
to the last event. This process is recursive, meaning
that additional seeds keep getting added as long as
their associated time windows overlap with any of the
previous ones. This mode is the safest one at high
interaction rates, as no valid events will be lost. On
the other hand, as multiple events are combined into
one in the case of pileup, information from additional
reconstruction steps is required to disentangle them.

Implementation

The implementation is split into two classes.
CbmAlgoBuildRawEvents implements the actual al-
gorithm. It processes a number of std: :vector of digis
(one per detector system) and creates a std::vector
of CbmEvent objects as output. The event objects
contain references to the digis belonging to the event
(digis with a time stamp within the event time interval).
CbmTaskBuildRawEvents provides the integration into
the FairRoot framework; it prepares the input to the
algorithm depending on whether it is obtained from
simulation or from unpacking of real experiment data.
The created event objects are stored in a TClonesArray
branch of the output ROOT tree.

The task provides the user interface, to which the event
window parameters as well as the selection of the opera-
tion mode and the choice of using external triggers from
CbmSeedFinderSlidingWindow are communicated.

Quality Assessment

The implementation includes QA tools, which are pro-
vided via the class CbmBuildEventsQa, and allow the
tuning of the time windows, by comparing reconstructed
events to Monte Carlo truth. The matching is done by ma-
jority rule, i.e. the matched MC event is the one which
contributed the most digis. The diagnostic data currently
includes

e the fraction of correctly assigned digis per recon-
structed event, with and without detector noise;

e the fraction found digis of the matched MC event;
o the fraction of noise digis per reconstructed event;

e 2D plots which show ‘“correct digis” vs. “found

digis”, with and without noise.

Fig. 2 shows QA plots for 100 central Au+Au collisions at
10 AGeV, with STS detector only, in the SIS100 electron
setup. Time-based digitisation was done at event rate 106
Hz with noise included. CbmSeedFinderSlidingWindow
was used with the optimal parameters determined in Ref.
[1] to create a trigger list. Events were reconstructed in the
AllowOverlap mode using a time window of [-100:100].
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Figure 2: QA plots for the eventbuilder algorithm.

Outlook

The presented implementation of the event building is
to be regarded as an intermediate step. The main current
limitation arises from the definition of the CbmEvent ob-
jects, which manage references (indices) to the actual digis
in the timeslice data, and not the digi objects themselves.
To make use of that, the complete timeslice data have to
be stored along with the events, thus not enabling a real
data suppression in the output file. Furthermore, the im-
plementation comprises logically different functionalities:
triggering (if no external triggers are used), event building,
and event filtering.

Further development of the event building software is
under way [2]. The aim is to

e implement and use a self-contained event data struc-
ture suitable for file storage;

o further separate the algorithm from the framework in-
tegration;

e optimize the algorithm for real-time application;
e clearly separate the functionalities of triggering, event
building and event filtering.
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A minimume-bias trigger algorithm based on the digi time distribution
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1GSI, Darmstadt, Germany; 2Department of Physics(CAPSS), Bose Institute, Kolkata, India

Introduction

The task of online data processing in CBM is to iden-
tify, isolate and analyse data from collision events out of
a time-ordered data stream as delivered by the data acqui-
sition, with the aim to apply physics selection criteria and
forward only interesting events to storage. The result of
this online data inspection is a series of trigger times indi-
cating regions of interest containing data from potentially
interesting event candidates. Data within these regions of
interest will be selected from the data stream and written to
storage media.

The conceptually simplest identification of event data
analyses the time distribution of data from a trigger de-
tector, where event data will show up with peaks above a
quasi-continuous background produced by thermal detec-
tor noise and data originating from non-interacting beam
particles traversing the target. As an example, Fig. 1 shows
the simulated time distribution of digi objects from the Sil-
icon Tracking System (STS). In the real experiment, the
digi object stream is the result of the unpacking step, which
converts the packed raw data into context-free data units.
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Figure 1: Distribution of digi times from the Silicon

Tracking System (STS) as obtained from simulation of
minimum-bias Au+Au collisions at p = 10 GeV/nucleon.
The simulation includes thermal detector noise and data
from non-interacting beam particles traversing the target.

In this report, we present the implementation of such a
digi-based event trigger. It should be noted that, as no event
selection criteria beyond the data rate are applied, it repre-
sents a minimum-bias trigger, roughly equivalent to a level-
0 trigger in a conventional experiment withe hardware trig-
gers.

WinDur WinDur

DeadTime

Timeslice

F——

Seed

Figure 2: Working principle of the trigger algorithm

Trigger algorithm

The principle of the algorithm is rather simple and illus-
trated in Fig. 2. Starting from a given digi, a time window
is expanded until the number of digis within this trigger
window exceeds a given threshold nMinDigis or the maxi-
mum window size WinDur is reached. In the former case,
a trigger is issued; in the latter case, the window is moved
forward in the digi stream and the search for triggers is
continued. The trigger time is defined as the mean of the
first and the last digi time in the trigger. It should be noted
that this time does not coincide with the true event time;
the trigger time bias has to be evaluated by simulations and
corrected for when performing event building.

The algorithm thus actually triggers on the local digi
rate. To prevent from triggering twice on the same event,
the search for a new trigger starts only after a time inter-
val DeadTime w.r.t. the last found trigger. The dead time
thus constitutes the minimal time between two subsequent
triggers. The output of the algorithm, a list of trigger times
for the current timeslice, is forwarded to the event builder,
which selects data in the region of interest around each trig-
ger time.

The three parameters of the algorithm have to be ad-
justed to the experiment conditions (collision system, event
rate) and the chosen trigger detector. A proper choice of
nMinDigis will prevent triggering on random noise fluc-
tuations while keeping sensitivity also to low-multiplicity
events. WinDur should be set such as to comprise the ma-
jority of data from one event. It must thus be adjusted to the
time distribution of data within an event. Similarly, Dead-
Time depends on the event shape.

The algorithm is implemented in the class
CbmSeedFinderSlidingWindow and is used from
the event building task CbmTaskBuildRawEvents, to
which it delivers the list of trigger times.
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Quality Assessment

For an evaluation of the trigger procedure, the derived
triggers have to compared to the simulated input events
(MC truth). The association of a trigger to an event makes
use of the Monte-Carlo origin of all digis having con-
tributed to a trigger (all digis within the trigger windows),
which is recorded during the creation of the digis in the
detector response simulation in the format of CbmLink ob-
jects.

We define as “found event” an event having an associ-
ated trigger, as “true trigger” a trigger with an associated
event, and as “fake trigger” a trigger without associated
event. The performance figures are then

e Trigger efficiency: the number of found events di-
vided by the number of all events, and

e Trigger purity: the number of true triggers divided by
the number of all triggers.

Trigger inefficiencies arise for low-multiplicity events
which do not pass the trigger threshold, and for close-by
events the temporal separation of which falls into the trig-
ger dead time. Fake triggers can be caused by noise fluctu-
ations accidentally surpassing the trigger threshold.

The association of trigger to events and the calculation
and visualisation of the quality figures is performed in the
class CbmSeedFinderQa. Apart from trigger efficiency
and purity, figures like the fraction of found digis per trig-
ger (digis from the matched event which were used for
the trigger decision over all digis in the event), the frac-
tion of correct digis per trigger (digis from the matched
event which were used for the trigger decision over all digis
used for the trigger) and the difference of trigger time to
event time are monitored. These quality figures serve to
optimise the three parameters of the algorithm (WinDur,
nMinDigis and DeadTime) and to assess rate effects aris-
ing from close-by events. Figure 3 shows examples of such
QA plots.

Application

The presented algorithm constitutes a simple and com-
putationally inexpensive approach to identify events from
the data stream. For its successful application, it is required
that the number of digis in a typical event exceeds the sta-
tistical noise fluctuations, and that the temporal event shape
is narrow in comparison to the average event separation.
Thus, a detector with low noise level and with fast response
should be chosen for triggering. Still, at very high interac-
tion rates the effect of close-by events will become notice-
able. The present algorithm and its QA allow to study such
rate effects and determine the range of applicability of the
simple, digi-based approach.

It should be noted that although in this report, the digi
times are used for deriving event triggers, the same algo-
rithm can be applied to any time-stamped data series, e.g.,
also for higher-level objects like hits or tracks.
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Figure 3: Example of trigger QA plots, obtained for cen-
tral Au+Au collisions at p = 104 GeV at 10° collisions
per second with STS digis
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The simplest way to identify events in the data stream
delivered from the CBM experiment is by the analysis of
the time distribution of the data (digis) of a trigger detec-
tor [1]. Formally, any detector in the CBM setup can be
used as trigger detector. However, a good choice requires
the detector to provide a narrow distribution of digi times
within an event and a low noise level. The Silicon Tracking
System (STS) satisfies these conditions because of its large
acceptance, its location close to the target, which minimises
the spread in time-of-flight within each event, and its good
time resolution of about 5 ns.

In this study, we investigate the application of digi-
based triggering to the STS. We used Urgmd input files
for Au+Au 10 AGeV with impact parameters O fm (cen-
tral), 2 fm, 4 fm, 6 fm, 8 fm and 11 fm (peripheral). Trans-
port simulations were carried out using the SIS100 electron
setup for all files. The time-based digitisation was done at
an event rate of 10° Hz, 10% and 107 with noise included in
the STS detector response simulation (“digitiser”).

The application of the digi-based trigger to the STS data
requires the tuning of the three parameters in the trigger
algorithm: the trigger window size WinDur, the trigger
threshold nMinDigis and the DeadTime between two trig-
gers.

WinDur should be chosen such that the majority of the
digis belonging to single event are comprised. This en-
sures maximal sensitivity to the events. Figure 1 shows
the simulated time distribution of STS digis in central col-
lisions. The simulation was performed in event-by-event
mode, where the event start time is set to 1000 ns. The dis-
tribution has a width of about 6 ns, the major contribution
to which is the time resolution of the sensors (5 ns). The
variation in time-of-flight, governed by the distributions in
flight path and velocity, is modest in comparison. Based on
this time distribution, a trigger window of 10 ns is chosen,
which, if applied around the peak, comprises more than
half of the total event multiplicity. It should be noted that
while the normalisation of the digi time distribution evi-
dently depends on the event centrality, its shape is in good
approximation independent from that.

The trigger threshold prevents from triggering on noise
digis. Its value must thus be adjusted to the noise data rate
and its fluctuations. Figure 2 shows the distribution of the
number of STS noise digis in time bins of 10 ns (the trigger
window size) as obtained from STS simulations. We find
a mean value of 390 per 10 ns with a sigma of 19.8; the
distribution is perfectly Poissonian. Thus, a trigger thresh-
old at e.g. 4 sigma (469) would give a probability for a fake
(noise) trigger of 3 - 1075 in 10 ns, in other words a fake
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Figure 1: Distribution of the STS digi time with respect
to the event time, obtained from the simulation of 1,000
events (central Au+Au at p = 10 AGeV). In the event-by-
event simulation used here, each event starts at t = 1000 ns
for technical reasons (to avoid negative digi times).
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Figure 2: Distribution of the number of STS noise digis
in a time window of 10 ns. The distribution is fitted by a
Gaussian function shown by the red line.

trigger rate of 3 - 102 /s only. This is to be compared with
typical collision rates in CBM, which range from 10°/s to
107/s.

To demonstrate that this trigger threshold is still sensitive
also to peripheral, low-multiplicity events, we applied the
trigger with varying threshold to the result of time-based
simulation (collision events plus noise), keeping WinDur
fixed to 10 ns and DeadTime fixed to 50 ns. The trigger
threshold was adjusted to yield a trigger efficiency close to
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100%. This study was performed for different impact pa-
rameters separately. The results are summarized in Table 1.
We find that a trigger threshold of 700 accommodates even
the most peripheral events investigated (b = 11 fm), a value
which is even above the threshold of 500 derived from the
noise-only simulation.

Centrality nMinDigis % correct triggers
0 fm (central) 850 100

2 fm 900 100

4 fm 780 96

6 fm 850 100

11 fm (peripheral) 700 100

Table 1: Optimised trigger threshold (nMinDigis) for dif-
ferent collision centralities of collision at an event rate of
10° Hz. The trigger window size is 10 ns, the dead time
50 ns.

The trigger dead time prevents from triggering multi-
ple times on the same event. This can happen for high-
multiplicity events where the trigger threshold is already
reached at the rising edge of the digi time distribution. The
dead time was optimised using the trigger efficiency, i.e.,
the fraction of triggered events, as criterion. Tables 2 and
3 show the optimised threshold value for different central-
ities at event rates 105/s and 107/s, respectively. We find
that the optimised dead time (averaged over all the central-
ities) is around 36 ns for a rate of 10%/s and 25 ns for a rate
of 107.

Centrality mMin Eventrate =10°Hz
(IMP) Digis  Dead Y%correct
time(ns) triggers

0 fm 850 45 100

2 fm 900 35 97

4 fm 780 38 96

6 fm 850 40 100

11 fm 700 25 98

Table 2: Optimised trigger dead time for different collision
centralities at an event rate of 106/s

Centrality mMin Eventrate =107 Hz
(IMP) Digis  Dead %correct
time(ns) triggers
0 fm 850 29 84
2 fm 900 29 90
4 fm 780 27 82
6 fm 850 24 87
11 fm 700 18 86

Table 3: Optimised trigger dead time for different collision
centralities at an event rate of 107/s

The quality assessment of the trigger [1] allows to com-
pare the derived triggers to the simulated MC events on the
base of the association of digis used in the trigger decision

Computing: Algorithms
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Figure 3: QA plots for the trigger algorithm. The top row
shows results for an event rate of 10°/s, the bottom row for
107/s.

to their MC origin. Fig. 3 shows examples of such QA in-
formation, comparing simulations at 10> to 107 events per
second. For each MC event, a linked trigger has at least
one digi from this event included; a matched trigger has
the majority of digis originating from this event. While at
low event rate (105/s), the association of MC event to trig-
ger is almost one-to-one, and all events have an associated
(matched) trigger, the situation at the highest rate is less
straightforward. Here, each MC event contributes to ten
or more triggers (lower left panel), and only about 80 % of
MC events have exactly one matched trigger (lower right
panel). Some MC events do not have any associated trig-
ger: they are merged to the trigger of another event. Other
MC events have two associated triggers, meaning that the
event was triggered twice. Obviously, at such high rates
the trigger algorithm is not sufficient to reliably separate
close-by events.

In summary, we find the digi-based trigger applicable
on STS data for rates up to 10%/s. For higher rates, the
simple inspection of digi rates is not sufficient to separate
events. Under such conditions, it will be necessary to re-
construct the digi data to higher-level objects like hits or
tracks, which will yield both a better time resolution and
an effective noise suppression.

References
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Time-based simulation and event building for mCBM
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Mini-CBM or mCBM, a FAIR Phase-0 experiment at the
SIS18 facility of GSI, is an experiment for tests of detec-
tors and their trigger-less free-streaming read-out chains [1]
and also for the preparation of the CBM data analysis soft-
ware [2]. Figure 1 shows the mini-CBM geometry setup of
the 2021 beamtime. The geometry is implemented in the
CBMRoot software.

Setup : mcbm_beam_2021_07_surveyed

Target box

m o Top View from cave

104 TRD

Figure 1: The mini-CBM geometry (setup tag
mcbm_beam_2021_07_surveyed) showing the subsystems
STS, TRD, TOF, RICH and PSD.

In this report we investigate the application of the CBM
event builder to mCBM simulated data. Currently, the
event building scheme is to apply cuts to events which
are build around a trigger or a seed, using separate time
windows for each detector [3]. The seed can be supplied
either from the digi streams of a reference detector, or
from the seed finder algorithm implemented in the class
CbmSeedFinderSlidingWindow [4]. In this work we use
the latter technique to generate seed times. In the mCBM
2021 beamtime, the geometrical acceptance for TOF detec-
tor was larger than STS, and therefore, TOF was chosen as
the seed finding detector.

Application of CBM Event builder to
mini-CBM

A transport simulation was carried out for mCBM, us-
ing an UrQmd input file for O+Ni at 2 AGeV mbias, with
the geometry mcbm_beam_2021_07_surveyed. Digitisation
was done in time-based mode at an event rate of 10° Hz.
Detector noise was switched off in the simulation. The dis-
tribution of MC point and digi multiplicities for STS and
TOF is shown in Figure 2. Table 1 shows the ratios MC

Subsystem MC points/evt Digis/evt Digis/point
STS 0.9 4.7 52

RICH 2 0.08 0.03

TOF 4.9 2.8 0.5

PSD 10 24 1.6

Table 1: Average number of MC points/event, digis/event
and digis/point for different subsystems in mCBM. 100 MC
events were simulated.

Sub- Event time % Correct  Found
system window (ns) evts digis (%) digis (%)
TOF [-10,40] 60 99.86 99.61
STS [-10,40] 60 99.84 67.74
STS [-20,30] 88 99.97 95.78
STS [-30,30] 90 99.96 99.6

Table 2: Results from QA of the event builder for mCBM
with STS and TOF, where TOF is the seed detector used in
conjunction with the sliding window seed finder. Results
were obtained with a selection criterium of a minimum of
4 TOF + 4 STS digis per event. ‘% events’ refers to the
fraction of accepted MC events which were found, while
the two rightmost columns are quoted ‘per event’.

points/event, digis/event and digis/point for different sub-
systems in mCBM as per the values obtained after digitisa-
tion. According to these results, a typical event will have
at least 4 STS digis and 2 TOF digis. The trigger or seed
finder has three parameters, the trigger threshold, the trig-
ger window and the deadtime of the trigger [4]. The trig-
ger parameters were set to nMinDigis=1, WinDur=10 ns,
DeadTime=50 ns in this study.

The parameters of the event builder, in particular the
event time windows, were optimised for best QA results.
The results of this optimisation are discussed in next sec-
tion. The ‘valid event’ selection criterium was set to require
at least 4 STS and 4 TOF digis in the event time windows.

Event builder QA

The QA class CbmBuildEventsQa uses CbmMatch ob-
jects to determine a corresponding MC event for each re-
constructed event. The matched MC event is the one which
contributed the most digis. The class then determines the
fraction of digis of the MC event which were found (sensi-
tivity), and the fraction of digis of the reconstructed event
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Figure 2: (Top) The Monte Carlo point multiplicity and
(bottom) Digi multiplicity, for STS and TOF, obtained
with the mcbm_beam_2021_07 _surveyed geo setup. The in-
put file is generated using UrQmD for mbias collisions of

O+Ni at 2 AGeV.
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which originate from the matched MC event (specificity).
This is done separately for each detector subsystem.

The QA results for mCBM event building are shown in
Table 2. With an event window of [-10,40] ns for TOF, the
QA results show that percentage of correct digis and found
digis in a reconstructed event were 99.86% and 99.61%,
respectively (Fig. 3). Keeping the event window for TOF
fixed at [-10,40] ns, the event window for STS was tuned.
It was found that when the STS event window is changed
from [-10,40] ns to [-20,30] ns, the fraction of found digis
increases from 67% to 95% as shown in Fig. 4. The reason
for the optimized event time window of STS having an off-
set of -10 ns with respect to the event time window of TOF
can be attributed to the time-of-flight of the particles from
STS to TOF (distance ~ 240 m, time-of-flight ~ 8 ns).

The geometrical event acceptance of the mCBM setup
(2021 surveyed geometry), requiring at least 1 TOF and 1
STS MCPoint, is 14 %. The event-finding efficiency is cal-
culated as the ratio of the number of events produced by
the event builder and the number of geometrically accepted
events in the MC file. Its values for different event windows
are listed in Table 2. The efficiency depends on the chosen
event window through the requirement to have at least 4
STS digis and 4 TOF digis associated with the TOF trig-
ger. The QA result for TOF were constant throughout the
optimisation process, since the event building parameters
for TOF were not changed. This event reconstruction was
done at low event rates (10°/s), and the fraction of event
losses due to pile-up was found to be less than 0.1%.

Conclusion

In this work, we applied the time-window based event
builder in conjunction with the sliding window seed finder
to a time-based simulation of the most recent mCBM ge-
ometry, with an event rate of 10° Hz. We determined a
set of parameters for the event builder which lead to events
being constructed with high accuracy, and hence demon-
strated the feasibility of this approach for mCBM. Future
work should e.g., investigate which adjustments must be
made if detector noise is accounted for in the simulation.
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Optimization of reconstruction in STS for GPUs

K. Hunold, A. Redelbach, and F. Weiglhofer
FIAS Frankfurt Institute for Advanced Studies, Goethe-Universitit Frankfurt am Main, Germany

In order to operate the CBM experiment at interaction
rates up to 10 MHz, real-time data reduction is required.
More specifically, since the free-streaming readout data are
processed in software, the performance of the reconstruc-
tion algorithms is a critical issue. Up to now the algorithms
are developed and executed using CPUs, however process-
ing of GPU code should have a high potential for signif-
icant acceleration. Focusing on the reconstruction tasks
performed within a single detector, an optimization of the
reconstruction algorithms for the STS has been performed
and the actual speedup has been analyzed in detail.

STS reconstruction of clusters and hits

The basic algorithm used for finding clusters for digital
measurements(digis) in the STS is explained in [1]. This
STS cluster finder algorithm is linear in the number of un-
derlying measurements and it represents the first step in
the chain of reconstruction within the STS. The subsequent
process of determining STS hits reflecting the original in-
teraction points of traversing particles has already been op-
timized as outlined in [1]. As a result, data-level paral-
lelization at the level of STS modules for clusters and hits
has been implemented and the combination of clusters at
frontside and backside is performed only for the subset of
clusters within the relevant time window, see also [2].

Setup, frameworks and new algorithms

As input to the reconstruction algorithms, the Cbmroot
framework has been used to simulate 100 to 2000 central
collisions of Au-Au in one time slice leading to number
of digis in the range of 2 to 30 millions. As an interface
between CPU and GPU function and corresponding copies
in memory, the XPU framework [3] is utilized, also in order
to measure runtimes of specific parts of the algorithms.

As a first logical step, sorting of STS digis with respect
to time has been implemented based on the parallel merge
sort algorithm on the level of modules. Subsequently, for
the process of cluster finding two algorithms have been de-
veloped based on sorting digis both in readout channels
and also each channel in time. The channel-wise clus-
ter finder approach assigns one STS module to each GPU
threadblock and one channel to each thread for parallel pro-
cessing. The alternative algorithm of digital-wise cluster
finding assigns one STS digs to a thread taking advantage
of coalesced memory access. Also the calculation of the
properties, e. g. widths, of STS cluster has been analyzed
for channel-wise or digi-wise thread mapping. Finally, as a

new approach related to STS hit finding, the calculations of
cluster widths relevant for determination of hits at module
level, have been pre-drawn to the calculation of clusters.

Results

In order to evaluate the effect of aforementioned devel-
opments of new algorithms and also in underlying data
structures, a set of benchmark tests repeating 50 runtime
measurements for each point has been done [4]. As a re-
sult, the best performance has been observed as a combina-
tion of channel-wise cluster finding and digital-wise cluster
calculations including pre-drawn cluster widths. All results
for the total runtime required for local STS reconstruction
are summarized in Fig. 1. This Figure also contains in-
formation on different hardware used for these measure-
ments. Comparing the runtimes on the CPU with parallel
execution of 32 threads and the fastest processing on AMD
MI100 using 256 threads per threadblock, a speedup fac-
tor of approximately 6 has been obtained. It is interesting
that these algorithms developed for efficient and data-local
clustering directly lead to a speedup factor of 3 as com-
pared to original algorithms for local STS reconstruction.
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Figure 1: Runtimes needed for local STS reconstruction as
a function of input digis on different hardware.
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Cellular Automaton Tracking
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GSI, Darmstadt, Germany

Time-slice reconstruction with CA Tracker

The core of the track reconstruction in the CBM experi-
ment is the Cellular Automaton (CA) based algorithm used
for the Silicon Tracking System (STS). It takes as an in-
put time-slices which contain hit measurements produced
using time-based cluster and hit finder algorithms within a
given time interval with no a priori defined physical col-
lisions. The size of the time-slice will be adjusted to the
hardware architecture of the compute nodes. Typically,
a time-slice contains data from a large number of events
(1000 or more). This fact introduces a challenge for the
data processing chain. Due to the memory limitation and
the performance optimisation the data from the large time-
slice container needs to be send in portions (so called sub-
slices) to the tracker. In this case information from different
physical collisions can not only overlap in time for high in-
teraction rates but also a collision (or even track) can be
split into two sub-slices in the border region.
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Figure 1: The time the CA track finder takes to reconstruct an
event as a function of number of events in the time-slice without
sub-slices.

In order to address this time-slice border problem we
have introduced a special procedure. Namely, it is a pre-
processing stage when we split original time-slice into
smaller sub-slices in a safe way with no track-splitting.
Time-slice is cut into sub-slices of a fixed time length with
a certain small overlap region. The tracker starts with
reconstructing the data from first sub-slice. The recon-
structed tracks are stored except the ones which touch the
overlap area. Those tracks are rejected and the starting
time of a next sub-slice is shifted to the earliest hit time
of rejected tracks. This way rejected tracks will be recon-
structed with the next sub-slice and the whole time-slice

can be processed with this sliding window without track
splitting and almost no duplicated work. As for the over-
lap region length, for the safe processing it should be larger
than the time difference between the first and last hit time
in a track in order to guarantee no track splitting. It corre-
sponds to about 30 ns and is negligible in comparison with
sub-slice length. Also this approach implies that the hits
in a time-slice are time sorted, which is currently not fully
true. For a time being the hit sorting is done before the
actual time-slice splitting.
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Figure 2: The time the CA track finder takes to reconstruct an
event as a function of number of events in the time-slice with sub-
slices.

The algorithm speed has been studied as a function of
number of events in the time-slice. We compare the situa-
tion before the sub-slice algorithm was introduced (Fig. 1,
here due to the computing node memory limitation only up
to 100 events in a time-slice could be processed) and after
(Fig. 2). One can see that with the sub-slice algorithm un-
like the situation before it the speed of algorithm does not
depend on the number of events in the time-slice and the
limitation on the number of events in the time-slice is re-
moved. The results were obtained on Intel Xeon CPU ES5-
2660 with 1000 minimum bias AuAu events at 10 AGeV
simulated at 10 MHz interaction rate.

Track Finder for mCBM

The CA tracker used in STS was modified and adapted
for the mCBM case, where it reconstructs straight tracks in
the absence of a magnetic field. The modified algorithm
consists of the same steps as the original one: it builds
triplets through the whole detector system and binns them
into tracks. However, the extrapolation is performed with
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a straight line track model and binning triplets into tracks
is done without momentum cut, but with additional cut on
the slope of the triplets instead.

The algorithm reads the geometry automatically now and
technically supports all available mCBM setups. A spe-
cial class has been created that allows save global tracks
for further analysis. The tracker requires as input hits with
correctly reconstructed parameters and its estimated errors.
The work on the input information is still ongoing. Also it
was noticed that the extrapolation procedure used in the al-
gorithm which assumes speed of light is not precise enough
for the case when high time resolution sub-detectors like
mTOF (Time-of-Flight) are used. This is to be changed in
the future.

A similar approach of extending the existing CA track
finder is used for the global CA-based track reconstruction
algorithm, which is currently under development.

Tracker Input Interface

The quality of tracking directly depends on the quality
of the input data.

While in the current reconstruction chain the CA tracker
depends only on two detectors — MVD and STS, the new
global CA tracker depends on six different detectors —
MVD, STS, MUCH, TRD, TRD-2D and TOF. Each of
these detectors has its own way of accessing parameters.
To facilitate the development of a global tracker, it is nec-
essary to standardize the communication with the detectors.

For this purpose, an interface class is created for each
detector that controls its interaction with tracking. For ex-
ample, the CbmTrdTrackerInterface class. All detector-
specific implementations of the detector’s geometry and
parameters are hidden behind this interface. For exam-
ple, in order to find out the number of logical tracking
stations, the tracker simply calls the CbmTrdTrackerInter-
face::GetNtrackingStations() method, and does not worry
about how exactly this number of stations is stored or cal-
culated in the detector code.

In addition to the interface class, a QA class is created
to control the quality of the data from the detector. In this
example, the CbmTrackerInputQaTrd class. The QA class
only verifies the data used by tracking and doesn’t debug
the detector’s internal features. It allows one to catch input
data problems before the tracking even starts and ease the
debugging. The scheme of communication between track-
ing and detectors is shown in the (Fig. 3). It also allows
to debug the tracker with indeal input — with reconstructed
hits corrected using MC information, or with hits generated
from MC points, completely bypassing local reconstruc-
tion.

Refactoring of the CA tracker code

The CA tracker code has been developed for many years.
Since reconstruction in CBM is a challenging task, initially
the main goal of the tracker development was to demon-
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Figure 3: Detector interface to the Global CA Tracker

strate that we are in principle able to process data with the
required accuracy and speed. Therefore, historically, the
tracker code is a higly optimized test code, to which more
and more new functions were added. In parallel to adding
new features, periodic attempts were made to reorganize
the code. Despite this, in order to reliably use existing code
in online data processing, it must be refactored. A lot of
work is being done in this direction, in particular, to get rid
of hardcoded parameters and collect them in a parameter
class. In addition, quality assurance is being moved out of
tracking — both input QA and trackers output QA — into
separate classes, and detector specific code is being moved
into interface classes.
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A change of origin and an update to SIS100 simulation geometries
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1. Introduction

For last year’s progress report, the two authors had con-
ducted a survey of differences between technical and sim-
ulation geometries, and published in Ref. [1], the recom-
mended detector positions of the simulation (GEANT) ge-
ometries to best align with the most recent technical com-
puter aided designs (CAD). In that 2020 document, it is
strongly stressed that detector placements were likely to
change in the course of the coming year, in response to
the allowances for support structure and improved techni-
cal designs and in the main, this is exactly what occurred.

One such substantive change was the anticipated elonga-
tion of the box enclosure of silicon-tracking-system detec-
tor (STS), warranted by an internal expansion of the spac-
ing between sensor layers. It had been believed to make
space of the box enlargement, the target would need to shift
upstream by 4 cm, in order to avoid collisions with other
volumes, and would thus affect many detector subsystems
by increasing their distance to the target. It had been de-
cided by the technical board in April 2020, that such a
change request could be accepted but only once a new STS
simulation geometry, which realised these changes in pitch
and length was developed and made available to the com-
munity. These STS geometries were developed by Mehul
Shiroya during the course of the year, and was distributed
to the wider collaboration in November 2021 via its inclu-
sion in the official geometry repository available at https:
//git.cbm.gsi.de/CbmSoft/cbmroot_geometry. Its
development is documented in Ref. [2] of this report. It
should be perhaps noted that after full implementation
of this change, and due to small miscellaneous changes
which saved some space, the target shift may not have
been needed as the STS still would have a 1.2 cm clear-
ance to neighbouring matter. It is therefore possible that
this decision may be revisited in the near future, especially
if simulations show detrimental performance of our detec-
tors. Major geometry changes during the year 2021 with a
particular focus on changes that occurred across CBM sub-
groups will be discussed in Sec. 3 of this manuscript which
addresses the default experimental setups which coincide
with our DEC21 software release.

In addition to these many changes, it was decided to act
now on the widely held desire to change the origin of the
CBM experiment. Since its inception, the origin had been
naturally defined as the target position, which has a con-
ceptually convenient location to imagine the initial beam
particle interactions. However, it suffers from a lack of

*e.clerkin@gsi.de

fixed-position status which is believed to be crucial for di-
rect comparison between the CAD and the GEANT geome-
tries. This was partly emphasised by the STS change which
moved the target, meaning that the origin would need to be
defined as a distance along the nominal beam axis from an-
other fixed point. Additionally recent requests have been
made that the target should be capable of being moved
depending on the beam momentum. The design of target
exchange device, Ref [3], proposed during the course of
the year hasn’t this capability yet. The magnet is a mas-
sive fixed structure, centred symmetrically around the nom-
inal beam axis. Its centre of the mass, coinciding with
a non-physical point in space, under vacuum, inside the
beampipe, inside the STS box, is a natural reference point
defined by the magnetic field of our experiment. The nom-
inal beam axis and the vertical direction through the centre
of the magnet provides sufficient orientation to this point,
which, along with standard distance measures, allows us
to define a coordinate system which satisfies our techni-
cal requirements whilst being non-arbitrarily defined. It is
a special point being the centre of the magnetic field. It
was thus decided that the centre of the magnet should be-
come our new origin. Although such a change would and
did erect many challenges for development of our software
framework (CBMROOT), it was expressed by senior de-
velopers at our software meetings, that changing the origin
within the CBMROOT simulation environment, may even
help find issues within our code base which may, in the
long-run, lead to a more robust software environment. In
Sec. [2] of this report, this information is documented for
perpetuity and recorded for future reference by the collab-
oration.

When also considering that the CBMROOT code base
changed considerably between the APR21 release and the
DEC21 software release with the additions of several new
features, coordination of the realisation of the last two para-
graphs into our simulation geometries introduces a real
dilemma on how to maintain control when making two or
more changes to each detector geometry. In order to test
and validate a software release with new features, a nom-
inal change in the position of the target, a new defining
origin and coordinate system, plus the normal incremental
improvements to our subsystem geometries, a two step ap-
proach was pursued. In the next section of this report, we
updated all default geometries in Ref. [1] from our APR21
software release with the newly defined origin. In the sub-
sequent section, we discuss new geometries introduced for
DEC21 with particular emphasis on our new DEC21 ge-
ometry defaults.
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2. Coordinate Change (APR21 — APR21+)

Several detectors had their geometries updated which of-
ten changed their length as well as their placements. New
space provisions needed to be accounted for, in particular,
for incorporation of the proposed beam-pipe designs, cf.
Refs. [4, 5] of this report. A target shift was planned and a
coordinate system which redefined the origin from the tar-
get position to the centre of the magnet. A script which
switched between the two coordinate systems, and the can-
didate default geometries was distributed in the macro ge-
ometry folder of CBMROOT and was announced at the
CBMCM (Ref. [6]) Uptake of this tool by the commu-
nity was however disappointing, probably due to a lack
of manpower across CBM subgroups. Once the feature
freeze for the DEC21 software release was announced, a
two stage approach to transition from the APR21 default
geometries was in the end forced so that consequence of
each change on the software could be traced effectively. A
new intermediate geometry for each subsystem was cre-
ated to be identical to the APR21 default geometry but
with the new coordinate system. For most geometries,
this meant a defacto translation of the geometry upstream
by 40 cm to account for the centre of the magnet being
40 cm downstream from the old target position. For ge-
ometries such as the STS, RICH, MUCH and PIPE the
translation occurred in the near top volumes of the geome-
tries whilst the TRD, TOF, and PSD had their positional
matrices directly modified. Their macros were supplied to
CBMROOT and corresponding binaries were made avail-
able via the geometry repository. Additionally new pa-
rameter and material budget files also needed to be created
in the parameter repository, available from https://git.
cbm.gsi.de/CbmSoft/cbmroot_parameter. The same
MVD as in Ref. [7], could be used without incorporation of
the coordinate change as it is essentially embedded into a
volume, named “pipevacl”, of the beam-pipe which itself
moved. However, during the testing process, MVD geome-
tries v20c, v20d were requested by the tracking team for
use with the beam-pipe which did not shift the “pipevacl”

CBM Progress Report 2021

volume. One of these beampipe geometries (Ref. [2]) is the
current default so these MVD geometries are also used as
defaults. Simulation versions of complete technically fea-
sible candidate beampipe, Refs [8, 9], are distributed in the
DEC21 release although not as defaults as no testing period
could be performed.

These geometries which could be directly compared to
the APR21 defaults but defined in new coordinate system
of the magnetic field were colloquially called APR21+ se-
tups where the plus symbol refereed to the addition of a
new origin. For naming of the APR21+ geometries, an in-
crement of the letter index of the tag rather than an update
of the number which represents the year was preferred so as
to not be confused with geometries with new features. The
RICH detector and PLATFORM geometry were exceptions
to this loose rule. The APR21+ geometries are listed in
Tab. 1 and may be compared with the APR21 geometries in
Tab. [1] of Ref. [1]. The testing period for these geometries
turned out to be extensive as this change in particular re-
vealed several issues in CBMROOT after the DEC21 code
freeze. Namely changes to TOF and RICH tracking needed
to be fixed before the final release . It is expected that the
APR21+ geometries, not used as DEC21 defaults, will be
removed from distribution in the near future.

3. New Defaults (APR21+ — DEC21)

In relation to CAD updates during the past year, many
of the systems, that will make up the CBM Experiment
moved closer to production. As such, the level of detail in
the planning and CAD modelling increased significantly.
Major changes include technical geometries for MVD,
STS, MUCH, TRD, TOF and PSD, which were all sub-
mitted in the time after last years progress report. Apart
from detectors, a lot of infrastructure was included in the
models, as shown in the collaboration meeting in late 2021.
Very recently, the Cryo installation for the magnet and the
steel construction for the upstream platform were updated
with close to final designs and a concept for the beampipe

SUB Electron | Hadron Inp LMVM SUB Electron | Hadron I LMVM
MAG v2la v2la v21b v21b MAG v2la v2la v21b v21b
PIPE vlée_le | vl6e_le | v20b_lm v20b_1m PIPE v21d v21d v21ld v21d
MVD v20a_tr - - - MVD v20d._tr - - -
STS v20a v20a v20a v20a STS v2le v2le v2le v2le
RICH v2la - - - RICH v2la - - -
MUCH - - v20c.*jpsi | v20c.*lmvm MUCH - - v21cHjpsi | v21c*lmvm
TRD v20c_le | v20c_1h | v20c_1m v20c_1m TRD v20b_le | v20c_1h | v20c_lm v20c_1m
TOF v20c_le | v20c_lh | v20c_1m v20c_1m TOF v2la_le | v2la_lh | v2la_lm v2la_lm
PSD v20c v22¢ - - PSD v22a v22c - -
PLAT vl3a vl3a vl3a vl3a PLAT v22b v22b v22b v22b
Table 1: APR21+ geometries. Geometries required in ~ Table 2: DEC21 geometries. The 2021 geometry versions

a validation and testing stage for the DEC21 SW release.
Simulation of electron, hadron, Ji» and LMVM experimen-
tal setups of the CBM experiment at FAIR. The **’ abbre-
viates *_sis100_1m_’ in the tag name.

in the DEC21 software release for simulation of electron,
hadron, Ji and low mass vector meson (LMVM) exper-
imental setups of the CBM experiment at FAIR. The **’
abbreviates ’_sis100_1m_’ in the tag name.
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was included. Since each of these points is described
in more detail in the respective subsystem sections of
this report, only a summary of the currently used models
and their submission dates is given in the following list.
Current used models in CAD were last updated in:

e MVD 07.04.2021 e PSD 08.04.2021

STS 20.02.2022 e Magnet 25.06.2021

RICH 04.11.2020 e Cryo 08.12.2021

MUCH 29.09.2021 e Beampipe 21.02.2022
o TRD 08.10.2021 e Platform 03.02.2022
e TOF 15.02.2022

The rest of this section will address the effect of conver-
gence to new technical redesigns on the simulation geome-
tries. Several geometries with new layouts were introduced
in the DEC21 release, and so were not directly compara-
ble to their APR21 counterparts. In many cases, an origin-
changed geometry also needed to be created, along with
the binaries and parameter in the same fashion as was done
in previous section. This occurred due to the geometry be-
ing created before the origin change was demanded at the
geometry submission stage. For example, the MUCH ge-
ometries (Ref. [10]) were already made available before the
APR21 software release, but were not included at that time
as default geometries due to insufficient testing and valida-
tion. New MUCH geometries were created for the release.

It was decision in the SWM in February 17th 2022 that
the PSD should be placed away from the beam in its park-
ing position, v22c, for the hadron setup. Tab. 2 contains a
list of the current setups and the default geometries to be
used for each setup. Since APR21 release (Ref. [1]), many
of the geometries were updated, upgraded, and redesigned.

Table 2 contains a list of the geometries in the DEC21
release and Tab. 3 contains the positions of all detector sub-
systems from the centre of the magnetic origin point. Some
additional changes of the distance between the target and
detector as compared with Tab. [2] and [3] of Ref. [1]. Itis
noted that space provision for inclusion of a bellows assem-
bly (Ref. [5]) matched the displacements between the old
target position and the centre of the magnet thereby making
geometries appear to maintain their positions whilst in fact
being 44 cm further from the nominal target position. Also
as a consequence, there is now no significant distinction of
the possible positioning of downstream detectors between
the muon and electron setups.

Unlike in Ref. [1], provision of the beam-fragmentation
TO counter is, at the very minimum, paused due to Russia’s
invasion of the Ukraine which has lead to Western countries
to sanction Russia, which has had huge implementation for
international scientific facilities and collaborations such as
FAIR and CBM. Changes in technical and simulation ge-
ometries, and the experimental setups will likely change
dramatically as an indirect consequence.
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SUB width | height | length | position
MAG 4.4 3.7 2.0 -0.2
MAG (clamps) 2.38 -0.39
MVD (TR) 0.8 0.8 0.525 -0.36
MVD (VX) -0.39
STS 2.38 1.423 | 1.338 -0.1
RICH 6.0 5.478 2.2 1.388
MUCH (J/1) 5.0 5.0 3.52 0.85
MUCH (LMVM) | 3.88 4.03 2.5 0.85
5th Absorber 5.0 5.0 1.0 3.27
TRD 9.9 8.55 2.9 4.4
TOF 13.5 10.78 2.19 6.9
PSD 4.85 10.04 1.96 10.1
lat. -0.9
vert. 0.7
angle 3°
Table 3: Dimensions of detectors and position distances

from the origin defined as the centre of the magnet. All
measurements are in meters, width is the left to right view
looking at the subsystem (SUB) from the beam perspective,
height is vertical, and lengths are along the beam axis. The
subsystems are centred on the beam axis.

References

[1] E. Clerkin and P. Dahm “Recommended SIS100 subsystem
positions for simulation of the future CBM experiment at
FAIR” CBM Progress Report 2020 pages 170-173

[2] “Update on the simulation geometry for the Silicon Track-
ing System” M. Shiroya, D. Emschermann, E. Clerkin, V.
Friese, A. Toia, O. Vasylyev, and P. Dahm CBM Progress
Report 2021 (this journal)

[3] “Construction of a target exchange device for the CBM ex-
periment at FAIR” P. Dahms CBM Progress Report 2021
(this report)

[4] “STS beampipe section: Concept and development status”
J. M. Heuser, O. Vasylyev, M. Faul, and A. Senger CBM
Progress Report 2021 (this journal)

[5] “Beam following assembly” J. Kollarczyk, P. Chudoba, M.
Janda, M. Smetana, F. Lopot, and A. Kugler CBM Progress
Report 2021 (this journal)

[6] “How realistic are our simulations? - Addendum” E.Clerkin
38th CBM Collaboration Week (September 2021) https:
//indico.gsi.de/event/13089

[7] P. Klaus, M. Koziel, J. Michel, C. Muntz, J. Stroth “CBM-
MVD: Updated MVD simulation geometry” CBM Progress
Report 2020 page 174

[8] “Status of PSD Beam Pipe GEANT4 geometry” P. Chu-
doba, M. Janda, J. Kollarczyk, M. Smetana, A. Kugler, and
F. Lopot CBM Progress Report 2021 (this journal

[9] “Candidate SIS100 beampipe geometries for simulation” E.
Clerkin CBM Progress Report 2021 (this journal)

[10] “Implementation and performance simulation of realistic
design of the GEM chambers for the first two stations of
MuCh” O. Singh, S. Chatterjee, P. P. Bhaduri, and S. Chat-
topadhyay CBM Progress Report 2020 pages 79,80

189



Computing: Offline Analysis Environment

CBM Progress Report 2021

Real and simulated CBM data interacting with an ESCAPE datalake

E. Clerkin*!, P-N. Kramp®, P-A. Loizeau', and M. Szuba®
IFAIR, Darmstadt, Germany; 2GSI, Darmstadt, Germany

Introduction

ESCAPE is an on-going EU-funded Horizon 2020
project whose aim is to standardise, store and share
data from large scale European astronomical and particle
physics infrastructure under the auspicious of open science,
sharing data, and possibility of leveraging efforts of cit-
izen scientists worldwide towards astronomy and experi-
mental particle physics research. The FAIR particle ac-
celerator in Darmstadt is a member of this collaborative
cluster and the CBM experiment as a pillar of FAIR has
been proactive in engaging with testing, and validating the
tools for this open science project. In particular, in the case
of the CBM experiment, here we document the CBM in-
teracting with the FAIR and CERN datalakes, which are
distributed repositories of raw or blobs of semi-structured
data used for managing big data, as maintained by other
work-packages of the ESCAPE project. For information
on ESCAPE, Refs. [1, 2, 3] and the references therein may
be consulted.

We wanted to showcase a spectrum of CBM data inter-
acting with ESCAPE data environment in a broad sense.
Fig. 1 shows a highly simplified block diagram of possible
interaction points of CBM and ESCAPE. The CBM exper-
iment is in its production stage and its software suite CBM-
ROOT is still under active development, but we neverthe-
less wanted to showcase ESCAPE interacting with both
experimental and simulated data. On the simulation side,
many of the existing tools may be tuned to interact with the
ESCAPE datalakes. In particular we will interact with the
datalake as our storage medium for input and output of data
for transport and digitisation stages. For real experimental
data, CBM has a mini CBM project (mCBM; cp. Ref.[4])
which takes beam from the existing GSI SIS18 accelerator
and is used by us in the CBM collaboration to test hard-
ware and software of the full CBM. It will here give us the
exciting opportunity to showcase ESCAPE interacting di-
rectly with a functioning particle physics experiment under
real-time data injection conditions. This was the first-time
a showcase of this kind was shown. Lastly, to complete the
data demonstration, the final task was to interact at the re-
construction of tracks stage which may be thought of as the
basic data analysis step. We had the two options to either
interact with simulated data or with the mCBM real exper-
imental data. It was decided to use real data from mCBM
July 2020 data processing run as a stronger statement of
ESCAPE usability. These three demonstrations were pre-
pared during the course of 2021 and the efforts accumu-

*e.clerkin@gsi.de

lated and showcased during a single week period for the
data acquisition challenge (DAC21) in November 2021. In
each of the three sections that follow, we report on the suc-
cess of each of these challenges. This report was compiled
from the DAC21 activities logbook. All times are approxi-
mate and in UTC.

simulation experiment

CBM Transport
GEANT 34

CBMROOT | RECONSTRUCTION

Figure 1: Basic block diagram layout displaying interac-
tion points between the CBM toolkit and external software
packages for the CBM experiment at GSI/FAIR.

mCBM data ingestion

In order to showcase the injection of real-time data, it
had been hoped that mCBM cosmic-ray data taking which
was originally planned for early November would be avail-
able. During late November, this had been rescheduled
for December. During the DAC, it was instead decided to
replay acquisition of data taken by mCBM in July 2021.
From the data-lake point of view, this is functionally the
same as if we had data coming directly from the detector.
Fig. 2 shows a photo of the mCBM experiment at this time,
with the detector acronyms overlaid.

The task and our team was split between a replay side
and an injection side. The physical transfer of data was not
needed in this demonstration. It was noted that the FAIR
datalake was hosted on the same lustre filesystem as was
replayed to by the replay team, but instead replicas of the
data were registered to the datalake providing its function-
ality.
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Replay Side

e 2021-11-23, 15:00 - preparatory scripts for replay
start. Several issues needed to be overcome whereby
locked-in commands tried to specific ssh-keys were
disabled by IT administrators. Our original plan there-
fore needed a work around and an alternative approach
was pursued. The process was achieved by rsyncing
of the experimental data over Infiniband at 150-200
MB/s, with 10 parallel copy jobs run on the GSI Green
IT Cube cluster, leading to a 2 GB/s average rate. This
rate was chosen to mimic the approximate high rate
of mCBM data taking. The job array started at 18:32,
most of them (9/10) finished around 18:36. One of the
files had a much reduced writing speed of 800 kB/s
due to an unknown reason. Writing for the final de-
layed file closed at 19:56.

Infrastructure used: As a source, two compute nodes
of the miniFles cluster (experiment side cluster of the
mCBM), with each 5 HDD (4 TB) holding the original data
files of the mCBM 2021 beam campaign. The files were
written in parallel so at least one file from each HDD is
needed to reconstruct a segment of any mCBM run.

mFLES to Virgo (GSI batch cluster hosted in the Green-
Cube building) Infiniband backbone comprises of 10 Virgo
logical nodes (SLURM jobs with non-default resources op-
tions), with 8 GB RAM each, each executing an rsync pro-
cess to one of the mFLES HDD for the first 10 files of a
typical mCBM run.

Ingestion Side
e 2021-11-23, 15:30 - initial setup

e 2021-11-23, 17:30 - status check shows no replicas
or rules having been registered with Rucio in spite of
the first batch of files having already appeared in the

Figure 2: Above image shows the mCBM experimental
setup. The beam pipe is visible transversing the lower right
quadrant and the target box on the right centre of the photo.
Each of the six detectors subsystems are over-labelled.
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source directory. Problem tracked down to file-system
notifications not functioning as expected, began con-
verting the script to polling mode

e 2021-11-23, 18:00 - tests of converted script repeat-
edly fail on connections to the CERN Rucio server
being refused. Eventually discovered that recent
changes to GSI network which allowed direct access
to FAIR-ROOT from our compute cluster, now require
rucio-clients traffic from FAIR-ROOT to the Rucio
server to go through a local HTTPS proxy

e 2021-11-23, 18:30 - refactored script launched suc-
cessfully, with forced delay of 60 seconds between
files to avoid pile-up. Replicas begin to be added to
the data lake

e 2021-11-24, 13:00 - status check shows 92 replicas
registered successfully but owing to a typo, the script
only ran once instead of periodically. Ran the script
again to register the remaining 8 files

e 2021-11-24, 13:15 - final status check shows all 100
replicas registered successfully. Conducted a random
sampling of associated DIDs, all files accessible

Conclusions

Achieved asynchronous zero-copy injection of mCBM
data into the data lake. Registering a replica and a corre-
sponding replication rule took 30-60s per each 4-GB file
(having subtracted the aforementioned forced delay), i.e.
comparable to the rate at which the data has been replayed

Current bottleneck: calculation of Adler32 checksums
(which obviously has to be done at least once, although
with a bit of care one can avoid repeating the calculations
for unchanged data) on the client side prior to registration
of new replicas. This would ideally use checksums cal-
culated by the underlying file system at the time of data
being stored (if available and possible to be extracted at
file rather than inode level), however Adler32 appears to
be supported by rather few modern file systems and may
not be available even when supported (e.g. at GSI - Lus-
tre does support Adler32 but our cluster uses CRC-32C for
performance reasons)

Possible future development in Rucio: add support for
more modern checksum algorithms (e.g. xxhash as fast
hash and SHA256/BLAKE2B as strong hash), ideally fea-
turing a transition path from the current Adler32+MDS5
schema

CBM simulation

The future CBM experiment at FAIR in its electron con-
figuration with a MVD, STS, RICH, TRD, TOF and PSD
detectors was simulated. (See Fig. 3) This constitutes the
most detector rich configuration of the full CBM experi-
ment.
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Figure 3: Left shows the CBM simulation geometries for
the future CBM experiment at FAIR. It consists of a blue
magnet yoke on the right, followed by the RICH detector,
the TRD, the TOF and PSD detector on the left. The beam
enters from the right. The STS detector is contained inside
the magnet. Right shows hits after transport from the demo
scripts used during DAC21. Black (Blue) points show hits
in the sensors of the MVD (STS) detector.

Task completed during (Thu 2021-11-25) and (Fri 2021-
11-26). In the weeks before the challenge, several docker
images and demo scripts were prepared. CBMROOT, our
simulation software developed at GSI/FAIR for the simula-
tion of the CBM experiments is built upon FairRoot which
in turn is built upon FairSoft software packages. Docker
images for each of these steps, starting from the most recent
stable docker-hub Debian release were produced. Finally a
fourth docker image containing the necessary python, gfal,
rucio [5], java, voms-client [6] and xrootd [7] was subse-
quently built on top. This allowed the task to be completed
using a standard MacBook connected to a network external
to GSI running a docker container.

URQMD data

L

transport
(demo2.sh)

L 2

dac21.par.root dac21.tra.root

2

digitisation
(demo3.sh)

dac21.raw.root

Figure 4: Demos used in simulation challenge. The red
arrows show data extracted from data lake, and the blue
arrows show data sent to the datalake.

dac21.geo.root
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Demo script one (demol.sh) uploaded initial URQMD
data to the data lake using Rucio and followed an extrac-
tion from the data lake. The file was consistent with initial
interaction of a gold beam of 10AGeV on a gold target.
File consistency was verified via md5sum before and after
uploads. Subsequent running of script would have returned
failure as this data had already been placed on the datalake
and therefore would not have been needed to be run during
DAC21.

A second demo script (demo2.sh) simulates the transport
of particles through the CBM experiment in its electron
setup as shown in the left panel of Fig. 3. Three data files
are uploaded to the data lake containing parameters, geom-
etry and transport data as symbolically represented by the
blue arrows in Fig. 4. It was decided that the demo script
would run as a cron job running every 5 minutes which
started on Thursday evening and continued through to Fri-
day midnight.

A third script (demo3.sh) extracted some of this trans-
port data and generated digitisation data which was run ad-
hocly during the two days. Hits in the sensors of the CBM
detector for a typical run is displayed in the right panel of
Fig. 3. Demonstration was sporadically successful. It is
noted however that interaction with the datalakes gave error
messages due to server side issues. Additionally, timeout
of voms proxy was also an issue, as some long timelapses
between connections occurred. Success and failure statis-
tics are discussed in the proceeding study.

mCBM reconstruction

Goal of this task was to reconstruct recent mCBM (July
2021) data interacting with the data lake. Task was com-
pleted inside a docker container run on a Gentoo Linux
desktop machine on the internal GSI network.

e 2021-11-22 It was noted that much of our demo envi-
ronment developed for this task suddenly became ob-
solete due to changes in the development branch of
CBMROOT which required updated versions of Fair-
Soft and FairRoot. To make matters worse, these were
major rather than incremental changes which required
modification of the installation process. Bleeding-
edge CbmRoot was needed for reconstruction of July
data as tracking and reconstruction code were being
actively developed. The necessary CBMROQOT soft-
ware was not available to complete this task on this
day.

e 2021-11-23 Development of new Docker Images built
on latest stable Debian, building a FairSoft image, on
which a FairRoot image was built followed by a Cbm-
Root image. Finally an image with Rucio, gfal li-
braries, xrootd and all necessary additions to CBM-
ROOT necessary to complete this task was built on
top of the CbmRoot image.

e 2021-11-24 Although unpacking of mCBM had been
working for a week prior to DAC21, unpackers had
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made it into CbmRoot the week prior, several devel-
opments in the reconstruction data still had not been
submitted to the CBMROOT development branch. It
is therefore difficult to prepare for this DAC21 task
ahead of time. On this day, our CBMROOT software
was still not able to reconstruct the 2021 data and we
seriously planned to switch to plan B which meant re-
constructing 2020 data instead.

e 2021-11-25 New tracking and reconstruction code
merged to the development branch of CbmRoot by its
tracking team. These new CBMROOT macros allow
reconstruction of the real experiment 2021 data from
the SIS18 experiment shown in Fig. 2. The simula-
tion geometries shown in Fig. 5 was used during the
reconstruction process.

e 2021-11-26 13:00 CbmRoot source code updated and
rebuilt within the running Docker container. This was
also done so as to not have to rerun the docker image
which was being used for the task.

e 2021-11-26 15:00-19:00 Several demonstration
scripts tested and completed our task although in an
ad-hoc fashion. Decided a systematic approach is
warranted.

e 2021-11-26 18:47 Some raw mCBM data from run
1588 taken during July 2021 is uploaded to the data
lake using a Rucio-upload command. This forms the
basis for later reconstruction.

e 2021-11-26 20:05 Script (demo6.sh) pulls this mCBM
data. If pull is successful then continues, otherwise
failure 1 is output to the log file. Next the script re-
constructs the data using standard mCBM reconstruc-
tion macros merged into CBMROOT the day before.
Upload reconstructed data to data lake otherwise de-
clare failure 2 to the log files. Only full completion is
considered a success.

e 2021-11-26 20:05 In order to get some success/fail-
ure statistics, this demonstration was run one hundred
times with the script (demo6.sh) in a “for” loop with
a 60 second sleep between runs.

Statistics trial started at 21:04:50 and ended at 23:25:50.
Of the 100 cases, 0 had “failure 17, i.e. reading the raw
mCBM data from the data lake using a Rucio-get com-
mand, 75 had “failure 27, i.e. writing the reconstructed
mCBM data to the data lake using a Rucio-upload com-
mand, and 25 were deemed fully successful having no fail-
ures reported. The failure rates were high, as one of the pro-
tocols failed on the clients side. The target RSE supported
both “root://” and “davs://” as protocols. When contacting
the RSE via the Rucio upload command, the Rucio client
primarily chose “davs://” as the protocol. The “davs://”
protocol was not supported in the container due to a minor
error in the configured paths. gfal2, using its HTTPS plug-
in, couldn’t resolve the libdavix dependencies correctly. It
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therefore reported that the protocol is not supported. The
error message also contained The requested service is not
available at the moment”, which is misleading and lets a
user believe that the service was at fault. Despite the high
failure rates, overall the challenge was deemed successful
as a showcase of reconstruction of mCBM data interacting
with the ESCAPE data environment.

Figure 5: Shows the simulation geometries of the July
mCBM setup. The figure is comparable to the photo shown
in Fig. 2
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Infrastructure for the CbmRoot Continuous Integration Pipeline

F. Uhlig
GSI, Darmstadt, Germany

During the last year, the existing Continuous Integration
(CI) pipelines for the CbmRoot project were extended and
improved. Beside the jobs itself, these changes mainly af-
fect the hardware infrastructure on which the jobs of the CI
pipeline are executed. In the beginning, for each supported
OS, some real hardware with an installation of this OS had
to be maintained, while today only one base OS needs to
be supported for the real hardware. The actual jobs of the
CI pipeline are meanwhile only executed in virtual envi-
ronments like containers or virtual machines.

Continuous Integration

As described in [1], the CbmRoot software project uses
a development workflow based on merge requests. In
this workflow the different developers work in their own
workspace and request integration of their development in
the main repository when they have finished their develop-
ment. Before this integration can happen, it must be con-
firmed that the integration is possible from a technical per-
spective as well as from the software perspective.

These checks happen automatically after a developer has
created a so called Merge Request (MR) on our GitLab [2]
web interface. A picture of the complete Continuous Inte-
gration (CI) pipeline, which currently consist of 4 different
stages, most of them with several parallel steps, is shown
in Figure 1.

In Figure 1 the processing order is from left to right and
any following stage is only executed if all jobs of the pre-
vious stage have finished successfully. In contrast to the
sequential execution of the different stages, the execution
of the jobs inside one stage happens in parallel, at least if
the needed resources are available. Since many MRs can
happen in parallel there is always the possibility that all
available resources are already used. In such a case a job
will only start when a needed resource becomes available.

In the first stage (Checkrepository) it is checked if
the MR can be added to the existing code base without
introducing any conflicts, whereas the second stage
(Checkformat) checks if the code foreseen for integration
fulfills some formal requirements like the existence of the
proper license header or the correct code format. During
the third stage (Build) the code foreseen for integration
will be compiled and tested on several different supported
Operating Systems (OS) and potentially also for different
combinations of our dependencies FairSoft and FairRoot.
Each job of this stage uses the CMake [3] based build
system of CbmRoot and automatically uploads in the
end of the job some results to our CDash [4] webpage

(https://cdash.gsi.de/index.php?project=CbmRoot) for
later usage. If also this third stage succeeds, in the fourth
and currently last stage (Finalise) the code owners are
informed and a code review is requested from them. A
code owner is a developer which is responsible for the
code touched by the MR. Depending on the affected code
several code owners may be informed. The ownership
is defined based on the directory level of the CbmRoot
project. For example for the code of each of the detector
subsystems a developer of this subsystem is responsible
to review changes of this code. If the CI pipeline has
successfully finished and the code owners have reviewed
and accepted the new code, the changes are finally merged
into the main code repository.

The different stages of the CI pipeline and the jobs inside
each stage are defined in a special file which is part of the
CbmRoot repository. The orchestration of all the jobs is
done by the GitLab service itself which sends the jobs for
executions to registered computers and receives back the
log output as well as the result of the jobs. The service
takes care that all jobs of the complete pipeline are sent to
the proper computers in the correct order.

Infrastructure

The CI pipeline is very flexible such that new stages and
jobs can easily be added or removed if necessary. The prob-
lem with this flexibility is that the computing resources
which are used to execute the jobs must be scaled in the
same flexible way. This scaling was one of the major is-
sues when CBM moved to GitLab and the described MR
workflow, since our computing environment couldn’t cope
with the workload enforced by many parallel MRs. The
second major issue was that for each supported operating
system which should be tested in the build stage a running
system of this type is needed. When moving to GitLab
and the MR workflow, this meant to install, administrate
and maintain a zoo of hardware and operating systems.
This maintenance work needs sufficient manpower which
we didn’t have, such that this shortcoming was the main
reason that we could only support a minimal set of OSs for
the Build stage and a rather small CI pipeline. A setup with
real hardware for each OS would mean to scale the hard-
ware for each of these OSs with required workload, so it
became pretty obvious that a solution with several OSs on
real hardware was out of question. The direction we went
was towards virtualization which means in our case con-
tainers and virtual machines [5]. The advantage of virtual-
ization is that one needs not to setup several different op-
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Figure 1: CbmRoot CI pipeline.

erating systems on real hardware but only one type which
allows to run any type of other OS in virtual environments.

Since our colleagues from the FIAS institute in Frank-
furt already set up a computer which allowed to execute
Docker containers [6] as well as the interface between Git-
Lab and Docker (docker runner), we moved all jobs which
did not need a full FairSoft/FairRoot installation from real
hardware into Docker containers. We started with these
type of jobs since they could be executed in a generic con-
tainer which was already provided by the Docker commu-
nity. Scaling these jobs is as simple as starting more Docker
containers up to the point the real hardware is overloaded
and does not allow to start any new jobs till another job has
finished. If this resource problem happens too often a new
docker runner needs to be installed and connected. Mean-
while we operate 5 docker runners which are not only used
by the CbmRoot CI pipeline but also by the CI of several
other projects. Setup of a new docker runner needs below
one hour.

For the jobs which needs a full FairSoft/FairRoot instal-
lation to build CbmRoot on Linux systems we had two pos-
sible solutions. Either we use also docker containers which
we would need to build ourselves or we use singularity [7],
which is the container runtime supported at GSI and used
on the Virgo cluster [8, 9]. The advantage to use docker
containers is the existing docker executor which allows to
easily run the jobs from GitLab. The advantage of singu-
larity is that we can immediately use the containers and the
existing FairSoft/FairRoot installations of the GSI infras-
tructure, but with the drawback that there is no interface
between GitLab and singularity which allows GitLab to
start the jobs. Since the advantages of using singularity pre-

vailed the disadvantages we developed the needed interface
ourselves, which in the end turned out to be more easy than
initially expected. Currently we operate 3 of these singu-
larity runners which are exclusively used for the CbmRoot
CI pipeline.

Beside Linux we also support macosx as operating sys-
tem which is used by many developers, we run also build
and test jobs on this platform for several versions of ma-
cosx. Unfortunately as macosx must run on specific Apple
hardware and is also incompatible with the so far used con-
tainer solutions, we were still left with three real computers
with different macosx versions which we had to maintain,
after moving all other jobs to containers. Fortunately it is
possible to use VirtualBox [10] on macosx which emulates
a complete computer in software. This allows to create vir-
tual machines, install different macosx versions and finally
run them on the same computer. There is also an interface
to use VirtualBox from GitLab, which made it possible to
reduce our hardware to only one host which executes vir-
tual machines for each of the supported macosx operating
systems.

With this final step all jobs of the CbmRoot CI pipeline
can run in some virtual environment. This completely de-
couples the real hardware running the different virtual en-
vironment runtimes (docker, singularity and VirtualBox)
from the virtual environments which are used to execute
the CI jobs. Since we use standard docker containers and
the GSI singularity containers, we only need to provide the
macosx images for VirtualBox.
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Configuration Management

The installation of the used virtualisation service
(docker, singularity, VirtualBox) on real hardware is now
a two step process. As first step a basic version of an op-
erating system is installed on the host computer which is
the same for all hosts. In a second step the actual service
is installed using the IT automation tool Ansible [11]. Un-
fortunately this is only correct for Linux based systems, for
macosx the workflow is different and not described in this
contribution.

The installation of our basic operation system Debian
11 is nearly automatic for the CI infrastructure servers.
To start the installation one needs to trigger a boot of the
machine using the graphical management interface of the
server. During the boot procedure the computer fetches an
ISO image from a storage device and starts up the instal-
lation environment. Currently it is still needed to type the
installation command on the command line which is also
accessed from the graphical management interface of the
server. After this step the installation is fully automatic and
according to the configuration which is included in the ISO
image. The installation procedure also installs a default
user which is later needed during the configuration step.
The complete installation takes roughly 15 minutes and in
the end the host boots into the newly installed system which
is now also reachable from the network.

The installation of additional software and users as well
as the configuration of the service is completely described
in scripts, such that reinstalling the service or newly in-
stalling the service will end up in an identical setup of the
host computer. Depending on the service the complete in-
stallation and configuration of a service needs another 15-
40 minutes, such that it takes something like 30-60 minutes
to bring up a new service from scratch.

Recent developments

During the last one or two month sometimes very large
runtimes for the complete CI pipeline were seen (3x normal
time). Investigations of these runs showed that these run-
times were due to large runtimes of one of the macosx jobs.
Debugging showed that from time to time the used virtual
machine did not properly start but hanged, was terminated
and then restarted, such that the CI jobs could only start
with a delay of 30 minutes or even one hour if two restarts
happened.

Beside this reliability problem there is also another con-
stant overhead which results in longer runtimes of the ma-
cosx jobs. This overhead is due to the usage of VirtualBox:
before a CI job could start the VM must be started, which
needs a copy of the virtual machine image. Because of the
large size of such an image, the copy procedure takes sev-
eral minutes.

Another open source machine emulator and virtualiser
for macosx is available: gemu. Initially developed for
Linux, there is meanwhile also an interface to the native
macosx virtual machine interface available, which allows

CBM Progress Report 2021

execution with nearly native speed. One of the advantages
of gemu is that it can work in snapshot mode which does
not touch the base image of the VM at all, but only saves the
changes in a new file which will be dropped when switch-
ing off the VM. When using this feature there is no need to
copy the base image which speeds up the start of the VM
enormously. After one to two minutes the VM is running,
compared to 10 to 15 minutes with VirtualBox. Also the
start of the machine happens reliably. Comparing the ex-
ecution times of a job between gemu and VirtualBox, the
runtime of gemu is smaller by 10 to 15 minutes.

Again there was no interface between GitLab and gemu
available, but with the experience of writing the GitLab to
singularity interface, implementing such an interface was
a matter of some days. Since beginning of May 2022 the
new gemu bases macosx CI jobs are in production and so
far no problems were found.
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Identification of Hadrons using PID framework
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The Compressed Baryonic Matter (CBM) experiment at
the Facility for Antiproton and Ion Research (FAIR) aims
to investigate the QCD phase diagram at high net baryon
density, such as those found in neutron stars’ cores.

A Muon Chamber (MuCh) detector in CBM experiment,
consisting of hadron absorbers and tracking detectors for
muon measurements, can be replaced with Ring Imaging
Cherenkov (RICH) detector for electon identification. It is
critical to measure leptons and hadrons simultaneously in
order to obtain a complete picture of the reaction [1]. This
could be accomplished with the RICH detector, which has
a low material budget and has little influence on hadron tra-
jectories on their way to the Time-of-Flight (TOF) detector.

In this work, Particle Identification (PID) Framework [2]
is used to identify hadrons. This framework is based on
graphical cuts and fitting parameters to predict a particle
track to be of a particular hadron species. For this study,
CBMROOT(APR20 version) is used.

One million events of 12A GeV Au-Au minimum biased
collision are taken which are generated using DCM-QSM-
SMM event generator [3] with transport engine GEANT4.
The SIS100 electron setup of the CBM experiment is used
for this study.

m? vs. qxp distributions are plotted for pure sample of
protons, kaons, and pions and for all particles as well. Here
m represents the mass calculated from the Time of Flight
(TOF) detector. q and p represents charge and momentum
of each track respectively.

Projection of gxp on m? are taken into slices and fit-
ted with proper distribution functions (Gaussian for signal,
second-order polynomial for background). Stabilized fit-
ting parameters for each particle are used to calculate the
Bayesian probability (purity) by using formula:

P;
(1)

Purity; = w——-—
urity (5P, + Py)

P; and P, are the probabilities of a track being associated
with a hadron species and a background particle, respec-

tively. Here:
2 )2

_(uy—m
Pi = Aie 207 (2)
and )
Py =a(m?®)” +bm?*+c, a#0 3)

A, p, o are the fitting parameters for signal and a, b, and ¢
are the fitting parameters for background. This Bayesian
probability or purity is further used to identify hadrons
(proton, pion, kaon etc.).

*phd1701151005 @iiti.ac.in

As we are interested in hadrons produced in the early
stages, only primary particles are considered here by using
their PDG values. Fig. 1(a) shows the hadrons based on
their PDG values and Fig. 1(b) shows the particles detected
as hadrons using purity greater than or equal to 90%.
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Figure 1: m?2 vs. gxp distribution for (a) hadrons detected
using PDG, (b) particles detected as hadrons using purity
> 90%.

Recall and precision are calculated for each hadron
species as follows:

True particles using PID

Recall = % 4)

Total particles using PDG

True particles using PID % (5)

Precision = Detected as particle using PID

Further, we use distance of closest approach (DCA)
to minimize the false particle detection using cuts
DCAproton < 036, DCA+ < 0.58, DCA,- < 0.52,
DCAg+ <084, and DCAg- < 0.75. Fig. 2 shows
comparison of recall and precision for each hadron species
before and after using DCA cut. In the case of recall, we
are compromising some true particles by employing DCA.
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However, there is a large gain in precision for all hadron

species.
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Figure 2: Comparison of recall and precision for each
hadron species before and after using DCA cut.
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PID framework is able to predict protons and pions more

Physics Performance

accurately compared to kaons. It is because of lower statis-
tics of kaons compared to pions and due to merging of
kaons with pions. Fig. 3 compares the rapidity vs. pp
distributions for proton, 7+, and 7~ as identified by PDG
and PID framework.

Using the same predicted purity values for ultrarelativis-
tic quantum molecular dynamics (UrQMD) event generator
and for different GEANT3 and GEANT4 transport engine
setups, we are able to detect hadrons to a similar extent
with negligible difference which are compared in Fig. 4.
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Figure 4: Comparison of recall and precision for each
hadron species for different event generators and GEANT
transport engine setups using purity > 90% and DCA.
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Theoretical calculations predict the possibility of a first-
order phase transition from hadron gas to a deconfined
phase of strongly interacting matter and the existence of a
critical point in the region of the QCD phase diagram above
450 MeV chemical potential (up) and below 180 MeV
temperature [1]. One of the signatures of the new phase
of matter is the enhanced production of strange baryons
and A is the most abundantly produced hyperon at FAIR
SIS-100 energies. The CBM performance for the recon-
struction of the A hyperon via its decay to proton and 7~ is
presented. The separation between signal and background
can be optimised using Machine Learning (ML) boosted
decision trees (BDT) algorithms. In this analysis, the XG-
Boost library (XGB) [2] was used to achieve an efficient
selection of the decays and a high signal to background ra-
tio.

Au-Au collisions at 124 GeV/c were generated using
DCM-QGSM-SMM (Model A) [3] and URQMD (Model
B) [4] with collision products transported through the CBM
setup using GEANT4. Cellular automaton and Kalman Fil-
ter Particle (KFParticle) based PFSimple package [5] are
used for track finding, fitting, and decay kinematics re-
construction. PFSimple interfaces the mathematics of the
KFParticle package and provides a convenient interface to
control the reconstruction parameters. The optimization of
selection criteria via ML is performed on five variables as-
sociated with the A daughter tracks. These variables are
the squared distance between the daughter tracks and pri-
mary vertex (PV) divided by its error, the distance of the
closest approach between the two tracks, the squared dis-
tance between daughter tracks divided by its error, and the
distance between PV and secondary vertex divided by its
error. The signal sample of A baryons is taken from Model
A. Background candidates are selected from Model B in
the invariant mass regions which are outside the expected
mass peak. Train and test data sets are created from the
signal and background. The XGB algorithm is trained, and
it returns its probabilistic predictions on the train and test
data sets. Over-fitting is controlled considering the Re-
ceiver Operating Characteristic (ROC) and Area Under the
Curve (AUC). The BDT model is then applied to events
from Models A and B. A selection is performed on the
probabilities returned by XGB using the Approximate Me-
dian Significance criteria.

The raw yield is extracted multi-deferentially in trans-
verse momenta (pr) and laboratory frame system rapid-
ity (yrap) using a multi-stage fitting procedure from the
model B. Initially, the pure A signal from Model A is fitted
with a Double-Sided Crystal Ball (DSCB), a Gaussian with

power-law tails. In the second step, the background outside
the peak region of A candidates from Model B is fitted us-
ing a second-order polynomial (pol2). Finally, the whole
invariant mass of A candidates from Model B is fitted with
a combination of DSCB and pol2, initialized by the param-
eters from the earlier stages, allowing for the final extrac-
tion of the raw yield. A correction factor (acceptance X
efficiency) estimated from Modal A is used to correct the
extracted raw yield. This corrected yield is shown in Figure
1 for two pr intervals and it is compared with the simulated
one. The corrected yield for primary A (produced in the
collision) matches the simulated yield for Model B within
the errors.
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Figure 1: Simulated yield (blue arrows) vs corrected yield
(red squares and black circles) of A hyperons for Model B
in two pr, intervals. The red squares represent the total
corrected yield including primary and secondary As while
the black circles represent the primary only As.

Removal of the secondary A, produced in the decay of
other particles, from the primary A will be investigated us-
ing a BDT multi-classifier approach. Systematic will also
be evaluated. An equivalent study is also ongoing for the
K9 meson.
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Introduction

Geometry and dynamics of the source produced in

heavy-ion collisions can be studied via the femtoscopy
method. Correlations of two particles at small relative
momentum are sensitive to Quantum Statistics and the
Final State Interactions. They allow one to explore the
source’s space-time properties, which are of the order of
10~ m and 10~23 s, respectively. CBM experiment will
cover an essential part of the QCD Phase Diagram with
beams of heavy ions. It is a baryon-rich region that can
be studied via the femtoscopy method. On the one hand,
meson-meson correlations are the most commonly stud-
ied, and baryon-baryon systems, together with two-meson
and meson-baryon correlations, provide complete informa-
tion about source parameters. On the other hand, non-
identical particle combination measurements complement
our knowledge about space-time asymmetries during the
emission process. The physics of heavy-ion collisions is
successfully deduced based on studies of the properties of
the particle-emitting source.
To define a femtoscopic correlation function [1], [2] in the
case of identical particle combinations a Longitudinally
Co-Moving System (LCMS) is used which is defined as
pr.1+pr,2 = 0. pr.1 and pr, » are longitudinal components
of momentum for single particles. Using LCMS system the
correlation function is defined using variable:

Ginv =V (p1 — p2)2 — (B1 — E»)? (D

In the case of non-identical particle combinations, Pair
Rest Frame (PRF) reference is used, which defined vari-
able:

kE*=p1=—ps 2)

PRF reference can be also used for identical pairs of
particles and then ¢, = 2k*.

The definition of the correlation functions is as follows:

Clk) = gii% )
O(Gin) = gi(é“)) “)
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Correlated pairs of particles (from the same event enter) en-
ter the numerator A(k*) or A(Qiny) and uncorrelated pairs
of particles (from different events) enter the denominator
B(k*) or B(Qinv) of the correlation function.

This part of the thesis focuses on the estimation of the re-
quired number of Au — Aw collisions needed to obtain
correlation functions for pions, kaons, and protons, for
two ranges of centrality and four values of beam momen-
tum: 12 AGeV/e, 795 AGeV/c, 44 AGeV/c and 3.3
AGeV/c], for UrQMD data.

The methodology

Table 1: The established number of events (10°) needed to
obtain the statistical error bar of 10%, 5 % and 1 % for p—p
correlation function, central collisions (0 — 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10% | 3.88 3.02 | 221 1.55
5% | 1551 | 12.07 | 8.84 | 6.19
1% | 9694 | 75.43 | 55.23 | 38.66

Table 2: The established number of events (10°) needed to
obtain the statistical error bar of 10%, 5 % and 1 % for p—p
correlation function; non-central collisions (> 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 44 33
10% | 1.86 1.43 0.82 | 0.61
5% 742 | 5.73 3.27 245
1% | 4637 | 35778 | 20.45 | 15.32

The method is proposed to estimate the necessary statis-
tics to obtain a one-dimensional correlation function with
a systematic uncertainty of a given value of 10%, 5%, and
1%. It is based on the analysis of the value and the un-
certainty of the first bin of the correlation function. The
whole available statistics (48 million UrQMD AuAu colli-
sions for four beam momentum values) were used for this
method. By analysing the first bin of the obtained corre-
lation function one can easily get its value and the uncer-
tainty, and then, to determine the information about desired
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Table 3: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
A — A correlation function; central collisions (0 — 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10% | 17.00 | 36.02 | 207.21 657.44
5% 68.51 | 143.02 | 831.42 | 2629.12
1% | 428.11 | 896.13 | 5198.22 | 16436.10

Table 4: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
A — A correlation function; non-central collisions (> 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10% | 12.11 19.13 72.31 308.32
5% 50.34 75.34 287.05 | 1231.41
1% | 312.33 | 470.11 | 1795.12 | 7696.12
statistics.

error — of —the —bin 1
value — of — the — bin /N

Estat = (5)

where Fg;,: is the value of the statistical uncertainty that
one desires to obtain (0.1 for 10%, 0.05 for 5%, 0.01 for
1%) and N is the number of expected events. This statistics
needed to obtain the proton-proton correlation functions
with systematic uncertainty of order of 10%, 5% or 1% for
central and non-central Au — Aw collisions for 4 different
beam momentum are presented in the Tables 1 (up to 10%
of central collisions) and 2 (above 10% centrality).

Finally, the estimated number of events needed to obtain
the systematic error of the order of 10%, 5% or 1% for
pion-kaon, pion-proton, and kaon-proton for central and
non-central four beam momentum are presented in the
tables 1-4.

Table 3 and 4 presents required statistics to calculate
the lambda-lambda correlation function; table 3 shows
the most central collisions, and the table collects required
statistics for non-central collisions.

Tables 5 and 6 present the required statistics to calculate
the kaon-proton correlation function, table 5 shows the
most central collisions, and table 6 collects required
statistics for non-central collisions.

Table 7 and 8 presents required statistics to calculate
the pion-kaon correlation function; table 7 shows the most
central collisions, and table 8 collects required statistics
for non-central collisions.

CBM Progress Report 2021

Table 5: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
KT — p correlation function; central collisions (0 — 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10 % 1.18 1.02 0.66 0.44
5% 4.70 4.08 26.57 | 17.85
1% | 117.58 | 102.02 | 66.43 | 44.63

Table 6: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 %
for KT — p correlation function; non-central collisions
(> 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10 % 1.52 1.33 0.88 | 0.59
5% 6.08 5.33 3.51 2.34
1% | 152.01 | 133.33 | 87.76 | 58.67

Tables 9 and 10 present the required statistics to calcu-
late the pion-proton correlation function; table 9 shows the
most central collisions, and table 10 collects the required
statistics for non-central collisions.

Summary

We have discussed a number of required events to ob-
tain correlation functions for different particles combina-
tions having the error bar of the first point of a given un-
certainty. Three different cases are discussed: uncertainties
of the order of 10%, 5%, and 1%. This method assumes
the bin with of £* 10 MeV/c. This work proves that CBM
will be able to analyze two-particle correlations with high
precision.
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Table 7: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
7w+ — K7 correlation function; central collisions (0 — 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10% | 092 | 0.66 | 0.31 0.16
5% 3.68 2.67 1.24 | 0.66
1% |92.06 | 6691 | 31.00 | 16.41

Table 8: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
7+t — K correlation function; non-central collisions (>

10%)
Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10 % 1.23 0.90 | 042 | 0.22
5% 493 3.62 1.68 | 0.87
1% | 123.15 | 90.44 | 41.94 | 21.68

Table 9: The established number of events (10%) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for

7w+ — p correlation function; central collisions (0 — 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10 % 2.60 2.23 1.56 1.20
5% 10.40 8.98 6.25 4.71
1% | 260.06 | 224.38 | 156.16 | 119.82

Table 10: The established number of events (10°) needed
to obtain the statistical error bar of 10%, 5 % and 1 % for
7w+ —p correlation function; non-central collisions (> 10%)

Beam momentum [AGeV/c]
perc. 12 7.95 4.4 33
10 % 3.38 2.95 2.07 1.59
5% 13.51 11.78 8.29 6.37
1% | 337.81 | 294.55 | 207.16 | 159.37
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CBM performance for measurements of baryon-baryon correlations*

M. Karabowicz', D. Wielanek', and H. Zbroszczyk1
"Warsaw University of Technology, Faculty of Physics, Poland

Femtoscopy is a method of extraction the information

about the space-time structure of the source that emits par-
ticles and it is used to measure the size of a fireball created
during a heavy-ion collision. Thus, it is possible to explore
the dynamics of a such collision [1].
Femtoscopy uses two-particle correlations for measuring
the size of the source. The main tool that femtoscopy use
is the correlation function (CF) defined in the case of the
experiment by eq. 1, where, ¢ is the difference between the
four-momentum of two particles (¢ = p; — p2). The N
(the numerator of CF) is a distribution of correlated pairs,
whereas D (denominator) is a distribution of uncorrelated
pairs. The mixing technique creates the uncorrelated pairs
- particles in such pairs belong to different events.

N(q)
Clg) = == M
= D)
It is worth stressing that there is also another (theory)
definition of the correlation function 2

Clg) = / (A QIE(Ar, ) 2dAr @)

In this definition, r* is the difference between the emis-

sion points of two particles. The shape of the correlation
function depends on the size of the source p and the type of
the particles. The particle’s species defines the influence of
the quantum statistic and interactions between particles de-
scribed by |[¢(Ar*, q)|? term. For proton-proton CF, the in-
teractions are well known (Coulomb repulsion and Strong
attraction). Therefore proton-proton femtoscopy is used to
measure the space-time structure of the collision. Later re-
sults of such measurements might be used as an input for
measurements of the interactions between more “exotic”
particles - because it is impossible to measure interactions
and sizes of sources simultaneously.
After measuring the experimental CF, the data is fitted with
theoretical CF Cypeo. The fit results allow one getting in-
formation about the source’s size or parameters of interac-
tions between particles.

Proton-proton measurements

In the first part, we focus on proton-proton correlations
used for measurements of the size of the source. After ob-
taining the CF, the ideal case would be to fit the theoretical

*Work supported by IDUB-POB-FWEITE-1 project granted by War-
saw University of Technology under the program Excellence Initiative:
Research University (ID-UB) and National Science Centre, Poland, grant:
2020/38/E/ST2/00019.

CF and get the size of the source from fit. Unfortunately,
the experimental CF is disturbed by detector effects. It is
mostly due to the following effects:

e limited momentum resolution - this effect makes mea-
sured correlation functions ’smoother.”

e merging effect, this occurs when two particles are re-
constructed as a single one, it leads to a decrease in
the value of the CF for small ¢

e splitting effect, this happens when one particle is re-
constructed as two tracks, this leads to an increase in
the value of the CF, especially g ~ 0.

e contamination, this effect happens when we have in
our sample pair of particles that are not desired -
e.g., meson 7 in proton-proton CF. The contamination
makes the correlation function “flatter”.

These effects are usually taken into account in two ways
- first, we try to suppress these effects by selecting the pairs
with proper “quality”, the second is to take into account
these effects by modification of theoretical function. For
example, instead of fitting data directly with Cypeo(q) we
use formula 3.

CF(Q) = (Ctheo - 1)(q)Cpurity (Q) +1 (3)

In the formula above, the Cyrity, () is a fraction of desired
pairs in data sample (e.g. 77" pair in 7t 7t analysis.
Such an approach allows us to deal with the misidentifi-
cation without requiring very high purity (which will in-
evitably significantly reduce statistics). We assume that
the contaminated pairs can be treated as the not correlated
ones. The similar approach might be used to take into ac-
count the influence of secondary particles, in this case, we
use eq. 4 where A describes the fraction of pairs from pri-
mary particles in our sample.

CF(q) = (Ctheo - 1)/\((]) +1 (4)

However, formulas 4 and 3 cannot be used for all types
of pairs. In the case of baryon-baryon correlations, the
products of decays can still be correlated - this is primarily
because daughter baryons have momentum similar to the
momentum of their mother [2]. For example, in the case
of proton-proton correlations, part of protons comes from
lambdas. So if we want to consider the influence of lamb-
das, our fitting function should look like in eq. 5.
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Figure 1: The structure of pairs that contribute to the CF
after applying the criteria listed in the table 1 for most
central Au-Au collisions at ppeqm, = 10GeV .

CF(q) = Fp,p(Q)OthEO ppT
Fp,p(A)(Q)Ctheo p,p(A) (q)+ (5)
Fy8),p(8) (@) Crheo p(a),p(n) (@)

Where F; ; is a fraction of pairs ¢, j in the data sample.
In principle, there might be other sources of protons (like
sigmas) and this formula might be longer. It is also worth
to stress that Cypeo p.p(a)(¢) is not the same as Ctpeo p,a (q)
due to fact that pa # Pi(a)-

Therefore the first step of the analysis was to estimate
the influence of residual correlations. For this purpose, we
used the UrQMD model and checked energies of /sy n ~
2.7,3.04,3.9,4.9 GeV. The impact parameter selected
the most central (0-5%) events. The results are shown in
fig. 2. It can be observed that the production of all parti-
cles falls when energy decrease, only the number of pro-
tons increases. It is an effect related to the stopping of
baryons. We can see that for top energies of CBM, ap-
proximately 90% of protons are primary particles. This
number means that approximately only 80 % of pairs will
come from (both) primary protons; however, by applying
additional criteria of selection (e.g., DCA - Distance of the
Closest Approach), we can suppress the contribution from
secondary particles (see fig. 1).

The shape of the source from the UrQMD model was
studied. In principle, the quality of the fit does not depend
only on the detector’s performance; also, the shape of the
assumed source plays a significant role. When the assumed
shape of the source of theoretical CF does not describe well
the real shape of the measured source, the quality of the fit
is poor. The simulations show that the shape of the source
for proton-proton correlations is quite well described by
Gaussian shape; the same happens for K+ KT pairs. How-
ever, the shape of the pion source is not gaussian (fig. 3).
It might be caused by contribution from resonance decays,
but further studies are required.
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Figure 2: Production of particles from UrQMD model as
a function of energy. Only particles with 0.2 < pr <
3GeV/cand —1.2 < n < 1.2 were taken into account.

6|

4

2
107203040 50 60 70 80 90 10 0 "16"56"56"40 50 60 70 80 90 10
r [fm] r [fm]

x10° + . x10° "
K § 2500F
z

2000[

1500

1000

500

L
b16"20 0 40 50 60 /0 80 Of

.
10 20 30 40 50 60 70 80 90 I
r [fm] r [fm]

Figure 3: Distribution of femtoscopic radii for most cen-
tral AuAu collisions at ppeqm = 12GeV/c. The red line
corresponds to the Gaussian fit.

The next step of the analysis was focused on the
detector performance. For these studies, we take central
AuAu collision from UrQMD at pyeqm, = 10AGeV. The
SIS-100 electron setup was used to simulate the response
of the CBM detector. The UrQMD model does not contain
the femtoscopic correlations; CF obtained from the pure
model should be flat. This effect was used to optimize
the data selection criteria - as long as CF was not flat,
the anti-splitting and anti-merging cuts required some
corrections. The general list of criteria of data selection is
listed in table 1.

The two-particle selection criteria based on distances
between trajectories of two particles at a given distance
were used to suppress merging and splitting. In princi-
ple, we calculated the X and Y for a given particle at
distances of 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm
from the vertex. Then the distances between these two
points were calculated and used. After some studies, we
used two values to suppress the merging and splitting.
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We rejected particles that are are closer than 1 cm at 100
em (/X320 em + Y150 em)- Such distance roughly corre-
sponds to the last station of the STS; therefore, we called
this ”an STS exit separation cut”, similar criterium was
used for suppressing splitting in 7~ 7~ analysis [3]. We
also required that the maximum separation between two
particles in these layers should not be smaller than 0.1 (X-
direction) and 0.2 cm [Y-direction].

‘ Cut ‘ Min ‘ Max ‘
‘ Event cuts ‘
Vay [cm] 0.25
V. [cm] 0.12
‘ Track cuts ‘
pr [GeV/c] 0.2 10
n [GeV/c] 1 35

Nhits in STS 5 8
DCA,,y [cm] 0 0.5
DCA. [cm] 0 0.1
charge 1 1

miop [GeV?/ct] 0.8 2.05
‘ Pair cuts

STS exit sep. [cm] 1 500

A ez X || Amaz Y| [em] | 0.1;0.2 | -

Table 1: Criteria of data selection in analysis.

When criteria of data selection were optimized, the cor-
relations were implemented into the analysis. The studies
with the pure UrQMD model predict that the radius of the
source size should be at the level of =~ 3.6 fm. Therefore
this was an assumed size of the source in analysis. We
assumed that the source has a spherically symmetrical
Gaussian shape (this is a quite good approximation for
protons what was shown in fig. 3). It was also assumed
that all protons are correlated (this means that A\ = 1). The
CF used for fitting takes into account contamination of
proton sample. Despite the fact that the effect of limited
momentum resolution was not taken into account, the
results of fit seem quite well describe the data 4. On the
other hand, the parameters obtained from fit don’t follow
those that were put into the simulation. Obtained radius is
approximately 10% smaller than expected. The A extracted
from the function was at the level of 0.7.

The analysis was performed on 1M events. In principle,
it seems to be enough to fit the proton-proton CF but not
enough for optimization of two-particle criteria of selection
and not enough to study all the systematic uncertainties in
the fig. 4 we can see that the CF without correlations is
not flat - this suggests that two-particle selection criteria
should be better optimized.
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Figure 4: The result of fitting CF for protons. The open
markers show the CF without femtoscopic effects that
should be flat.

Perspectives on multi-strange baryon
measurements

There are also ongoing studies concerning femtoscopy
of strange and multi-strange baryon measurements. In this
case, the results from proton-proton measurements will be
used to estimate the size of the source that emits those
baryons. It allows femtoscopic formalism to study inter-
actions between strange and multi-strange baryons.

Like protons or charged kaons, strange and multi-strange
particles are not reconstructed directly” in CBM. The spe-
cial packages like PFSimple [?] (that base on KFPackage
[5]) were created for reconstruction of such particles.

The analysis of the possibility of measurements =~ was
performed. This baryon mainly decays into A and 7~. Due
to the complicated topology of decay, optimizing selection
criteria is not an easy task. For femtoscopic measurements,
it is required to have a high purity of particles. On the other
hand, we would like to have possibly the highest recon-
struction efficiency. Therefore we used Machine Learning
(ML) algorithms to optimize selection criteria.

For the machine learning algorithm, we used some pre-
selected data. The preselection was mainly used to clean
up data from corrupted data (e.g., not-a-number values) or
candidates that are not a needed particle - for example, for
X~ that has mass ~ 1.3GeV/c? data sample for learning
contained only candidates with 1.254 < m < 1.6_GeV/c?.
Two models were used for ML - UrQMD and DCMQGSM-
SMM to make an algorithm (at least partially) model-
independent. A Pearson test rejected variables that strongly
depend on invariant mass. The XGBoost model was used
for training. This model returns “probability” value from
0to 1 (see 5. A higher probability value means a cleaner
sample of data. The comparison of the ML algorithm and
”standard” selection criteria from KFPackage are shown in
table 2.
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‘ Cut name | Value ‘ [2] H. Zbroszczyk “Proton femtoscopy in STAR®, EPJ Web of
’ KFPackage ‘ Conferences, vol 71, (2014)
2 [3] P. Senger, V. Friese, CBM Progress Report 2020, p. 208-209
Xprimr— | > 18.42 cm 021).
2
Xgeo <60cm [4] Lubynets O., Klochkov V., Selyuzhenkov I, Glaessel
X%opo <50cm S., Blume C., CBM-GSI gitlab. https://git.cbm.gsi.de/pwg-

c2f/analysis/pf_simple

L/AL >5.0

[5] M. Zyzak, “Online selection of short-lived particles on
DCA <10cm many-core computer architectures in the CBM experiment at
’ Machine learning ‘ FAIR, PhD thesis 2015

‘ p ‘ > 0.992 ‘ [6] M. Karabowicz “Feasibility study of femtoscopic measure-
ments of strange particles in the CBM experiment at FAIR*
engineer thesis 2022

Table 2: Criteria of data selection of =

background in train
signal in train
¢ background in test
¢ signal in test

o8 3
Probability

Figure 5: The probability distribution used to selection =~

[6].

The ML learning algorithm gives promising results. The
selection criteria used for standard analysis (2) allowed to
extract of 3924 =~ from the analyzed sample of data. ML
algorithms found 4126 =, the number of false positives in
cases of ML was approximately two times smaller. The ML
algorithm improved signal selection by 5 % and suppressed
background by the factor by ~ 50%.

Summary and plans

The feasibility studies of strange and multi-strange cor-
relations are in progress. We were focused on algorithms
that provided us with an easy way to select these particles.
In the future, we plan to integrate the PFSimple with the
framework for femtoscopic analysis and study the two-
particle effects that might disrupt correlations of strange
particles. We would also like to estimate the statistic
needed to analyze the correlations between multistrange
baryons.
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Directed flow of A hyperons in Au+Au collisions at 12A GeV/c

O. Lubynets'? and 1. Selyuzhenkov'
!GSI, Darmstadt, Germany; >Goethe University, Frankfurt, Germany

Strange quarks do not exist before the heavy-ion colli-
sion and are produced at its early stage, which makes the
strange and multi-strange hyperon production an important
tool to extract the properties of the created QCD matter.
Anisotropic flow of produced particles, in particular with
the strange quark content, is sensitive to the equation of
state and the degrees of freedom in the early fireball. In
CBM the short lived particles (e.g. K, and A) are recon-
structed via their weak decay products. Reconstruction al-
gorithm of the decays is implemented as the Kalman Filter
Particle Finder [1]. For the current analysis we used its sim-
plified version, the PF Simple [1], which was optimized for
efficient strange hyperons reconstruction and background
rejection. Application of the machine learning technique
for candidates selection criteria optimization is described
in [2].

Anisotropic flow can be characterized by coefficients of
a Fourier series of produced particles azimuthal angle dis-
tribution. The directed flow v; = (cos(¢p — Ugp)) de-
scribes particle emission in preferred direction relative to
the reaction plane. The scalar product method was used
to calculate the directed flow. Reaction plane is estimated
using signal registered in the PSD. The resolution is deter-
mined using sets of particles separated in kinematic space
and therefore assumed to correlate between each other only
due to common reaction plane (subevents method) [3].
Non-uniformity of the CBM acceptance and inefficiencies
in azimuthal angle ¢ (sensitive volume, magnetic field, ad-
ditional material etc.) biases results for directed flow. This
non-uniformity was corrected according to the procedure
described in [4] and implemented in QnTools and QnAnal-
ysis frameworks [4]. Additionally, the (pr,y)-dependent
reconstruction efficiency correction was applied as weights
for individual tracks. Signal’s contribution from observed
flow was extracted using invariant mass fitting.

A sample of 5M Au+Au collisions at ppeam =
12A GeV/c was generated with the DCM-QGSM-SMM
model. GEANT4 was used to transport particles through
the CBM detector material. These events were recon-
structed with the CBMROOT software. In order to check
validity of the correction procedure as implemented in the
analysis frameworks [4] the results of the data-driven anal-
ysis were compared to the known Monte Carlo input. v,
coefficient was calculated as a function of rapidity. Also
results were compared with predictions of the UrQMD
model and real data measured at STAR FXT [5]. DCM-
QGSM-SMM predicts similar with STAR FXT magnitude
of v1{K3/A}. UrQMD demonstrates similar with STAR
FXT behaviour of v; { g} and opposite slope of v1{A} as

a function of rapidity.

In summary, performance of the CBM experiment for
directed flow of strange hyperons was investigated using
flow analysis framework. Reconstructed directed flow re-
produces the Monte Carlo input within statistical precision.
The future plans are to extend analysis on multistrange par-
ticles, and perform pr, y and centrality differential analy-
sis.
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Figure 1: Directed flow of A hyperons (top) and K2 (bot-
tom) vs. rapidity.
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Feasibility Studies of Combinatorial Background Determination for Low Mass
Vector Meson Analysis *
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Di-electron analysis package in CbmRoot

The initial low-mass vector meson (LMVM) analysis
code was implemented already many years ago [1]. Since
then it was constantly growing and more and more new
features were added to the analysis. At some point it be-
came hard to add new functionality and to maintain the
existing code. In 2021 the LMVM code was significantly
redesigned and rewritten with the aim for a long-term sup-
port. As a result, the code has a clear structure, all ob-
solete code was removed, code readability and debugging
improved significantly.

Combinatorial Background

In di-electron spectroscopy as expected for CBM [2],
the signal is strongly superimposed by combinatorial back-
ground with signal-to-background ratios typically lying in
the range of 10! or less. In this work we will estab-
lish routines to calculate the combinatorial background and
evaluate the significance for signal extraction, in particular
for masses larger than 1 GeV/c2.

The expression to describe the combinatorial back-
ground is Bc = 2k+/(Bt+)(B——), where (B*T) is the
yield of ete™ pairs from same events (analogue (B~ )).
The factor k is a correction factor that considers potential
asymmetries in the yield of particles of both charges and

i — ®)
should be around 1. It is defined as k = NI

where the lowercase (b) denote the according yields from
event mixing techniques.
The di-electron signal spectrum is then calculated by sub-
tracting the combinatorial background from the whole
same event unlike-sign pair sample: S = (BT~) — Bg.
In order to reduce statistical fluctuations in the calcula-
tion of the combinatorial background, the data from same
event yields is replaced by data from the event mixing tech-
niques for masses above 0.3 GeV/c2. Therefore, the yields
of mixed events are normalized to the yields of same events
in the region 0.3 GeV/c? < M., < 1 GeV/c?.
The UrQMD and PLUTO files that were used for this anal-
ysis are taken from /lustre/cbm/prod/gen/.

Results

The yields of mixed event like-sign and unlike-sign
pairs (b) are shown in Fig. 1 for 2-10° central Au+Au colli-

*Work supported by BMBF (05P19RGFCA, 05P21RGFC1), GSI and
HGS-HIRe.
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Figure 1: Yields of mixed event unlike-sign and like-sign
pairs from UrQMD, 2-10% central Au+Au collisions at 8
AGeV beam energy (UrQMD).

sions at 8§ AGeV beam energy from UrQMD. As the accep-
tance for electrons and positrons in CBM is rather symmet-
ric, both like-sign spectra are rather similar. The fact that
e~ e~ spectra overshot eTe™ spectra at high masses is most
probably connected to misidentification of 7—. In Fig.2
data from the combinatorial background procedure (B¢
and signal) are compared with input data. Here, the full
di-electron analysis has been computed including single-
track and pair cuts in order to reduce contributions from
~-conversion and 7¥-Dalitz decay. Overall, a rough agree-
ment is seen, however statistics becomes scarce such that
no more detailed evaluation can be done even with the large
binsize that is chosen already.

The strong reduction of the errors at masses above
0.3 GeV/c? in comparison to the errors at smaller masses is
due to the fact that, as mentioned before, data from mixed
events is used for B¢ at masses above 0.3 GeV/c?.

In Fig. 3, the whole invariant mass spectrum is shown
including the cocktail from known di-electron sources!.
Additional correlated di-electrons are calculated from

'Note: In-medium p and QGP radiation show an asymmetric P, dis-
tribution in this simulation. Not seen in the invariant mass spectra, but a
known and to be corrected problem.
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Figure 2: Invariant mass spectrum after all single-track and
pair cuts except p; cut for input data (red and black) and
data from the combinatorial background procedure (blue
and green). Simulation based on 10-105 central Au+Au
collisions at 8 AGeV beam energy including correspond-
ingly scaled di-electron sourced from PLUTO.

PLUTO, embedded with one/event into UrQMD and scaled
according to table 1. Overlayed is the calculated combi-
natorial background and the background subtracted signal.
Given the available statistics a reasonable description is ob-
served.

Particle | Multiplicity BR

w 2.29 7.36-107°
Whalitz 2.29 7.7-1074
o 0.312 2.97-107%
QGP 4.53-1073

Table 1: Scaling factors of the implemented PLUTO parti-
cles for 8 AGeV beam energy collisions. The multiplic-
ity values for p; . and QGP include the corresponding
branching ratios.

Summary and Outlook

A procedure to calculate the combinatorial background
had been implemented successfully. In order to further
study the quality of background subtraction, statistics need
to be increased considerably. Fast simulations are planned
for that and will then allow to extract the significance of
measurements beyond masses of 1 GeV/c2.

CBM Progress Report 2021

[ Cocktai+BG |
[ Background
[ ° - ye'e
- g T T [ — I — —— [ n - ye'e
S Bl o > n'%e'e
01 0_3 B o > e'e
S e
QGP radiation
o in-medium p
(51 0_4 Cocktail
— 1 comb. BG (CB)
Eg signal (CBisubtr.)
_5 i
o10 e
= ]
10°®
1077
107 :
0 0.5 1 1.5 2 2.5
2
Mee [GeV/CT]

Figure 3: Invariant mass spectrum after all single-track and
pair cuts except p; cut, including the calculated combinato-
rial background and the final signal spectrum calculated by
combinatorial background subtraction. Simulation based
on 10-108 central Au+Au collisions at 8 AGeV beam en-
ergy including correspondingly scaled di-electron sourced
from PLUTO.
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Particle Identification by Machine Learning Methods

H. Schiller and A. Meyer-Ahrens
Institut fiir Kernphysik, WWU Miinster, Germany

In this report, classification methods are presented that
improve the particle identification (PID) by the RICH de-
tector at the CBM experiment. In Dielectron analysis, par-
ticle identification is of high importance to ensure a pure
electron sample and keep hadronic contributions to the
combinatorial background as low as possible. Furthermore,
machine learning methods for particle identification by the
TRD have been investigated. Currently, machine learning
techniques are applied to all particle identification detectors
in order to increase the significance of the measurements
for the pair analysis.

Machine Learning for RICH PID

For the purpose of PID by the RICH detector, a multi-
layer neural network is compared with a Gradient Boosting
classifier and the Random Forest. The results show that the
Random Forest classifier performs best on the simulated
data and outperforms the ANN implemented in cbmroot in
distinguishing between pions and electrons. Fig. 1 shows
the results based on a ROC (receiver operating character-
istic). Furthermore, the figure shows that a newly trained
neural network with a similar architecture to the ANN im-
plemented in cbmroot produces similar results.

1.0
0.8 1
>
1°)
c
[
O 0.6 1
E
w
c
£ 0.4+
] —— ANN
w Random Forest
0.2 —— GradientBoost
—— ANN implemented in cbmroot
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Pion Purity

Figure 1: ROC (receiver operating characteristic) for differ-
ent machine leaning methods for PID with the RICH detec-
tor. For comparison, the ANN implemented in cbmroot is
shown.

A Random Forest is a classification method that consists
of multiple uncorrelated decision trees. All decision trees
are grown under a certain type of randomization during the
learning process. For a classification, each tree in this for-
est is allowed to make a decision and the class with the
most votes decides the final classification. The random for-
est we use consists of 2000 decision trees. For the opti-

mization of the inputs to the classification method the cor-
relation matrix of the inputs was investigated (see Fig. 2).
It is noticed that in the information about the major semi-
axis A (Aaxis) of the photon ellipse there is already a lot
of information about the minor semiaxis B (Baxis). For
strongly correlated data (compare Fig. 3), dimension re-
ductions help to improve the performance of the classifi-
cation methods. However, a restructuring of the input data
such as (Aaxes, Baxes)—(Axes, Baxes/Aaxes) could only
minimally improve the methods.

-1.0
P-

Aaxis -0.8
Baxis 0.6
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RadialPosition
RadialAngle 0.2
NoHit 0.0

Distance

-0.2

Chi2/NDF
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Phi

RadialPosition

RadialAngle

NoHit

Distance
Chi2/NDF -

Figure 2: Correlation matrix of the input variables in the
classification methods in a color representation. White
items represent to a strong correlation, black items to a neg-
ative correlation.

Rich B-axis
N9

Rich A-axis

Figure 3: Most correlated input for particle identification
classification by RICH
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Significance for Pair Analysis

Since we want to refer to the di-electron pair analysis in
the further course of the project, it is suitable to define the
significance of the measurement in dependence of pion pu-
rity p and electron efficiency e. Such a definition helps
to compare different classification methods. In the pair
analysis, Lorenz vectors of positive charged particles are
combined by those of negatively charged particles. Since
both the electron and the positron of one signal have to sur-
vive the classification at an electron efficiency e, the re-
sulting signal is proportional to the square of the electron
efficiency (see Eq. 1). The sum of signal S and background
B is obtained by multiplying the positive tracks by the neg-
ative ones (see Eq. 2). N.—, N.+ N+, N, are the respec-

tive numbers of particles. We use that N,- ~ N_+ and
N,- =~ N,+.

S o N, -é? (1)

B+ 8= (Ng+ p+Net-€) (Np- -p+ Ne- - e)

@)

~ (Nzp+Ne-e)? 3)
Significance = 5 o Ne - ¢ = ¢

VS+B  Ng-p+Ne-e ]]\{,—:-p+e

“

Machine Learning for TRD PID

Fig. 4 shows the ROCs of the same methods described
above for the RICH applied for the TRD variables and
therefore in comparison to the likelihood method. The
color code is showing the significance calculated from
Eq. 4. The Random Forest method does not beat the like-
lihood method. This is to be expected since a likelihood
method is the optimal classifier. However, it must be shown
that the probability density of electrons and pions in the 4-
dimensional parameter space of the energy deposition in
the layers of the TRD can be calculated. The fact that
the Random Forest method operates so far at the optimum
shows the quality of the method.

Summary and Outlook

Random Forest method shows a very promising perfor-
mance on PID with single detector information, such as
RICH or TRD. Currently, the presented machine learning
methods are being tested on all particle identification de-
tectors simultaneously. The results may help to increase
the significance of the measurements for the pair analysis.
For this purpose, the best machine learning methods are
combined and applied to up to 19 input variables. Since
the likelihood method in the TRD yields better results than
other methods, it may be used as input for the machine
learning methods instead of the energy deposition in the
TRD layers. Furthermore, it is investigated whether the
best cut values obtained by the significance function (Eq.

CBM Progress Report 2021
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Figure 4: ROC (receiver operating characteristic) for 3 ma-
chine learning methods and the likelihood method for PID
with the TRD. The color code is showing the significance
of the pair analysis after classification (see Eq. 4). Points
of maximum significance are shown as full circles.

4) on the output of the methods actually optimizes the pair
analysis.
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Simulation of Drell-Yan process at FAIR SIS100 energies with PYTHIA*

R. Aggarwal'', P.P. Bhaduri*, S. Chatterjee?®, S. Chattopadhyay®, and M. Kaur*
'SPPU, Pune, India; ?BI, Kolkata, India; *VECC, Kolkata, India; “PU, Chandigarh, India

Introduction

The Drell Yan (DY) interaction [1] is one of the pro-
cesses which can also produce a muon pair in the final state.
This report presents the study of simulation of DY process
at SIS100 energies using PYTHIAS [2]. The contribution
of DY process as a background to the J /¥ mass production
region and to the lower mass region is also reported.

p\—

p

Figure 1: Feynman Diagram representing DY process in pp
collision. The DY boson decays to a lepton pair.

In a DY interaction, quark from one hadron can take up
a sea anti-quark from colliding hadron and forms a virtual
photon state which subsequently decays into a lepton pair.

pp =YX I X

In the di-muon channel the virtual boson decays to a muon
pair

ST T
Figure 1 shows the Feynman Diagram representing the DY
interaction of two colliding protons.

Simulation of DY process

The simulation of DY events in pp collisions for the
CBM detector at the SIS100 energies is done using
PYTHIA 8.306 [2] event generator. Four samples of pp
events corresponding to the four SIS100 energies are gen-
erated in the center of mass frame. During generation one
DY is triggered per event and the virtual boson decays only
to a muon pair.

*Work supported by DST-INSPIRE Faculty grant.
T ritu.aggarwal 1 @ gmail.com
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Figure 2: Transverse momentum, P; distribution of the first
muon from DY boson. Different color lines represent dif-
ferent SIS100 CM energies.
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Figure 3: Transverse momentum, P, distribution of the sec-
ond muon from DY boson. Different color lines represent
different SIS100 CM energies.

The transverse momentum, P; distribution of the two fi-
nal state muons' is shown in Figures 2 and 3 respectively.
A comparison of the P, distributions at different center of
mass (CM) energies is also shown in the given Figures. It
is observed that at the highest SIS100 CM energy of 4.93
GeV, the maximum F; of the individual muons is about 1.7
GeV. The maximum P, decreases with the decreasing CM
energy of collision.

From the di-muon pair the invariant mass of the intermedi-

IPositive muon is called as the first muon and negative muon is called
as the second muon.
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ating DY boson can be calculated as

]w'v* = MM1M2 = (Pﬁl + P;%Q)

where, P,, and P,, are the four momenta of the two
muons. The invariant mass distributions of the DY virtual
photon at different CM energies are shown in Figure 4.
Table 1 gives the details of number of DY events generated
at different SIS100 CM energies and the number of events
reconstructed in different ranges of di-muon invariant
mass.

s E \
Sl E DY.pp (CM)
=z 101 —4.93 GeV
=) E —— 4.09 GeV
z £ —3.19GeV
02 [ 2.86 GeV
10° =
107 E
10°E
10°
£ L L
0 5 4 45 5
(v*) (GeV/ch2)

Figure 4: Distribution of di-muon invariant mass for the
DY event at different CM energies.
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PYTHIA 8.306 can also be used to generate the triggered
DY events in pp collisions in the lab frame of reference.
The Angantyr model from PYTHIA 8.306 can be used to
generate the DY sample for heavy ion interactions.
PYTHIA is well tested for simulating pp events at the
HADES [3] collision energies. A systematic check of the
DY background contribution to the low invariant mass sig-
nal region can be done using the PYTHIA settings defined
in Table 1 of [3].
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My o (GeV)
Ecnr | Events 0-1 1-2 229 12942
493 [ 9.6%107 | 99.163% | 0.833% | 0.004% 0
409 | 9.1%107 | 99.5% 0.5% 0 0
3.19 | 7.4%107 | 99.998% | 0.002% 0 0
2.86 | 5.1%107 100% 0 0 0

Table 1: Number of DY events generated for different CM
energies (in GeV) and percentage of events in different in-
variant mass range bins.

Discussion

Following observations can be made from the invariant
mass distribution of the DY photon.

e In the mass range 2.9-4.2 GeV, no DY event was re-
constructed in the di-muon channel for all SIS100 CM
energies.

e This indicates a negligible contribution from DY
events to the J/W mass region.

e For the lower di-muon pair invariant mass region, DY
events can be used as a source of physical background
in addition to the combinatorial background.
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Reconstruction of low mass dimuon cocktail at top SIS100 energy

S. Chatterjee', P. P. Bhaduri*, and S. Chattopadhyay®
' Department of Physics, Bose Institute, Kolkata, India; >Variable Energy Cyclotron Centre, Kolkata, India

In this report, the performance of the Muon Cham-
ber (MuCh) detector system for reconstruction of muon
pairs originating from the direct and Dalitz decay of Low
Mass Vector Mesons (LMVM) are discussed for central (0-
5%) Au+Au collision at beam momenta of 12 A GeV
(v/snn =4.93 GeV). The CBMROOT APR21 version is
used for this study with GEANT4 transport engine. The

CBM Simulations (PLUTO)
Au+Au |s,,=4.93 GeV (0-5%)
= — Ny B
Pgean = 12 A GeVic T
GEANT4 R Tty 3

—— Cocktail sum ]

1071k

07020406 08 1 12 14
M,, (GeV/c?)

Figure 1: The invariant mass distribution of LMVM cock-

tail via di-muon channel at /syy = 4.93 GeV from

PLUTO event generator.

MuCh LMVM setup is used which consists of four hadron
absorbers of thicknesses 58 cm (28 cm Graphite + 30 cm
Concrete), 20 cm (Iron), 20 cm (Iron) and 30 cm (Iron) re-
spectively. The detector stations each having three layers

L L B e e
CBM Simulations (Reconstructed) == ﬁ‘iﬂ:}:" su
Au+Au (s =4.93 GeV (0-5%) — W
Pgean = 12 A GeVic o

T 12 14
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Figure 2: The reconstructed invariant mass distri-
bution of LMVM cocktail via di-muon channel at
VSNN =4.93 GeV.

of tracking detectors are placed in between the absorbers.
The Gas Electron Multiplier (GEM) like detectors are im-
plemented in the GEANT simulation for the first two sta-
tions of MuCh and Resistive Plate Chamber (RPC) like
detectors are implemented in the last two stations. The
PLUTO event generator is used to model the phase space

decay of vector mesons [1]. The UrQMD event generator
is employed to estimate the background contribution. Ac-
cording to the thermal fireball model used in the PLUTO
event generator, vector mesons are generated with a ther-
mal transverse mass (mr) and a Gaussian rapidity spectrum
and decay isotropically into dileptons. To generate the in-
put signals, only two input parameters namely beam energy

and temperature of the system are provided. For the afore-
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Figure 3: Signal to background ratio as a function of di-

muon invariant mass.
mentioned system, the input parameter values are beam en-

ergy: 12.04 A GeV and temperature: 130 MeV. The in-
put LMVM cocktail distribution from PLUTO is shown in
Fig. 1. For each dimuon source, 1 million events are sim-
ulated. A set of track quality cuts are applied to select the
muon track candidates. A reconstructed global track hav-
ing STS hit > 7, MuCh hit > 11, TRD hit > 1, TOF hit > 1,
XVvprrex < 20, X§rs < 18and xi ,c, < 40is
considered as a valid muon track candidate. The signal is
extracted from the embedded set of events using the Monte
Carlo (MC)particle identity. The reconstructed spectra are
shown in Fig. 2. The combinatorial background is calcu-
lated using Super Event (SE) technique. In Fig. 3, the sig-
nal to background ratio is shown as a function of invariant
mass. The signal peaks are well below the combinatorial
background and therefore a precise estimation of the com-
binatorial background is essential for the extraction of the
signals. For a foreseen nominal interaction rate of 100 kHz,
the beam time required to obtain the dimuon spectrum as
shown in Fig. 2 (black marker) is ~ 1 minute of the beam
on target.
Acknowledgements
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Reconstruction of di-muons with the low energy setup of MuCh

S. Chatterjee', P. P. Bhaduri*, and S. Chattopadhyay®
' Department of Physics, Bose Institute, Kolkata, India; >Variable Energy Cyclotron Centre, Kolkata, India

Muon Chamber (MuCh) sub-system of the Compressed
Baryonic Matter (CBM) experiment at FAIR SIS100, ded-
icatedly designed for dimuon measurements, consists of
several hadron absorbers and a triplet of gas detectors
called stations placed in between the absorbers [1]. The

T

Figure 1: The low energy setup of MuCh; Left: Three ab-
sorbers and two detector stations (configuration a), Right:
Three absorbers and three detector stations (configura-
tion b).

standard MuCh setup optimized via simulation, is made of
four hadron absorbers of thicknesses 58 cm, 20 cm, 20 cm
and 30 cm respectively for LMVM detection at SIS100 en-
ergies. The first absorber, composite in nature, is made up
of Concrete (30 cm) and Graphite (28 cm) while the rest
of the absorbers are made up of Iron [2]. An additional
100 cm thick Iron absorber is foreseen for the J/1) detection
setup [3]. The triplet of detector stations are placed in be-
tween the absorbers. In the simulation, the first two detec-
tor stations are made up of Gas Electron Multiplier (GEM)
like detectors and the last two detector stations are made up
of Resistive Plate Chamber (RPC) like detectors [4, 5].

Configuration | Cut on detector hits Cuton x2/Ndf

STS hits > 7 X2 prrex < L8

a MuCh hits > 5 Xarg < 1.7
TRD hits > 1 Crucn < 3.1
TOF hits > 1
STS hits > 7 X3 prrex < 1.8

b MuCh hits > 8 Xors < 1.7
TRD hits > 1 Croon < 3.1
TOF hits > 1

Table 1: Cuts on detector hits and x2/Ndf of the recon-
structed global tracks to select the muon track candidates.

The aforesaid LMVM setup is not suitable for the detec-
tion of di-muons at low beam momenta (< 4.0 A GeV/c)
due to the possibility of those soft muons completely get-
ting stopped inside the hadron absorbers. In order to recon-
struct the muon pairs at low beam momenta, a truncated
version of MuCh, which consists of three MuCh absorbers
and two detector stations, is proposed [6]. In this report, an-
other variant of the MuCh low energy version is discussed
which consist of three MuCh absorbers and three detectors
(2 GEM + 1 RPC) layer. The two different configurations
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Figure 2: Invariant mass distribution; Top: configuration a
and Bottom: configuration b.

are shown in Fig. 1. The reconstruction performance of the
di-muon is investigated using the APR20 version of CBM-
ROQOT for central Au+Au collision at beam momentum of
2 A GeV/c with GEANT3 as the transport engine. The
magnetic field is scaled to 50% of its maximum strength
to make sure that the beam hits the iron dump. A detailed
study regarding the magnetic field scaling as a function of
the beam energy is available in Ref. [7]. The signal (w)
is taken from the PLUTO event generator and embedded
in the background taken from the UrQMD event generator.
One w (— ptu™) is embedded per event into the back-
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Figure 3: Efficiency xacceptance corrected spectra; Top:
rapidity (Y) distribution and Bottom: transverse momen-
tum (pr) distribution.

ground. The muon track candidate selection criterion are
summarised in table 1. Apart from the hit and x2/Ndf
cuts, an additional 3¢ cut on the reconstructed TOF mass
is applied to reduce the combinatorial background. The in-
variant mass distributions of w with the two different con-
figurations (configuration a & configuration b) are shown
in Fig. 2. It is found that with the inclusion of the third de-
tector station both the reconstruction efficiency and signal
to background ratio improves. The efficiency xacceptance
corrected spectra (Y-pr) is shown in Fig. 3. After the cor-
rection, the corrected spectra matches well with the ac-
cepted spectra.

This study will also be repeated with the realistic beam
momenta foreseen at SIS100 and also with the GEANT4
transport engine.
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Di-muon combinatorial background estimation using different techniques

S. Chatterjee', P. P. Bhaduri*, and S. Chattopadhyay®
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In this report, different techniques for the di-muon com-
binatorial background estimation are discussed. Four dif-
ferent methods as available in the literature, namely, su-
per event method, mixed event method, like-sign method
and event by event method are employed for this pur-
pose. The goal of this exercise is to precisely model
the shape of the combinatorial background for dimuon
measurements at SIS100 heavy-ion collisions and estimate
the related systematics. Due to the very small branching
ratiox multiplicity values of the different physical sources
at FAIR, the signal peaks are well below the di-muon com-
binatorial background. Therefore a precise understanding
of the background distribution is very crucial to extract
the signal yields from the measured raw p™ ™~ spectra.
The weak decays of pion and kaon are one of the major
sources of the combinatorial background. For our present
investigation, the combinatorial background is calculated
for 0-10% central Au+Au collisions at beam momentum
of 12 A GeV/c and with GEANT4 as the transport en-
gine. The APR21 release of CBMROQOT software is used
for this study. The super event method is the default tech-

super event technique

1/Nqyen AN/AM,,, (GeV/c?yt
5] 5 5

=
S
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Figure 1: Invariant mass distribution using super event
technique.

nique available within CBMROOT software to estimate the
combinatorial background for dilepton simulation. In this
method, one muon track candidate is combined with all the
other oppositely charged muon track candidates of all the
events, to calculate the uncorrelated invariant mass distri-
bution as shown in Fig 1. The advantage of using the super
event technique is that due to the large combination of the
muon pairs, the statistical uncertainties associated with the
large mass bins are rather small. However, this method is
not realistic because the event information is restored at the
time of combining the muon track candidates. Also, the
method is suitable for purely central collisions, where all
the events have nearly the same track multiplicities.

Mixed event technique
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Figure 2: Invariant mass distribution using mixed event
technique.

In the mixed event technique, an artificial pool of events
are created having similar multiplicities or in other words,
the events having similar impact parameters. Since in this
current investigation all events are of 0-10% central Au+Au
collisions, hence an event pool is created by using some
randomly chosen mutually exclusive events. Within the
pool, the oppositely charged muon track candidates are
combined with each other to calculate the combinatorial
background. The mixed event technique is more realis-
tic as compared to that of the super event technique. The
combinatorial pair mass spectra calculated using the mixed
event technique is shown in Fig. 2. In the event by event

Event by event analysis
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Figure 3: Invariant mass distribution using mixed event
technique.

analysis, the oppositely charged muon track candidates are
combined with each other within the same event. This is
the most general and realistic way to calculate the combi-
natorial background in any raw data analysis. The main
disadvantage of this method is that it requires huge statis-
tics as compared to the above-mentioned methods to have
comparable statistical uncertainties at the respective mass
bins. The invariant mass distribution using the event by
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event analysis is shown in Fig. 3.

Like-sign method
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Figure 4: Invariant mass distribution using like-sign

method.

The like-sign method had been extensively used in
dimuon analysis by the NA50, NA60 experiments [1, 2]
at CERN-SPS. In this method, the combinatorial back-
ground is calculated by taking the combination of like-sign
pairs within the same events. After combining the like-
sign pairs, the, unlike sign combinatorial background, is
expressed as N* 1~ (BG) = 2V N T Ne~r~_ The
distribution of the combinatorial background calculated us-
ing the like-sign method is shown in Fig. 4. For a compar-

Like-sign method
Event by event analysis
Mixed event technique

Super event technique

1/Nqyen AN/AM,,, (GeV/c?)?

.a
S,

S E N N i il
M, (GeVic?)

Figure 5: Invariant mass distribution using different tech-

niques.

ative study, the distribution of combinatorial background
calculated using different techniques as discussed above is
shown in Fig. 5. The investigation related to the different
techniques to reduce the combinatorial background and ex-
traction of dimuon signal is ongoing and will be reported

in the near future.
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Energy dependence of hyperon production in Au-Au collisions at FAIR
energies

B. Towseef *!, M. Farooq', S. Ahmad', B. Waseem', and A. Ahmad"
"Dept. of Physics, University of Kashmir, Srinagar, India

Heavy-Ion collisions provide us an experimental tool to

investigate the strongly interacting matter at extreme tem-
peratures and densities. Under such extreme conditions
the creation of a quark gluon plasma (QGP) is expected.
In a QGP phase the quark gluon confinemet in hadrons is
removed and therefore these quarks and gluons can exist
as quasi-free particles in an extended region of space-time.
One of the proposed signatures of a phase transition from
nuclear matter to a deconfined quark gluon plasma phase
is the enhancement of strangeness production in A+A rel-
ative to p+p collisions[1]. The yields and distributions of
strange hyperons are therefore of great interest as a sign of
strange quark production. It is expected that the QGP phase
should reflect a high strange (anti)quark density[2]. Mul-
tistrange (anti)baryons, due to their strange quark content
are expected to be a more sensitive probe of the QGP phase
than single strange hadrons.
The energy dependence of the yields of strange parti-
cles and the ratio of yields of strange particles in central
Au+Au collisions are investigated at Fj,; enegries from 4-
35 GeV/A. The analysis is done using the particles pro-
duced in the mid-rapidity region(A : |y| < 0.4, = and
Q : |y| < 0.5) by UrQMD model, HSD and pHSD model.
The average multiplicities of Q~, =~ and A° and their anti-
particles are plotted as function of beam energy in figure 1
and 2 respectively. Whereas their ratios (anti-baryons B /
baryons B) in figure 3.
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Figure 1: The average yields of A?, 2=, and Q~ in central Au+Au
collisions as a function of beam energy, obtained from pHSD, HSD, and
UrQMD models. The symbols are the data from NA49[3] and NAS57[4]
experiments.

All models reproduce reasonably well the average yields
of A° hyperons, but underestimate the average yields of
multi-strange hyperons. The pHSD model overestimates
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Figure 2: The average yields of A?, =+, and Q7 in central Au+Au
collisions as a function of beam energy, obtained from pHSD, HSD, and
UrQMD models. The symbols are the data from NA49[3] and NAS57[4]
experiments.
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Figure 3: The A/A, =+ /=, and O /Q~ ratios around mid-rapidity
in central Au+Au collisions as a function of beam energy, obtained from
pHSD, HSD, and UrQMD models. The symbols are the data from
NA49[3] and NA57[4] experiments.

the average yields of =+ and Q, and describes A fairly
well. The A°, =, and Q7 data points and their ratios are
reproduced suitably well by HSD model. Whereas UrQMD
model significantly underestimates the average yields of
anti-hyperons and also their ratios.
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Study of ¢ meson using HSD and PHSD model

B. Waseem *', M. Farooq', S. Ahmad', B. Towseef', and Arshad Ahmad"
1University Of Kashmir, Srinagar (190006), India

The CBM experiment is a future fixed target experiment
designed to operate at very high interaction rates up to 10
MHz for selected observables. The high-intensity beams
with a high-rate detector system in combination with suffi-
cient beam time provides a unique conditions for a compre-
hensive study of QCD matter at very high net baryon densi-
ties achievable in the laboratory. Strangeness enhancement,
one of the observable, is one of the important signatures
of the QGP that we have studied through ¢-meson con-
taining (s5). ¢ meson can be extracted through di-leptonic
channel ( branching ratio for e* e~ =2.97 x10~* and p*
u~ = 2.86 x 107*) or di-hadronic channel K+ K~ with
a branching ratio of 49.2%. ¢-meson (s3) has a very small
cross-section of interaction and longer lifetime . Hence, it
escapes early without interacting the medium and preserves
the information about the conditions in which mesons were
produced.
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Figure 1: Invariant mass of ¢ meson reconstructed from
K™K~ in central Au + Au collisions by PHSD model at
25 A GeV Lab energy.

We have studied the ¢ meson using both Hadron-String-
Dynamics (HSD) and Parton-Hadron-String Dynamics
(PHSD) transport models. HSD is a microscopic trans-
port approach which is governed by the off-shell dy-
namics with incorporated self-energies for the hadronic
degrees-of-freedom. It includes the baryon octet and de-
couplet, the 0"and 1~ meson nonets as well as higher res-
onances. While as PHSD incorporates both partonic and
hadronic degrees-of-freedom as well as the transition from
the hadronic to the partonic phase, the QGP phase in terms
of strongly interacting quasiparticles with further dynami-
cal hadronization and final hadronic interactions in the late
stage.

*W.Bhat@gsi.de

We have simulated 5 million events of central Au + Au col-
lisions from PHSD model at E lab 6 - 40 A GeV. Recon-
struction of ¢ mesons has been done from K+ K~ decay
channel within the mid-rapidity (|]Y| < 1). Same-event
techinique has been used for signal extraction. The com-
binatorial background formed from uncorrelated K™K~
kaon pairs has been reconstructed by same-event technique
where like sign kaon pairs from each event are combined.
Fig. 1 shows unlike sign signal candidates over like sign
background after proper normalization, with ¢ meson sig-
nal on the top. Then the ¢ meson signal extraction is
done by subtracting the combinatorial background and fit-
ted with Breit Wigner function.

¢-meson yield have been extracted from the Breit Wigner
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Figure 2: Energy dependance of yield at various FAIR en-
ergies within the rapidity cut of |Y| < 1 in central Au + Au
collisions.

fit from HSD as well as PHSD model and then plotted with
different energies and shown in Fig. 2. Increase in the ¢-
meson yield with energy can be seen clearly, as expected.
We also studied the effect of Pt on the ¢ meson yield as
shown in Fig. 3. Yield of ¢ meson is maximum around 0.5
GeVle.
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Figure 3: The invariant yield of ¢ mesons as a function of
Pt measured within the rapidity cut of |Y'| < 1 for central
Au+Au collisions at 25 A GeV.
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Achievements of the mCBM beam campaign 2021

C. Sturm' and N. Herrmann

2

!GSI, Darmstadt, Germany; 2Ruprecht-Karls-Universitit Heidelberg, Germany

The CBM full-system test-setup named mCBM @SIS18
(short “mCBM?”) was set up 2017/2018 at the detector test
area HTD of the SIS18 facility of GSI. The primary aim of
the mCBM setup is to commission and optimize the com-
plex interplay of the different detector systems with the
triggerless-streaming data acquisition and the fast online
event reconstruction and selection. In particular, it allows
testing of the detector and electronics components devel-
oped for the CBM experiment as well as the corresponding
online/offline software packages under realistic experiment
conditions up to the top CBM interaction rates of 10 MHz.

During the mCBM beam campaign 2021 high-rate tests
with nucleus-nucleus collisions for various detector sub-
systems could be performed, benefiting substantially from
high beam intensities available at the SIS18 of GSI/FAIR.
Major effort was put on the upgrade of the DAQ/data
transport system to the final CBM configuration integrat-
ing the new Common Readout Interface (CRI). Hence,
the FPGA firmware for each detector subsystem has been
newly developed as well as a new Timing and Fast Control
system (TFC). A first commissioning run for the planned
benchmark campaign in 2022 could be taken in O + Ni col-
lisions at 2.0 AGeV kinetic bombarding energy, running at
approx. 1 MHz collision rate.

The Setup

As depicted in Figure 1, the mCBM experiment is po-
sitioned downstream a solid target under a polar angle of
about 25° with respect to the primary beam towards a beam
dump located 7m downstream at the south end of the ex-
perimental arca. mCBM does not comprise a magnetic
field, and, therefore, measures charged particles produced
in nucleus-nucleus collisions traversing the detector sta-
tions under straight trajectories. The mCBM setup includes
detector stations of all CBM subsystems. For the 2021
campaign the GEM stations for the MUCH system could
not be upgraded due to pandemic travel restrictions and
hence, the MUCH detector was not mounted. The photo-
graph of Figure 1 shows the 2021 setup, the lower panel of
Figure 1 depicts the top view of the corresponding GEANT
geometry.

As visible in Figure 1 the mCBM experiment for the
2021 beam campaign comprised of:

o the STS subsystem which was fully equipped with
2 stations, 5 STS ladders, respectively,

o the 2 large TRD stations which were complemented

with 2 detectors for the inner TRD region (TRD-2D),

e the TOF subsystem consisting of 6 modules was
grouped into two stacks; the TOF mainframe was
moved and rotated closer to the optical beam axis po-
sitioning the inner stack at a center polar emission an-
gle of 12.5° and the outer stack at 25.0°; RPC counters
under test were placed for high-rate tests in between
the TOF modules of the inner stack,

e the RICH subsystem using 2x aerogel radiators was
placed directly behind the TOF detector and delivers
a second measurement of the particle velocity in a se-
lected acceptance window,

e and a single PSD prototype-module positioned di-
rectly under the optical axis of the beam, 5° tilted rel-
ative to the beam axis while pointing to the target (not
visible at the photograph of Figure 1).

Furthermore, the vacuum system of the mCBM experiment
has been completed with an Aluminum beam pipe. The fast
and segmented diamond counter for time-zero (Tg) deter-
mination positioned 20 cm upstream of the target has been
used during the high-rate tests using the former AFCK-
based data transport, but could not be included into the new
CRI-based data transport (see chapter ).

For tests in high-rate nucleus-nucleus collisions the TOF
mainframe was moved and rotated towards smaller polar
emission angles, significantly enhancing the charged par-
ticle rate observed at the inner TOF stack. Hence, RPC
counters under test were placed in between the TOF mod-
ules of the inner TOF stack. Furthermore, MIMOSIS-I sen-
sors for the MVD, LGAD sensors for the beam monitoring
system as well as STS front-end electronics were placed
directly on the beam axis, in front of the SEM-grid beam
counter, upstream of the mCBM beamdump (not visible in
Figure 1).

The DAQ/data transport as well as the detector subsys-
tems were remotely controlled by VNCs while the commu-
nication was granted by permanent Zoom rooms. During
shifts, the mCBM experiment could thus be operated prop-
erly with a small team of 4 to 6 persons on-site and about
20 experts word-wide connected remotely.

DAQ/data transport

The CBM experiment at FAIR will measure relativis-
tic nucleus-nucleus collisions with collision rates up to
10 MHz leading to data rates up to 1 TB per second. To
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The mCBM exp fﬁ%ent "

top view
mCBM 2021

Figure 1: Photograph of the mCBM setup inside the HTD cave and GEANT geometry (lower panel) of the mCBM setup
as of June 2021. The beam enters from the right.
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Figure 2: The CBM DAQ and data transport system based on CRIs, applied to the mCBM experiment.

achieve the required performance a triggerless-streaming
data acquisition system is being developed. For the mCBM
beam campaign 2021 the major effort was put on the up-
grade of the DAQ system to the final CBM configuration by
merging two FPGA layers (DPB and FLIB) into a Common
Readout Interface (CRI). The CBM DAQ and data trans-
port system as it is used in the mCBM setup is depicted in
Fig. 2.

It includes ultra-fast and radiation-tolerant ASICs as
front-end chips followed by CERN GBTx-based radiation-
tolerant data aggregation units. The detector front-end dig-
itizes signals above threshold and assigns a time stamp to
the hit. By a Timing and Fast Control (TFC) system the de-
tector front-ends are time-synchronized to the nanosecond
level. This data is then forwarded via an electrical connec-
tion to the GBTx readout board, where the electrical signals
acquired through a large number of e-links are converted
and merged into an optical GBT link operating at a link
speed of 4.48 Gbit/s. These GBT links interface the detec-
tor subsystems with the PCle-based CRI boards integrated
in the FLES input nodes. The present CRI version (v1.0,
”BNL-712”) has been developed by BNL and is based on
the XILINX Kintex UltraScale FPGA. The required, new
FPGA firmware [18] has been developed in Q3-2020 - Q2-
2021 for each detector subsystem as well as for the Tim-
ing and Fast Control system (TFC) [21],[20]. Merging of
two FPGA layers (DPB and FLIB) into a single FPGA CRI
board required the development of a new FLES Interface
Module (FLIM) [19]. Furthermore, a scalable Experiment
Control System (ECS) has been embedded in the upgraded
DAQ and data transport system.

Results

During the mCBM campaign 2021 various beams could
be used benefiting substantially from the highest available
beam intensities. The used ion species with the correspond-
ing kinetic project energies as well as highest beam inten-
sities are listed in Table 1.

max.
2021 projectile Eyin beam intensity
per spill (10s)
March | 2%%Pb(67+) | 1.06 AGeV 2:10°
May 124%e(46+) | 1.30 AGeV 3-10°
June 160(84) | 2.00 AGeV 1-1010

Table 1: mCBM high-rate tests in 2021.

High-rate tests

Systematic high-rate tests in nucleus-nucleus collisions
with collision rates up to 10 MHz were performed inves-
tigating the TOF RPC rate capability and if aging of the
RPCs is observed at the highest collision rates, the bit-flip
and latch-up probability of the MVD MIMOSIS-I sensor
as well as of the front-end ASIC of the STS system (FEE
STS-XYTER v2.2). Additionally, first tests on the rate ca-
pability of LGAD sensors presumably suited for the CBM
beam monitor system could be conducted. The beam tests
indicate a remarkable radiation tolerance of all tested com-
ponents.

Fig. 3 shows the TOF RPC efficiency (left figure) and
the time resolution of the RPCs (right figure) as a func-
tion of the observed counting rate [16]. The efficiency de-
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Figure 3: Upper panel: TOF RPC efficiency (HV: +/-6 kV,
200 mV FEE threshold) and time resolution as a function
of counting rate (lower figure), see [16].

grades only slightly with the counting rate. The time res-
olution reduces to the measured 70 ps for the system and
52 ps for single counters at the highest counting rates of
about 25 kHz/cm? showing still a sound performance. It is
worth mentioning that the time distribution remains Gaus-
sian shape at the highest counting rates.

The first full-sized sensor prototype MIMOSIS-I for the
Micro Vertex Detector (MVD) was placed in front of the
mCBM beam dump, being directly exposed by the ion
beam under various beam intensities. The tests were per-
formed to simulate the beam halo during CBM experiments
at the SIS100 [11]. During the beam tests it has been ob-
served that the bit-flip protection did not perform as ex-
pected. The so identified design bug will be fixed in the
next generation MIMOSIS-II. Furthermore, the observed
bit-flip probability exceeds the measured single event latch-
up probability substantially, while the sensor under test tol-
erated latch-ups without being permanently damaged. Ad-
ditionally, the sensor under test passed without apparent
damage the exposure with direct Xe beam at the highest
beam intensity simulating direct beam impact events.

Similar to the MVD MIMOSIS-I sensor tests, the front-
end ASIC of the STS system STS-XYTERv2.2, mounted
on a front-end board, was exposed by direct Pb beam

FAIR Phase-0 Activities

with different beam intensities while placed in front of the
mCBM beam dump [12]. Up to 107 Pb ion per second
on the ASIC no Latch-Up Transitions (LUTs) were ob-
served. At higher beam intensities the LUT related cur-
rent increased, and at the highest beam intensities LUTs
became frequent, but without showing severe damages.
Power cycling returned the measured current to the origi-
nal value. With the estimated LUT probability of of approx.
6 x 1071 per Pb ion no remarkable risk is expected for the
operation of the CBM STS since the front-end boards with
mounted ASICs will be positioned outside the detector ac-
ceptance with large distance to the primary beam. Further-
more, permanent damages by LUTs could not be observed
and can be circumvented while detected quick enough.

Commissioning run for the benchmark
measurements in 2022

The new DAQ hardware and 1°¢ firm- and software ver-
sions for the new DAQ system and data transport were
successfully tested during the '60O-beam block in July
2021. O+Ni collisions at 2.0 AGeV kinetic bombarding
energy were measured with max. 1MHz collision rate
as a first commissioning run (run 1588) for the planned
benchmark campaign on A production in 2022. As a
key requirement of a triggerless-streaming DAQ system,
the CRI branches of all detector subsystems were stably
synchronized over the full run period. Hence, a stable
timing of the front-end electronics of all detector subsys-
tems could be observed within the expected time resolu-
tion as it is visible in Figure4. Here, all time differences
time diff = (tsubsystem — tror) are displayed within
the given time window measured by the STS, TRD, PSD
and RICH detector subsystem with respect to the time of
the TOF system. The measured time results from time
stamps assigned to the raw hit messages by their front-end
ASICs, converted into digis with unit [ns] during the un-
packing stage of the data analysis. Individual time offsets
of the subsystems are corrected during the unpacking stage,
no detailed time calibration procedures were applied. As
observed, the subsystem time offsets remain constant dur-
ing the run as well as between runs.

Supplementary to the correlation in time, correlations of
spatial coordinates between detector stations are presented
in Fig.5 [13] and Fig. 6 [15]. Fig.5 shows spatial corre-
lations between both STS stations STSO and STS 1 (left
figures), between STS stations and TOF modules (right
figures), and Fig. 6 between TOF-STS interpolations with
TRD detectors, left: TRD1D and right: TRD2D.

First data-driven alignment studies have been performed
correcting the position of the STS stations in respect to the
target [13] as well as of TOF in respect to STS and tar-
get [17]. Both are based on forming tracklets projecting to
the target, either using both STS stations [13] or in a row
stacked modules of the TOF wall involving the position
of the STS units [17]. While doing so, the reconstruction
of the vertex turned out to be a suitable tool, being sensi-
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Figure 4: Stable timing: time difference measured by the detector subsystems in respect to the TOF system.
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Figure 7: Vertex reconstruction after a first alignment by correcting the position of the STS stations in respect to the target
[13] (left) as well as of TOF in respect to STS and target [17] (right figure).

tive to x and y as well as z-shifts of the detector units and
stations. The resulting vertex reconstruction is shown in
Fig.7. The dimension of the reconstructed vertex matches
reasonably with the beam spot measured on the scintillation
target of the beam diagnostics station, upstream in front of
the mCBM target chamber.

A first, preliminary CBM data analysis chain is being
developed. As a first step, the raw data messages packed
and compressed in tsa files are being unpacked by an
unified unpacking scheme separating the framework from
the algorithmic part [22]. Accordingly, the subsystem-
specific unpacking converts the raw data messages into
CbmbDigiEvents (Digi classes) within this common archi-
tecture, applying additionally individual subsystem time-
offset corrections as well as involving the detector channel
mapping and (partially) first calibration steps of the corre-
sponding detector subsystem.

After data unpacking, a first, simplified event building
is performed based on a time-cluster-search within a time
window defined by the timing response of a reference de-
tector system [23]. The digi-times of the reference detector
are then taken as seeds for setting the time windows of the
detector systems by adapting the window width according
to the corresponding timing response. Found event candi-
dates are further filtered by digi-based trigger conditions
[24], [25] cutting e.g. on digi-multiplicities of selected
detector stations or it’s combinations. For mCBM data
taken during the benchmark commissioning run O+ Ni at
2.0 AGeV in July 2021 the trigger condition of the event
candidate selection requests Mro r gigi > 6.

Subsequently, detector hits are reconstructed by the
subsystem specific hit finding algorithms applied to digi
events. Reconstructed hits have been used for spatial cor-
relations shown in Fig. 5 and Fig. 6 as well as for the ver-
tex reconstruction displayed in Fig.7. Furthermore, TOF
tracklets are formed based on reconstructed TOF hits using
both active layer of the TOF configuration included into
the new CRI readout in July 2021. TOF tracklets have

been used e.g. to project onto the STS detector planes
towards the target for efficiency studies of the STS [13]
or for investigations on the alignment of detector stations
[17]. The well-developed and investigated CBM track re-
construction algorithm Cellular Automaton Tracking (CA)
has been adapted for application on mCBM simulations
and experiment data [26]. Moreover, the flexibility of the
track reconstruction approach could be expanded signifi-
cantly by a standardized interface. Hence, the CA tracker
can be applied soon to real mCBM data, enhancing the se-
lection power especially for heavy collision systems which
are scheduled for the beam campaign 2022.
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First data driven alignment studies of the mCBM setup*

A. Weber'!, C. Sturm?, and C. Héhne'?

JLU, GieBen, Germany;

Introduction

The mCBM 2021 beamtime campaign marked the tran-
sition from phase-I to phase-II of the mCBM experiment.
The upgraded DAQ with its CRI based readout chain was
tested for the first time. Data was taken with O+Ni at
2.0 AGeV. Using the “golden” run 1588, first data driven
studies of the alignment of the mCBM system were done.
For the first studies, the alignment focusses on the mSTS
and mTOF detector to achieve the long term goal of a topol-
ogy cut based A reconstruction.

The Concept

The mSTS detector in run 1588 consists of two stations.

Station 0 is build from two units, here referred to as unit 0
and unit 1. The second station consists of one unit, referred
to as unit 2. In case of the TOF detector, only 2 modules
were available. Each of them consists out of 5 counters in
a configuration with slight overlap.
In order to align the mSTS and mTOF, the analysis
focusses on the hits from both detectors. The raw data
of run 1588 was unpacked with the standard parame-
ters for STS and parameter-set 2 for TOF. The applied
reconstruction macro includes event building as well as
the hit construction, including a calibration of the TOF
hits. The analysis is based on the mCBM geometry setup
mcbm_beam_2021_07_surveyed.

The alignment is based on an iterative method that for
now is executed by hand. An automation is possible, but
was not used due to a lack of reliable termination condi-
tions. In STS, residuals from a hit in station 1 and a hit in
station 0 are calculated. Due to the lack of a magnetic field,
both hits form a linear track. By extrapolating the track
and scanning for the minimum width of the 2-dimensional
distribution of the extrapolated tracks, the best target spot
can be explored. The position of the best target spot is an
important reference for the Z-alignment of the STS. Unfor-
tunately, very small uncertainties in the X and Y location
of the two units in station 0 have a huge influence on the
correctness of the extrapolated Z position of the vertex.

Based on the pre-alignment of the STS units, the TOF
can be further aligned. The alignment is based on the cal-
culation of residuals between all counters in the TOF de-

*Work supported by BMBF (05P19RGFCA, 05P21RGFC1) and
Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF), GSI
Helmbholtzzentrum fiir Schwerionenforschung, Campus Gief3en.

T adrian.a.weber@exp2.physik.uni-giessen.de

2GSI, Darmstadt, Germany

tector and all units in the STS. A hit in a counter of TOF is
chosen. A simple linear track is formed by the assumption
of a virtual vertex point. The position of the vertex point
is given by the best vertex reconstructed by STS only. The
TOF hit is extrapolated along this simple linear track to the
Z-positions of the three units in STS. In each station, the
closest hits from STS to the extrapolated TOF hit are se-
lected and the residuals are calculated (see Fig. 1).

By comparing the 2D residual histograms of the 5 coun-
ters in the two TOF modules, different information can be
extracted. For example the trend of the residual position in
different counters of one TOF module can show the mis-
aligned of this module, but also a rotation of the full TOF
detector. The comparison of all 10 TOF counters to the
different STS units is helpful. Differences of the residuals
between units are used to extract the overall positioning of
the TOF in Z but also its rotation around the Y-axis.

Based on the investigation of all combinations of resid-
uals from TOF counters to STS units, corrections on the
geometry were extracted. The corrections are translated
to correction matrices for the cbmroot geometries and
applied on the reconstruction stage. This process is
then repeated in iterating the corrections a “best set” of
correction values is found.

In addition to the residuals, also a pseudo tracking be-
tween STS and TOF has been implemented. A pseudo
track is defined by the selection of a hit in the most down-
stream TOF module. In the TOF Module closer to the tar-
get, a second hit is required. Furthermore, a hit in both STS
stations is required. By a linear fit of the four data points in
space, the track parameters are extracted. In order to accept
a pseudo track, a cut on a small Chi2 is applied. Based on
the accepted tracks, the determination of the best possible
vertex position in Z, based on STS and TOF, is possible.

Unfortunately the overall measurements of the detector
positions in reality is not very precise and difficult. The

Detector ‘ X ‘ Y ‘ Z ‘ rot. Y
full STS 0.275 | -0.89 | -0.5 0.
STS unit 0 0.0 | 0.045 | 0.0 0.
STS unit 1 | -0.04 0.06 | 0.0 0.
STS unit 2 00| -0.11 | 0.0 0.
full TOF 085 | -1.05 | 0.0 0.5

Table 1: Alignment corrections for STS, STS units and the
TOF detector in cm. X,Y,Z are translations in space. Rot.
Y is a rotation around the Y axis.
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Figure 1: Residuals calculated by hits from all TOF counters to the three different STS units, unit O to unit 2 from left to

right.

constraints on the movements of the cbmroot geometry for
the data driven alignment are therefore relaxed. This gives
too much freedom for possible alignments and is extremely
challenging. An automated procedure would find several
minima and the termination of the process finding the best
result would not be trivial.

Results

Figure 1 shows the extracted residuals separately for the
three units of STS. Furthermore, figure 2 shows the sum
of all 3 units with a zoom into the center. Both figures
show an undistorted shape of the residual distribution. The
applied alignment correction, shown in table 1, leads to
reasonably good results in terms of the peak position close
to the center as well as the precision. For all units the
results are better than 0.7+1.8 mm, in X and Y. A detailed
look into the individually extracted residuals between TOF
counters and units also supports this result.

The previously introduced pseudo tracks are used to
check for the extrapolated vertex position versus the result
from STS alone. By the use of the corrections of table 1, the
best vertex could be reconstructed at Z=0 cm with a center
at 0.00£0.15 cm in X and Y (compare figure 3). The po-
sitioning of the best vertex at the origin of the geometry
validates the applied corrections.

o
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Figure 2: Residuals calculated by hits from all TOF coun-
ters and all STS units.
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Figure 3: Best extrapolated target position by the use of
pseudo tracks, constructed from 2 TOF hits and 2 STS hits.
The vertex is determined to be at Z=0 cm.
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O. Golosov for the CBM Collaboration
Data-Driven Methods for Spectator Symmetry Plane Estimation in CBM Experiment at FAIR
Particles 4 (2021) 354

E. Guber, M. Golubeva, A. Ivashkin and S.Morozov

Synergy in the Development of Forward Hadron Calorimeters for NA61/SHINE, BM@N, MPD and
CBM Experiments

Act. Phys. Pol. B Proc. Suppl. 14 (2021) 563

V. Klochkov for the CBM Collaboration
The Compressed Baryonic Matter Experiment at FAIR
Nucl. Phys. A 1005 (2021) 121945

A. Kumar et al.

Commissioning and testing of pre-series triple GEM prototypes for CBM-MuCh in the mCBM exper-
iment at the SIS18 facility of GSI

JINST 16 (2021) P09002

M. Kuttan et al.
An equation-of-state-meter for CBM using PointNet
JHEP 10 (2021) 184

M. Kuttan et al.
Deep Learning Based Impact Parameter Determination for the CBM Experiment
Particles 4 (2021) 47

M. Petris et al.

Performance of the MSMGRPC with the Highest Granularity of the CBM-TOF Wall in Cosmic Ray
Tests

Rom. J. Phys. 66 (2021) 3

A. Redelbach
Determination of inter-system timing for Mini-CBM in 2020
EPJ] Web Conf. 251 (2021) 04021

S. Samantha for the CBM Collaboration
Feasibility studies of conserved charge fluctuations in Au-Au collisions with CBM
Nucl. Phys. A 1005 (2021) 121896

A. Senger and P. Senger
Probing Dense QCD Matter: Muon Measurements with the CBM Experiment at FAIR
Particles 4 (2021) 205

P. Senger for the CBM Collaboration
Astrophysics with heavy-ion beams
Phys. Scr. 96 (2021) 054002

P. Senger
Heavy-Ion Collisions at FAIR-NICA Energies
Particles 4 (2021) 214
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e V.Singhal, S. Chatterjee, V. Friese and S.Chattopadhyay

Development and implementation of a time-based signal generation scheme for the muon chamber
simulation of the CBM experiment at FAIR
JINST 16 (2021) P08043

e W. Zabolotny, M. Guminski, M. Kruszewski and W.EJ. Miiller

Control and Diagnostics System Generator for Complex FPGA-Based Measurement Systems
Sensors 21 (2021) 7378

Doctoral, diploma, master and bachelor theses 2021

http://cbm-wiki.gsi.de/cgi-bin/view/Public/Thesis2021


http://cbm-wiki.gsi.de/cgi-bin/view/Public/Thesis2021

CBM Progress Report 2021 PhD Thesis Award

CBM PhD Awards 2020 /2021

The CBM PhD Award decorates the best doctoral work related to the CBM experiment. With this award, the
CBM collaboration especially wants to honour the contributions of students to the CBM project. The award
was granted for the first time at the CBM Collaboration Meeting in April 2016 for PhD theses defended in the
year 2015. It is given annually and is endowed with a prize money of 500 Euro.

The prize winner for 2020 is The prize winner for 2021 is
Dr Adrian Rodriguez Rodriguez Dr Dirk Hutter
Goethe-Universitit Frankfurt Goethe-Universitit Frankfurt
for his work on for his work on
The CBM Silicon Tracking System  An input interface for the CBM
front-end electronics — from bare first-level event selector

ASIC to detector characterization,
commissioning and performance
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Aligarh, India, Department of Physics, Aligarh Muslim University
N. Ahmad, M.D. Azmi, M.M. Khan, O. Singh

Beijing, China, Department of Engineering Physics, Tsinghua University

Zhi Deng, Dong Han, Yuanjing Li, Botan Wang, Yi Wang, Qiunan Zhang!, Xianglei Zhu

Berlin, Germany, Zuse Institute Berlin (ZIB)
A. Reinefeld, F. Salem, F. Schintke

Bhubaneswar, India, Institute of Physics
B. Mallick, PK. Sahu, S.K. Sahu

Bhubaneswar, India, National Institute of Science Education and Research (NISER)
V.K.S. Kashyap, B. Mohanty, R. Singh

Bucharest, Romania, Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH)
A. Bercuci, M. Petris, M. Petrovici, L. Radulescu, C. Schiaua

Bucharest, Romania, Atomic and Nuclear Physics Department, University of Bucharest
V. Baban, M. Cilin, A. Jipa, I. Lazanu, O. Ristea, N.G. Tuturas

Budapest, Hungary, E6tvos Lorand University (ELTE)

M. Csanad

Budapest, Hungary, Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics,
Hungarian Academy of Sciences

G. Balassa, Gy. Wolf

Chandigarh, India, Department of Physics, Panjab University

L. Kumar

Chongqing, China, Chongqing University
Liang-ming Pan, Qigi Wu, Wenxiong Zhou

Darmstadt, Germany, Facility for Antiproton and Ion Research in Europe GmbH (FAIR)

E. Clerkin, J. Eschke?, P. Gasik?, O. Keller, P-A. Loizeau, W.F]. Miiller, A. Rost’, A. Senger, P. Senger?,
D. Smith

Darmstadt, Germany, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH (GSI)

M. Al—Turany“, M. Bajdel, D. Bertini, O. Bertini, P. Dahm, H. Darwish?, H. Deppe, M. Deveaux?, A. Dubla,
I. Elizarov, D. Emschermann, H. Flemming, P. Foka, U. Frankenfeld, V. Friese, J. Frithauf, S. Gorbunov,
J. Hehner, ].M. Heuser, R. Holzmann, K. Ismail, R. Kapell, R. Karabowicz, I. Keshelashvili, M. Kis, K. Koch,
P. Koczon, F. Kornas®, D. Kresan, P. Kuhl, A. Lebedev®, J. Lehnert, S. Lochner, O. Lubynets4, A. Ly-
manets, O. Maragoto Rodriguez4,A.M. Marin Garcia, J. Markert, D. Miskowiec, T. Morhardt, F. Nickels,
J. Pietraszko, D. Ramirez*, D. Rodriguez Garces*, A. Rustamov, C.J. Schmidt, I. Selyuzhenkov, M. Shiroya4,
C. Simons, C. Sturm, M. Teklishyn6, J. Thaufelder, A. Toia*, M. Trager, M. Traxler, E. Uhlig, I. Vassiliev,
O. Vasylyev, R. Visinka, A. Wilms, S. Zharko, P. Zumbruch

Darmstadt, Germany, Institut fiir Kernphysik, Technische Universitidt Darmstadt
T. GalatyukZ, V. Kedych, W. Krueger, F. Seck

Dresden, Germany, Institut fiir Strahlenphysik, Helmholtz-Zentrum Dresden-Rossendorf (HZDR)
Xingming Fan'?, B. Kdmpfer!?, D. Stach

IThis list shows the collaboration members in 2021. The membership of all Russian institutes is meanwhile suspended.

236



CBM Progress Report 2021 Collaboration

e Dubna, Russia, Laboratory of Information Technologies, Joint Institute for Nuclear Research (JINR-
LIT)

P. Akishin, E. Akishina, E. Alexandrov, I. Alexandrov, S. Belogurov’, V. Ivanov’, A.V. Kryanev’
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o Heidelberg, Germany, Physikalisches Institut, Universitit Heidelberg
I. Deppner, D. Gottschalk, N. Herrmann?, R. Kolb, D.A. Miiller, E. Rubio, C. Simon, Y. Schngen, P. Wei-
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