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Angular accept. Channel size (mm2) Timing Resolution Spatial resolution Material budget

Barrel ToF −1.4 < 𝜂 < 1.4 0.5*10 35 ps 30 𝜇𝑚 in 𝜑 0.01 X0

Forward ToF 1.5 < 𝜂 < 3.5 0.5*0.5 25 ps 30 𝜇𝑚 in x and y 0.05 X0

Specifications of  ePIC AC-LGAD ToF detectors in EIC:

• ToF : PID capabilities below the threshold of  Cherenkov PID detectors
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Fermilab test beam setup for AC-LGADs:

R. Heller, A. Abreu, A. Apresyan et al. Nuclear Inst. and Methods in Physics Research, A 1018 (2021) 165828

Fig. 12. Measurement of the inter-pad gap in three different sensors. Top left: nominal gap 30 �m; measured 76 ± 5 �m. Top right: nominal gap 50 �m; measured 91 ± 5 �m.
Bottom: nominal gap 70 �m; measured 105 ± 5 �m.

Fig. 13. Waveforms from the LGAD and MCP-PMT in a representative event, sampled
at 20 GS/s. The MCP-PMT waveform is scaled vertically by a factor of 5 for better
visibility. The LGAD waveform shown is from the sensor with 1 ù 3mm

2 pads, at wafer
position P2 with a nominal inter-pad gap of 50 �m (see Table 1). The collected charge
observed in this event is 21.7 fC, very close to the most probable value for this sensor
(see distributions in Fig. 14).

beta setup and builds confidence that even small differences observed
between sensors are meaningful.

5.3. Beta source results

The results of the beta measurement campaign are shown in
Figs. 17 to 20. Figs. 17 and 18 show the charge collection as a function
of bias voltage for the sensors of pad size 1 ù 3mm

2 and 1.3 ù 1.3mm
2.

Variation in the gain layer concentration between sensors results in
a translation of these curves along the bias voltage axis, with the
key figure of merit being the bias voltage to reach a certain charge
threshold. Among the 1 ù 3mm

2 sensors, there is a correlation with
the turn-on of the charge curve and the position of the sensor on the
wafer. Sensors near the center of the wafer (P1–P2) require a bias
voltage approximately 10V larger to reach the same gain as sensors
towards the edge of the wafer (P3–P5). The wafer positions of the
1.3 ù 1.3mm

2 sensors were not preserved, but a similar scale of variation
in bias voltage of 10–15V is observed to reach a given gain value. These
differences represent slight variation in the concentration of the gain
implant.

Fig. 19 shows the risetime and time resolution for each LGAD as
a function of the collected charge at each bias point. There are two
groups observed in the risetime distribution, corresponding to pads
with 1.3 ù 1.3mm

2 and 1 ù 3mm
2 areas. The 1.3 ù 1.3mm

2 pads reach
460 ps and 1 ù 3mm

2 pads reach 500 ps risetimes. This difference is
expected due to the different capacitances introduced by each pad
size. The faster risetime yields improves the time resolution at low
charge, but when operated at high gain, both pad sizes converge to an
asymptotic time resolution of 25–30ps. Within each of the two sensor
populations, the relationship between collected charge and either rise-
time or time resolution is common to all sensors. The small differences
in operating voltage, visible in Figs. 17 and 18, have limited impact
on timing performance at any given charge. There is a small effect
from the difference in operating voltage: sensors with a larger operating
voltage have risetime that is about 10 ps faster than sensors with a
lower operating voltage. This can be seen by comparing the P2 (orange)
sensors against the P4 (green) sensors in Figs. 17 and 19 (left). This
stems from the fact that electron drift velocity is not yet saturated
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Record 20k events 
during 4s spill

resolution ~ 10 ps
resolution ~ 5 μm

• 120 GeV primary proton beam from main injector

• AC-LGAD and MCP-PMT waveforms were recorded in the oscilloscope

• Stable temperature of  200 C maintained inside the cooling block 

• Optimal bias is a few volts below the breakdown (stable noise from the channels)

• Sensor alignment based on position of  sensor along beamline and rotation around beam

FNAL 16 Ch Board
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Large area AC-LGAD sensors in test beam campaign 2023:

HPK strip sensor HPK 4 ✕ 4 pixel sensor 
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10 mm length, 500 μm pitch, 50 μm 
metal width, 50 μm thickness, 1600 
Ω/□ resistivity, and 240 pF/mm2 

capacitance

500 ✕ 500 μm pitch, 20 μm thickness, 
150 μm metal width, 400 Ω/□ 

resistivity, and 600 pF/mm2 
capacitance
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Large area AC-LGAD strip sensor :
10 mm length, 500 μm pitch, 50 μm metal width, 50 μm thickness, 1600 Ω/□ resistivity, and 240 

pF/mm2 capacitance

• Signal sharing between strips enables the ‘x’ position (perpendicular to the strip direction) reconstruction

• Unable to perform the ‘y’ position (along the strip direction) reconstruction in strip sensor
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Spatial resolution in large area AC-LGAD strip sensor :

• Amplitude fraction 𝑓 = 𝑎1 / (𝑎1 + 𝑎2)  where 𝑎1 and 𝑎2 are the leading  
and sub-leading strip amplitudes

• Two-strip reconstruction at gap and one-strip reconstruction on metal 
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•  Efficiency reaches ~100%

• Position resolution ~ 12 – 15 μm
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10 mm length, 500 μm pitch, 50 μm metal width, 50 μm thickness, 1600 Ω/□ resistivity, and 240 pF/mm2 capacitance
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Time delay in large area AC-LGAD strip sensor :
10 mm length, 500 μm pitch, 50 μm metal width, 50 μm thickness, 1600 Ω/□ resistivity, and 240 pF/mm2 capacitance
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wire bond

wire bond

• Due to larger electrodes, distant signals arrival with delays O(100 ps)

• Position-dependent time delay correction is essential

• Delay map use the resolution of  50 μm for x position and 200 μm for y position

can be achieved by 
the sensor itself
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Time resolution in large area AC-LGAD strip sensor :
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10 mm length, 500 μm pitch, 50 μm metal width, 50 μm thickness, 1600 Ω/□ resistivity, and 240 pF/mm2 capacitance

• Without delay correction, the time resolution ~ 45 – 55 ps

• Adding the tracker-based delay corrections improves the resolution to ~ 35 – 42 ps

• Using multi-channel timestamp with delay correction, time resolution ~ 34 ps (almost uniform across surface) 

Multi-channel time stamp,

Multi-channel time stamp
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Impact of  delay map resolution on time resolution in large area AC-LGAD strip sensor :
10 mm length, 500 μm pitch, 50 μm metal width, 50 μm thickness, 1600 Ω/□ resistivity, and 240 pF/mm2 capacitance

xBinWidth = 50 μm
yBinWidth = 200 μm

• Delay contribution in the time resolution increases with increasing yBinwidth in delay map along the direction of  
the strips

• Negligible change in time resolution until yBinwidth = 1.5 mm, and a change of  ~ 2ps at yBinwidth = 5 mm (half  
of  the strip length)
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Large area AC-LGAD pixel sensor :
500 ✕ 500 μm pitch, 20 μm thickness, 150 μm metal width, 400 Ω/□ resistivity, and 600 pF/mm2 capacitance
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(*) the gray box only represents the location of  metal pad; it also contain the gap region between metal pads in same column

• Signal sharing between pads enables the position reconstruction in both direction (x and y)

• Significantly smaller charge sharing in the metal pad limits the two-channel reconstruction

• Threshold of  15 mV on amplitude for leading and sub-leading channels to qualify for two-channel reconstruction
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Spatial resolution in large area AC-LGAD pixel sensor :
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500 ✕ 500 μm pitch, 20 μm thickness, 150 μm metal width, 400 Ω/□ resistivity, and 600 pF/mm2 capacitance
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a1 > 15 mV, a2 > 15 mV

• For each event, the amplitude from two channels in column has been added to enhance the charge sharing in gap regions

• Two-channel efficiency ~ 1 in mid gap region and suffers in and near metal pad region

• Two-channel position resolution ~ 20 μm

• Position resolution in metal pads (~ 60 μm) can be improved by further reducing the metal pad width 
11



Time resolution in large area AC-LGAD pixel sensor :
500 ✕ 500 μm pitch, 20 μm thickness, 150 μm metal width, 400 Ω/□ resistivity, and 600 pF/mm2 capacitance
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• Delay map use the resolution of  50 μm for x position and 50 μm for y position

• Without delay correction, the time resolution ~ 30 ps

• Adding the tracker-based delay corrections improves the resolution to ~ 20 ps 

• Using multi-channel timestamp with delay correction, time resolution ~ 20 ps 

can be achieved by 
the sensor itself
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Summary :
• In strip sensor, 

o x resolution (perpendicular to the strip direction - 𝜙 direction in lab frame) of  delay map for correction be achieved 
by the sensor itself

o For y resolution (along the strip direction - z direction in lab frame)  of  delay map, need to rely on external tracker 
with a reasonable resolution

- negligible change in time resolution until yBinwidth = 1.5 mm, and an increase of  ~ 2.5 ps from 34.5 to 37 ps 
with yBinwidth = 5 mm

• In pixel sensor (metal width of  150 μm), 

o x and y resolution (along x and y direction in lab frame) of  delay map for correction be achieved by the sensor itself
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Extra slides:



AC-LGAD team:
Fermilab: Christopher Madrid, Irene Dutta, Artur Apresyan, Sergey Los, Cristián Peña, Si Xie

BNL: Wei Chen, Gabriele Giacomini, Alessandro Tricoli, Gabriele D’Amen, Enrico Rossi

LBNL: Ryan Heller, Zhenyu Ye

Caltech: Si Xie

Universidad Técnica Federico Santa María: Claudio San Martín, William K. Brooks, Matías Barría

University of  Illinois at Chicago: Shirsendu Nanda, Danush Shekar, Zhenyu Ye

The University of  Iowa: Ohannes Kamer Köseyan

Yerevan Physics Institute: Aram Hayrapetyan

*The work is supported in part by the Office of  Nuclear Physics within the U.S. DOE Office of  Science through grant No. DE-FG02-94ER40865 and 
the University of  Illinois at Chicago.
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Large area AC-LGAD sensors in test beam campaign 2023:

HPK strip sensor HPK 4 ✕ 4 pixel sensor 

4

HPK 2 ✕ 2 pixel sensor 

10 mm length, 500 μm pitch, 50 μm 
metal width, 50 μm thickness, 1600 
Ω/□ resistivity, and 240 pF/mm2 

capacitance

500 ✕ 500 μm pitch, 20 μm thickness, 
150 μm metal width, 400 Ω/□ 

resistivity, and 600 pF/mm2 
capacitance

500 ✕ 500 μm pitch, 20 μm thickness, 
450 μm metal width, 1600 Ω/□ 

resistivity, and 600 pF/mm2 
capacitance



Time resolution in large area AC-LGAD (2 x 2) pixel sensor :
500 ✕ 500 μm pitch, 20 μm thickness, 450 μm metal width, 1600 Ω/□ resistivity, and 600 pF/mm2 capacitance
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• Mean arrival time for the signal is significantly small O(10 ps)

• Delay map use the resolution of  50 μm for x position and 50 μm for y position

• No significant improvement using the delay map correction 

• Time resolution ~ 20 ps (almost uniform across surface)
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Time resolution in large area AC-LGAD pixel sensor :
500 ✕ 500 μm pitch, 20 μm thickness, 150 μm metal width, 400 Ω/□ resistivity, and 600 pF/mm2 capacitance
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• Delay map use the resolution of  50 μm for x position and 50 μm for y position

• Without delay correction, the time resolution ~ 30 ps

• Adding the tracker-based delay corrections improves the resolution to ~ 20 ps 

• Using multi-channel timestamp with delay correction, time resolution ~ 20 ps 

can be achieved by 
the sensor itself
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