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THE SILICON TRACKING
SYSTEM OF THE CBM EXPERIMENT AT FAIR

The Compressed Baryonic Matter (CBM) experiment at FAIR (Darmstadt, Germany) is de-
signed to study the dense nuclear matter in a fired target configuration with heavy ion beams up
to kinetic energies of 11 AGeV for Au+ Au collision. The charged particle tracking with below
2% momentum resolution will be performed by the Silicon Tracking System (STS) located in
the aperture of a dipole magnet. The detector will be able to reconstruct secondary decay ver-
tices of rare probes, e.g., multistrange hyperons, with 50 pm spatial resolution in the heavy-ion
collision environment with up to 1000 charged particle per inelastic interaction at the 10 MHz
collision rate. This task requires a highly granular fast detector with radiation tolerance enough
to withstand a particle fluence of up to 10" ncq/ch 1-MeV equivalent accumulated over sev-
eral years of operation. The system comprises 8 tracking stations based on double-sided silicon
microstrip sensors with 58 um pitch and strips oriented at 7.5° stereo angle. The analog
signals are read out via stacked microcables (up to 50 cm long) by the front-end electronics
based on the STS-XYTER ASIC with self-triggering architecture. Detector modules with this
structure will have a material budget between 0.8% and 1.5% radiation length increasing to-
wards the periphery. First detector modules and ladders built from pre-final components have
been operated in the demonstrator experiment mCBM at GSI-SIS18 (FAIR Phase-0) provid-
ing a test stand for the performance evaluation and system integration. The results of mSTS
detector commissioning and the performance in the beam will be presented.
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1. Introduction

A number of research centers worldwide carry out or
prepare research programs to shed light on the funda-
mental questions of the QCD physics, e.g., the origin
of the mass of hadrons, structure of neutron stars,
or evolution of the early Universe. They can be ad-
dressed in high-energy collisions of heavy nuclei in
which a fireball of hot and dense nuclear matter is
formed prior to the hadronization. The measurement
of heavy-ion collision products thus gives an experi-
mental access to the deconfined system of quarks and
gluons in a wide range of temperatures and baryon
densities. The Compressed Baryonic Matter (CBM)
experiment [1] at the Facility for Antiproton and Ion
Research (FAIR) is a fixed target spectrometer being
designed to measure multiple observables, including
rare probes, with statistics high enough to build mul-
tidifferential cross-sections.
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The measurement of particle yields, momentum
spectra, angular distributions, as well as fluctuations
and correlations of hadrons, requires a set of detectors
for the vertex reconstruction and tracking, particle
identification, and calorimetry. Thus, two detectors
located in the aperture of a superconducting dipole
magnet, a Micro-Vertex Detector (MVD) operating
in the vacuum closest to the target and a Silicon
Tracking System will provide the precise vertex recon-
struction and the momentum determination, respec-
tively. The detector composition further downstream
implements two configurations driven by the detec-
tion of charmed or strange particles and low-mass
vector mesons decaying into di-leptons. In elctron-
hadron configuration, a Ring Imaging Cherenkov
counter (RICH) and Transition Radiation Detector
(TRD) provide the electron identification and the
electron-pion separation. A time-of-flight system con-
sisting of resistive plate chambers (RPC) and a dia-
mond start counter will identify fast hadrons. Elect-
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Fig. 1. CBM detector in the muon and electron-hadron con-
figurations

target

Fig. 2. Conceptual design of the STS consisting of eight track-
ing stations
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Fig. 3. Close-up of corners of a prototype sensor produced by
Hamamatsu. Shown are strips on the p-side, oriented under a
stereo angle with respect to the n-side strips. The horizontal
lines are second-metal routing lines between short corner strips,
allowing to read out the full sensor area from the staggered
read-out pads at the top edge
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rons and photons will be detected by the Electromag-
netic Calorimeter (ECAL). The collision plane and
centrality will be determined by the Projectile Spec-
tator Detector (PSD). In the muon configuration, the
RICH detector will be replaced by an instrumented
absorber with muon tracking capability.

2. Silicon Tracking System

The STS consists of eight tracking stations located in
the aperture of a dipole magnet with 1 T field, 30—
100 cm downstream of the target. Its main mission
is the momentum measurement for charged particles
with a resolution of dp/p < 2% [2]. Therefore, a detec-
tor module must have the minimum amount of a ma-
terial in the physical acceptance (polar angle 2.5-25°)
with front-end electronics operating at the periphery
of the stations. The system is required to have the
track reconstruction efficiency >95% for tracks with
momentum above 1 GeV. For this, the detector mod-
ules based on double-sided silicon microstrip sensors
need to have hit the reconstruction efficiency close to
100% and the low-noise performance ensuring the op-
eration with signal-to-noise ratio well above 10 during
the whole detector lifetime.

The goal of the STS is to reconstruct up to 1000
charged particles created in the collision of gold ions
with gold target at beam energies up to 11 AGeV at
SIS-100 and up to 45 AGeV at a future SIS-300 syn-
chrotron. Depending on the physics case, the interac-
tion rate will range between 0.1 MHz and 10 MHz. In
the latter case, a significant challenge is posed to the
detector design and data acquisition system due to
high radiation load and data rates generated by the
collision products, as well as d-electrons. The track-
ing stations will have to withstand radiation damage
up to 10" neq/cm? within its planned operation.

In total, the STS stations will consist of 896 double-
sided silicon sensors installed onto 106 carbon fibre
ladders with the total area of 4 m? (see Fig. 2). The
pre-final module components, their integration into
detector modules and ladders as basic functional and
structural units of the tracking stations are presented
in the following sections.

3. Module Components
3.1. Sensors

Final protptypes of double-sided silicon microstrip
sensors 320 ym in thickness have been produced in co-
operation with Hamamatsu (Japan) [3]. The sensors
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Fig. 4. Multilayer structure of microcables with two signal layers per side, shielding layers, and meshed spacers shown in the
attachment to both sides of a microstrip sensor (left); photo of a single microcable layer attached to a readout chip (right)

feature four discrete sizes (62 mm width and 22, 42,
62 and 124 mm height). The wafer material is of the
n-type. One prototype is shown in Fig. 3. The sensor
layout has been optimized for the attachment of mi-
crocables by TAB bonding for read-out and bias con-
nections, minimum trace resistance, and inter-strip
capacitance. The sensors are segmented into 1024
strips per side at a strip pitch of 58 pum. The strips
are read out through integrated AC coupling. The p-
strips are arranged under a stereo angle of 7.5° with
respect to the n-strips. The short corner strips are in-
terconnected using a second metal layer in order to
enable the full readout of the p-side from one sen-
sor edge only, like with the simpler topology of the
n side. The sensors are oriented with the strips ver-
tically in the dipole magnetic field to be sensitive to
the track curvature. They have been tested under the
anticipated thermal operation conditions, -5 °C, and
were shown to be radiation-tolerant up to twice the
nominal lifetime in the experiment, 2 x 104 1-MeV

Neq cm™2.

3.2. Microcables

In the STS module concept, the microcables are the
important component to yield a low material bud-
get. They are also central to the noise performance,
because they allow one to have the readout electron-
ics outside of the detector acceptance. A microcable
is implemented as a stack of two signal layers per side
with aluminum traces on a polyimide substrate with
spacers inbetween and additional shielding layers on
the outside (see Fig. 4). One stack is designed to read
out 128 channels. Thus, 16 microcable stacks are re-
quired for the full readout of a sensor. The microca-
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ble structure aims at balancing the trace capacitance
and series resistance based on the ENC contribution
to the total noise seen by the preamplifier. A signal
layer comprises 64 Al lines at 116 pm pitch, twice
the strip pitch on the sensor. Two signal layers are
stacked to match the read-out pitch. The thickness of
aluminium and polyimide is 14 ym and 10 pm, respec-
tively. Such a structure of a cable stack corresponds
to 0.23% Xo equivalent to 213 pm of silicon. The ca-
bles are produced in lengths up to 55 cm. The current
pre-series production of microcables aims at maximiz-
ing the yields [4].

3.3. Front-end electronics

The readout chip STS-XYTER has been developed
specifically for the STS. It is a mixed signal ASIC
with data driven architecture [5]. Each channel has a
fast branch for the time stamp generation with less
than 5 ns resolution and a slow one for the amplitude
measurement (see Fig. 5). The chip provides 128 in-
dependent channels with switchable signal polarity
and two gain settings that makes it suitable for use
with the STS and a further CBM sub-system, the
muon detector with its GEM chambers. For the sili-
con detector read-out, the dynamic range of the inte-
grated 5-bit ADC is 12 fC, which can be switched to
100 fC for the gas detectors. The design goal with
STS-XYTER is to achieve a noise performance of
1000 e~ with a power consumption that is estimated
to be <10 mW /channel. This will ensure the match-
ing with the STS detector module structure, where
significant noise contributions are expected from the
capacitance and the series resistance of the microca-
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Fig. 5. Block diagram of the STS-XYTER architecture
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Fig. 6. System integration concept: from ladders to half-units
mounted in the mainframe

Fig. 7. mSTS detector modules mounted on the C-frames.
Microcables running along the ladders and integrated cooling
plates are visible

ble signal traces and sensor strips. The noise perfor-
mance is addressed in the chip architecture using the
double-threshold technique, where triggers generated
by the fast branch are vetoed if no coinciding sig-
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nal peak was detected. The chip is currently under
production in its second iteration, compatible with
the CERN GBT read-out protocol, using a 180 nm
CMOS process.

4. System Integration

The current activities on the system integration fo-
cus on devising a detailed engineering solution for
the assembly of a system from individual mechani-
cal units and its installation in the magnet aperture
taking the intersection of the active volume by the
beam pipe and MVD vacuum vessel into account. A
thermal enclosure will have to provide numerous in-
terfaces for services, e.g., cooling, powering, and data
cables in its side walls. The integration concept fore-
sees a hierarchical mechanical structure of the STS
(see Fig. 6), where modules are mounted onto the car-
bon fiber ladders. The so-called half-units will carry
the ladders and the necessary infrastructure so that
every half of a tracking station will be formed by two
such units. The stations are thus separated into two
halves for the maintainability and will be movable in
order to allow for the replacement of broken mod-
ules. A system [6] cooling the plates with channels
for circulating the cooling liquid integrated into the
C-frames of half-units is devised to remove the power
dissipated by the STS front-end electronics, amount-
ing to about 42 kW.

5. mSTS at mCBM

As a part of the FAIR Phase-0 program, a long-term
beam test campaign of CBM pre-final detector sys-
tems has been started at GSI in 2018 at SIS18 syn-
chrotron (mini-CBM or mCBM) (7] with high-rate
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heavy-ion collisions and followed up by a beam cam-
paign in March 2019. The goal was to operate the full
system with complex hardware and software compo-
nents and to optimize their performance before the
final series production. The subsystems had common
free-streaming readout with the data transport to the
prototype online event selection system.

At the time of the beam test, the mSTS detector
shown in Fig. 7 consisted of two C-frames equipped
with four detector modules mounted on carbon fiber
ladders using L-legs. All modules provided the full
double-sided readout of sensors with 62 x 62 mm? di-
mensions using about 45 cm long stacked microca-
ble. Each sensor side is read out by a front-end board
(FEB) with 8 STS-XYTER ASICS. The FEBs are
mounted on the cooling plates integrated into the
C-frames [8]. The plates are cooled by the chilled
water circulating inside them. Apart from front-end
electronics, the C-frames carry the common readout
boards (C-ROBs) based on CERN GBT and Versa-
tile Link components [9]. The functions of the C-ROB
are the data aggregation from the front-end boards
and the further data transport via the optical inter-
face, control of the front-end ASICs, clock distribu-
tion, and synchronization.

In future runs, the mSTS will concentrate on op-
timizing the system performance towards particle
tracking in combination with other detectors and in-
creasing the number of detector modules to 13. The
mCBM operation is planned till 2022.

6. Summary and Outlook

The CBM experiment will measure rare probes in the
heavy-ion collision environment. This will require a
tracking system with hit position resolution better
than 20 pm, fast detectors compatible with opera-
tion at an interaction rate up to 10 MHz, and ra-
diation tolerance up to 104 neqcm_Q. The Silicon
Tracking System based on double-sided silicon mi-
crostrip detector modules compatible with these re-
quirements will provide the charged particle track-
ing and measure particle momenta with a resolu-
tion of dp/p < 2%. For this, it requires a particu-
larly low-mass design of the system. The signals from
the double-sided sensors are read out via ultra-thin
analog microcables by the front-end electronics lo-
cated outside of the detector acceptance. Currently,
the production readiness of the system components
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has been achieved, and the production phase has
started. The feasibility of the detector concept has
been demonstrated in the mCBM beam campaign.

The author expresses his gratitude to Prof.
Dr. Hans Rudolf Schmidt for his help in the prepa-
ration of this contribution and colleagues from Uni-
versity of Tibingen and GSI Detector Laboratory for
the fruitful work presented in it.
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A. Jlumareyo, das CBM koaabopauii

KPEMHIEBA TPEKIHI'OBA
CUCTEMA EKCIIEPMMEHTY CBM
HA KOMIIJIEKCI [TPUCKOPIOBAYIB FAIR

Peszmowme

Excnepument CBM na npuckoproBassHOoMy Kommuiekci FAIR
(Japmmranr,
sA/1IepHOI PEYOBHHU 3 BHCOKOIO I'YCTHHOIO B €KCIIEpHUMEHTAJIbHIN
ycranoBui Ha dikcoBaniit mimreni i3 crpymeHem BakKkux ionis
3 eneprismu g0 11 T'eB/nHykion y cucremi Au+ Au. Tpexinr
3apsAIPKEHIX YaCTUHOK i3 PO3AIIbHOIO 3JATHICTIO MO IMITyJib-

Himeuunna) po3poOJIs€eTbesl I  BUBYCHHS

cy kpare, Hixx 2%, 6yne nposogutuck Kpemuiesoro Tpekinro-
Boro Cucremoro (KTC), posramoBaHoio y aneprypi AUIOIBEHO-
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ro Maruiry. /lerekTop 3MOKe PEKOHCTDPYIOBATU BTOPUHHI Bep-
IIMHA PO3MAJiB PIAKICHUX YaCTUHOK, HAIIPUKJIAI, TilIEpOHIB i3
KiJTbKOMa JUBHUMH KBapKaMH 3 TOYHICTIO 50 MKM B OTOYEH-
Hi IPOJYKTIB 3ITKHEHHS BaXKKUX 10HIB, 1110 mopomkye 10 1000
3aps/PKEHNX YACTUHOK HAa KOXKHE HEINPYXKHEe 3ITKHEHHS 3 Ja-
crororo B3aeMogil 1o 10 MI'u. Ila 3amaya Bumarae mBHIKOIO
JEeTEKTOPa i3 BUCOKOIO I'PAHYJISAPHICTIO 1 pajialiiiHOIO CTiiKi-
CTIO, NOCTATHBOIO [jIsi POOOTH IIpU eKBiBaJIeHTHOMY JIIO€HCI
110 1014neq/CM27 HaKOIIMYEHOMY 3a KijibKa pokiB poboru. Cu-
cTeMa CKJIAJAaeThbes i3 8 TPEKIHroBUX CTaHI Ha OCHOBI JIBO-
CTOPOHHIX KPEMHIEBUX MIKPOCTPIIIOBUX JIETEKTOPIB i3 KPOKOM
58 MKM i opieHTaIi€r0 CTpimiB miJ crepeokyToM 7,5°. Anajo-
OBl cUTHAJIU i3 CEHCOPIB 3YUTYIOTHCS Yepe3 GaraTomaposi Mi-
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KpokabeJti 1oBKUHOIO 10 50 M HaCyYacHIIIO0 eJIeKTPOHIKOIO
Ha ocHoBi STS-XYTER ASIC i3 camo3amyCKHOIO apXiTeKTy-
poro. [erexkTopui Moy i3 Ii€f0 CTPYKTYpPOIO MATUMYTh Kijlb-
kicte Martepiany Big 0,3% mo 1,5% pagianiiinol qoBKuHu, i3
301IBIIEHHAM TOBIUHYU B HAIPsMKY 1m0 nepudepii. Ilepmi me-
TEKTOPHI MOy Ta yTBOpeHi 3 HUX “ApabuHN’ Ha OCHOBI KOM-
[TOHEHTIB, TOTOBUX JI0 CEPIHOTO BUPOOHUIITBA, TECTYBAJIUCS B
xoai meMmoHCcTpariiinoro exkcrnepumenty Mmini-CBM na cumxpo-
Tponi SIS18 y GSI (Japmirranr, Himeuunna) B pamMkax mpo-
rpamu FAIR Phase-0. Excriepument siBisiB co6010 TeCTOBHIt
CTeH/] JJIsi OLiHKU POOOTU YCTAHOBKH Ta CUCTEMHOI iHTerpariii.
IIpencraBieno pe3ynabraTi 3allyCKy JeTEKTOpa Ta HOro pobodi
XapaKTEePUCTUKH.
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