
ePIC Barrel Imaging Calorimeter 
SiPMs

EIC SiPM FDR
September 14, 2023

Barrel Imaging Calorimeter DSC



Imaging Barrel ECal

EIC Yellow Report requirements for Barrel EM Cal:

● Detection of electrons/photons to measure energy 
and position

● Require moderate energy resolution 
(7 − 10)%/√𝐸 ⨁ (1 − 3)%

● Require electron-pion separation up to 104 at low 
momenta in combination with other detectors

● Discriminate between π0 decays and single ɣ up 
to ~10 GeV

● Low energy photon reconstruction ~100 MeV

Challenges: e/π PID, ɣ/π0 discrimination, available space

EIC Calorimetry Requirements
Barrel ECAL in EIC Yellow Report
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Imaging Barrel ECal

ePIC full simulation, single ɣ

σ/E  = a/√E + b
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AstroPix: silicon 
sensor with 
500x500μm2 pixel 
size 

SciFi Layers with 
two-sided SiPM 
readout

Barrel Imaging ECal: General Overview
● 4(+2) layers of imaging Si sensors interleaved with 5 

Pb/ScFi layers 
● Followed by a bulk Pb/SciFi section

● Total radiation thickness at η=0 ~17.1 X0 
● Sampling fraction (ΣEfibers / Ethrown) ~10.3%

Energy resolution - Primarily from Pb/SciFi layers (+ Imaging pixels energy information) 
Position resolution - Primarily from Imaging Layers (+ 2-side Pb/SciFi readout)

η a/√(E) [%] b [%]

0 4.67(0.01) 0.40(0.02)
1 5.1(0.01) 0.41(0.02)

Fit parameters
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● 432.5 cm in length and 80 cm radius, 48 sectors
● Covers -1.71 < η < 1.31

Fiber Direction

Slots for AstroPix 
sensor layers

Bulk Pb/SciFi 
section

Calorimeter 
sector

AstroPix: silicon 
sensor with 
500x500μm2 pixel 
size 

SciFi Layers with 
two-sided SiPM 
readout

Barrel Imaging ECal: General Overview
● 4(+2) layers of imaging Si sensors interleaved with 5 

Pb/SciFi layers 
● Followed by a large section of Pb/SciFi section
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SciFi/Pb Technology
▪ Mature Technology: GlueX, KLOE EMCals 

▪ Tested extensively for electromagnetic 
response in energies Eɣ < 2.5 GeV

▪ Energy resolution: σ = 5.2% /√𝑬 ⨁ 3.6%1)

– 15.5 X0, GlueX could not constrain the 
constant term due to low energies

– New results from Hall D with Baby BCal 
show that constant term < 2%

1) GlueX, Nucl. Instrum. Meth. A, vol. 896, pp. 24–42, 2018

Hall D, March 2023
Baby BCAL Test

Measured
Resolution: ~ 2.5%

Extrapolated 
GlueX NIM1): ~4.2%

Trends well below a 2% constant term!

Positrons
E = 5.95 GeV

Baby BCAL
60 cm long
15.5 X0

tested with e+ 
E ~ 3.6-6 GeV

GlueX BECal parameters:
SiPMs: S12045(X) 4×4 array of 3×3 mm2, 50μm pixel
https://ieeexplore.ieee.org/document/7161418,
https://www.sciencedirect.com/science/article/pii/S0168900213009042, 
https://www.sciencedirect.com/science/article/pii/S0168900213017233.

Lightguides: 8 cm long attached to the sector sides 
https://halldweb.jlab.org/doc-public/DocDB/ShowDocument?docid=1784

Fibers: double-clad SCSF-78MJ 
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https://ieeexplore.ieee.org/document/7161418
https://www.sciencedirect.com/science/article/pii/S0168900213009042
https://www.sciencedirect.com/science/article/pii/S0168900213017233
https://halldweb.jlab.org/doc-public/DocDB/ShowDocument?docid=1784
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ePIC Sector End View
(x-y plane view), 17.1 X0

Pb/Scii Layer

1 sector = 12 layers
1 layer = 17 rows of 
fiber

Readout Cell
The area 1 light guide is 
attached to

Layer = 5 cells 

SiPM Readout GlueX Sector End 
View, 15.5 X0

● 2-side SiPM readout
● Lightguides attached to the sector 

sides 
○ inner surface ~2×2 cm2 
○ output face 1.3×1.3 cm2

● SiPMs that meet our requirements:
○ 4 x 6×6 mm2 SiPMs (or equivalent) 

with 50 μm pixels (e.g.  4 x 
S14160-6050, or a pre-assembled 
S14161-3050-04 array)

○ same dimensions as GlueX but with 
better performance*:

■ PDE = 50% (GlueX 33%)
■ Lower noise

● 12 layers x 5 cells x 2 sides x 48 
sectors = 5760 channels

Hamamatsu S12045(X) 
4×4 array of 3×3 mm2

50×50μm2 pixels

16 FADC per side 
12 TDC per side 

* See backup slides for documentation
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Pixel Size and Number of Pixels
Defined by photoelectron statistics and energy range to be measured
Energy measurement ranges in BECal:

● Shall provide photon measurements up to 10 GeV (F-DET-ECAL-BAR.2:)
● Shall provide electron ID up to 50 GeV and down to 1 GeV and below (F-DET-ECAL-BAR.1)

○ Electron energy measurement needed for e/π separation only (straightforward at high energies)
● Reasonable performance for MIPs needed for calibration and for muon ID

Largest energy deposit occurs for particles at large η (steep angle) where the pathlength in a cell is maximal and the 
attenuation is minimal.

13.5 GeV4.3 GeV
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7.1 GeV

ePIC GEANT4 simulation
10 GeV photons at η ~ -1.7

ePIC GEANT4 simulation
19 GeV electrons at η ~ -1.7

ePIC GEANT4 simulation
50 GeV electrons at η ~ 1.4
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Photoelectron statistics 2023 Hall D, Baby BCal, 3.9 GeV e+

1000 phe/GeV
per side

not corrected 
for 29 cm 
atten.

From our 2023 Hall D tests using GlueX SiPMs and double-clad Kuraray 
fibers: 1000 phe/GeV per side for showers at the center of the Baby BCAL 
prototype

- Corrected for attenuation: 1077 phe/GeV* per side 

We can scale these results for the ePIC Barrel ECal*:
- x 1.5 factor improvement in SiPM photon detection efficiency
- x 1.16 factor to account for better optical coupling
- x 0.69 reduction accounting for single-clad Kuraray fibers

This gives ~ 1239 phe/GeV per side (fully corrected for attenuation)
● 10 GeV ɣ at η ~ -1.7:  5560 phe → 9.8 % max SiPM occupancy
● 19 GeV e- at η ~ -1.7: 9181 phe → 16.1 % max SiPM occupancy
● 50 GeV e- at η ~ 1.4 (most extreme case): 17456 phe → 30.1% max 

SiPM occupancy

* See backup slide for the attenuation length measurement and 
extraction of those factors

2008 Hall B beam test, photons 

660 phe/GeV
per side

not corrected 
for 195 cm atten.
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Well below the region where large nonlinearities in the SiPM response are 
expected in almost all cases.
Small non-linear effects possible for some ultra-high energy electrons, 
which is acceptable (e-π separation straightforward).



Imaging Barrel ECal

Low energy performance
GlueX capabilities (NIM, A 896 (2018) 24-42): 

● Cluster/shower threshold is 100 MeV nominal (down to 50 MeV for some analyses, with mostly 2-3 cells per 
event only). Low energy detection threshold studied also with Michel electrons. 

● Capability of measuring MIPs.
● Readout channel threshold ~ 17 MeV (note: GlueX sums cells radially with the scheme 1-2-3-4) 

Results from full ePIC GEANT4 simulation: 5 MeV threshold per channel

ɣ, 100 
MeV

ɣ, 100 MeV
Ethr = 5 MeV

ePICePIC

ɣ, 100 MeV
Ethr = 5 MeV
Ethr = 0.5 MeV

ePIC

Energy per cell

Energy peak: ~ 12 MeV
Average E: ~14.3 MeV 
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Extreme case - MIPs at η = 0: 
Energy per cell = 12 MeV (peak) ➡ 15-16 phe at η = 0  ➡ ~ 7-8 phe per 
side (factor ~ 2 from atten. loss, assuming single-clad Kuraray fibers)

Low-energy measurements favor a larger pixel 
size, matches well with 50µm pixel pitch
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Summary
● The design of the Pb/SciFi portion of the ePIC Barrel Imaging Calorimeter is derived from the 

GlueX Barrel Calorimeter
● The requirements for ePIC are not identical to those for GlueX: At ePIC we reach higher energies, 

have a larger average particle multiplicities, and need to measure the full energy profile of the 
developing shower

● We determined our SiPM requirements through a combination of full simulation studies, prototype 
measurements, and experience with the GlueX Barrel Calorimeter.

● Major departures from GlueX:
○ Higher SiPM PDE, different fiber cladding (single instead of double), improved optical 

coupling (optical cookies instead of air gap)
○ Readout scheme without summing (impacts thresholds)

SiPM Preference: 4 x 6×6 mm2, 50 μm pixel SiPMs (4 x S14101-6050) or equivalently a 4x4 
pre-assembled array of 3×3 mm2, 50 μm pixel SiPMs (S14161-6050-04 array) per channel are a good 
match for the physics performance requirements of the ePIC Barrel Imaging Calorimeter



Backup
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Attenuation length measurements from GlueX
Source: Nucl.Instrum.Meth.A 596 (2008) 338-346
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Double-exponential fits to the PHT-0044 and BCF-20 data without and 
with the convolution of the photosensor. The photosensor in the case of 
PHT-0044 is the XP2020 and in the case of BCF20 is the SiPM.

These are the results from an early GlueX 
prototype test. To account for the attenuation in 
the Baby BCAL prototype, we used similar 
measurements from the actual GlueX BCAL. 
The resulting attenuation is close to the these 
prototype results.

https://doi.org/10.1016/j.nima.2008.08.136
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Attenuation length measurements
Source: bECAL Fiber Tests @Regina - Update 5 

30 cm (half Baby BCal length) 195 cm (half GlueX length) 

Kuraray Double Clad
30cm - 0cm correction factor: 1.3

● NKD-004: 110/85 ~1.3
● NKD-001G: 130/100 ~1.3
● NKD-002G: 165/130 ~ 1.27
● NKD-004G: 140/112 ~ 1.25

195cm - 0cm correction factor: 2
● NKD-004: 110/55 ~2
● NKD-001G: 130/67 ~1.94
● NKD-002G: 165/85 ~ 1.94
● NKD-004G: 140/70 ~ 2

2008 Hall B beam test, photons 

● GlueX full length (390 cm) prototype with PMTs
● Measured 660 phe/GeV per end (for events striking the 

center of the prototype)
● Corrected for attenuation (@195 cm): 660 phe/GeV x 

1.57 = 1036 phe/GeV (x 2 = 1320 phe/GeV)
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https://indico.bnl.gov/event/20045/contributions/80284/attachments/49419/84364/bECAL%20Fiber%20Tests%20%40Regina%20-%20Update%205.pdf
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Attenuation length measurements
Source: bECAL Fiber Tests @Regina - Update 5 

30 cm (half Baby BCal length) 195 cm (half GlueX length) 

Kuraray double-clad/Kuraray single-clad with grease 
● at 10 cm: (122+130+155)÷3 / (88+102+112)÷3 = 135.7/100.7 ~ 1.4
● at 200 cm: (70+71+82)÷3 / (47+45+43)÷3 ~ 74.33/45 ~ 1.65

Kuraray double-clad/Luxium single-clad with grease
● at 10 cm: 135.7 / (62+66+67)÷3 = 135.7/65 ~ 2.01
● at 200 cm: 74.33 / (29+25+25)÷3 ~ 74.33/26.33 ~ 2.8 

Kuraray single-clad 0cm - 216 cm: ~108/45 = 2.4 (NKS-004G: ~2)
Luxium single-clad 0cm - 216 cm: ~68/25 = 2.7

half ePIC barrel 

half ePIC barrel 
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https://indico.bnl.gov/event/20045/contributions/80284/attachments/49419/84364/bECAL%20Fiber%20Tests%20%40Regina%20-%20Update%205.pdf
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Attenuation length measurements
Source: bECAL Fiber Tests @Regina - Update 5 

half ePIC barrel 

https://indico.bnl.gov/event/20045/contributions/80284/attachments/49419/84364/bECAL%20Fiber%20Tests%20%40Regina%20-%20Update%205.pdf
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GlueX light guides
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Table source:

Source: 
https://halldweb.jlab.org/doc-public/DocD
B/ShowDocument?docid=1784

final 
0.5-mm air 
gap

Lucite approx. 
for optical 
cookie

https://halldweb.jlab.org/doc-public/DocDB/ShowDocument?docid=1784
https://halldweb.jlab.org/doc-public/DocDB/ShowDocument?docid=1784
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Radiation doses at ePIC

Source: https://wiki.bnl.gov/EPIC/index.php?title=Radiation_Doses

Radiation doses in BECal small:
~ 3 x 1010 / cm2 1-MeV neutron flux eqiv. for signal for 10 years of running
~ 9 x 109 / cm2 1-MeV neutron flux eqiv. for beam+gas for 10 years of running

https://wiki.bnl.gov/EPIC/index.php?title=Radiation_Doses
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PDE: 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 herein.

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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https://ieeexplore.ieee.org/document/7161418
https://www.sciencedirect.com/science/article/pii/S0168900213009042
https://www.sciencedirect.com/science/article/pii/S0168900213017233


Imaging Barrel ECal

PDE: GlueX SiPM Parameters

The Hamamatsu specification sheets provide the 
recommended operating voltage for a nominal gain of 7.5 × 
105 , 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.

PDE ~33%

https://arxiv.org/abs/1801.03088

Hamamatsu Multi-Pixel 
Photon Counter (MPPC) 
S12045(X): 
16 x 3600 pixels (50 um)

19

https://arxiv.org/abs/1801.03088


Imaging Barrel ECal

PDE: Hamamatsu s14160/14161 

PDE = ~50% 
at 2.7 V, λ = 450 nm

Kuraray SCSF-78
Emission peak = 450 nm

50%/33% = ~1.51
● 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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https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf
https://www.kuraray.com/uploads/5a717515df6f5/PR0150_psf01.pdf
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Hamamatsu: s14160/14161 series - 50 um pixel

https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14
160_s14161_series_kapd1064e.pdf
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https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf
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Hamamatsu: s14160/14161 series - 50 um pixel

Note: 
3050HS-04 array has 16 x 3531 pixels = 56496 pixels (98.5% of below)
4 x 6050HS has 4 x 14331 pixels = 57324 pixels
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https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14
160_s14161_series_kapd1064e.pdf

https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/s14160_s14161_series_kapd1064e.pdf


Imaging Barrel ECal

Standalone simulation
Imaging calo sim.

● 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-π separation exceeds 103 in pion suppression at 95% efficiency above 1 GeV in realistic conditions!

23

Realistic ePIC simulation

with 6 AstroPix Layers 1-3-4-6 Layers

Barrel Imaging ECal: Performance Example
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e/π 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/π

ScFi layers 4-14 shown
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Performance with reduced number of layers
e/π separation at 95% efficiency

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

Default configuration exceeds 103 pion rejection almost everywhere
4-layer alternate still performs relatively well at lower energies (where 
most rejection is needed), larger degradation at higher energies

4-layer alternate seems workable compromise. 
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Performance for 10 x 100 GeV 

Studies on π contamination 
performed by B. Schmookler (UCR)

● See ePIC Collaboration 
Meeting contribution (link)

Challenging goal: Achieve 90% 
electron purity from the combined 
detector performance (ECAL + DIRC)

● To keep pion contamination 
systematic uncertainty to 
required 1% level

Imaging calorimeter fulfills the 
requirement in all η ranges

https://indico.bnl.gov/event/17621/contributions/71753/subcontributions/2125/attachments/45500/76767/epic_inclusive_ecal.pdf
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η = -1.77 and +1.31 for those lines assuming one block size less than maximum radius
Integration

η = -1.77 and +1.31
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Low Energy Particles
● For electrons: cut out because of the 1.7 T field to reach the calorimeter (p < ~408 MeV)
● For photons shown number of fired readout cells with different thresholds at η = 0

ɣ, 100 
MeV

● 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)

ɣ, 50 MeV ɣ, 100 MeV

Blue threshold very low just to 
illustrate the distribution shape 

ɣ, 100 MeV
Ethr = 5 MeV

ePICePIC
ePIC

Threshold corrected for fsam
Ethr = 0.5 MeV
Ethr = 5 MeV

28



Imaging Barrel ECal

Low Energy - Gammas

ɣ, 100 MeVɣ, 50 MeV

ɣ, 200 MeV ɣ, 500 MeV

Threshold corrected for fsam
Ethr = 0.5 MeV
Ethr = 5 MeV

N of Hits: Number of cells above the threshold
Energy Deposit: Energy deposited with particular threshold 
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Low Energy Particles - Energy per readout cell

● Energy corrected for 10% sampling fraction in readout cells
● Studies at η = 0 to look at the lowest dE
● Threshold set very low = 0.05 MeV to study the energy distribution of readout cells
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Low Energy Particles - MIPs

● 5 GeV Muons
● Studies at η = 0 to look at the lowest dE
● Threshold set very low = 0.05 MeV to study the energy distribution of readout cells

Threshold corrected for fsam
Ethr = 0.5 MeV
Ethr = 5 MeV
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Comparison with GlueX prototype data
Test at JLab Hall B with full size one stave prototype, secondary photon beam, ~0.15-0.6 GeV, 90o angle
NIM, 596 (2008) 327–337, Performance of the prototype module of the GlueX electromagnetic barrel calorimeter

GlueX 
Prototype

GlueX 
Prototype

Hall B, 2008 beam test with full length GlueX BCAL Prototype
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Comparison with GlueX prototype data
Simulation of GlueX prototype and readout scheme in ePIC simulation environment

beam

beam

Reconstructed Energy/True energy

200 MeV, ɣ

● Realistic geometry implementation and simulation of the 
prototype and readout

● Low energy data described quite well by the simulation

● Energies up to ~6 GeV tested in the ongoing test at Hall D
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Energy Resolution - Photons

η = 0.0
ɣ, 5 GeV

η a/√(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)

● Based of Pb/ScFi part of the calorimeter
● Resolution extracted from a Crystal Ball fit σ

Fit parameters

GlueX Pb/ScFi ECal: σ = 5.2% /√𝑬 ⨁ 3.6% NIM, A 896 (2018) 24-42
● 15.5 X0, extracted for integrated range over the angular distributions for 

π0 and η production at GlueX (Eɤ = 0.5 - 2.5 GeV)
● Measured energies not able to fully constrain the constant term

Simulations of GlueX prototype in ePIC environment agree with data at Eɤ < 
0.5 NIM, 596 (2008) 327–337

ePIC ePIC

ePIC

34
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Pixel Size and Number of Pixels

● Maximal fraction of the total shower energy deposited in a longitudinal layer of ~1.5 X0 size 
(approximately the readout layer depth) will be ~15% (from longitudinal shower profile) at η = 0

● With a steeper impact angle, the effective thickness of one SciFi/Pb layer will be longer, so the 
energy deposit per layer will be larger.

● The most extreme case for us would be 50 GeV electrons at +1.31 (30 deg impact)
● Assuming that we have ~30% (15%/sin(30 deg)) of max deposit for 50 GeV electrons at eta = 1.31 

this gives us ~15 GeV

dE in single readout cell
Example for 18 GeV photons at η = 0 and η = 1 (~41 deg impact)

● Max dE at η = 0: ~2.7 GeV (18 GeV * 15%) 
● Max dE at η = 1: ~4.1 GeV (18 GeV * 15%/sin(41 deg))

Defined by photoelectron statistics and maximal energy to be measured
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