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• BTOF is composed of 288 half staves to form a cylindrical shape 
• 32 AC-LGAD strip-type sensors are attached to one half stave 
– Two ASICs are placed just above one sensor (several options) 

• Radius is 63 - 66 cm from the beam pipe covering -1.42<η<1.77 
• Total material budget in acceptance is ~0.01 X/X0

Detector Layout of BTOF

Material budget

BTOF shape

Module (Sensor-ASIC hybrid )

From Matthew’s slide
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BTOF AC-LGAD sensor

• Total information 
– 9216 sensors 
– 11 m2 
– 2.4 M readout channels
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• Strip-type sensor, 3.2 x 4 cm2 sensor size with 0.5 x 10 mm2 metals, is used in BTOF  
• Performance looks reasonable, but this achieved performance is the edge of the requirement 
– Gain and DC have temperature dependences 
– Performance redundancy should be considered   

• Validation with full-size sensors and study of the uniformity of the performance (gain and 
temperature dependence) will be critical in FY25 
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Figure 3: Picture (top) and diagram (bottom) of the FTBF silicon telescope and reference instruments
used to characterize AC-LGAD performance. The telescope comprises five pairs of orthogonal strip
layers and two pairs of pixel layers, for a total of up to 14 hits per track.
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FNAL 120 GeV proton beam Strip sensors

Varying resistivity and capacitance
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Figure 4: Signal amplitudes (left), timing resolutions (middle) and spatial resolutions (right) of 1-cm
strip sensors from beam tests. SH are sensors produced by HPK while SB by BNL-IO.
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FNAL 120 GeV proton beam Pixel sensors

Figure 5: From left to right: signal amplitudes, e�ciencies, timing resolutions, and spatial resolutions
of pixel sensors from beam tests. PH are sensors produced by HPK with 20 µm thickness while PB
by BNL-IO with 20 µm thickness.
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FNAL 120 GeV proton beam Pixel sensors

Figure 6: From left to right: signal amplitudes, e�ciencies, timing resolutions, and spatial resolutions
of pixel sensors from beam tests. PH are sensors produced by HPK with 20 µm thickness while PB
by BNL-IO with 30 µm thickness.
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• Strip-type sensor, 3.2 x 4 cm2 sensor size with 0.5 x 10 mm2 metals, is used in BTOF  
• Performance looks reasonable, but this achieved performance is the edge of the requirement 
– Gain and DC have temperature dependences 
– Performance redundancy should be considered   

• Validation with full-size sensors and study of the uniformity of the performance (gain and 
temperature dependence) will be critical in FY25 
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Figure 3: Picture (top) and diagram (bottom) of the FTBF silicon telescope and reference instruments
used to characterize AC-LGAD performance. The telescope comprises five pairs of orthogonal strip
layers and two pairs of pixel layers, for a total of up to 14 hits per track.
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FNAL 120 GeV proton beam Strip sensors
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Figure 4: Signal amplitudes (left), timing resolutions (middle) and spatial resolutions (right) of 1-cm
strip sensors from beam tests. SH are sensors produced by HPK while SB by BNL-IO.
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FNAL 120 GeV proton beam Pixel sensors

Figure 5: From left to right: signal amplitudes, e�ciencies, timing resolutions, and spatial resolutions
of pixel sensors from beam tests. PH are sensors produced by HPK with 20 µm thickness while PB
by BNL-IO with 20 µm thickness.
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Figure 6: From left to right: signal amplitudes, e�ciencies, timing resolutions, and spatial resolutions
of pixel sensors from beam tests. PH are sensors produced by HPK with 20 µm thickness while PB
by BNL-IO with 30 µm thickness.
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• Strip-type sensor, 3.2 x 4 cm2 sensor size with 0.5 x 10 mm2 metals, is used in BTOF  
• Performance looks reasonable, but this achieved performance is the edge of the requirement 
– Gain and DC have temperature dependences 
– Performance redundancy should be considered   

• Validation with full-size sensors and study of the uniformity of the performance (gain and 
temperature dependence) will be critical in FY25 
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• Required functional requirements are, 
– Input charge: 1~30 fC (document) 
– Input capacitance: ~10 pF 
– Jitter: < 20 ps 
– Clock: ~98.5 MHz 
– Output: TDC (8bit) and ADC (10bit) 

• Several options of ASIC for the strip-type AC-LGAD readout 
– The key parameters are matching input capacitance, expected signal strength, and matching geometry (meeting the jitter 

requirement < 20 ps) 
– The ASIC feature, e.g. size and power consumption affects the FPC design, Sensor-ASIC hybrid design,  cooling strategy 
– FCFD, HGCROC, and modified-EICROC are the candidates 

• Showstopper of each candidate 
– FCFD: Analog block is OK. How about digital block design and fabrication? When? 
– HGCROC: checking the compatibility with the strip-type sensors is necessary. How to get it? From who? 
– EICROC: Analog block re-design is necessary to match larger input capacitance. who and when?

Frontend ASIC

4

https://docs.google.com/document/d/1ZQ3vdXjrsK96SLjaiW6t886z45-Y-VYH0-14sLwfc18/edit
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Support structure and temperature control
• BTOF consists of long staves with a lower material support structure 

than ever before 

• Low material (1% X/X0) long FPC design requires a high-level 
technology and can potentially impose significant limitations on 
functionality 
– sPHENIX INTT team has the experience of making such a long FPC 

• Long stave has a temperature gradient inlet and outlet of the 
cooling pipe 
– Deteriorate the uniformity of the sensor performance   
– need precise monitoring and need complicated operations (ex, supply 

different bias voltages according to temperature readings while taking 
data) 

– Low material FPC avoids making many HV lines

5
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Development of the Bus-Extender
• Cable design

– Dimension (L x W): 120 x 5 cm2

– Line and space : 130 & 130 um 
– Zdiff : 100Ω by strip line structure

• Signal layer is sandwiched by GND layers
– Liquid Crystal Polymer (LCP) as substrate

• Relatively new material for FPC
• Less signal loss due to low di-electric constant & 

tan(δ)
• Thick LCP available for Zdiff : 100um

• Prototype 

2021/7/16 Development of INTT cable : Bus extender, T. Hachiya 3

4 layers laminated by the adhesive sheet

The design is decided based on EM-field simulation

w s

GND

Signal
(12um)

GND

Power

LCP (100um)

120 cm Bus Extender  Prototype-II

sPHENIX INTT FPC
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Thermal profile
• Measurement segmentation in sweeps 

‣ To stress test the sensors four sequential temperature scans are performed in intervals of 5◦C and a period of 60◦C. 
‣ After reaching a temperature of T = +30◦C all the I(V ) measurements are repeated by now decreasing the 

temperature by steps 5 ◦C.
‣ Use each set of two measurements as a self-cross-check with respect to changing conditions (humidity) 
‣ Further stress tests are performed by abruptly changing the temperature changes between the cold and warm 

regimes.

• Depletion voltage is independent of the temperature, but leakage current and break-down are. 
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Purdue Silicon Detector Laboratory

Design, prototyping and heat transfer 
simulation for EIC-ePIC AC-LGAD 

barrel time of flight detector

The upcoming ePIC detector at the Electron-Ion Collider at Brookhaven National
Laboratory features a state-of-the-art Time Of Flight (TOF) barrel detector, comprising
144 staves that extend over a 2.7-meter length and support strip silicon sensors. Managing
the thermal gradient along these staves is critical for optimizing sensor performance and is
a primary focus of the design challenge. This research investigates various stave
configurations to achieve minimal mass and deflection under self-weight across the entire
length, enhancing the structural integrity and operational stability of the detector.
Prototyping, manufacturing, and heat transfer analysis of the staves was conducted at
Purdue University, providing crucial insights into the thermal and structural considerations
necessary for the successful deployment of the ePIC bTOF detector.

¹ Composites Manufacturing and 
Simulation Center, Purdue University

Samuel Langley-Hawthorne ¹

Yuvraj Chauhan ¹

Pau Simpson Crusafon ¹
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Global Support Tube (GST)

Engagement Rings Top and bottom EX1515-
K13D2U CFRP face sheets

PMT Apex carbon honeycomb

CFOAM 35 HTC

SS 304 coolant pipe

Figure 1: ePIC barrel TOF (AC-LGAD) detector Figure 2: Stave cross-section dimensions and material 
composition

Figure 6: Cooling simulation results for miniSTAVE

For full-length staves, further prototyping 
efforts are aimed at determining suitable 
manufacturing methods, measuring 
deflection, and designing angled mounts. 
Additionally, validation of heat transfer 
models will be performed by testing staves 
using a dedicated cooling circuit at National 
Cheng Kung University (NCKU) in Taiwan 
and a carbon dioxide blowout cooling 
system at Purdue University’s Department of 
Physics.

ON BEHALF OF THE 
ePIC bTOF collaboration

Figure 4: miniSTAVE (300 mm) 
prototyping process Figure 5: halfSTAVE (1 m) prototyping process

Cut face sheets, 
CFOAM, 

carbon 
honeycomb, 
pipe channel

Bond with thermally conductive adhesive 

Vacuum bag, cure 
at room 

temperature Co-cure face 
sheet with 
CFOAM, 

carbon 
honeycomb

Face and cut co-cured stave 
using CNC router

Bond with adhesive-graphite 
mix

Vacuum bag, 
cure at room 
temperature

Glycol cooling (-5°C) 

Water cooling (+5°C) 

CO₂ Cooling (-35°C) 

Figure 8: Silicon sensor module cross-section

Glycol cooling (-5°C) 

Water cooling (+5°C) 

CO₂ Cooling (-35°C) 

Figure 7: Cooling simulation results for fullSTAVE
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Development of the Bus-Extender
• Cable design

– Dimension (L x W): 120 x 5 cm2

– Line and space : 130 & 130 um 
– Zdiff : 100Ω by strip line structure

• Signal layer is sandwiched by GND layers
– Liquid Crystal Polymer (LCP) as substrate

• Relatively new material for FPC
• Less signal loss due to low di-electric constant & 

tan(δ)
• Thick LCP available for Zdiff : 100um

• Prototype 

2021/7/16 Development of INTT cable : Bus extender, T. Hachiya 3

4 layers laminated by the adhesive sheet

The design is decided based on EM-field simulation

w s

GND

Signal
(12um)

GND

Power

LCP (100um)

120 cm Bus Extender  Prototype-II

sPHENIX INTT FPC

Full-size stave test with simulation

https://indico.cern.ch/event/1230837/contributions/5518042/attachments/2708682/4704254/Environmental_Barone.pdf


Key items for BTOF design
• Sensor and ASIC performance  (timing resolution, spatial resolution, and jitter) is often the focus of attention, but 

other developments are also important for making BTOF one system 

• Long (135 cm) and low material (1% X/X0) stave design is a key point in demonstrating the true ability of the 
sensor and ASIC 
– The design has a large impact on the temperature control of each sensor 
– It is necessary to understand if 1% X/X0 is really crucial, which impacts the design of FPC and cooling integration 

• ASIC development, evaluation, and decision are extremely crucial to advance the sensor integration, the stave 
support structure and cooling strategy Sensor-ASIC hybrid design 
– Balance of uniformity of wire bonding length and minimization of temperature variations in the sensors should be considered 

• NOTE: In general, the lower power consumption ASIC is preferred. However, as long as the cooling system can 
manage,   the larger power consumption ASIC is still acceptable. 
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Summary of checking list before pre-TDR
• The checking list for pre-TDR 
– How much material budget is allowed 
– How much performance variation is seen by the temperature variation 
– How much temperature variation is allowed 
– How much power consumption is allowed with various stave designs and cooling design  

• The fastest full-chain prototype would be the one using HGCROC with full-size HPK sensors 
– HGCROC compatibility with sensors (HPK and BNL) 
– ppRDO should be designed with HGCROC 
• ppRDO is being developed with ETROC2 for FTOF as of now
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Budgetary requests from Japan to support BTOF project

8
– https://japannews.yomiuri.co.jp/science-nature/science/20240515-186185/ 

• The Japanese team is requesting a large amount of budget from next FY25 in Japan (April 2025~) 
– $10M for 7 years for BTOF including R&D with eRD112 and eRD109 and mass production (for infrastructures, 

sensor, ASIC, FPC, RDO, …) 
– Decision for next year's budget will possibly come by the end of this year.



Backup

19



BTOF schedule

8

2025  
Spring

2026 
Fall

2029  
Summer 2030

2025  
Jan.

Adjust / Valid. 

Production & assembly
Installation

BTOF (Jan. to June)

Transport and construction

QA

Full-size sensor#1

HGCROC 
compatibility

Material budget 
study

Stave design

FCFDv2 FCFDv3

EICROC redesign Modified-EICROC

#2

Comparison 
FCFD and HGCROC

Final decision ASIC

Pre-TDR

Temp. Depend.



Power consumption of BTOF
• BTOF power consumption is larger than the FTOF due to the size 

difference 
• SH (Readout board and Power board) of BTOF is located in a different 

place than sensors + ASICs 
• Each SH provides ~20 W to a stave  
• One cooling pipe covers 2 staves ~40 W power consumption

Power 
Sensors+cable 0.6 kW
ASIC (2mW/ch)   4.7 kW

DC-DC 3.3 kW
FPGA 1 kW
Total 9.6 kW

 

BTOF

 

Half stave Half stave

260 cm

SH SH

One cooling pipe covers 2 staves

6

Main heat source is ASIC, so the location of ASIC and sensors should be 
designed very carefully to minimize the temperature gradient effects 



TOF system structure
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Mechanical structure, cooling and global integration

Service-Hybrid

Power 
Board

Module

ASICAC-LGAD

DAQ & 
Slow  

Control

Rec.  
&  

Calib.
Sensor-ASIC integration

Readout 
Board

LV & HV



Institutes in TOF tasks (official)
• Brookhaven National Laboratory (USA) 
• Fermi National Accelerator Laboratory (USA) 
• Rice University (USA) 
• Oak Ridge National Laboratory (USA) 
• Ohio State University (USA) 
• Purdue University (USA) 
• University of California Santa Cruz (USA) 
• University of Illinois at Chicago (USA) 
• Hiroshima University (JP) 
• RIKEN (JP) 
• Shinshu University (JP) 
• Nara Woman University (JP)  
• National Chen-Kung University (TW) 
• National Taiwan University (TW) 
• IJCLab, OMEGA, CEA-Saclay (FR)

• AC-LGAD sensor 
– BNL 
– ORNL 
– Univ. of California, Santa Cruz 
– Univ. of Illinois, Chicago 
– Hiroshima University 
– Shinshu University 

• Frontend ASIC 
• Fermilab 
– Rice University 
– ORNL 
– Hiroshima University 
– National Taiwan University 
– IJCLab/OMEGA/CEA-Saclay 

• Sensor-ASIC integration 
– BNL 
– ORNL 
– Univ. of California, Santa Cruz 
– Univ. of Illinois, Chicago 
– National Taiwan University

Tasks in BTOF

• Module structure  
– Purdue University 
– National Cheng-Kung University 

• Module assembly  
– BNL 
– ORNL 
– Ohio State University 
– Univ. of California, Santa Cruz 
– Hiroshima University  
– RIKEN 
– Nara Woman University 
– National Taiwan University 

• Flex PCB 
• ORNL 
• Nara Woman University 

• Service Hybrid 
• Rice University 

• Backend electronics 
• BNL



TOF structure
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• Barrel-TOF (BTOF) 
– Strip-type AC-LGAD 
– ASIC (FCFD) 
– Sensor-ASIC integration 
– Module 
– Service-Hybrid 
– Mechanical structure 
– Global integration

• Forward-TOF (FTOF) 
– Pixel-type AC-LGAD 
– ASIC (EICROC) 
– Sensor-ASIC integration 
– Module 
– Service-Hybrid 
– Mechanical structure 
– Global integration

• Common system 
– DAQ 
– Cooling  
– Software (Rec. & Calib.) 
– HV & LV 
– Slow control 

Mechanical structure, cooling and global integration

Service-Hybrid

Power 
Board

Module

ASICAC-LGAD

DAQ & 
Slow  

Control

Rec.  
&  

Calib.

Sensor-ASIC integration
Readout 
Board

LV & HV



Strengthening cooperation with the U.S. and JPN

• We believe that strong and efficient cooperation between Japan and eRD can solve the 
problems we have now 
– We have just started to think and make the strategy between eRD112, eRD109, and JPN for R&D 
– We have to think about assembling and construction strategy 

25

Sensor ASICElectronics

eRD112 eRD109

Others

JPN

$286k $15k $250k $125k

• Clean room (~100m2) construction is just starting at Hiroshima  
• Different resource from the requesting one 
• Main purpose is BTOF assembling
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