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EIC Calorimetry Requirements
Barrel ECAL in EIC Yellow Report

EIC Community outlined physics, detector requirements, and evolving detector concepts in the EIC
Yellow Report.

EIC Yellow Report requirements for Barrel EM Calorimeter

SCIENCE REQUIREMENTS

AND DETECTOR

. agn CONCEPTS FOR THE

e Detection of electrons/photons to measure energy and position “(T)”’ ELECTRON-ION COLLIDER

EIC Yellow Report

e Require moderate energy resolution (7 — 10)%/NE ® (1 - 3)%

e Require electron-pion separation up to 10* at low momenta

in combination with other detectors
e Discriminate between 1° decays and single y up to ~10 GeV

e Low energy photon reconstruction ~100 MeV

Challenges: e/t PID, y/m° discrimination, available space
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Barrel Imaging ECal: General Overview

°

AstroPix: silicon

sensor with °
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°

4(+2) layers of imaging Si sensors interleaved with
5 Pb/ScFi layers
Followed by a large section of Pb/ScFi section

Total radiation thickness ~17.1 X0
Sampling fraction ~10%
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Sampling Fraction

Simulations of single
photons at n=0 (~17.1
X,)

Sampling fraction =
2E | E

fibers thrown

Energy resolution - Primarily from Pb/ScFi layers (+ Imaging pixels energy information)
Position resolution - Primarily from Imaging Layers (+ 2-side Pb/ScFi readout)
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Barrel Imaging ECal: Performance Example

Standalone simulation
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Realistic ePIC simulation
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Goal: Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
Method: E/p cut (Pb/ScFi) + Neural Network using 3D position and energy info from imaging layers

e-TT separation exceeds 102 in pion suppression at 95% efficiency above 1 GeV in realistic conditions!

M. Zurek - Barrel Imaging Calorimeter
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Imaging Barrel ECal: Technology R&D needs

SciFi/Pb Barrel technology: Snapshot of FY23 R&D:
= Mature: GlueX, KLOE Barrel EMCal Hall D, March 2023  «=- [preliminary]
. . Baby BCAL Test 2500% Sigma 002539 +0.00007
» Tested extlenswely. for electromagnetic Measured o Bositrons
response in energies EY <2.5GeV Resolution: ~ 2.5% wo-E =5.95 GeV
= Energy resolution: 0 = 5.2% NE ® 3.6%" Extrapolated 3
. "~ 0, 500—
— 155 X,, GlueX could not constrain the GlueX NIMV: ~4.2% = | | | | |
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constant term (due to low energies)

. . Trends well below 2% of constant term!
General direction of R&D:

Number of Hits in 1 x 1 pixel

Feasibility of using in the environment of EIC: Beam spot hit maps .| Preliminary *
= higher energy particles f\"tALF’,-""ag’?”f’ o e ‘
. . . SUrorIX v es o "
integrated with the AstroPix sensor layers 120 GeV protons -
= benchmarking of high energy simulation Performs well in much " i
performance (e.g., e/1r separation) harsher conditions than :
EIC :
1) GlueX, Nucl. Instrum. Meth. A, vol. 896, pp. 24-42, 2018 RS meRg e BR

eRD115 - Imaging Barrel ECal 5




EiC Calo Review Recommendations

December 6-7, 2022, Close-Out Report:“No prototypes or more detailed engineering test articles of the
hybrid system are available. (...)”

Recommendations

4 R5 Do full physics simulation as soon as possible and demonstrate the added value of the imaging stage.

The system has been extensively simulated in preparation to the Barrel ECal review and following the design
optimisation. See, e.g., review performance talk.

— Based on the simulations it has been demonstrated that integration of imaging layers with SciFi/Pb is crucial in
achieving the required e/t separation

777, R6 Move towards tests of prototypes or more detailed engineering test articles as soon as possible.

= Single-technology prototype tests have been performed (SciFi/Pb with e+, AstroPix with p) in FY23,
See, e.g. Hall D Baby BCAL Tests, AstroPix ENAL FTBT Tests and Irradiations

= The performance, including response to pions, needs to be benchmarked in a prototype of the hybrid
integrated system.

This R&D program is about addressing the R6 Recommendation

eRD115 - Imaging Barrel ECal 6



https://indico.bnl.gov/event/18517/contributions/73617/attachments/46469/78632/Performance.pdf
https://indico.bnl.gov/event/20030/contributions/78502/attachments/48547/82516/jz_babyBCAL_7.11.23.pdf
https://indico.bnl.gov/event/19689/contributions/77340/attachments/48071/81604/AstroPixTestResultsANL_bECAL.pdf
https://indico.bnl.gov/event/20039/contributions/78559/attachments/48656/82729/AstroPix_Irrad_bECAL_07182023.pdf

Open R&D questions

To be completed with the R&D program before CD-3

How detector performance obtained from detailed simulations compare with the
measurements in the integrated SciFi/Pb and AstroPix prototype system?

= Physics benchmark of energy response to pions
= Physics benchmark of e/1r separation
= Technical benchmark of streaming readout of both technologies

How performance of modern family of SiPMs improves the SciFi/Pb part response wrt
the GlueX BCAL response?

= Benchmark light response and calibrate simulations
= |Impact on future design studies related to usage of optical cookies, shape of
lightguides, etc.

— Photon Detection Efficiency for GlueX SiPMs (Hamamatsu S12045(X)): ~33%
— Modern family of SiPMs (e.g. s14160/14161): ~50% (see backup slides 18-20)

eRD115 - Imaging Barrel ECal 7



FY24 R&D Goals

Goal: Characterize the integrated system with a mixed e/mr beam and mips, benchmarking the response to
charged pions, testing the electron-pion separation capability, and extracting the No of phe with new
generation SiPMs.

Possible modes of system integration:
SciFi imaging

top view layer (SFIL) SFiLs

| 1 1 1 | 4

| I I K

| I I K

BEAM I 1 1 1 1 60 cm

| I I N K

| I I K

| I I K
single single quad chip single quad chip 2X2 quad
chip chip chip chip layer

Mode A Mode B Mode C
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GlueX Baby BCal

single
chip

Mode A

v3 quad chip (4x4 cm?)

carrier board
v3 chip (2x2 cm?)

carrier boar

LA
SciFi imaging

: : i layer (SFIL)
1]
1 1 60 cm
1
1]
1]
\\ v

single quad chip single quad chip 2X2 quad

chip chip chip layer

Mode B Mode C
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FY24 R&D Milestones

Milestone Timeline Experimental condition
M1: Baby BCAL setup complete in FNAL Q1 FY24 -

M2: AstroPix chip v3 bench preparations completed Q1 FY24 bench, source

M3: DAQ for the integrated system of Baby BCal and Q1 FY24 bench, source, cosmics
AstroPix chip ready

M4: Integrated system (Baby BCAL + AstroPix chip) Q1 FY24 cosmics, p, e/ beam
commissioned in FNAL - Mode A

MS5: Energy spectrum for e/t measured and benchmarked | Q1-Q2 FY 24 | e/1r beam

eRD115 - Imaging Barrel ECal
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FY24 R&D Milestones

Milestone Timeline Experimental condition
M6: SFILs readout with SiPMs installed Q2 FY24 bench, source, cosmics
M7: SFILs integrated into DAQ Q2 FY24 bench, source, cosmics
M8: System with SFILs commissioned at FNAL Q2-Q3 FY24 | cosmics, p, e/TT beam
M9: Electron/Pion separation benchmarked against FNAL | Q2-Q4 FY24 | e/t beam

Cherenkov threshold counter

M10: Performance with new generation SiPM compared Q2-Q4 FY24 | e/tr beam

(SFILs)

eRD115 - Imaging Barrel ECal
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FY24 R&D Plan and Deliverables

Phase | - Preparations - Q1 FY24
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NEW YORK

g 7 @13hr18min [ Ras e
ational 28 872 miles T R S AN
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#5882 miles : O N2
Thomas Jefferson

KENTUCKY. T . VIRGINIA
National Accelerator...

e  Shipment of Baby BCAL, SiPM
wedges, voltage distribution
system, and cables to ANL/FNAL

e  Final design of the system fixture

e AstroPix telescope and Baby BCAL
assembly at FNAL

Performance of chip v3 QA and
noise threshold scans

Calibration with sources

Tests of the readout with the
FADCs and the CODA-based
DAQ system with and without an
external trigger

Tests of the AstroPix readout
system with and without an
external trigger

Deliverable (M1-M3): Integrated system (Mode A) with DAQ in FNAL Synchronization of both systems
eRD115 - Imaging Barrel ECal 12




FY24 R&D Plan and Deliverables
Phase | - Preparations - Q1 FY24

Turntable

top view

side view
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FY24 R&D Plan and Deliverables

Phase Il - Commissioning at FNAL with Mode A setup (1st beamtime Q1)

%y S = ePIC full Simulation
‘.G-_)' Bo=t layer = 1 = e |0.025 layer = 1L
» £.=0.97+53e-04 oo [ [ €.=0.97 = 5.2Ve — 04
o) 0.025 1 R,,=214.74:3.:58e+00 7 R,,=193.80:3.Ib7e+00
0.020 A
O 0.020 : :
m ! 0.015 !
> 0.015 ! !
© O 0.010
m 0.010 : :
5 0.005 - : 0.005 1 :
y—
() 0.000 “— T T — 0.000 ~— T T
O 0.0 0.5 1.0 1.5 0.0 0.5 1.0
g Example sum dE in SciFi/Pb layers [GeV]
n Energy spectrum for e/pi measured in Baby BCal:
Svst o e Detector system calibration
ystem commissioning:
e Test of DAQ with cosmics and in beam e  Detector simulation of the e/t response
e Relative gain calibration of photosensor e Data analysis for E/p response

Deliverable (M4-M5): Commissioned system with DAQ in FNAL and energy response to r
benchmarked

Integration Imaging Barrel ECal
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FY24 R&D Plan and Deliverables

Phase Ill - FNAL with Mode B/C setup (2nd and 3rd beamtime Q2-Q3)

Optimal E/p cut versus max ScFi layer

SFILs : :: %
14161-3050-04 02 2
array from 01 :
Hamamatsu 00 5\552 97.001/: ]
Max ScFi Layer
Integration with SFILs and multi AstroPix Layers Electron/Pion separation benchmarking

e Design, production and assembly of the SiPMs boards
for the SFILs

e Development of mechanical fixture of SFILs modules

e Integration of SFILs into DAQ

Deliverables (M6-M10):

Commissioned system with SFILs DAQ in FNAL

Benchmarked electron/pion separation

Comparison of light output with GlueX and new generation SiMPs

Detector system simulation

Detector system calibration

FNAL Cherenkov measurement of beam composition
Data analysis from the integrated system (Q4)

eRD115 - Imaging Barrel ECal 15




Budget FY24

Item Units Price Total Institution

per unit | price

(USD) | (USD)
Materials: SiPMs 20 $50 $1,000 ANL
Materials: Mechanical fixture for SIFLs 1 $2,000 $2,000 ANL
Materials: HV supply 1 $10,500 $10,500 ANL
Overhead on Materials 18% $13.,500 $2,400 ANL
Postdoc - AstroPix + DAQ 30% FTE | $150,000 $45,000 ANL
SFIL boards - design (industry contract) 1 $2,000 $2,000 Regina
SFIL boards - fab and assembly (industry contract) 1 $3,000 $3,000 Regina
Postdoc - Baby BCAL + SFILs 25% FTE | $80,000 $20,000 Regina
Travel 7 days 3 persons | $2,500 $7,500 Regina
TOTAL: $93,400

Postdoc FTEs for the installation and commissioning of the Baby BCAL and
SFILs at FNAL, related bench tests, simulation and data analysis, travel for

beamtests at FNAL

Materials to
instrument,
mount and
readout SFILs

Postdoc FTEs
for design and
integration of
DAQ, AstroPix
tests, and
beamtest

Design and
fabrication of
SiPM boards for
SFILs

The R&D program is planned to be accomplished in FY24 (before the CD-2/3 stage)

eRD115 - Imaging Barrel ECal
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Backup

Integration Imaging Barrel ECal
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Methodology for the Determination of the Photon
Detection Efficiency of Large-Area Multi-Pixel
Photon Counters

T Beattie, G. J. Lolos, Z. Papandreou, A. Yu. Semenov, and L. A. Teigrob

Abstract—Large-area, multi-pixel photon counters will be used
for the electromagnetic Barrel Calorimeter of the GlueX experi-
ment at Jefferson Lab. These photo sensors are based on a 3 x
3 mm? cell populated by 50 yum pixels, with 16 such cells tiled in
a4 x 4 arrangement in the array. The 16 cells are summed elec-
tronically and the signals are amplified. The photon detection effi-
ciency of a group of first-article units at room temperature under
conditions similar to those of the experiment was extracted to be
(28 & 2(stat) £ z(swt))%, by employing an analysis method-
ology based on Poisson stafistics carried out on the summed energy
signals from the us

Index Terms—Multi-photon pixel counters, photon detection ef-
ficiency, silicon photomultiplicrs.

L. INTRODUCTION

ODERN particle physics experiments and medical ap-

plications have placed technical demands that cannot
often be met by PMTs). Indeed, there has b
aflurry of activity in the development and application of silicon
photomultipliers (SiPMs). These offer immunity to Tesla-level
magnetic fields, compactness, high (= 20%) photon detection
efficiency (PDE) and operation below 100 V, while preserving
many of the PMTs other attributes. In addition, SiPMs provide
excellent photoelectron peak separation provided that dark cur-
rent is kept low, the later reduced cither by using mm*-sized
or by cooling cm?-sized devices. The evolution of the field, in-

Photo Diode (APD) typically based on “n on p” structure. The
avalanche in these APDs is quenched by a silicon resistor that
is in series with the pixel [2]. A common inverse bias voltage is
provided to all APDs, so as to operate the device at a few volts
above the break down point, Vi, and the signals may include
after-pulsing and cross talk [3].

11. LARGE-AREA MPPCS FOR THE GLUEX BCAL

The GlueX Experiment aims to elucidate the confinement
property of quantum chromodynamics by mapping out the spec-
trum of exotic hybrid mesons [4], [5]. A hermetic detector is
needed for this task, a key sub-system of which is the electro-
magnetic barrel calorimeter (BCAL) [6]. The BCAL is a lead-
scintillating-fibre sampling calorimeter that will reside inside a
2T superconducting solenoid.

Our collaboration investigated various solutions for the
BCAL readout, among them hybrid photodiodes [7]. None of
those, however, could satisfy the simultancous requirements
of magnetic field tolerance, minimization of light losses from
calorimeter to sensor, high gain and compactness. In addition,
the BCAL readout granularity demanded readout cell areas of
= 1.3 cm?. To this end, we focused our attention on SiPMs and
embarked on a multi-year collaboration with a photonics firm
(SensL - Ireland, 6800 Airport Business Park Cork, Ireland
(sensl.com)) that eventually led to the development of the very
first large-area tiling based on a 3 x 3 mm? cell with 35 um
pixel size [8]. The potential of such a device in particle physics

cluding large-scale fSiPMsinp de-
tectors and npphcauons o related felds,is available in 2 com-
prehensive review [1].

SiPMs are known by other acronyms with a common one
bein s ( Corporation,

and in related fields was apparent, as evidenced
by other companies eventually producing similar devices. The
GlueX configuration is one of the standards now available
commercially from several firms.

NJ 08807, USA (sales hamamatsu.com)) Multi-Pixel Photon
Counters (MPPCs). These devices are comprised of an array
of limited Geiger-mode avalanche photodiodes on a silicon
substrate. The electronic circuit of an MPPC is the parallel sum
of its individual pixels/diodes. Each pixel is a silicon Avalanche

Manuscrpt received December 27, 2014;evisd March 20, 2015 accepted

2015. Date of publication July 17, 2015; date of current version Au-

5. This work wassupporicd by NS c grant SAP1-326516 and by

saciates, LLC, Lab under US. DOE

Contract DE-ACO5-060R23177.

The subor s wilh the Deparment of Physics Usiversy o Rega,

Reging, SK $45 0A2, Canada (c-mail: semenov@jlab.on
more gures yﬂ\v(pamr

gust 1

at hitpi//ieeexplore ieee.
Digital Object dentifer 10.109/TNS 20152442262

In the end, was selected to produce MPPC arrays
for the BCAL. The chosen S12045(X) units were configured in
4 x 4 array of 3 x 3 mm? cells based on a 50 um pixel, which
These devices deliver a nominal
schematic is reproduced in Fig. 1
The BCAL's 3840 units are fully operational and are currently
being gain-calibrated using cosmic rays and high-energy pho-
tons from =° decay

1L EVALUATION AND QUALITY CONTROL

A detailed description of “first-article” (first 80 units from the
production) MPPC arrays and initial evaluation tests on gain,
dark noise, cross talk, temperature dependence and radiation
hardness have been published by our colleagues at Jefferson Lab
[9]. The devices will be cooled to +5° in order to reduce their

«mxwws 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission
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ec h
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Photon Detection Efficiency: GlueX SiPM Parameters

PDE value for 11 SiPM units from our measurements of 28% =
2% (stat) £ 2% (syst), for these Hamamatsu large-area arrays for
0.9 V and at 460 nm.

The average PDE of (24 £ 2)% for 3000 units measured by USM
at 0.9 V was extracted at a wavelength of 518 nm. The PDE
varies as a function of wavelength, with it being larger by a factor
of 1.11 in going from 518 nm to 460 nm according to the
manufacturer. This correction increases the USM number to
~27% at 460 nm, consistent with the result reported herin.

https://ieeexplore.ieee.org/document/7161418

Measurements at USM:

Characterization of novel Hamamatsu Multi Pixel Photon Counter (MPPC)
arrays for the GlueX experiment:
https://www.sciencedirect.com/science/article/pii/S0168900213009042

Novel Hamamatsu Multi-Pixel Photon Counter (MPPC) array studies for the
GlueX experiment: New results
https://www.sciencedirect.com/science/article/pii/S0168900213017233
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Photon Detection Efficiency: GlueX SiPM Parameters
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Figure 4: Measurements of the first-article samples (black circles) [201[25], production samples
at JLab (red squares) and production samples at UTFSM (triangles of four basic
SiPM parameters as a function of the voltage over breakdown. a) gain, b) photon detection
efficiency, c¢) dark rate per tile (the dark rate for the array is 16 times higher) and d) cross
talk determined from deviations of the single-pixel distributions from a pure Poisson function.
As long as the voltage over breakdown is kept constant, the dark rate is the only parameter
that has a significant temperature dependence. The nominal operating voltage for the GlueX
experiment is 1.4 V above breakdown. (Color online)

PDE ~33%

The Hamamatsu specification sheets provide the
recommended operating voltage for a nominal gain of 7.5 x
10°, although our measurements indicate lower gains (Fig.
4a). We determined that this operational voltage on
average corresponds to 0.9 V above breakdown; to obtain
our setting at an overvoltage of 1.4 V, we added 0.5 V and
then adjusted for temperature.

Construction and Performance
of the Barrel Electromagnetic Calorimeter
for the GlueX Experiment

T.D. Beattic®, AM. Foda®, C.L. Henschel?, . Katsaganis®, S.T. Krueger*,

Hamamatsu Multi-Pixel
Photon Counter (MPPC)
S12045(X):

16 x 3600 pixels (50 um)

Vhitlateh”
C.A. Meyer®, ML,
. Vasileiadist, G. Voul

oumelis?,
S. Kuleshov”
Shepherd®

Abstract

The barrel calorimeter is part of the new spectrometer installed in Tall D at
Jefferson Lab for the GlueX experiment. The calorimeter was i din 2013,
commissioned in 2014 and has been operating routinely since 2015. The
detector configura ssociated Monte Carlo simulations, calibration and op-
erational perf; e are described herein. The calor
and energy deposited by charged and neutral particles
photon beam. Tt is constructed as a lead and scintillati

ter records the time
ated by a multi-GeV
fiber calorimeter and
vs. Particles impinge

read out with 3840 large-area silicon photomultiplier a
on the detector over a wide range of angles, from normal incidence at 90 de-
grees down to 11.5 degrees, which defines a geometry that is fairly unique among
calorimeters. The response of the calorimeter has been measured during a run-
ning experiment and performs as expected for electromagnetic showers below
2.5 GeV. We characterize the performance of the BCAL using the energy reso-
lution integrated over typical angular distributions for 7° and 7 production of
015/ E=5.2%/\/E(GeV)@ 3.6% and a timing resolution of o = 150 ps at 1 GeV.

arXiv:1801.03088v2 [physics.ins-det] 20 Apr 2018

https://arxiv.org/abs/1801.03088
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Photon Detection Efficiency: Hamamatsu: s14160/14161

50 um pixel pitch

== Overvoltage vs. gain, crosstalk probability, photon detection efficiency (typical example)

Ta=25 °C s
6 x 10° : ( deo £
——Gain ‘L:>f
—-— Crosstalk - k5]
5 x 106 | - = - PDE (A=450 nm) i S—=—
L’
e
4 x 106 =& v 40

(=3 /
F3x10° 30
2 x 106 / 20

Crosstalk probability, photon detection effil

] ”
-
1% 108 = = 10
“/./
—
0 0
0 1 2 3 4 5

Overvoltage (V)

KAPDBO430EA

MPPC characteristics vary with the operating voltage. Although increasing the operating voltage improves the photon detection effi-
ciency and time resolution, it also increases the dark count and crosstalk at the same time, so an optimum operating voltage must be

selected to match the application.

50%/33% = ~1.51

PDE = ~50%
’ at2.7V,A=450 nm

Kuraray SCSF-78
Emission peak =450 nm

== Photon detection efficiency vs. wavelength (typical example)
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Photon detection efficiency does not include crosstalk and afterpulses.

https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/docume

nts/99 SALES LIBRARY/ssd/s14160 s14161 series kapd1064e.pdf

https://www.kuraray.com/uploads/5a717515df6f5/PR0150 psf01.pdf
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SciFi/Pb layers technology

SciFi/Pb layers follow the GlueX Barrel Calorimeter
Energy resolution: 0 = 5.2% NE @ 3.6%"
e 15.5 X, extracted for low energy photons < ~2.5 GeV

Position resolution in z: 1.1cm/~E ?
e 2-side SiPM readout, At measurement

Mature technology used in Barrel ECALs (GlueX, KLOE)
e Detailed studies on calorimetry performance, including the light
collection uniformity in fibers, light collection efficiencies, etc.

e Module construction (lead handling, swaging, SciFi/Pb layers
assembly, module machining) fully developed for GlueX
Z. Papandreou, https://halldweb.jlab.org/DocDB/0031/003164/

o  Previously used equipment still available (swager machine,
presses)

e Assembly and installation of self-supporting barrel based on
SPHENIX

eRD115 - Imaging Barrel ECal

1.35mm az.imthal 7,
" direction
| a N\

radial direction ————
1.22 mm

0.233 mm

SLNON

0.053 mm

(glue ring) ratio of areas in rectangle

Pb:SciFi:Glue = 37:49:14

1) Nucl. Instrum. Meth. A, vol. 896, pp. 24—-42, 2018
2) Nucl. Instrum. Meth. A, vol. 596, pp. 327-337, 2008
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https://halldweb.jlab.org/DocDB/0031/003164/

SciFi/Pb - R&D FY23 BabyBCal - 155X, _ Setupat Uni offseginae"'@

R&D goals with GlueX Baby BCal prototype
e SciFi/Pb tested extensively in for energies EY <2.5GeV

e Higher-energy data important to constrain the constant
term of energy resolution

e Obtain responses to EM showers to benchmark
simulations and provide input to realistic waveform
analysis - Hall D, electrons (up to ~6.2 GeV), Q2 FY23 -

analysis ongoing (J. Zarling talk) m

e Planned tests in FY24 with hadronic beams at FNAL in
integrated system with AstroPix sensor and thin SciFi/Pb
layers to benchmark response to hadronic showers

R&D goals with fibers

Lab

e Light output and attenuation length measurements at
University of Regina with single- and double-clad fibers
from Kuraray and Luxium - ongoing (M. Kerr talk)
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https://indico.bnl.gov/event/20030/contributions/78502/attachments/48547/82516/jz_babyBCAL_7.11.23.pdf
https://indico.bnl.gov/event/20039/contributions/78535/attachments/48659/82739/bECAL%20Fiber%20Tests%20%40Regina.pdf

GlueX .
. h ePIC Sector End View
S [ PM ReadOUt 1/48” of the barrel (x-y plane view)

end view

115

110

e 2-side SiPM readout e 11.77 om —
e Lightguides attached to the \\ v
sector sides | 1
o inner surface ~2x2 cm? \ E
o output face 1.3x1.3 cm? \\ g -l -
e SiPMs: S14161-6050-04 array \ — P—
(4x4 array of 3x3 mm?, EEEN > T -
50%50um? pixels) 1] " - \
|«8.51 cm =] /
e 12 layers x 5 cells x 2 sides x =2 / o 1520
48 sectors = 5760 channels O\
Hamamatsu S12045(X) Readout Cell Pb/Sci Layer

4x4 array of 3x3 mm?

Layer = Il
50x50um? pixels ayer = 5 cells

, o 1 sector = 12 layers
16 FADC per side The area 1 light guide is 1 layer = 17 rows of

12 TDC per side attached fiber
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Imaging Iayers tGChnOIOgy Quad chip v3 v3 carrier board eP-I&

4cm

Vs Y5335 388888,

AstroPix3

Imaging layers based on AstroPix sensors
e Developed for AMEGOX NASA mission

® CMOS sensor based on ATLASPIx3 arXiv:2109.13409

[astro-ph.IM]
- === ' Common Bus Bar
Key features: T T
e \Very low power dissipation i
e  Good energy resolution
e 500 pm pixel size Bottom Bus Pads  C1iP-to-Chip Pads
e Time resolution ~ 3.25 ns (V4) WY

Xiv:2208.04990 [astro-ph.IM
AstroPix chip R&D: arAiv [astro-ph.IM]

v1 (4.5x4.5 mm?, 200 ym pixel)
v2 (1x1 cm?, 250 pm pixel)
e  Both chips tested with y, sources and in 120 GeV proton

Targeted AstroPix performance goals

Pixel size 500 pm x 500 pm
beam Power usage <1 mW/cm?
®  See results in arXiv:2209.02631 [astro-ph.IM] Energy resolution | 10% @ 60 keV (based on the noise floor of 5 keV)
v3 (2x2 cm?, 500 um pixel, quad chip) Dynamie vangs | =00 keV , ,
. Passive material < 5% on the active area of Si
e Ongoing bench and beam test Time resolution | 25 ns
e  Main prototyping with this chip version & Thdmess 500 um

v4 (1x1 cm?, 500 pym pixel)
e  Engineering run submitted in April 2023
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https://arxiv.org/abs/2109.13409
https://arxiv.org/abs/2209.02631
https://arxiv.org/abs/2208.04990

Imaging layers - R&D FY23

R&D program in FY23

e Tests of AstroPix v2/v3 sensor in the EM
calorimetry environment

o Multilayer chip tests in FNAL with protons,
pions and electrons, tests with tungsten
radiator, readout aspects (ANL LDRD)

m Beam tests in February and May 2023

ey

|
L

W radiator | B¢
holder ¥ ==

o Irradiation test in the FNAL ITA Facility (ANL
LDRD)

m 9v2 and 3 v3 samples (passive) + 3 v3
samples (active)

FY24 Plan
e Response to electromagnetic/hadronic shower
with multilayer AstroPix v3 prototype integrated
with the SciFi/Pb layers and Baby BCal

ITA Fermilab
400 MeV protons
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400 MeV protons

Snapshots from the Sensor Irradiations

= 9 samples of AstroPix v2 chips prepared for the passive irradiation in the FNAL MTA Facility

) IV and CV measurements performed for the V2 and V3 Chlps before APS3 IV Curve: Wafer W6 (Okmetic 200-400 ohm-cm) 3 Full wafer: HV-GND+GNDA

. . . -1.0E-06
irradiations
o  Same measurements will be repeated post irradiation L
< 70807
V2 Irradiation § 6007
Nb of samples Doses (400 MeV protons) g oo
TAR % . & -4.08-07
3 4.50E+13 V3 Irradiation (low and high ResChips) T socor
3 1.08E+15 Nb of samples Doses (400 MeV protons) 20807
2 1.01E+16 2 4.50E+13 -1.0E-07

1 502E+1 6 1 504E+ 1 5 o0 0.0 -50.0 -100.0 -150.0 -200.0 -250.0 -300.0 -350.0

Bias Voltage (V)

1-MeV neutron equivalent fluences at EIC

x1016 ITA Proton Accumulation: 1.01e+16 x1012

10 11"

10"
1011

2023-05-23 10:49:24.150000
08 1010

o
2023-05-24 17:31:37.516000
—— Integrated Protons

MEQ fluence [neutrons/cm?]

W Per pulse 3
o
s o
S 06 2 8
g 2 10
= 3 ,
& Ly 10
g s
5 g
o 25 6
£os £ 10
10°
0.2 10*

My

12215 23 5300 503 500,09 0,12
0522 0522 052 0522 052" 052* 052" 052 052 052t o5

L 1 -
—400 -200 0 200 400 600
18 15 5418 Z (cm)

0
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Pb/ScFi

Confidence in the hadron rejection simulation
—1 1 k3=0
Birk’s constant 10 2GeV T kg =0.079 mm/MeV

[ kg=0.126 mm/MeV
e FTFP_BERT physics list and 0.126 mm/MeV Birks constant 1 kg=0.153 mm/MeV

o The response to pions in Barrel ECal changes slightly while & 10~
changing the Birks constant ~38% E
o  The larger the Birks constant the better E/p separation (pion §
=z 1073

responses are more “squished”, see the plot)

o  We have shown that the e/t response leans heavily on imaging

layers (tested with kB = 0.079 mm/MeV with current geometry and Lot A

stand alone simulations with extreme kB = 0) 0.0 0.5 1.0 L5 2.0 2.5
Energy (GeV)

{68 equ Simulation ‘ ! n-0.0
Material kB [mm/MeV] Source link

104 E
SCSF-78 0.132 £ 0.004 arXiv:2007.08366

1031 E
BC-408 0.155 £ 0.005 arXiv:2007.08366 < /\)'VH

102 4
Polystyrene fiber, Kuraray SCSF- 81SJ 0.126 arXiv:1106.5649

10l Impact of Birks constant on Ry 3
SCSN-38 0.079 DOI: 10.1109/23.159657 T oy e gt e o8

1000 25 50 75 100 125 150 175 200

E(GeV)
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https://arxiv.org/pdf/2007.08366.pdf
https://arxiv.org/pdf/2007.08366.pdf
https://arxiv.org/pdf/1106.5649v2.pdf
https://doi.org/10.1109/23.159657

e/tr Separation in Barrel ECal - Method

Steps:
1.  Optimized cut on E/p from different depth of Pb/ScFi layers at very high electron efficiency
2. Convolutional neural network utilizing energy and spatial information for shower (see backup
slides for details)

Example for 2 GeV e/t

EP EP E/P
0.08 T layer=4 e I layer=5 e | 006 Ibyer=6 —r
€k 0.975.39 - 04 n | 0081 =;2‘97:5v35e—04 = sg=o,§l7xs,37e—04 A= i i
R,,I 7.95 +2.39e - 02 - I.74:4.9ae—02 0.05 R,,:zs.lszule—m O tlmal E CUt Vversus max SCFI |a er
0.06 1 995 1 1
: i i i
! 0.04 ! 0.04 !
1 ] 1
0.04 I 0.03 i 0.03 I
i i i 0.7
[ 0.02 ! 0.02 )
0.02 H H H
1 0.01 i 0.01 | 5
1 1 [y \ 0.6 10
0.00 1 0.00 L 0.00 L .
0.0 05 1.0 15 0.0 05 1.0 15 0.0 0.5 1.0 15
EP EP E/P 1=
0.05 laybr=7 1 & laye=8 F e 0.04 layer 49 F 7 g @
£,=0.97 538004 n- | 00a] Ee=097xb33e-04 . £,=0.97 £5138e - 04 - © 05 =
R,,:54.77::4,55e—01 R,,:lm,sz%l 21e + 00 Ry =167. 07=F.459+uu ] _8
0.04 : : 0.03 : ) o
0.03 o ©
0.03 ! . | o 0.4 1
1 i 0.02 i
0.02 ! 002 : i 45’ g
i 1 1 ‘=
| 0.01 =
oo i oo ! : Yos o
y y | . o R}
0.00 —1 0.00 —L 0.00 L i t1ot @
0.0 05 1.0 15 0.0 05 1.0 15 0.0 0.5 1.0 15
o'
EP E/P E/P 0.2
0.035 layer=10 = - || 0 layer=11 —rEie layer = 10 -
£.=0.97 £5.39e - 04 g £.=0.97+5.33e-04 o £.=0.97 52Ve 04 =
0.0301 R, =207.83 + 341e +00 0.0251  R,=214.74 +3158e + 00 Rn=193.80+3b7e +00 [
) ' 0.020 i 0.1
0.025 ! b ! H
|
0.020 1 H 0.015 H
1 0.015 " 1 -
0.015 il i SolE ! 0.0 / Ee= 97.00%
i 0.010 | .
0.010 1 | ] | [}
065 H | 0.005 : | 0.005 i: | Wn 5 10 15
b [ 4 h "
0000 _MR 0.000 y 0/000 y \ 1 S O Max ScFi Layer

0.0 0.5 1.0 15 0.0 05 1.0 15 0.0 05 10 15 SCF.‘ \ayers 4_
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(\

Performance with reduced number of layers e”&
e/1r separation at 95% efficiency

104

ePIC simulation n=0.0
R

ePIC simulation n=05
LS L L L T AL

ePIC Simulation =1.0
L L L I 10* R AR R AR 10* 2

| L B e BB

< 4-layer alternate:
layers 1-3-4-6

Imaging Calorimeter Ry at n=0.0 Imaging Calorimeter Ry atn=0.5 Imaging Calorimeter Ry atn=1.0
—4— 6-layer default —4— 6-layer default ] [ —4— 6-layer default
{ layers 1-3-4-6 only { layers 1-3-4-6 only 1 layers 1-3-4-6 only
10625 5075 1Goo 2580 75 0 %0 25 50 75 g‘.o 55 50 7s 0 %6 28 50 78 go (25150175 200
E(GeV) E(GeV) E(GeV)
wiEp g ofpemem = Default configuration exceeds 10° pion rejection almost everywhere
e | I N ] 4-layer alternate still performs relatively well at lower energies (where
: : Tt most rejection is needed), larger degradation at higher energies
102} E 102—j z|
4-layer alternate seems workable compromise.
6.0 25 5.0 7.‘5E1(g.eov)12.5 15.0 17‘.5 20. ‘D(‘)O 2‘5 5‘0 7‘5 E(ga‘z}j)siéswif;noy 17‘5 20.0
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Performance for 10 x 100 GeV

55 -12<n<-0.8 ‘ —-0.8<n<-0.2 -02<n<+0.2
Raw Contamination i
+EMCal suppression | 1A00Ce 1 Studies on 1T contamination
w0 . FHIRE Sugressian . . performed by B. Schmookler (UCR)
| n .
o 1 - ‘ e See ePIC Collaboration
© . . » = Meeting contribution (link)
< = L] =
b 10° N : : [ ] ]
. . B———— §~.“,....H..u...._,,..,,.....,...___“!...”.__.._.._ ....,..,_...“..A_..“,..,.,,..A..._a..‘.,U_!._ Cha"enging goal: Achleve 90%
e ) '| e electron purity from the combined
= ) - ) = | detector performance (ECAL + DIRC)
10° 10! 10° 10° 10! i i i
Momentum [GeV] Momentum [GeV] Momentum [GeV] ° To keep Plon Conta_mmatlon
systematic uncertainty to

+02<n<+0.8 +0.8<n<+12 required 1% level

Raw Contaminati :

Py Corlaabation

+Total E — p, cut !

+DIRC suppression

Imaging calorimeter fulfills the
° * . .
2 . . requirement in all n ranges
2 "
I': | L]
*
10° ‘ o
Momentum [GeV] Momentum [GeV]
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https://indico.bnl.gov/event/17621/contributions/71753/subcontributions/2125/attachments/45500/76767/epic_inclusive_ecal.pdf

Neutral Pion Identification

15 GeV m° — yy

-20
0

2(”7177) 20

49

'0.8
0.7
0.6

0.5

0.4

0.3

Energy Deposit (MeV)

Probability

Separation of y/tr° (upper limit)
vy Merging Probability of n° decay atR = 0.8 m

—— Imaging Calo [6.0 x FWHM of Hits Distribution]

—— PbWO4 [20 mm] —— Shashlyk [55 mm]
—— TF1[38 mm] —— Shashlyk [110 mm]
1.0
0.8
0.6
0.4
0.2
0.0
1 2 5 10 20 50
P (GeV/c)

ePIC]

e Goal: Discriminate between 1° decays and single y from DVCS, neutral pion identification

e Reconstruction of 2 GeV 1° invariant mass as a testing ground for cluster energy splitting

Separation of two gammas from neutral pion well above required 10 GeV

eRD115 - Imaging Barrel ECal

Precise position resolution allow for excellent separation of y/° based on the 3D shower profile

M. reconstruction 2 GeV Tr°
x10°
4.5_- T Mean 135.5 + 0.1
af Sigma 9.23 =+ 0.11
E — fit
3.5F
35 2-cluster ﬁ
£ in Imaging r
250 2ocluster
2f-in Pb/ScF
1.5
0.5F J‘
0 50 100 150 200 250
M, [MeV]
31



v/ Separation - Exploratory Studies ePIC)

Convolutional neural network utilizing energy and spatial information from AstroPix layers
e Started from 10 GeV/c at n = 0 - the upper limit for y/m° from YR
1% m°
Nhits £,=89.99%
ePIC &0 =8.65%

No proper topological clustering algorithm
in the ePIC reconstruction yet Photon

103

With a quick study we easily achieved

10 GeV/c particles - 91.4% rejection of T1° at
90% efficiency of y (better than PbWO,
crystal with 20mm block size)

101 ‘ HH ‘

10°

0.0 0.2 0.4 0.6 0.8 1.0
PV

Configuration | y efficiency 0 rejection
at 10 GeV/c

4-layer alternate is workable (still better
than theoretical limit on a crystal
calorimeter!), but reduced T

Full study is ongoing:

_ o _ 6-layer default = 90% 11.5
e |Implementing optimized topological
clustering for AstroPix layers 4-layer 90% 54
alternate

e Significant improvements expected
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Energy Resolution - Photons

ePIC
25
¢ v.n=10
* e y,n=05
. . Y, n=0.0
» vy, n=-05
- R < vy, n=-10
315— §
£ N
glo— $
s
51 #
. ¢ LA * *
00 25 50 75 100 125 150 175 20.0
E, [GeV]
Fit parameters
n alN(E) [%] b [%]
-1 5.1(0.01) 0.47(0.03)
-0.5 4.77(0.01) 0.38(0.02)
0 4.67(0.01) 0.40(0.02)
0.5 4.75(0.01) 0.39(0.02)
1 5.1(0.01) 0.41(0.02)

1.00

o o

© ©

o «
!

o
©
«

Fraction within FWHM
o o
9 N
L= w

o
o
v}

©
o
O]

o

®

S
!

ePIC

.4
Y

e v.n=10
e y,n=05

¥, n=0.0
» Vy.n=-05

< Y. n=10

0.0 2.5 5.0 7.5 10.0 125 15.0 17.5

E, [GeV]

ePIC

[ Cluster Energy/E true | Entries 33333

%2/ ndf 187.9/34

k] ErrTT [ 1.396 +0.032

§ 4300 n 5.011 + 0.335

@ 4000 £ G 0.02228 + 0.00012

= rl = 00 mean 0.9964 + 0.0002

3500 - N 4513 +31.7

= Y, & GeV 3
3000 £
2500 [
2000 [
1500 =
1000 £
%7 0.8 0.9 1.1 1.2
Cluster Energy/E true

e Based of Pb/ScFi part of the calorimeter
e Resolution extracted from a Crystal Ball fit o

GlueX Pb/ScFi ECal: 6 = 5.2% /NE @ 3.6% NIM, A 896 (2018) 24-42
e 15.5 X, extracted for integrated range over the angular distributions for

1% and n production at GlueX (E,=0.5-25GeV)

e Measured energies not able to fully constrain the constant term
Simulations of GlueX prototype in ePIC environment agree with data at E_ <

0.5 NIM, 596 (2008) 327-337
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Low Energy Particles ePIC

e For electrons: cut out because of the 1.7 T field to reach the calorimeter (p < ~408 MeV)
e For photons shown number of fired readout cells with different thresholds atn =0

| Number of Rconstructed Hits | s
Entries 50000 [ Number of Rconstructed Hits | ]
o = T Entries 50000 | [ Cluster Energy/E true | Entries 50000
51500"_ 1 - 2 T LI B | T T 7T T T T T T T T xl / ndf 181 _5 / 36
S18000; . 50 : §14000 Tk . 2 T ,J;q — 5 wanb :6 088
16000 - w I ] ° = RN n 0.8603 + 0.0982
oF ] -~ : Ys 100 MeV & 0y 100 |evv}/ IX o 0.1489 +0.0006
14000 E g NN/ [ ] E mean 0.9946 + 0.0007
E ‘:ﬂ r 5 Me ] . . =0.5MeV - F B A Ma\/ N 5211 +30.4
12000 - 10000 thr ] 4000 [— [ o-iieV
F E, =0 MeV ] C ! E =6 MeV ] C thr 1
10000F P (14 3 C [ thr 6 Me ] r 1
E E 8000 ek r u ]
E ] - b 3000
8000f i - o : . y yA .
S -— 3 6000 L ]
6000F o 3 - : = g C 1
E L 3 C | ] 2000 .
4000 -1 = 4000 . L 1
2000F ul_ L‘ ePIC. - - ] l_\ ] 1000 ]
. o F- T _ S—
NS o B B N NE 2000 JJ T L ePIC - ,J’A ePIC
©o 2 4 6 8 10 12 14 16 C B ol 1 S L. E C .

N of Hits 0 s
0 5 10 13 2 " 0 02 04 06 08 1 12 14 16 1.8 2
N of Hits

Thresholds corrected for f___ Blue threshold very low just to
illustrate the distribution shape

Cluster Energy/E true

® From GlueX studies: cluster/shower threshold is 100 MeV nominal (down to 50 MeV for some
analyses, with mostly two cells per event only). Low energy detection threshold studied also with
Michel electrons. (NIM, A 896 (2018) 24-42)
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Position Resolution with 6 AstroPix Layers \:

Example of 8 - ¢ resolution for 5 GeV photons Position resolution for photons
Only information from clusters Clusters + first-layer hit Particl th dicular to th | f
articles thrown perpendicuiar to tne calo surrace
=3 T T T § T 2200
% 0.8-;: L % 0.8;— 000 .E LI LI L L L L L L LB B | l_-
é ::E: é :ji: -E_. :z: E. Position resolution ePIC _E
2 ozt g oo 7 :;’;: From topological clustering 7]
o P R 1000 (232 + 0.06)mm/VE © (1.4 +0.02)mm
—oaf- oaf - From first-layer hit, FWHM 3
-06F —0.6F 0o G
70.52—_ 7032—' - e 200 E
’l; 4)'.8 —(’;46 4;.4 4:42 ’; - o!z 034 o!s -'n!s 1 l-1" A)I.a —l’;46 4':'.4 4{2 ‘;- 0!2 '6!4 o!s 0. 0 Ein
0 true - 0 cluster (deg) 0 true - 0 cluster (deg) =
[ ] -
R A § T estenwesonion g o
? o ePIC ] § o Fromro g ePIC ]
g r ] £ [ —— From first-layer hit ] _:
Y —: ol —: -
] ] A A—:
0.4 ] 0.4 ] :
C ] C ] i B B Baaes Bacing oo TS
o2 ] 02" ] 10 12 14 16 18 20
True Energy (GeV)

o )
-1 -08 -06 -04 -02 0 0.2

- s o | 1A eV
¥ 04 06 08 1 =1 -08 -06 04 -02 0 02
¢ true - ¢ reconstructed (deg) 0

e Clusters from Imaging Si layers reconstructed with 3D topological algorithm
e Cluster level information: o =(2.32 £ 0.06) mmAE @ (1.4 £ 0.02) mm at n=0

position

e First-layer hit information added: O osition™ ~0.5 mm (pixel size)
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Resolution o/E [%]

Energy Resolution - Electrons

ePIC
e e ,n=10
e e7,n=05
81 ¢ e, n=0.0
» » e~ ,n=-05
< e~ ,n=-1.0
6
e
e
| 4
i
2 't , .
00 25 50 75 100 125 150 175 20.0
Ee- [GeV]
Fit parameters
n al(E) [%] b [%]
-1 5.22(0.02) 0(0.08)
-0.5 4.88(0.01) 0(0.04)
0 4.81(0.01) 0(0.08)
0.5 4.88(0.01) 0(0.04)
1 5.19(0.01) 0(0.06)

Fraction within FWHM

1.00

°

©

v}
L

o

©

o
!

o
™
a

o

©

o
!

o

N

v
L

I

9

o
!

o

o

o
L

o
o
o

ePIC

ePIC [ Cluster Energy/E true | Entries 33333
2/ ndf 96.45 /40
£ 4500 F LA o 1.52 + 0.03
o § = ﬂ n 3.913 £0.233
¢ % s @ 4000 F ¢ 0.02278 + 0.00012
P = - " mean 1.001 + 0.000
4 # H 3 3500 F n 0 N 4452 = 31.8
i w0 E- €759 GeV
2500
2000
® e ,n=10 1500 [
e e7,n=0.5 =
e, =00 1000 | \
- n= E D
> ei, n=-0.5 500 F e IC
<« e7,n=-10 = \‘N 2
: : ; . ) ; . o
0.0 2.5 5.0 7.5 100 125 150 175 0.7 0.8 0.9 1 1.1 1.2 1.3
Ee- [GeV] Cluster Energy/E true

Resolution extracted from a crystal ball fit o

GlueX Pb/ScFi ECal: 6 = 5.2% /NE @ 3.6% NIM, A 896 (2018) 24-42
e 15.5 X, extracted for integrated range over the angular distributions for

1% and n production at GlueX (E,=0.5-25GeV)

e Measured energies not able to fully constrain the constant term
Simulations of GlueX prototype in ePIC environment agree with data at E_ <
0.5 NIM, 596 (2008) 327-337
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Energy resolution of AstroPix Layers

e Sampling fraction < 0.5 % with 6 AstroPix Layers
e Example Energy Lineshapes for photons atn =0

N

[ Cluster Energy/E true | Entries 50000 [ Cluster Energy/E true | Entries 33333 [ Cluster Energy/E true | Entries 14285
%2/ ndf 772.2/181 %2/ ndf 818.1/129 %2/ ndf 901.8/92
g S00F Constant 791.2 +47 2 g "] constant 675.9 +4.9 2 g0 RIS c 350.3 +3.9
g E Mean 1.393 +0.002 2 700 : . Mean 1.233 +0.002 Q F "JI Mean 0.9994 +0.0032
o 800F iﬂ/\ Sigma 0.4959 + 0.0020 w F J‘)"'\ Sigma 0.3824 + 0.0018 w350 Iy Sigma 0.3037_+ 0.0022
- \ ~ e b = 3
700 = 600 |- 3 E l|4 E
E 3 E ! E 300 | =
600 - . 500 = E / ;][ \l\ Ea\/ E
ook 1T 2GeV E =) 5 GeV : =y 5 GeV e
5 , E 400 E 200 E
a00f : g E 2 ﬁ \']1 E
E [ \ E 300 £ E 150 F ¥ 3
300 |- N = E 3 E 3
E 3 200 - = 7
.Y - g :
F 4 E 100F 3 s0F 3
100 E..J"f 3 ana E
5/ E 5 ] E A E
005 795 2 25 3 35 4 45 5 s T s 2 25 3 85 4 0 0. 25 3 35

Cluster Energy/E true

Cluster Energy/E true

o
—

=

o

N

[ Energy Resolution - AstroPix layers | [ x?/ndf 376.1/7 [ img Cluster Energy/E true Scan |
— — + PO 24.67 +0.227 o s I I L I T H
& 45F ::1 29.61 + 0.09581 o 16015 m non'gaUSS|an
w :*. = 3 F e .
g 4oF E = b .
i 3 & 140f—e ]
= E > - ]
351 = 2 20F . 1
sk \\\"“ E |§1 F . 7
E % 1005 o .
E :F ] strong dependence in
< Energy N 1" this geometry
-.a% r Soi‘. .i n E _.'3: Relative.ch nge of fsan’ ‘/é
o ut E 2oF ] *Assuming perfect calibration (but! huge
3 3 g ; sampling fraction energy dependence
‘ ‘ € 1012 1'?,.,5 éﬁerg;s(cev) % 2 4 6 8 10 12 14 16 18 p g gy p )

True Energy [GeV]
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N

POSitiOh reSOIUtion StUdieS with 6 AstroPix Layers .

Angular resolution for different n
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n=1.31

Very good continuous coverage in the forward
region, up to ~ 33 X0

I EcalBarrelScFi Il EcalEndcapP I HcalBarrel I HcalEndc
N EcalEndcapN SolenoidBarrel i HcalEndcapN Others

atn=1.31
~25 X,

Xo (Rxy =400.0 cm)




GlueX BCAL Readout Design

e Pb/ScFireadout based on the GlueX BCAL readout

e Footprint excluding external connectors of GlueX BCAL readout box about 14cm
o Dominated by light guides (~ 8 cm)

e We will likely be able to shrink this somewhat to < 12 cm
o Space pressure in the forward direction, where space is limited.

CAD drawing of GlueX readout box Baby BCAL prototype readout box
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