warere

Journal of Instrumentation
SISSA

PAPER « OPEN ACCESS You may also like

. ) - Development o e etector 1or the
Performance of the electromagnetic and hadronic CEm e oriie CMS detectorforhe

A. Hayrapetyan, A. Tumasyan, W. Adam

prototype segments of the ALICE Forward etal

Calorl meter - Prototype electronics for the silico_n pad
layers of the future Forward Calorimeter
(FoCal) of the ALICE experiment at the

LHC

To cite this article: M. Aehle et al 2024 JINST 19 P07006 OI. Bourrion, D. Tourres, R. Guernane et
al.

- Beam test of n-type Silicon pad array
detector at PS CERN

. . . Sawan, J.L. Bouly, O. Bourrion et al.
View the article online for updates and enhancements.

The Electrochemical Society

Advancing solid state & electrochemical science & technology

247th ECS Meeting

Montréal, Canada

May 18-22, 2025
Palais des Congrés de Montreal

Abstracts
due

Showcase your-science! Decgt':l‘ber

This content was downloaded from IP address 143.107.135.170 on 13/11/2024 at 22:10


https://doi.org/10.1088/1748-0221/19/07/P07006
/article/10.1088/1748-0221/19/05/P05064
/article/10.1088/1748-0221/19/05/P05064
/article/10.1088/1748-0221/18/04/P04031
/article/10.1088/1748-0221/18/04/P04031
/article/10.1088/1748-0221/18/04/P04031
/article/10.1088/1748-0221/18/04/P04031
/article/10.1088/1748-0221/19/09/P09016
/article/10.1088/1748-0221/19/09/P09016
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsstYzhkGKVIGUPyIvUY8ocWOaR4tjA3GVmonU5m1jyBpqp7t7-rqd-fxVHaaEs-5Guab3dH8uyQVjppRL2rzuZOegCa1lP3W__s-Liwlko7ZfZJjDvet_Bv2WQC7HsrOwalnIk39DdqwaEq2KprpsMTpZd4wFzut1SZTaYXG6hF0Wut-_2uC-zdRGQcpqLXeEExUvBMLV61282TrZLvwg5PuVEgc3VAgJ43e0kSme8d4c3NqAwI5Y-UX9jdL1oddLyRHpMCW_y9_G29atZm9pXL4uEsAKR3GC-nplZauBuTGOSzPdu68pS53Fi1u2--RNcBsVoeorlYEq8Xvj1Z7snwGuWUEC0XE-2R1QJpq2l3&sig=Cg0ArKJSzMXmvY8ZZtAC&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/247/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_247_abstract_submission_extension%26utm_id%3DIOP%2B247%2BAbstract%2BSubmission%2BExtension

]inst PusLisHED BY IOP PUBLISHING FOR SiSSA MEDIALAB

REcEIVED: March 18, 2024
AccEePTED: June 10, 2024
PuBLISHED: July 5, 2024

Performance of the electromagnetic and hadronic
prototype segments of the ALICE Forward Calorimeter

M. Aehle,” J. Alme,” C. Arata,‘ I. Arsene,? |. Bearden,® T. Bodova,” V. Borshchov,”

0. Bourrion,© M. Bregant,$ A. van den Brink,” V. Buchakchiev,’ A. Buhl,® T. Chujo,/"*

L. Dufke,® V. Eikeland,” M. Fasel,* N. Gauger,® A. Gautam,’ A. Ghimouz,’ Y. Goto,”

R. Guernane,° T. Hachiya,” H. Hassan,’ L. He,” H. Helstrup,? L. Huhta,” M. Inaba,” T. Inukai,’
T. Isidori,’ F. Jonas,** T. Kawaguchi,’ R. Keidel,” M.H. Kim,” V. Kozhuharov,’ T. Kumaoka,’
L. Kusch,” C. Loizides,* Y. Melikyan,“ Y. Miake,’ N. Minafra,’ J. Nystrand,” N. Novitzky,/-*
T. @kland,” K. Oyama,’ H. Park,’ J. Park,’ |. Pascal,® T. Peitzmann,” M. Protsenko,”

S.S. Rasénen,’>“ F. Rarbi, M. Rauch,” A. Rehman,” M. Richter,” D. Réhrich,” K. Reed,?
A. Rusu,” H. Rytkénen,’ S. Sakai,” K. Sato,’ A. Schilling,’ S. Shimizu,” M. Shimomura,”
R. Simeonov,’ E. Solheim,? T. Sugitate,” G. Tambave,” D. Tapia Takaki,' D. Tourres,*

I. Tymchuk,” J. Yi,” Z. Yin,” K. Ullaland,” S. Yang,” T. Yokoo,’ D. Zhou” and S. Zillien’

“University of Kaiserslautern-Landau (RPTU), Kaiserslautern, Germany

bUniversity of Bergen, Bergen, Norway

“Université Grenobles Alpes, CNRS, Grenoble, France

4 University of Oslo, Oslo, Norway

¢University of Copenhagen, Copenhagen, Denmark

fBogolyubov Inst. for Theoretical Physics of the Nat. Academy of Sciences of Ukraine (BITP), Kyiv, Ukraine
&Universidade de Sdo Paulo (USP), Sao Paulo, Brazil

h Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University, Netherlands
Faculty of Physics, University of Sofia, Sofia, Bulgaria

T University of Tsukuba, Japan

KORNL, Oak Ridge, U.S.A.

The University of Kansas, Lawrence, U.S.A.

"MRIKEN, Japan

"Nara Women’s University, Japan

¢ University of Jyviskyld, Jyviskyld, Finland

P Central China Normal University, Wuhan, China

9Western Norway University of Applied Sciences, Bergen, Norway

"Tsukuba University of Technology, Japan

SUniversity of Miinster, Miinster, Germany

Center for Technology and Transfer, (ZTT), University of Applied Sciences Worms, Worms, Germany

*Corresponding author.

© 2024 The Author(s). Published by IOP Publishing Ltd on behalf of
BY

Sissa Medialab. Original content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any further distribution of this httpS//dOlO['g/lO 1088/1748-022 1/19/07/P07006
work must maintain attribution to the author(s) and the title of the work, journal citation
and DOL.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1748-0221/19/07/P07006

“Helsinki Institute of Physics (HIP), Helsinki, Finland

VNagasaki Institute of Applied Science, Japan

YWHiroshima University, Japan

XCenter for Medical and Radiation Physics, NISER, Jatni-752050, Odisha, India

E-mail: tatsuya.chujo@cern.ch

ABsTrRACT. We present the performance of a full-length prototype of the ALICE Forward Calorimeter
(FoCal). The detector is composed of a silicon-tungsten electromagnetic sampling calorimeter with
longitudinal and transverse segmentation (FoCal-E) of about 20X and a hadronic copper-scintillating-
fiber calorimeter (FoCal-H) of about 51;,;. The data were taken in various test beam campaigns
between 2021 and 2023 at the CERN PS and SPS beam lines with hadron beams up to energies of
350 GeV, and electron beams up to 300 GeV. Regarding FoCal-E, we report a comprehensive analysis
of its response to minimum ionizing particles across all pad layers, employing various operational
modes including different pre-amplifier and bias voltage settings. The longitudinal shower profile
of electromagnetic showers is measured with a layer-wise segmentation of 1Xy. As a projection
to the performance of the final detector in electromagnetic showers, we demonstrate linearity in
the full energy range, and show that the energy resolution fulfills the requirements for the physics
needs. Additionally, the performance to separate two-showers events was studied by quantifying
the transverse shower width. Regarding FoCal-H, we report a detailed analysis of the response to
hadron beams between 60 and 350 GeV. The results are compared to simulations obtained with a
GeanT4 model of the test beam setup, which in particular for FoCal-E are in good agreement with
the data. The energy resolution of FoCal-E was found to be lower than 3% at energies larger than
100 GeV. The response of FoCal-H to hadron beams was found to be linear, albeit with a significant
intercept that is about factor 2 larger than in simulations. Its resolution, which is non-Gaussian and
generally larger than in simulations, was quantified using the FWHM, and decreases from about 16%
at 100 GeV to about 11% at 350 GeV. The discrepancy to simulations, which is particularly evident
at low hadron energies, needs to be further investigated.
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1 Introduction

A new instrument in the forward direction, the Forward Calorimeter (FoCal) [1], was proposed for the
ALICE [2] experiment at the Large Hadron Collider (LHC). Its main goal is to study the small-x gluon
structure of protons and nuclei by measuring direct photons, neutral hadrons, jets and their correlations
at very forward rapidity (3.4 < n < 5.5 with coverage over the full azimuthal angle) in proton-proton
and proton-lead collisions at LHC, as well as J/iy production in ultra-peripheral heavy-ion collisions [3].

FoCal consists of both electromagnetic and hadronic components: the FoCal-E and the Hadronic
Forward Calorimeter (FoCal-H), respectively. FoCal-E has two independent subsystems embedded



in longitudinally segmented modules, where 20 tungsten absorbers, each with about one radiation
length (1 Xp), are interleaved with active layers for shower particle measurements leading to a total of
about 20 Xj. Each module comprises 18 layers of Si pad detectors aimed at providing good energy
resolution over a wide dynamic range for measuring the energy of EM showers. Two layers of high
granularity Si Monolithic Active Pixel Sensor (MAPS) are added to the stack at the 5th and 10th
position to provide the required spatial resolution to identify photons from neutral-pion decays emitted
with very small opening angle. The relative position of low and high granularity-layers were determined
using simulations and result in good two-photon separation for shower energies from 0.1-1 TeV.
FoCal-H consists of a modular transversely segmented spaghetti calorimeter based on commercially
available capillary tubes, each containing a scintillating fiber. Groups of fibers are bundled together
and read out by Silicon Photomultipliers (SiPMs) making up a tower. The performance of the proposed
detector has recently been studied using Monte Carlo (MC) simulations [4].

To achieve the optimal detector design needed for the realization of the FoCal physics program [3],
several performance studies of the detector prototypes have been carried out in the past decade.
In particular, for the EM component, various prototype detector systems have been designed and
tested. These included fully digital calorimeter designs using only pixel sensors [5—7], calorimeter
designs using only pad-sensors [8—10] and a combined pixel- and pad-sensor hybrid design [11].
High-granularity calorimeter designs based on silicon sensors with analog readout have previously
also been explored and tested by e.g. the CALICE collaboration [12] and by the CMS HGCal
collaboration [13]. In fact, the prototype as well as the final FoCal-E, profits from dedicated readout
electronics components developed in the context of the above projects. Fiber-scintillating calorimeters
based on the capillary tubes have been designed and tested also by the IDEA collaboration [14]. The
latter approach simultaneously uses scintillating and clear fibers to be able to measure both scintillation
and Cherenkov light, with the goal to better constrain the electromagnetic component of hadronic
showers. For FoCal-H, the extra improvement in the energy resolution of hadronic showers that this
may bring is not needed, so the present prototype uses only scintillating fibers.

In this publication, we focus on presenting scaled-down prototype systems closely representing
individual FoCal sub-detectors, which have been designed, constructed and tested since 2020 to
benchmark the simulation studies [4]. Their functionality was first established in laboratory tests and
their performance was then measured by collecting data at various particle beam lines. In particular,
hadron and electron beams over a large range of energies provided by the Proton Synchrotron (PS)
and Super Proton Synchrotron (SPS) at the East and North test beam areas at CERN were used. The
tested FoCal prototypes evolved with time closely connected with the development of the final detector
design. Details for every prototype system are given in section 2. To model and understand the
performance of the FoCal prototypes, a dedicated MC simulation chain was developed, where the
realistic material budget of the prototype detectors was implemented. Details are given in section 3,
and variations or additional information is provided when the results are discussed. The evolution of
the prototype systems through-out the test beam campaigns over the years are described in section 4,
with an emphasis on the setup for November, 2022 and May, 2023, which provided the data for most
of the presented results. The results related to FoCal-E are presented in section 5 starting with a
comprehensive analysis of the response to minimum ionizing particles across all pad layers, employing
various operational modes including different pre-amplifier and bias voltage settings (section 5.1).
Details about the electron data and event selection of single electrons using the pixel layers are given



in section 5.2 and 5.3, respectively. The hit response of the pixel-layers to electrons and refinements to
the standard transport model of the detector for the description of the resulting pixel hit distributions
are discussed in section 5.4. The pad channel calibration and electron-event selection for the pad-layer
analysis are described in section 5.5 and 5.6. The measurement of the longitudinal shower profiles
of electrons, mainly using the pad layers, but where possible including pixel-layer information, as
well as comparison to simulations is presented in section 5.7. The linearity of the response and
the resolution together with respective comparison to simulations is presented in section 5.8. The
performance of FoCal-H obtained from hadron beams, where FoCal-E was removed, is presented in
section 6, starting with a brief description on the processing of the data, the determination of the
pedestal, and the low-and-high gain matching provided by the readout in section 6.1. Linearity of
FoCal-H hadrons in data and simulations is discussed in section 6.2, and used to calibrate data and
simulations. The corresponding energy resolution in data and simulation, as well as the systematic
uncertainties, are presented in section 6.3. A summary of the obtained results is given in section 7.
Appendices A and B give details on the calibration of the pad-layer readout and the inter-calibration
of the SiPM gains, respectively.

2 Detector prototypes

In the following, detector prototypes developed since 2020 are described. Even though the presented
results focus on the later prototypes, we also mention earlier designs. The FoCal-E prototype
is instrumented with low and high granularity Si sensors covering an area of 9x8x17cm, which
corresponds to one tower out of the 5 towers foreseen in a module of the proposed FoCal-E full
setup [1]. For the FoCal-H a small proof-of-principle prototype and then a larger prototype with 9
modules were constructed covering about 10 X 10 x 55 cm? and 19.5 x 19.5 x 110 cm?, respectively.

2.1 FoCal-E: pad layers

The prototype uses custom-made boards for hosting the individual low-granularity layers (figure 1).
Each of the 9 x 8 cm? Si p-type sensors produced by Hamamatsu Photonics K.K. (HPK) in the 6-inch
wafer fabrication process, is segmented in a matrix of 72, 1 x 1 cm?, 320 um thick pads. Two additional
pads of smaller size are inserted in the array for calibration purposes. The front plane of the sensor is
glued to the Printed Circuit Board (PCB) and wire bonded to the read-out electronics via through-holes
carrying the lines to the back of the boards. Other cavities are used to connect the guard rings, high
voltage, and ground connections. The depletion voltage is achieved by biasing the sensors through
the gold-plated common cathode on the wafer back side. More details, as well as the systematic
studies of the sensors’ electrical properties, can be found in [15].

For the readout, each PCB hosts the HGCROC Application-Specific Integrated Circuit (ASIC)
originally developed by the OMEGA group for the CMS High Granularity Calorimeter (HGCal) [16].
The energy deposit in each Si diode is converted into voltage pulses by the low-noise preamplification
stage of the chip and later processed by a shape filter. The signal is then fed to the Analog-to-Digital
Converter (ADC) of the HGCROC which provides a linear response up to 320 fC, equivalent to
about 100 Minimum Ionizing Particles (MIPs). The signal is also discriminated and provided to two
Time-to-Digital Converters (TDCs) used to extend the dynamic range via measuring the Time-over-
Threshold (ToT) of larger energy deposits. The ToT is measured relatively to a precise Time-of-Arrival



Figure 1. Picture of the front, and back-plane of the single-pad board. The cavities are designed for wire bonding
the individual silicon pads to the onboard electronics. At the center, some space is reserved for positioning the
High Granularity Circuit ReadOut Chip (HGCROC) readout chip. The Si wafer is aligned and glued to the
back-plane, and it receives the voltage for biasing the sensors through a connection routed by the board’s edges.

(ToA) information, granting a total dynamic range going from 0.2 fC to 10 pC. These quantities are
sampled every 25 ns (40 MHz) and stored in a 512 sample deep circular buffer which is streamed to
the acquisition electronics via 1.28 Gbit/s serial links when the HGCROC receives a readout request
through the Fast Command (FCMD) port. A buffer entry contains 7242 measurements of ADC, ToT,
and ToA, the monitor of four common mode channels for coherent noise subtraction, and the digital
sums of groups of nine pads (eight sums for each sample) for trigger generation. The data streaming
operation lasts a total of 1.075 ps since the FCMD signal is received by the chip. To retrieve the
correct data from the buffer, the HGCROC has to account for the delay between the readout command
and the actual energy deposit in the detector. This can be set through the slow control as a global
constant offset in the HGCROC configuration that allows the probing of past recorded entries.
The 18 pad layers sit on an interface card that connects the HGCROC: to the front side of an
aggregator board through differential high-speed serial links, and slow control lines shared between
groups of five pads. On the aggregator, a XILINX™ XCKU035-2FFVA1156 Field-Programmable
Gate Array (FPGA) is responsible for controlling and monitoring the HGCROC chips of the individual
pads, as well as enabling bidirectional communication with the rest of the readout chain through
Small Form-factor Pluggable (SFP) modules hosting the optical and Ethernet transceivers. A detailed
description of the PCB, the pad-layer design and the aggregator readout card can be found in [17].
The optical transceivers are allocated to interface the GigaBit Transceiver (GBT) links to the
ALICE Common Readout Unit (CRU) [18]. Here, the reception link is used to synchronize the
detector with the CRU Data Acquisition (DAQ) clock and deliver the Central Trigger Processor (CTP)
trigger messages to the FPGA. The Phase Locked Loop (PLL) locks to the recovered clock, and in
turn provide the reference for the acquisition firmware. Packets of 80 bits of data containing headers
with unique event identifiers are sent to the CRU at every clock cycle (40 MHz) through the GBT
transmission link. When a physics trigger is received, the data and the trigger sum information of the
10 previous and 10 following bunch crossings from the HGCROC:S are organized in payloads stored in
First In First Out (FIFO) memory buffers containing fundamental information, such as the orbit and
bunch crossing ID, the trigger type, and possible data drop flag. The output packets are built according
to the ALICE Online-Offline Computing System (O2) protocol [19], and transmitted to the CRU.



Tungsten layer Aggregator board

Figure 2. Technical drawing (top) and photo (bottom) of the FoCal-E pad prototype with the interface and
aggregator cards on the right. The slots for the pixel layers at position 5 and 10 in the stack are visible and not
yet equipped.

An aluminum structure is designed to accommodate the 18 detector layers, as well as the interface
and aggregator cards. The tungsten plates are glued to the back of the pad boards creating a rigid
structure during the assembly. Empty slots in layer 5 and layer 10 were designed to host the high
granularity detectors, described in section 2.2. Two fans are used to mitigate the heat generated by the
20 detector layers and operate the detector at room temperature. This aims to replicate the final detector
condition as it will be operated at a temperature of about +20 °C. The full stack is presented in figure 2.



2.2 FoCal-E: pixel layers

The technology of the Si MAPS used in the FoCal high granularity layers is inherited from the ALICE
upgraded Inner Tracking System (ITS) [20], which exploits their excellent spatial resolution and
low material budget for vertex tracking. The ALICE PIxel DEtector (ALPIDE) is CMOS MAPS
produced with the TowerJazz 180 nm imaging process [21]. The sensors have a pitch of about
29 pm X 27 pm, an epitaxial layer for charge collection of 25 pm, and a total thickness that ranges
from 50 pm to 100 pm. In the ALPIDE chips, the pixels are arranged in a matrix of 1024 x 512
for a total surface of about 30 mm X 15 mm.

In the ITS, the ALPIDE sensors are hosted on polyimide Flexible Printed Circuit (FPC) referred
to as Hybrid Integrated Circuit (HIC). In each module, two HIC half-staves are placed in direct contact
with high-thermal conductive carbon fiber sheets embedding polyimide cooling pipes, with rigid
mechanical support provided by additional carbon fiber frames. There are two types of pixel sensors
depending on their radial distance from the interaction point: Inner Barrel (IB) and Outer Barrel
(OB). The two differ in sensor thickness and data transfer rate capabilities provided by the embedded
peripheral readout. A detailed description can be found in the ITS Technical Design Report (TDR) [20].

The FoCal design concept uses both ALPIDE readout modes, depending on the radial distance
from the beam line, as the expected hit density grows rapidly as a function of increasing pseudorapidity.
The central regions of the detector will require the use of IB-mode chips that will benefit from the
high-speed dedicated data link operating at a maximum of 1200 Mbps. The peripheral regions
will be instrumented with OB-mode chips, where the 400 Mbps data links are sufficient for the
lower expected data rates.

As FoCal encounters technical challenges different from the ITS, the proposed mechanical and
electrical structure of the pixel layers was entirely redesigned. FoCal inherits its detector blueprint
from the digital tracking calorimeter developed for the proton Computed Tomography (pCT) [22],
where the ALPIDESs are hosted on single and multilayered flexible microcables based on adhesiveless
aluminium-polyimide foiled dielectrics. They are connected to the power, slow control, and data
distribution lines using Single point TAB (SpTAB) bonding technology.

Two pixel test prototypes were produced following these assembling techniques. Each layer is
composed of two, complementary aluminum carriers hosting three adjacent strings of IB ALPIDE
chips (half-layers) glued to the supports. The carriers are then connected back-to-back to enclose and
protect the sensors, providing a uniform active area that covers the same transverse acceptance of the
pad detectors described in section 2.1. One of the assembled prototypes is shown in the bottom panel
of figure 3, while the top panel displays the 3D drawing of the same pixel-layer prototype.

The pixel strings terminate in Zero Insertion Force (ZIF) connectors that route the data, clock,
and control lines to the off-detector electronics through an additional PCB. These electronic boards,
referred to as Transition Card (TC), communicate with the ITS Readout Units (RU) [20] through a
FireFly (FF) differential copper cable assembly solution developed by SAMTEC. The digital and analog
power, regulated on the board via a Low-DropOut (LDO), are also routed through the same connectors.
The pixel prototypes are finally assembled inside the FoCal-E stack, at nominal position (5th and 10th
layer), to provide the tracking information of the Electromagnetic (EM) showers.

To verify the performance of OB pixels at test beam lines, we developed two additional prototype
layers based on ITS HICs. In this design, the aluminum carriers envelop three HIC half-layers (a
total of six strings) vertically ordered and labeled for simplicity: Top, Middle, and Bottom. In this



Figure 3. Prototype of the pCT-inspired FoCal-E pixel layer; 3D drawing (top panel) and photo of assembled
layer (bottom panel).

version, the pixels closely resemble the ITS stave structure, where the flexible PCBs are directly
routed to the readout through a FF. Gold-plated aluminum strips carry the digital and analog power to
the pixels, through contacts directly bonded on the HIC PCBs. The HICs are in turn connected to
custom-made power boards controlled and monitored by ESP32 micro-controllers used to enable the
power delivery and display the current absorption. Figure 4 shows the 3D drawing of an individual
HIC layer, as well as the corresponding assembled prototype layer.

2.3 FoCal-H prototype modules

We have built and tested two FoCal-H prototypes each briefly described below. The main focus of
the FoCal-H prototypes was to test the conceptual design of the transversely segmented calorimeter
based on commercially available copper capillary tubes, scintillating fibers, SiPMs and commercial
readout electronics.

The first prototype comprised 1440 copper capillary tubes of inner diameter 1.2 mm and outer
diameter 2.5 mm. These were arranged in 40 rows of 36 capillary tubes, with every other row offset by
the tube radius to allow the closest possible packing of the capillary tubes. The prototype had a size
of 9.5 x 9.5 x 55cm?, i.e. a height and width of 9.5 cm and a length of 55 cm, half of the nominal
length of FoCal-H. The scintillating fibers, BCF10 from Saint-Gobain [23], used in this prototype
had an outer diameter of 1 mm and were single cladded. Each of the capillary tubes contained a
scintillating fiber, and thirty fibers were bundled together to be read out by a single SiPM. This
prototype used ON Semiconductor 6 X 6 mm?> MicroFC SiPMs. The reason for the large number
of fibers per SiPM was the difficulty in obtaining the SiPMs in 2020 and early 2021: only 48 were
available. Two CAEN A1702 [24] readout boards with each 32-channels were used to read the signal
of the SiPMs. The prototype was tested on the H6 beam line at the CERN SPS with hadron beams



Figure 4. Top: realistic three-dimensional rendering of a single HIC layer prototype. The flexible PCBs hosting
the pixels are organized from top to bottom in strings composed by two ITS half-layers. Each one is routed
individually to a FF connector. Bottom: picture of one of the two FoCal-E HIC-based pixel prototypes. The
three FPCs are connected to the FF cables for the data, trigger, and slow control communication. The monitor
and control of the power is enabled through the power board assembled in the aluminum enclosure.

from 20-80 GeV. Further details of this prototype and the results obtained in beam can be found
in [25]. The experimental energy distributions were in qualitative agreement with MC simulations,
demonstrating the viability of the capillary tube based design.

The second prototype was constructed from 9 modules of size 6.5 x 6.5 x 110cm? arranged
in a stack of 3 by 3, as shown in figure 5. Each module has 668 copper-tubes with a scintillating
fiber inside, with a brass rod in each corner of a module to hold the collector plate for the fibers
and SiPM carrier boards. The scintillating fibers in the central calorimeter module were gathered in
bundles of ~ 14 fibers read out by 49 SiPMs, whereas the fibers in the outer calorimeter modules
were gathered in bundles of ~ 27 fibers read out by 25 SiPMs. The distances between the SiPMs are
reduced significantly compared to the first prototype with a separation of 2.5 mm between the edges of
the SiPMs used for the outer modules, and 0.5 mm between the SiPM used for the central module. The



second prototype, hence, consisted of 249 optically isolated towers, each of which was instrumented
with a 6 x 6 mm? Hamamatsu S13360-6025PE SiPM. We used BCF12 [23] 1 mm diameter single
cladded scintillating fiber. The performance of this scintillator is similar to BCF10 while the price
per meter was slightly lower. Figure 6 shows the assembled prototype calorimeter.
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Figure 5. Left: schematic drawing of the design of the calorimeter modules for the FoCal-H second prototype.
Right: placement of the 9 square calorimeter modules with respect to each other.

Figure 6. Left and middle: the assembled FoCal-H prototype as a matrix of 3 X 3 modules. Right: the SiPM
PCB holders attached to the central module, which comprises 7 X 7 channels, with one PCB removed to show
the fiber bundles.

Experience with the first prototype’s electronics taught us that saturation of the ADCs would
occur in the channels near the center of hadron showers. To mitigate this, a higher granularity for the
center module of the second prototype was chosen. Thus, different collector plates were produced
for the center and peripheral modules. In the center, the plate collects 49 bundles of 13 or 14 fibers
for higher granularity, while in the periphery the fibers are bundled in groups of 26 or 27, and read
by 25 SiPMs. The design of the respective collector plate is shown in figures 7 and 8. The SiPMs
PCBs were statically screwed to the collector plates. A tight o-ring was placed around fibers and
was pushed into the groove in the collector plate to hold the fibers position. The light from the fiber
ends traverses a short air gap (below 1 mm) before reaching the SiPMs.

CAEN DT5202 [26] boards designed for SiPM bias and signal processing have been used as
the primary data acquition system for the second prototype. Each DT5202 has a pair of Citiroc-1A
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Figure 8. Illustration (left) and drawing (right) of the 5 X 5 SiPM collector plate.

chips [27], for a total of 64 available channels per DT5202 board. The operation of multiple boards
was synchronized implementing a common external trigger signal which was processed on-board by
selecting one of the available trigger modes. Instrumenting the full prototype requires four CAEN
DT5202 boards. Although some early testing was done using fewer boards, these results are not
presented here. The communication with the readout electronics was via an Ethernet connection
to a dedicated server, which performed the control and monitor of the SiPMs through the vendor
supplied JANUS software [28].
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3 Simulation setup

To model and understand the performance of the FoCal prototypes, a dedicated MC simulation was
developed using the GEanT4.10.7 software package [29]. The realistic material budget of the prototype
detectors was implemented. Figure 9 displays the simulated prototypes.

The FoCal-E simulation setup consists of 20 layers with a 1.2 mm air gap between the layers.
Each layer comprises a 3.5 mm thick tungsten alloy absorber and a silicon sensor, where the tungsten
alloy consists of 94% W, 4% Ni, and 2% Cu. Out of the 20 silicon sensors, 18 are pad sensors,
while layers 5 and 10 are pixel sensors.

Figure 9. GEant4 simulation of the FoCal-E and FoCal-H (second version) prototype detectors for a shower
created by a 100 GeV electron (left) and pion (right). The incident particle, which enters the detector from the
left, is not shown.

The pad sensors have a thickness of 320 pm, with an active thickness of 300 pm. The glue between
the tungsten and the sensor and between the sensor and the FPC is simulated as a 1.38 g/ cm? density
epoxy material, with a thickness of 110 pm and 130 pm, respectively. The FPC is approximated by a
140 pm thick uniform Cu layer to account for the electronic components. The corresponding glass-
reinforced epoxy laminate (FR4), which has a thickness of 1.595 mm, is simulated as a 1.86 g/ cm’®
density material consisting of 47.2% of the same material as used in the epoxy glue and 52.8% of SiO5.
An overview of the materials and their relevant properties can be found in table 1 and table 2. The
individual sensors of the pad layers are set as 9 x 8 pads with an individual pad size of 10 x 10 mm?.

The pixel layers contain two complementary aluminum carriers hosting three adjacent strings con-
taining three pixel sensors each, and three Kapton flex cables interleaved between the pixel strings. In to-
tal, they contribute only about 6% of a radiation length. The flex cables are approximated asa 1.42 g/ cm?
density Kapton film, with a thickness of 50 pm. The carriers are connected back-to-back to enclose
the sensors and provide a uniform active area. The pixel sensors have a thickness of 25 pm, and the
aluminum carriers have a thickness of 1.5 mm. With an air gap of 2.0 mm between the aluminum plates,
the total thickness of the pixel layers becomes 5.1 mm. A complete pixel layer contains 18 sensors, with
nine per carrier. Each sensor has a matrix of 1024 x 512 pixels with a pixel size of 29.24 x 26.88 um?.

The FoCal-H prototype simulation setup consists of nine square calorimeter modules organized in
a 3 x3 matrix, placed 44 mm behind FoCal-E. Each calorimeter module has outer dimensions of 64.75 x
64.75x1100 mm? and inner dimensions of 61.75x61.75x 1100 mm?, and contains 24 x28 copper capil-
lary tubes filled with polystyrene scintillating fibers. Both the copper tubes and the scintillating fibers are
described in detail to account for the shower development and the energy deposition in the different ma-
terials of the detector, with only the fibers considered as active volume. The copper tubes have an outer
diameter of 2.5 mm and an inner diameter of 1.1 mm. The diameter of the scintillating fibers is 1.0 mm.
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Table 1. Overview of the materials used in the pad layers of and their relevant properties (part 1/2).

Stack layer Material Density (g/cm®) Thickness (cm) Weight (g/cm?)
Sensor active Silicon 2.33 0.030 0.070
Sensor inactive Silicon 2.33 0.002 0.005

94% tungsten,

Tungsten plate 4% nickel, 19 0.350 6.650
2% copper
Glue between W-Si PET (epoxy) 1.38 0.011 0.015
Glue between Si-FPC  PET (epoxy) 1.38 0.013 0.018
Pad PCB material FR4 1.85 0.160 0.295
Pad Cu GND layers Cu 8.96 0.014 0.125
Air Air 1.3-107* 0.270 3.51-107°
Sum all — 0.850 7.178

Table 2. Overview of the materials used in the pad layers of and their relevant properties (part 2/2).

Stack layer X(m) X (g/cmz) X/XO0 per layer (%) E.(MeV) Ry (mm)
Sensor active 9.37 21.80 0.32 40 4.90
Sensor inactive 9.37 21.80 0.02 40 4.90
Tungsten plate 0.37 6.80 95.44 8 0.93
Glue between W-Si 50.31 44.80 0.02 101 10.50
Glue between Si-FPC 50.31 44.80 0.03 101 10.50
Pad PCB material 16.00 32.20 1.00 63 6.10
Pad Cu GND layers 1.60 12.90 0.88 19 1.60
Air 3.04- 104 36.62 0.00 88 7300.0
Sum — — 97.70 — —

The Guide For Physics Lists by the GEanT4 Collaboration [30] recommends the FTFP_BERT
physics list for collider physics application and high energy calorimetry. The guide also mentions
QGSP_BERT, the previous default GEaANT4 physics list before the default changed to FTFP_BERT in
the release of GEaNT4 v10.0, as an alternative. Tests were performed using both of the recommended
lists. For FoCal-E, there was no difference between the two, while for FoCal-H QGSP_BERT gave
slightly more consistent results comparing with the data. Hence, QGSP_BERT was chosen for all

of the performance simulations presented in this paper.

For FoCal-H the following corrections are implemented. The energy deposition in the plastic

scintillators is corrected according to Birks’ law using GEaNT4’s energy model for electromagnetic

saturation. The effect was expected to be small due to the impinging particles’ high energy and
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the relatively small dE/dx. However, there was a decrease of about 5% in the visible energy with
respect to the deposited energy.

A factor of 8000 photons/MeV is implemented to simulate a more realistic light yield for the
BCF-12 fibers. Furthermore, to account for the light attenuation, the number of photons from each
energy deposit event is corrected with a value of exp(—Al/1), where Al is the distance from the
position of the energy deposition event to the silicon photomultipliers and 4 = 2.7m is used, as
indicated for BCF-12 fibers. A constant factor of 2.5% is also assumed for the trapping efficiency.
This factor considers the solid angle for which total internal reflection occurs and assumes a 100%
loss at the non-equipped fiber end. Finally, the light output from each individual hit in a fiber is
combined to create a single output quantity from that fiber.

The simulated data is stored in a ROOT format on an event-by-event basis and is further
processed by the dedicated analysis and reconstruction module. At this stage, several other effects
are considered. The light from individual fibers in the simulation is combined since the fibers in
the real prototype are bundled into channels in the readout system. The total light directed towards
each of the silicon photomultipliers in the readout is, hence, calculated by adding the light output
from each bundled fiber in the channel.

Losses in the number of photons will also occur in the propagation from the fiber ends to the
silicon photomultipliers since neither optical silicon nor glue is used between the fiber ends and the
front surface of the SiPMs. Here, a factor of 0.5 is implemented to account for the light losses. The
photodetection efficiency of the SiPM is assumed to be 0.4. This efficiency is used as a conversion
factor translating the number of arriving photons to the mean number of produced photoelectrons.
The mean number of photoelectrons is then smeared according to a Poissonian distribution to obtain
the number of fired SiPM channels. In addition, the light loss factor and the photodetection efficiency
factor were varied between 0.1 and 0.5 each. Due to the high photostatistics at the SiPM, this results
has a negligible effect in the energy resolution, which is dominated by the shower fluctuations.

As described, the s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>