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Figure 8.33: ePIC tracking subsystems.

Figure 8.34: Total tracker hits vs. h for various momentum ranges (gitHub Repo).

Requirements from Radiation Hardness: Detailed simulation on radiation dose in ePIC has2030

been performed. Figure 8.35 shows the estimate of hadron and EM radiation doses in ePIC simu-2031

lation along with location of MPGD layers [44]. Table 8.5 shows the maximum estimated radiation2032

dose from various sources for MPGD trackers at various locations with 10 years of running at top2033

machine luminosity and 100% detector and accelerator efficiency based on e+p PYTHIA simula-2034

tion. The MPGD trackers in ePIC will experience low radiation dose and based on past experience2035

with MPGD trackers in various experiments [46–48] there will be negligible aging issues. The elec-2036

tronics will be mounted close to the MPGD trackers, and will be based on SALSA readout ASICs. It2037

will also require specific DC-DC converter components able to stand the ePIC radiation and mag-2038
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Figure 8.45: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 ⇥ 275 GeV ep collisions as a function of momenta and pseudorapidity, h. The
contours indicate the 3s separation region of the different ePIC PID subsystems for p/K (a),
K/p (b), and e/p (c), respectively.

• Additional low-momentum PID in the forward region is achieved by an AC-LGAD based2455

ToF that also provides an additional layer of tracking points.2456

• A large radius high-performance DIRC (hpDIRC) in the barrel, which adds focusing to the2457

original DIRC design.2458

• The hpDIRC is complemented by an AC-LGAD ToF detector at smaller radius. The AC-2459

LGAD layer provides PID information for low momentum particles that do not reach the2460

hpDIRC or are too slow to leave Cherenkov signal in it.2461

ePIC is the “encapsulated” detector

Tracking detectors

PID detectors

EM & Hadron Calorimeter

Far-forward detectors



AC-LGAD TOF in ePIC
• Two types of AC-LGAD TOF, BTOF and FTOF, are installed for 

the low-p PID 
– Complementary to the Cherenkov detectors 

• BTOF covers mid-rapidity (-1.2<η<1.6) composed of tilted 144 
staves (288 half-staves) 
– π/K separation below 1.2 GeV/c is performed 
– Strip-type AC-LGAD sensor is used 
– It is placed at ~64 cm from the beam-pipe 

• FTOF covers forward-rapidity (1.9<η<3.9), hadron going 
direction 
– π/K separation below 2.5 GeV/c is performed 
– Pixel-type AC-LGAD sensor is used

3
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Figure 8.2: Geometries of BTOF with strip sensors and FTOF with pixel sensors.

thus aiding track reconstruction and momentum determination. The timing and spatial resolu-
tion requirements and the material budget requirements are evaluated in the ePIC MC simulation
framework to find the optimal configuration. The BTOF and FTOF layouts are shown in Fig. 8.2.
Table 8.1 summarizes the current specifications of the timing and spatial resolutions, material bud-
gets, spatial coverage, channel counts, and dimensions. Figure 8.3 shows the performance of the
TOF detector in the form of 1/b as a function of particle momentum p for ep DIS events from
PYTHIA+GEANT4 simulation. The TOF detector, combined with the other ePIC PID detectors, is
crucial to demonstrate that ePIC’s PID performance can meet the requirements.

Subsystem Area
(m2)

dimension
(mm

2)
channel
count

timing
st (ps)

spatial
sx (µm)

material
budget
(X/X0)

Barrel TOF 12 0.5*10 2.4M 35 30 (r · f) 3%
Forward TOF 1.1 0.5*0.5 3.2M 25 30 (x, y) 5%

Table 8.1: Required performance for physics and proposed configurations for the TOF detec-
tor system. The Barrel TOF consists of strip sensors with a pitch of 0.5 mm in the azimuthal
direction and a length of 1 cm along the beam direction, while the Forward TOF consists of
pixel sensors with a pitch of 0.5 mm.

Requirements from Radiation Hardness: The radiation fluence and dose at ePIC are signif-
icantly less than in the LHC experiments. The maximum fluence foreseen for the lifetime of the
TOF detectors will be < 5 ⇥ 1012

neq/cm2, as seen in Fig. 8.4 and Tab. 8.2. Here, the highest fluence
between raw and 1 MeV neq/cm2 fluence was considered, as the standard NIEL correction is not
applicable for some effects in AC-LGAD radiation damage.

BTOF

FTOF

Beam-pipeStave
Half-Stave
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Figure 8.45: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 ⇥ 275 GeV ep collisions as a function of momenta and pseudorapidity, h. The
contours indicate the 3s separation region of the different ePIC PID subsystems for p/K (a),
K/p (b), and e/p (c), respectively.

• Additional low-momentum PID in the forward region is achieved by an AC-LGAD based2455

ToF that also provides an additional layer of tracking points.2456

• A large radius high-performance DIRC (hpDIRC) in the barrel, which adds focusing to the2457

original DIRC design.2458

• The hpDIRC is complemented by an AC-LGAD ToF detector at smaller radius. The AC-2459

LGAD layer provides PID information for low momentum particles that do not reach the2460

hpDIRC or are too slow to leave Cherenkov signal in it.2461
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Figure 8.45: The histogram shows the relative yield of charged hadrons from Pythia simu-
lations for 18 ⇥ 275 GeV ep collisions as a function of momenta and pseudorapidity, h. The
contours indicate the 3s separation region of the different ePIC PID subsystems for p/K (a),
K/p (b), and e/p (c), respectively.

• Additional low-momentum PID in the forward region is achieved by an AC-LGAD based2455

ToF that also provides an additional layer of tracking points.2456

• A large radius high-performance DIRC (hpDIRC) in the barrel, which adds focusing to the2457

original DIRC design.2458

• The hpDIRC is complemented by an AC-LGAD ToF detector at smaller radius. The AC-2459

LGAD layer provides PID information for low momentum particles that do not reach the2460

hpDIRC or are too slow to leave Cherenkov signal in it.2461
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AC-LGAD for BTOF and FTOF

• BTOF strip sensor 
– 18432 sensors 
– 12 m2 
– 2.4 M readout channels

• FTOF pixel sensor 
– 3632 sensors 
– 1.1 m2 
– 3.6 M readout channels

・
・
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• Strip-type sensor, 3.2 x 4 cm2 3.2 x 2 cm2 sensor size with 0.005 x 1 cm2 metals with 0.05 cm pitch, is used in BTOF  
• The readout metal geometry is 64 x 2 64 x 2 and 256124 channels in total each 
• 1 ASICs are attached to each sensor with wire bonding 

• Pixel-type AC-LGAD sensor, 1.6 x 1.6 cm2 sensor size with 0.05 x 0.05 cm2 metals, is used in FTOF 
• The readout metal geometry is 32 x 32 and 1024 channels in total each 
• 1 ASIC (2D 32x32) is attached to the one sensor
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Latest sensor performance

14

• HPK and BNL sensors show reasonable results in both strip and pixel types with the “BEST” bias voltage 
– The higher performance of time resolution should be achieved when considering the electronics jitter and  T0 resolution 

• The performances are under control and the next prototypes will have higher performance 
• The sensors are still smaller than the sensors used in the experiment

Beam test result at FNAL (from eRD112 FY24 report by FNAL, LBNL) 

120 GeV  
proton

FTBF strip and pixel telescope

AC-LGAD
Trigger scintillator

MCP-PMT

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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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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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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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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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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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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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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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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PID performance by AC-LGAD TOF
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ASIC

EICROC0

22 

FCFD: Forward Constant Fraction Discriminator 

From Artur Apresyan (FermiLab) 
DC-LGAD  

(1.3 x 1.3 mm2) 

FCFD 

ePIC PID Detector Review, July 5-6, 2023 

FCFDv0 
FCFDv1

6

• EICROC (32x32 = 1024ch) is one of the common ASICs used in 
ePIC 
– Design suits to pixel-type AC-LGAD readout (for low input capacitance) 
– 10-bit TDC and 8-bit ADC is now available (EICROC0) 

• We have several options for the strip-type AC-LGAD readout 
– The strip type has a large input capacitance of ~10 pF  
• “Standard” EICROC should be modified if it is used for the strip type  

– FCFD and modified HGCROC are the candidates  
• FCFDv1 with the analog block is available and FCFDv2 with digital block will be 

available beginning of next year 
• HGCROC has been developed for CMS Calorimeter and is ready 
• ETROC (CMS ASIC) will be used for the coming electronics development 

• It is very welcome to join the ASIC development 
– We are discussing how to collaborate with eRD109 (electronics R&D 

consortium)
Figure 22: Extracted Probe PA jitter for channel 0 as a function of the injected charge.

Figure 23: Probe PA output when the 160 MHz clock is OFF/ON. A clear coupling to the clock is
observed with a RMS noise increasing from 1.3 to 15.1 mV.

With the large noise observed, the time resolution obtained for a signal channel is about 115 ps,
much larger than expected. Nevertheless, this noise, being coherent between all channels, can be
removed by looking at the time di↵erence between two channels. Fig. 24 shows such a distribution
with a RMS of 19.7 ps. Assuming an identical time resolution on each channel, the estimated TOA
resolution would be 14 ps (19.7 ps /

p
2) for an injected charge of 25 fC. This result shows that the

TDC works as expected.
The performance of the ADC has also been studied. Fig. 25 shows a typical pulse shape for an

injected charge of 25 fC. This pulse shape is broader that the expected signal and a 8-fold noise struc-
ture has been observed. These e↵ects are attributed to the shaping stage at the ADC input and needs
to be further investigated.

The above results show that the pre-amplifier alone and the TDC alone satisfy the EIC require-
ments. Measurements with an AC-LGAD connected to an EICROC0 will start soon using the Probe
PA output (charge sharing, Beta source, ...).

During FY23, after a non expected slow beginning due to successive issues (delays in delivery,
charge injection system not available, decoding, ...), the EICROC0 test bench installed at IJCLab
became operational only in March 2023. This led to an approximate delay of 6 months compared
to the provisional schedule presented last year before being able to characterize the 1st prototype,
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EICROC0 
Analog block

module size AC-LGAD sensor. In close collaboration with the EIC detector experts and AC-LGAD
developers, the specifications for ASIC were set for sensors to be 1 cm long AC-LGAD, 500 µm pitch,
50 µm thickness, and estimated capacitance ⇠5-10 pF. Initial measurements of the performance were
done using internal charge injections performed with an LGAD-like signal. With input capacitance
⇠3.5 pF we achieved around 11 ps time resolution, as shown in Fig. 27. The analog output works
linearly over the range of input charge from 7 fC to 60 fC, the discriminator flip time output stays
constant within around 10 pS. However, we discovered that the performance with AC-LGAD strips
sensors connected to the ASIC input show the complex CR-network which complicates operation of
the ASIC. Additionally, the capacitance for some of the sensors we observed significantly larger than
we originally specified. A survey of several sensors was performed and we identified the HPK sensors
E-type strip sensors performed the best when connected to the inputs of the FCFDv1, and adapted
the readout board for this sensor.

Figure 27: Jitter measurements with 3.5 pf input capacitance and charge injection

Test beams campaigns have been performed to study the performance of the FCFDv1 with AC-
LGAD sensors attached to them, both of them in June 2024. Modifications to the readout board were
made to mitigate the e↵ect of the increased noise due to the RC-network e↵ects from the board, and
the preliminary results from the first test beam campaign were focused on studying the overal behavior
of the chip, noise performance etc. The newly introduced amplitude readout was found to function
well, and results show 100% e�ciency when combining neighboring strips, as can be seen in Fig. 28.
The increased noise due to the AC-LGAD RC-network was characterized and several modifications to
the readout board tried during the campaign to identify mitigation strategies. The second test beam
campaign started in mid-June 2024, where we implemented several modifications to the readout board
to significnatly reduce the noise using the lessons learned in the first campaign. The second campaign
is in progress as of this writing.

2.3 eRD109 FY23 Report - UCSC

Working along several paths towards an ASIC optimized for EIC detector goals, the SCIPP group
has been participating in the development of three separate ASICs with potential applications in
an EIC detector. The designs are, variously, focused on improving the timing resolution capability
relative to that of systems designed for the LHC timing upgrades, tolerating the larger capacitance
associated with strip sensors, and minimizing the per-channel power dissipation. All of these are
essential considerations in the design of an EIC LGAD ASIC.

2.3.1 The FAST ASIC Series

The FAST2 ASIC is the latest available prototype in The FAST ASIC series [18]. It is being developed
by INFN Torino in a 110 nm CMOS technology as an ASIC optimized for precision timing with LGAD
sensors. Along with the EICROC, the FAST development e↵ort is a maturing technology, with both
the precision analog front-end and the digital back-end fully under development. The FAST2 ASIC, the
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Challenging points other than sensor and ASIC
• BTOF is composed of long stave structures with a low material budget ~3% X/X0 
– ~0.5% X/X0 material budget with 135 cm must be developed 
– We have never developed such a long and low material FPC! 
– Due to the restriction, the cooling system design flexibility is limited 

• Temperature control of the sensor is one of the most challenging and important 
points to realize BTOF 
– AC-LGAD is very sensitive to its temperature 

• To avoid the acceptance hole and enhance the cooling capability, the double-
side design is the baseline 
– The procedure of assembling and construction plays a key role in enhancing the yield
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The AC-LGAD TOF collaboration and schedule
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NOW (TDR->Project)Contact PersonInstitute
DAQ readout chain readout, sensor-ASIC integration, 
sensor  with FF AC-LGAD; EICROC testingPrithwish Tribedy tribady@bnl.govBrookhaven National Laboratory 

FCFD ASIC (no ePIC)Artur Apresyan Artur.Apresyan@cern.chFermi National Accelerator 

EICROCDominique Marchand 
dominique.marchand@ijclab.in2p3.frOMEGA

Xuan Li xuanli@lanl.govLos Alamos National Laboratory 

B/FTOF FEE?, Backend electronics (postdoc) , 
simulation and reconstruction Wei Li  wl33@rice.eduRice University 

sensor-ASIC integration, frontend electronics (waffle 

probing), module assembly 
Oskar Hartbirch hartbricho@ornl.govOak Ridge National Laboratory 

BTOF/FTOF: module assembly; backend electronicsDaniel Brandenburg Brandenburg.89@osu.eduOhio State University 

Module assembly Andreas Jung  anjung@purdue.eduPurdue University 

Sensor, sensor-ASIC integration, module assembly (no 
in-kind)Simone Mazza  simazza@ucsc.eduUniv. of California, Santa Cruz 

Olga Evdokimov mailto:evdolga@uic.eduUniversity of Illinois at Chicago 

FTOF EICROC testing, sensor testing (30%), simulationKenta Shigaki shigaki@hiroshima-u.ac.jpHiroshima University 

BTOF: module assemblyYuji Goto. goto@bnl.govRIKEN 

Sensor testing, simulationsKentaro Kawaide kawade@shinshu-u.ac.jpShinshu University 

DAQ streaming readoutTaku Gunji gunji@cns.s.u-tokyo.ac.jpUniversity of Tokyo 

Shuai Yang syang@scnu.edu.cnSouth China Normal University 

Yanwen LiuUniv of Sci. and Tech. of China 

FTOF Module Assembly/QA, sensor testingPrabhakar Palni prabhakar.palni@unigoa.ac.inIndian Institute of Tech., Mandi 

Module AssemblyGanesh Tambave ganesh.tambave@niser.ac.inNational Inst. of Sci. Edu. Res. 

FF AC-LGAD (sensor QA)National Central University 

Mechanics and cooling systemsYi Yang yiyang@ncku.edu.twNational Cheng-Kung University 

FF AC-LGAD; module assemblyRong-Shyan Lu rslu@phys.ntu.edu.twNational Taiwan University 

Simulations Univ. Técnica Federico Santa María 

BTOF ASIC testing; SHZhenyu Ye yezhenyu2003@gmail.comLBNL

Simulation, readout test, machine shop (in-kind)Zhangbu Xu zxu22@kent.eduKent State University

BTOF module assembly/validation/FPCBTakashi Hachiya hachiya@cc.nara-wu.ac.jpNara

Figure 8.17: Collaboration institutions and their potential responsibilities.

dition to the baseline chips, EICROC and FCFD, third-party ASICs are also taken into considera-
tion: FAST (INFN Torino), AS-ROC (Anadyne Inc. and UCSC), and HPSoC (Nalu and UCSC). The
most advanced one is the High-Performance System-on-Chip (HPSoC) ASIC, designed by Nalu
Scientific [9], in close collaboration with SCIPP, and fabricated in 65 nm CMOS by TSMC. HPSoC
includes a fast analog frontend and, unique to all other current AC-LGAD readout ASICs, will
capture the full signal waveform at a sampling rate of 10-20 GS/s. Together, these are expected to
address the EIC goal of 25 ps timing resolution or better per measured space point. V2b of the chip
has a working digital backend and is currently under review.

We have performed heat conductivity and cooling simulations, as well as tests on the cooling ca-
pacity (currently with PED funding). Those show promising outcomes for meeting the cooling
needs. The potential risk is that the cooling capacity is insufficient to maintain a stable and rela-
tively uniform temperature. A possible mitigation strategy is to use different materials for cooling
pipes with better heat conductivity and higher flow rates.

2025 2026 2027 2029

Preproduction Production
PED & 

Validation
Installation & 

Commissioning

• The schedule is based on the data-taking start 
in 2032 

• I am not sure, but it will be behind the schedule 
by 2 years?



Organization of TOF-Japan
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Tohoku University

RIKEN

Shinshu University

Nara Women’s University

Hiroshima University

University of Tokyo

• The Japanese community has committed to the 
AC-LGAD TOF project 
– Especially, we focus on the BTOF part 

• Recently, Tohoku University has participated in 
the project officially 

• The institutes are working on, 
– Simulation (background & material budget)  
– Long FPC design 
– Sensor R&D 
– Assembling & Construction 

• TOF-Japan meeting (link) is held every 
Wednesday (10:00JST → 20:00EST)

https://indico.bnl.gov/category/557/manage/


Assembly building & Resource in Japan
• Construction has begun on a new building to house TOF’s 

development and assembling room  
– The building is scheduled to be completed by the end of 2025 

• There is one 100 m2 1,000 ~ 10,000 class clean room that we can 
use for BTOF 
– Wire bonding machine, probe station, laser system and other equipment 

will be installed here 

• We are discussing whether to build another site at RIKEN 
– The site will be used not only by BTOF but also by ZDC activities 

• We requested a large amount of grant for our government to 
succeed in the ePIC project 
– BTOF is one of the main projects in the plan ($10s M) 
– The official conclusion will be public this December
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News link (English)

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


Other items
• Takashi Hachiya (NWU) is working on the FPC design 
– FPC design is still difficult despite relaxed conditions 
– The first one is designed with ETROC2  

• We visited HAYASHI-REPIC CO. Ltd. to discuss how to cooperate with the 
AC-LGAD TOF project 
– The company made the long & low material FPC of sPHENIX 
– The mass production of the ATLAS Strip tracker for the upgrade is ongoing 

• We are planning to have a meeting with HPK engineers next week 
– The strategy for the coming sensor production will be discussed 

• We are preparing the test beam at Tohoku University 
– Masashi Kaneta (Tohoku University) plays a key role in the test 
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BEX
• Cable design (prototype)

• Dimension (L x W): 120 x 5 cm2

• 4 layers (signal , 2xGND, PWR):  X = 0.8% X0
• Cu : 12um thick per layer + 30 um Cu plating on 

surface
• Lines : 124 lines (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

• Less signal loss due to low di-electric constant & tan(δ)
• Thick LCP available for Zdiff : 100um

4 layers laminated by the adhesive sheet

w s

GND

Signal
(12um)

GND

Power

LCP (100um)
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Summary
• AC-LGAD TOF is an important PID doctor for low-p region at mid and forward rapidity 

• BTOF uses the strip type, and FTOF uses the pixel-type sensor 
– The covering area of BTOF and FTOF is 12 m2 and 1.1 m2, respectively 

• The spatial resolution is already above the requirement, but the higher timing resolution is necessary to get 
35 ps timing resolution with the whole system 

• Tohoku University has joined the project and they play in very important role in the coming test beam in 
Japan 

• Our government decision for the grant is about to be public soon (this month)
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