Automated SiPM Quality Control for the ePIC
Longitudinal Forward Hadronic Calorimeter (LFHCal)

Prakhar Garg (for ePIC Collaboration)
Wright Laboratory, Yale University

\V/Z Wright
7Y Lab

CPAD 2026, University of Washington, Seattle




ePIC Central Detector Systems

Hadronic Calorimeters

Solenoidal Magnet

Electromagnetic Calorimeters

MPGD Trackers

MAPS Trackers

CPAD 2026, University of Washington, Seattle



Calorimeters at ePIC
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Longitudinally segmented forward Hcal
(LFHCal)

Motivation:

®© Maximum coverage for charged & neutral hadron
reconstruction

® Reconstruct jets at high rapidities

® Explore hadronization by studying identified particles and

substructure within jets

Requirements:
® Energy resolution: 6(E)/E ~50%/NE ® 10% (with EMCal)

® Transverse granularity: ~5x5 cm? for 7 < 3.5

® Fine longitudinal segmentation to find shower start and
maximum, finer at higher n where particle density is higher
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LFHCal in Numbers

8M & 4M modules
® Acceptance: 1.2<n<3.5

® Inner modules (R < 1m): 3 mm SiPMs -> ~ 11% =
57,800 SiPMs

® Quter modules: injection molded tiles & 1.3 mm
SIPMs -> ~ 89% = 467,320 SiPMs

~ 525,120 SiPMs, 70,016 read-out channels
Insert modules
® Acceptance: 3.5<n<4.0
® ~ 94 tiles/layer with 3 mm SiPMs
~ 5,640 SiPMs/tiles & read-out channels

A (Rxy =400.0 cm)
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LFHCal
parameter 8M & 4M modules insert modules
inner X,y (R) —20cm > x >40cm, R >17cm
—30cm > y > 30 cm
outer R (x,y) R < 270 cm —20cm > x > 40 cm,
—30cm > y > 30 cm
1] acceptance 1.2 <y <35 35 <n <40
tower information
X, Y 5cm 5cm
z (active depth) 120 cm 120 cm
z read-out ~ 8.4 cm ~ 8.4 cm
# scintillator plates 60 (0.4 cm each) 60 (0.3 cm)
# absorber plates 60 (1.52 cm) 60 (1.52 cm)
interaction lengths 5.8-6.5 A/ A 58 A/ A
# towers 8752
# modules 2
8M 1058
AM 72
# read-out channels 8 x 8752 = 70016 5640

B LFHCAL
BN HcalEndcapPInsert
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SiPM Quality Control for CD-3A

SIPM Delivery & Acceptance Testing

® 2025-2026: ~33K SiPMs delivered per month
(341.4K total)

® Acceptance testing procedure established: 5% of

trays tested

» 09/2025: Manual test set-up at Yale (32 SiPMs per
load)

» 02/2026: Automated test setup build by the
University of Debrecen and Yale (460 SiPMs per
load)

® 19.3K SiPMs tested at Yale so far, focusing on
breakdown voltage measurements and visual
Inspection
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Automated Test Setup for SiPM V,  Studies
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Temperature sensors

Dark-box climate monitoring

NI SMU

IV sweep source/measure

NI DMM

IV sweep / SPS bias voltage measure

HV PSU
SiPM bias voltage source (SPS)

DAQ Digitizer
Waveform capture (SPS)

@ Instruments & sensors

Control Device

Mode switching: IV / SPS /
dark-current / forward-resistance

Robot Probe Head

Signal amplifier, contact detection,

temperature sensor

SiPM under test

SiPM tray with robotic
sequential probing

Light / Pulser

Single photon source

@ Control & motion

B sSoftware

Orchestrator

Measurement workflow (software)

Raw data

Motion & Vision

Detect SiPM alignment - robot
positions probe on contactor

Temperature conditioner

Dark-box cooling module

(| Data & results
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Characterization Setup: Flow Chart

Operator Workstation

Web-based user interface for
measurement control

Analysis

SiPM characterization via
ROOT analysis

Characterization results

@ Device under test



Raw IV Curve
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IV vs. SPS Breakdown Voltage Comparison (Single Tray)
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V, . Uniformity within a Tray: IV and SPS (25 °C)

ePIC Test Stand Hamamatsu S$14160-1315PS Tray #260312-1901 ePIC Test Stand Hamamatsu $14160-1315PS Tray #260312-1901
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Count of SiPM Tests
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Reproducibility of the
Setup

Hamamatsu S14160-1315PS

Temperature corrected to 25C

ePIC Test Stand

Debrecen SiPM Test Setup @ Yale

448 total SiPMs
Each tested 5 times

V, 4 from IV curve (o = 1.6927)

V, 4 from SPS (o = 12.4075)
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ePIC Test Stand

SiPM Dark Current at
V,,-3Vand V, +4V

Cassette + Robotic Setup
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Breakdown Voltage of All Trays (25 °C)
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IV V, . Extraction Methods

A consistent difference between |V and SPS breakdown voltages may be due to
the extraction method.

[dIn(/)/dV]~! [au]

Voltage (V)

Ref: NIM-A 849 (2017) 55-59

Inverse relative

Voltage (V)

din(/)/dV[aul

Relative derivative

T T T T T L T T T T ' _I T T T T 1 T T T T T T T T T 1 T T T T
36.75 37.00 37.25 37.50 37.75 38.00 38.25 38.50 38.75 36.75 37.00 37.25 37.50 37.75 38.00 3825 38.50 38.75 36.75 37.00 37.25 37.50 37.75 38.00 38.25 38.50 38.75

Voltage (V)

d?In()/dV? [au]

Second derivative

20 1

1
36.75 37.00 37.25 37.50 37.75 38.00 38.25 3850 38.75
Voltage (V)

CPAD 2026, University of Washington, Seattle

Tangent method

14



https://www.sciencedirect.com/science/article/pii/S0168900217300025?via=ihub

IV V, . Results for Different Extraction Methods

Std Dev of (IV - SPS) [V]
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Optical Inspection: Setup and Method

@ Microscope camera with ring light mounted above the SIPM tray (460 SiPMs
@ One tray photographed in ~40 min

@ Crop individual SiPMs and paint damage / debris masks for training

@ U-Net with ResNet-34 encoder gives a 3-class pixel mask (background / damage / debris)

Activities B Tk Jun1 09:32 e

Yale SiPM Automated Tester & Velmex Controller x

Velmex Connection & Status

Port (e.g. COM3 or /dev/ttyUSBO): = /dev/ttyACMO Disconnect Current Pos: X=0, Y=0

Manual Control & Machine Homing 1. Inspection Dashboard [ 2. Calibration & Tray Setup
Step Size: 20 Image Save Location (Folder Manager)

Base Path: /home/operatorZIsipm_project/SiPM_Images{ Browse

Y-(Up)
Tray Number /Name: Tray 260409-1702 Create & Set Folder

X-(Left) - X+ (Right) Current Output: /home/operator2/sipm_project/SiPM_Images/Tray_260409-1702
- Y+ (Down / Next Row) Pending Active Completed Error

SiPM Tray Layout (23 x 20)
Sync Zero (Set Current as 0,0)

System Log

Lapturea: >1FM_KI1Y_LZZ.png
-- INSPECTION COMPLETE ---
Moving to Named Home 'zero'...
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>> 11M20, R
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Moving to Named Home 'zero'...
>> C

>> T1M-140, R

<< ?

START INSPECTION
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Automated Optical Inspection of SiPMs

Crop individual Label damage Train U-Net
Tray photos SiPMs & artifacts Ed CNN
Y
Damage vs Vbd Join with Run inference
plots SPS files damage_report.csv il (all chips)

® 95% of 43 damaged SiPMs correctly identified (held-out tray)
® ~17,000 SiPMs analyzed; 7.7% flagged with imperfections

@ Qutliers: trays 250812-1301 (47%) and 250812-1302 (33%)

® Most trays: only minor scratches
® Debris on 8.8% of chips, uncorrelated with imperfections

Chips flagged (% of tray)

Input photos and CNN output (red: damage, blue: debris)

60 -

50 -

40 -

B Chips flagged (% of tray)
® Max imperfection area (% of chip)
o Mean imperfection area (% of chip)

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh
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Summary

® Automated test setup built with Debrecen tests whole trays of SiPMs
at once

® Breakdown voltage measured two ways (IV and SPS); a consistent
offset between them is being studied

® All trays passed the criterion except one SiIPM (large data current)
® ML-based optical inspection finds scratches and debris automatically

® In near future more long lead procurements are expected to arrive

CPAD 2026, University of Washington, Seattle 18



