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n ePIC barrel timing detector
n AC Low Gain Avalanche Diode

– R&D elements
– ongoing R&D for ePIC and HL ATLAS
– BNL/KEK/Tsukuba/Hamamatsu achievements

n EIC-Japan on barrel ToF
– R&D start up status and plan
– team Japan experience and capability
– new “WPI” institute at Hiroshima

n summary and concluding remarks

Presentation Outline
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n ePIC designed compactly with SC solenoid
n requirements for barrel ToF at ~ 80 cm radius:

– ~ 30 ps time resolution
n short path length, wide transverse momentum range

– loose position resolution requirement
n low multiplicity and spatial density

– 1010 neq cm-2 radiation torrerance
n integrated at top luminosity L ~ 1034 cm-2s-1

n cf. HL LHC 1015–16 neq cm-2 at L ~ 1035 cm-2s-1

– ~ 11 m2 area
– insensitivity to magnetic field preferred
– nb. AC-LGAD chosen for ePIC endcap ToF

ePIC Barrel Timing Detector
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EIC silicon detector R&D status – AC-LGAD I
• Detailed detector geometry of the barrel and hadron endcap 

AC-LGAD tracker (ToF) has been developed.

Xuan Li (LANL) 18

Barrel ToF: • Barrel AC-LGAD tracker (ToF):
• Pixel size 0.5mm by 1.0mm.
• 10.9 m2 active area with 2.4M 

channels.
• Spatial resolution 30!" in r$.
• Timing resolution 30ps.

• Hadron endcap AC-LGAD 
tracker (ToF):
• Pixel size 0.5mm by 0.5mm.
• 2.22 m2 active area with 8.8M 

channels.
• Spatial resolution 30!" in xy.
• Timing resolution 25ps.
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Low Gain Avalanche Diode (LGAD)
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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

2■■■
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n DC (i.e. standard) -LGAD
– individual p+ gain layer per electrode

n inactive gaps between granules

– n++-in-p type sensor w/ p+ gain layer
n high dope for high signal conductivity

n AC-LGAD
– spanning p+ gain layer w/ multiple electrodes

n ~ 100% fill factor w/ fine pitch
n AC coupling w/ oxide layer between n+ layer and electrodes

– n+- in-p type sensor w/ p+ gain layer
n low dope for low sideward conductivity

n AC-LGAD better suited for single layer barrel ToF
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n issues compared to DC-LGAD
– weaker signal due to AC coupling
– crosstalk due to charge sharing in spanning n+ layer
– uniformity

n factors for signal strength
– Rimp (higher preferred)

n low n+ dope → high Rimp
– Ccp (higher preferred)

n high segmentation → low Ccp
n thin oxide layer → high Ccp

n hurdles for good time and position resolutions

AC-LGAD R&D Elements
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K. Nakamura et al., 
JPS Conf. Proc. 34, 010016 (2021)
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n BNL, U.S.A.
– inhouse chip manufacture (not for mass production)
– ATLAS Japan bridging ePIC/BNL and Hamamatsu

n KEK and U. Tsukuba, Japan
– led by Koji Nakamura (KEK)
– close connection w/ Hamamatsu
– pad/strip/pixel; electrode shape/size; oxide properties
– future ATLAS vertex detector at HL LHC from 2028

n HL LHC more demanding than EIC case
– 30 ps time resolution, o(10) µm position resolution
– o(1015) neq cm-2 radiation tolerance

Ongoing AC-LGAD R&D
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n ref. R.Heller et al., JINST 17 P05001 (2022)
n strip type by BNL

– e.g. electrode size effects

n pad type by Hamamatsu
– e.g. n+ dope concentration effects

n good performance achieved w/ small sensors

BNL/Hamamatsu Made Sensors

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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EIC silicon detector R&D status – AC-LGAD II
• New prototype sensors have been produced at BNL and HPK.
• New AC-LGAD strip design prototype sensor have been 

characterized with beam tests at FNAL. Around 30"# spatial 
resolution and better than 30ps timing resolution per hit can 
be achieved.
• Irradiation tests (1013-16 neq cm-2) have been carried out with 

500MeV proton beam at LANL LANSCE for new AC-LGAD 
protype sensors. Will evaluate the radiation impacts.

Xuan Li (LANL) 19

AC-LGAD prototype sensor AC-LGAD FNAL beam test setup Irradiation tests at LANSCE

BNL 4” wafer
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n ref. S.Kita et al., VERTEX 2022
– 24–27 October 2022, Tateyama, Japan

n pixel and strip types prototyped

n resistivity/capacitance parameter optimization

R&D News from KEK/Tsukuba/HPK

sensor size: 3×~ 10 mm2
pitch: 80 µm

electrode width: 40, 45 µm

sensor size: 1×1 mm2
sensor pitch: 50, 100, 150, 200 µm
electrode size: 40, 90, 140, 190 µm
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n good performance w/ 100 µm pixel and larger
– next: larger sensor (~ 20×20 mm2) w/ ASIC readout

n problem w/ long (e.g. ~ 10 mm) strip
– unexpectedly weaker signal than pixel
– inter-electrode capacitance newly noticed
– further R&D for future ATLAS inner tracker

KEK/Tsukuba/HPK Latest Results

Inter electrode capacitance

16Vertex202210/27/2022

Result of small strip signal size comes from inter electrode capacitance effect  

To check Cint effect… 

n+

p++

Inter electrode capacitance 
Cint

✓ equivalent circuit : capacitance between electrodes
✓ Cint induces charge flow to next electrode
→ Introduce additional crosstalk by this 

capacitance
✓ Strip sensor has larger Cint

The sample has 32 variations of 
strip length by cutline

Pattern diagram

16 strips
x 2 

= 32 strip 
lengths

Compare signal from different 
lengths of strip
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n eager to lead ePIC barrel ToF
– responsibly like for sPHENIX INTT detector
– capable to manufacture all components in Japan

n sensor strategy
– AC-LGAD already (almost) satisfying ePIC barel needs

n remaining major issue to increase sensor size

– joining AC-LGAD R&D to finalize sensor design
– preparing to test ePIC/BNL prototypes first
– to bridge R&D team (eRD112) and Hamamatsu

n also to take care of other components
– e.g. FPC, cables, support structures

EIC-Japan Barrel ToF Plans
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n Riken w/ sPHENIX INTT experience
– w/ Japanese technologies
– R&D, mass production, QA environments available

n Hiroshima w/ ALICE forward µ tracker experience

Team Japan Experiences
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n contact: Alessandro Tricoli (BNL)
n from ePIC: BNL sensor, EIC ROC, firmware, DAQ
n also: Xilinx board, PC, measuring instruments, … 

R&D Start Up Kit

2022/12/09 11/13

EIC ROC0 BNL AC-LGAD

FMC Mezzanine Test Board

Xilinx XC705/ZC706

firmware
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n “world premier” center SKCM2 just established
– just funded last month by JSPS for 2022–2031

n ~ 5 M USD per year×10 years

– 14 existing (e.g. Kavli IPMU) + 3 new institutes in Japan

n K. Shigaki as PI on exp. nuclear/particle physics
– to promote interdisciplinary science
– ePIC declared as one of main projects

n HR, building/facilities, student supports, …
– new group/lab to complete in coming years

Brand-New “WPI” Institute at Hiroshima
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n ePIC ToF requiring excellent timing resolution
n AC-LGAD: most promising technology choice
n EIC-Japan eager to lead barrel ToF efforts

– in addition to forward calorimeter (ref. talk by Y. Goto)

n starting with ePIC/BNL sensor and ROC tests
– components starting to arrive this month

n Riken, Hiroshima, and NCU

n Hiroshima joined the team w/ new resources
n very glad to welcome Taiwan to collaborate!

Summary and Concluding Remarks
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