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Time-of-Flight (TOF) in the ePIC collaboration
• Main identification detector at low- to middle-pT region 
– Requiring an excellent timing resolution due to the compact 

design detector at |η|<1.4 (Barrel) and 1.8<|η|< ~4.0 (Endcap) 

• Requiring the timing resolution: 30 ps (25 ps) for Barrel 
(Endcap) 
– Particle identification e/π/K/p separation 0.15 < p < 2 GeV/c 

(0.15 < p < 2.5 GeV/c) 

• Requiring the spatial resolution: 30 um (30 um) for Barrel 
(Endcap) 
– Improve tracking (momentum) resolution
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• DC-LGAD (standard LGAD)  
– Being built by ATLAS and CMS (LHC Run 4) 
– 30 ps timing resolution 
– Non-negligible inactive area due to individual readout 
– Not good spatial resolution (Pad: 1.3x1.3 mm2 for ATLAS/CMS) 

• AC-LGAD 
– Additional oxide layer for AC-coupling readout 
– 30 ps timing resolution  
– Good spatial resolution thanks to charge sharing 
– One large gain layer for electrodes → 100% of fill factor

Low Gain Avalanche Diode (LGAD)
ATLAS CMS
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Fig. 1. Operation principle of the LGAD detector (left), and DC-LGAD and AC-LGAD detectors (right).

time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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• DC-LGAD (standard LGAD)  
– Being built by ATLAS and CMS (LHC Run 4) 
– 30 ps timing resolution 
– Non-negligible inactive area due to individual readout 
– Not good spatial resolution (Pad: 1.3x1.3 mm2 for ATLAS/CMS) 
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– Additional oxide layer for AC-coupling readout 
– 30 ps timing resolution  
– One large gain layer for electrodes → 100% of fill factor 
– Good spatial resolution thanks to charge sharing
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time resolution [3,4]. Figure 1 (left) shows the operation principle of the LGAD sensor. The LGAD is
basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
with a boron doping concentration larger compared to that in the p-bulk region. The additional layer
makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
HPK AC-LGAD prototype sensors are presented.

2. First prototype of AC-LGAD Sensors

2.1 Uniform avalanche layer and AC electrodes
To improve the active area with the high timing resolution, AC-LGAD sensors have been fabri-

cated by HPK. A uniform gain layer (the set of n+ and p++) is placed over the sensor active area and
for the segmented readout of the charge, patterned aluminum electrodes are placed on the oxide layer
(AC-coupled to n+) as shown in Fig. 1 (bottom right, AC-LGAD).

2.2 Parameterization of doping concentrations
A uniform gain layer with a low resistivity n+ doping concentration is expected to result in large

cross-talk to the next electrodes due to that the charge created by the avalanche point flows through
the n+ layer, creating signals on the neighboring electrodes. To reduce the cross-talk, an n+ layer
with large impedance is preferred. On the other hand, n+ with such a lower doping concentration
results in a lower gain. Therefore the p++ doping concentration must be optimized for each of the
n+ doping concentration. Table I summarizes the sample types produced in the first prototypes, with
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basically a n+-in-p semiconductor diode, containing an additional p++ layer under the n+ electrodes
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makes an extremely higher electric field between n+ and p++. Such a high electric field induces
avalanche multiplication, increasing the electron and hole pairs originally produced by a Minimum
Ionizing Particle (MIP) by about 10-20 times. Superior time resolution is achievable with LGAD as
such a large signal is produced in the vicinity of the depth region.

Concerning the spatial resolution, we have identified a potential issue in improving the granularity
of the electrode [5]. Our fist segmented prototype, a 80 µm pitch strip detector, showed only 20 %
of the region to have enough gain to achieve O(10) ps timing resolution. The reason of such a low
fill factor is illustrated in Fig. 1 (top-right, DC-LGAD). The gain layers (combination of n+ and p++)
are placed separately for each electrode. As the regions between the n++ electrodes have no gain,
it introduces a gain non-uniformity over the sensor. To avoid this feature, an AC-coupled LGAD
sensors (AC-LGAD) has been developed as described in Section 2.1. In the following sections, first
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Situation of AC-LGAD development
• Development of AC-LGAD for use in HL-LHC environment 
– R. Heller et al., JINST 17 P05001, 2022 
– Fabricated by BNL and KEK/Tsukuba (Hamamatsu Photonics : HPK) 
– Strip type and pad type (small sensor 3x3 mm2)
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– R. Heller et al., JINST 17 P05001, 2022 
– Fabricated by BNL and KEK/Tsukuba (Hamamatsu Photonics : HPK) 
– Strip type and pad type (small sensor 3x3 mm2)

Table 1: Performance summary for BNL strip and HPK pad detectors. A 10% uncertainty is
applied to the MPV signal amplitudes, representing the uncertainty in amplifier calibration. The
position resolutions quoted for the strips are only upper limits since the measurements are limited
by the resolution of the tracker reference. The HPK position resolution and all time resolution
uncertainties represent the statistical error, only.

Name Pitch Primary signal amp. Position res. Time res.
Unit µm mV µm ps

BNL 2020 100 101 ± 10 6 29 ± 1
BNL 2021 Narrow 100 104 ± 10 9 32 ± 1
BNL 2021 Medium 150 136 ± 13 11 30 ± 1
BNL 2021 Wide 200 144 ± 14 9 33 ± 1
HPK C–2 500 128 ± 12 22 ± 1 30 ± 1
HPK B–2 500 95 ± 10 24 ± 1 27 ± 1

5 Conclusions and Outlook

We present detailed studies of several AC-LGAD sensors exposed to 120 GeV proton beam at the
Fermilab test beam facility. Several enhancements to the experimental setup were incorporated, such
as improved DAQ that allows high speed readout of up to 7 channels, and significantly better position
resolution measurement. The new readout allows multi-strip measurements and a combination of
information that takes full advantage of signal sharing among neighboring channels. A proton hit
e�ciency close to 100% has been measured for individual strips as well as for a combination of
adjacent strips. We demonstrate that uniform position resolution of around 6 µm can be achieved
with strip detectors. Uniform time resolution of around 30 ps can be achieved across the full surface
of sensors with correctly optimized geometry.

These results are the first demonstration of simultaneous 6 µm and 30 ps resolutions in a single
sensor. We demonstrate that the signal sharing observed in AC-LGADs can be utilized for much
improved position reconstruction compared to standard silicon detectors, with the additional benefit
of precision timing measurement.
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adjacent strips. We demonstrate that uniform position resolution of around 6 µm can be achieved
with strip detectors. Uniform time resolution of around 30 ps can be achieved across the full surface
of sensors with correctly optimized geometry.

These results are the first demonstration of simultaneous 6 µm and 30 ps resolutions in a single
sensor. We demonstrate that the signal sharing observed in AC-LGADs can be utilized for much
improved position reconstruction compared to standard silicon detectors, with the additional benefit
of precision timing measurement.
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– Larger strip and smaller pixel sensors 

• Unexpected character in large strip sensor 
– Smaller signal than pixel type 
– Due to inter-electrode capacitance 
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Strategy of AC-LGAD (TOF) R&D in EIC 
(My own perspective)

• Maximize the timing resolution and stable readout 
– PID performance 

• Realize larger size sensor with reasonable segmentation 
– Simplify construction & operation, and cost reduction  

• Optimize the material budget  
– Tracking and EM performance, and cost reduction 

• Radiation tolerance 
– 1010 neq/cm2 at top luminosity ~1034 cm-2s-1 in EIC (1015~16 neq/cm2 

in HL-LHC)
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Simulation study
• Detector response and data reconstruction 
– ePIC detector (based on DD4Hep): https://github.com/eic/epic 
– EICRecon: https://github.com/eic/EICrecon 
– Pythia8 NC DIS Q2>1GeV2 in ep (18GeV electron + 275GeV proton beam) collisions (HepMC data 

archived in S3) 
– 10,000 events 

• TOF detector in simulation 
– Sensor segment size of barrel-TOF: 100um x 1cm 
– Sensor segment size of endcap-TOF: 100um x 100um 

– Sensor thickness: 300um
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• The number of hits per event: 5.2 (Barrel), 2.8 (Endcap disk1), and 3.0 (Endcap disk2) 
• 35% and 28% events without hits on Barrel and Endcap  
• The maximum hit per event: ~80 (Barrel) and ~30 (Endcap)



Barrel TOF occupancy
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• The maximum multiple-hit segment 
– 100um x 1cm (strip-type) :  3x10-4 
– 100um x 2cm (strip-type) :  3x10-4 
– 1cm x 1cm (pad-type) :      12x10-4 

– 2cm x 2cm (pad-type) :      20x10-4 

• Negligible overlapping effect per event even with 
O(1) cm size segment 

• Not necessary the high granularity segment from 
the particle identification point of view 

• Next step: effect on the tracking resolution
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Barrel-TOF  
Distance between hits
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Each sensorHit map view from the beam axis 
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Charged particle

• Multiple hits on different chips by one charged particle 
• Possibly improving tracking resolution by the effect? 
• Starting point of the simulation study…
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Endcap TOF occupancy
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• The maximum multiple-hit segment  
– 100um x 100um (pad-type) : 9x10-4 
– 1mm x 1mm (pad-type) : 2.5x10-3 
– 1cm x 1cm (pad-type) : 1.7x10-2 

• Higher occupancy at innermost (forward 
rapidity) 
– Option: use multiple type chip  

• Unexpected inactive area 
– Due to technical issue
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Very preliminary results 
Material budget effect on EMC
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• Enhance conversion due to interaction with the material
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• A study on the material budget effect on EMC (downstream of TOF) 
• Inject single neutral pion



Test bench at Hiroshima
• Test of the AC-LGAD and EICROC (readout board for EIC) 
– Work closely with HPK for effective development 

• Equipment based on the suggestion from BNL/KEK/Tsukuba teams  
– Focusing on timing resolution and cross-talk (charge sharing) measurement 

• FPGA, digitizer (flash ADC), oscilloscope, and PMT 
– FPGA: ZC706 
– Oscilloscope: WaveRunner 8208HD (10GS/s, 8ch) 
– Digitizer: CAEN DT5742 (5GS/s, 16ch) 
– PMT: PHOTEK PMT240 (60 ps rising time) 
– Looking forward to receiving AC-LGAD and EICROC 
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Capability of the team Japan
• Experience to create the INTT detector in sPHENIX with (almost) only Japanese 

technology 
• Same environments for R&D, mass production, and QA 
– ＋ Hiroshima University (Forward muon silicon tracker at ALICE)

13
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Summary
• TOF is the main detector for particle identification at low- to middle pT region 

• AC-LGAD is the primary candidate to fulfill the requirements of the ePIC detector 
– High timing resolution, high granularity (if needed), and high fill factor 

• AC-LGAD development elements suiting EIC are remaining, e.g. maximizing chip size, tuning 
segmentation 

• Hiroshima University (EIC-Japan) will play a key role in the development of TOF  
– The simulation study for the fine-tuning of segmentation and material budget has been started 
– The R&D lab is being constructed at Hiroshima University 
• Establishing a strong cooperative relationship with Hamamatsu Photonics
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