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TOF status and future



AC-LGAD TOF
• 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 (-1.33<η<1.74) 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 (1.84<η<3.61), hadron going 
direction

– π/K separation below 2.5 GeV/c is performed

– Pixel-type AC-LGAD sensor is used
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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.
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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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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.
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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.
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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.
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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

100 CHAPTER 8. EXPERIMENTAL SYSTEMS

η

M
om

en
tu

m
 (G

eV
/c

)

10

1 

102

10−1

0 1 2 3 4 5−1−2−3−4−5

Range of 3σ e-π separation

pfRICH

hpDIRC

ToF ToF

dRICH (gas)

dRICH (aerogel)

 ToF
 (HRPPD)

M
om

en
tu

m
 (G

eV
/c

)

10

1 

102

10−1

Range of 3σ K-p separation

pfRICH
hpDIRC

dRICH (gas)

dRICH (aerogel)

ToF (HRPPD)
ToF

ToF

M
om

en
tu

m
 (G

eV
/c

)

102

10

1 

103

104

105

106

107

10

1 

102

10−1

Pythia, e+p 18 x 275 GeV
Range of 3σ π-K separation

pfRICH
hpDIRC

ToF
ToF

ToF (HRPPD)

dRICH (gas)

dRICH (aerogel)

(a)

(b)

(c)

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.
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Baseline of sensor design

• FTOF pixel sensor

– 3632 sensors

– 1.1 m2

– 3.6 M readout channels

・
・
・

・・・

・・・
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• Pixel-type AC-LGAD sensor, 1.6 x 1.6 cm2 sensor size with 0.5 x 0.5 mm2 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


• Strip-type sensor, 3.2 x 4 cm2 3.2 x 2 cm2 sensor size with 0.5 x 10 mm2 metals with 0.5 mm pitch, is used in BTOF 

• The readout metal geometry is 64x2=256  64x2=124 channels in total each

• 2 1 ASICs are attached to each sensor with wire bonding
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• Pixel-type AC-LGAD sensor, 1.6 x 1.6 cm2 sensor size with 0.5 x 0.5 mm2 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


• Strip-type sensor, 3.2 x 4 cm2 3.2 x 2 cm2 sensor size with 0.5 x 10 mm2 metals with 0.5 mm pitch, is used in BTOF 

• The readout metal geometry is 64x2=256  64x2=128 channels in total each

• 2 1 ASICs are attached to each sensor with wire bonding

• BTOF strip sensor

– 18432 sensors

– 12 m2

– 2.4 M readout channels64
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Baseline of stave structure

5

Sensor ASIC

• The double-side sensor structure is the baseline for BTOF

– Due to readout geometry and efficient cooling ACISs


• Development of the long (135cm) and low material FPC is very, very challenging 

– A total material budget of ~0.7 % X/X0 is the current target (2~3% X/X0 in total)

– We start thinking about the feasibility of using shortened pieces connecting with several bonding techniques


• The material budget effect on the hoDIRC PID performance is under evaluation

– We discussed how to evaluate the angle resolution on hpDIRC

– The Tracklet method of BTOF and MPGD hits may be the smallest effects by BTOF material
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PID momentum range covered by TOF
• The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

– Timing resolution of "BTOF" is 43ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)

– TIming resolution of "FTOF" is 32ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)


• Covering range should be overlapped to calibrate each other 

– Δp~0.4 GeV/c and Δp~0.8 GeV/c are enough for barrel and forward, respectively?

6

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

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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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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PID momentum range covered by TOF
• The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

– Timing resolution of "BTOF" is 43ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)

– TIming resolution of "FTOF" is 32ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)


• Covering range should be overlapped to calibrate each other 

– Δp~0.4 GeV/c and Δp~0.8 GeV/c are enough for barrel and forward, respectively?
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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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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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PID momentum range covered by TOF
• The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

– Timing resolution of "BTOF" is 43ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)

– TIming resolution of "FTOF" is 32ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)


• Covering range should be overlapped to calibrate each other 

– Δp~0.4 GeV/c and Δp~0.8 GeV/c are enough for barrel and forward, respectively?
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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.

1− 0.5− 0 0.5 1
Track x position [mm]

20
40
60
80

100
120
140
160
180
200
220
240

M
PV

 s
ig

na
l a

m
pl

itu
de

 [m
V]

Varying resistivity and capacitance
  (SH2)2 240 pF/mm/Ω400 
  (SH3)2 600 pF/mm/Ω400 

  (SH4)2 240 pF/mm/Ω1600 
  (SH5)2 600 pF/mm/Ω1600 
  (SB1)2 270 pF/mm/Ω1400 
  (SB3)2 260 pF/mm/Ω1400 

FNAL 120 GeV proton beam Strip sensors

1.5− 1− 0.5− 0 0.5 1 1.5
Track x position [mm]

25

30

35

40

45

50

55

60

65

70

75

Ti
m

e 
re

so
lu

tio
n 

[p
s]

Varying resistivity and capacitance
  (SH2)2 240 pF/mm/Ω400 
  (SH3)2 600 pF/mm/Ω400 

  (SH4)2 240 pF/mm/Ω1600 
  (SH5)2 600 pF/mm/Ω1600 
  (SB1)2 270 pF/mm/Ω1400 
  (SB3)2 260 pF/mm/Ω1400 

FNAL 120 GeV proton beam Strip sensors

1.5− 1− 0.5− 0 0.5 1 1.5
Track x position [mm]

20

40

60

80

100

120

140m
]

µ
Po

si
tio

n 
re

so
lu

tio
n 

[
FNAL 120 GeV proton beam Strip sensors

Varying resistivity and capacitance
  (SH2)2 240 pF/mm/Ω400 
  (SH3)2 600 pF/mm/Ω400 

  (SH4)2 240 pF/mm/Ω1600 
  (SH5)2 600 pF/mm/Ω1600 
  (SB1)2 270 pF/mm/Ω1400 
  (SB3)2 260 pF/mm/Ω1400 

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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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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104 CHAPTER 8. EXPERIMENTAL SYSTEMS

Figure 8.49: BTOF 1/b as a function of momentum (p) in the simulation performance with
PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).

applicable for some effects in AC-LGAD radiation damage.2516

Much work has been done to characterize and improve the radiation resistance ofAC-LGAD gain2517

layers to meet the requirements at the LHC [60] (up to 2.5 ⇥ 1015 1MeV neq/cm2). Because of the2518

sensitivity of the sensor performance to the value of the N+ sheet resistance (a feature absent from2519

the conventional AC-LGADs used for the LHC), AC-LGADs may be significantly less radiation tol-2520

erant than their conventional cousins. Indeed, N-type doping is known to be particularly sensitive2521

to hadronic irradiation, with N-bulk sensors inverting to P-bulk even before an exposure of 1 ⇥ 1014
2522

is accumulated. Furthermore, LHC AC-LGAD detectors are designed to run at -30 oC to reduce the2523

post-radiation leakage current, while in the ePIC, the sensors will be operated at room or slightly2524

lower temperatures throughout the experiment’s lifetime. The leakage current increase due to ra-2525

diation damage has to be low enough to avoid thermal runaway in the system; that is, temperature2526

increase triggers additional dark current in positive feedback. That is related to the cooling system2527

extracting the heat of the sensor combined with the power dissipation from the readout chip. This2528

is especially important for the far forward and endcap regions where the chips are bump-bonded2529

on top of the sensors, and the thermal connection with the cooling system is sub-optimal.2530

Therefore, a radiation exposure run was performed before the ePIC AC-LGAD design was final-2531

ized. To probe the radiation effect from ionizing and non-ionizing particles, several sensors from2532

HPK and BNL were irradiated at the FNAL ITA facility (400 MeV protons) and the TRIGA reactor2533

in Ljubljana (MeV-scale neutrons). The radiation exposure was done in steps, allowing potential2534

charge-collection pathologies, should they exist, to be mapped out to develop models and correc-2535

tions. By studying the sensor performance before and after irradiation, the change in N+ resistivity2536

can be characterized, and this particular risk can be addressed. Sensors irradiated with 1 MeV neu-2537

trons were received in the Summer of 2024 and subsequently tested. The results are encouraging,2538

as seen in the following sections. Sensors irradiated at the FNAL ITA facility are still cooling down2539

from the activation. They will likely be available for testing in early 2025.2540

Requirements from Data Rates: As the sensors and ASICs differ between the BTOF and FTOF,2541

the rate requirements are presented separately for both sub-components. On top of that, the phase2542

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543

σt ~ 40 ps

σt ~ 32 ps

π/K separation



PID momentum range covered by TOF
• The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

– Timing resolution of "BTOF" is 43ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)

– TIming resolution of "FTOF" is 32ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)


• Covering range should be overlapped to calibrate each other 

– Δp~0.4 GeV/c and Δp~0.8 GeV/c are enough for barrel and forward, respectively?
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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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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 8.49: BTOF 1/b as a function of momentum (p) in the simulation performance with
PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).

applicable for some effects in AC-LGAD radiation damage.2516

Much work has been done to characterize and improve the radiation resistance ofAC-LGAD gain2517

layers to meet the requirements at the LHC [60] (up to 2.5 ⇥ 1015 1MeV neq/cm2). Because of the2518

sensitivity of the sensor performance to the value of the N+ sheet resistance (a feature absent from2519

the conventional AC-LGADs used for the LHC), AC-LGADs may be significantly less radiation tol-2520

erant than their conventional cousins. Indeed, N-type doping is known to be particularly sensitive2521

to hadronic irradiation, with N-bulk sensors inverting to P-bulk even before an exposure of 1 ⇥ 1014
2522

is accumulated. Furthermore, LHC AC-LGAD detectors are designed to run at -30 oC to reduce the2523

post-radiation leakage current, while in the ePIC, the sensors will be operated at room or slightly2524

lower temperatures throughout the experiment’s lifetime. The leakage current increase due to ra-2525

diation damage has to be low enough to avoid thermal runaway in the system; that is, temperature2526

increase triggers additional dark current in positive feedback. That is related to the cooling system2527

extracting the heat of the sensor combined with the power dissipation from the readout chip. This2528

is especially important for the far forward and endcap regions where the chips are bump-bonded2529

on top of the sensors, and the thermal connection with the cooling system is sub-optimal.2530

Therefore, a radiation exposure run was performed before the ePIC AC-LGAD design was final-2531

ized. To probe the radiation effect from ionizing and non-ionizing particles, several sensors from2532

HPK and BNL were irradiated at the FNAL ITA facility (400 MeV protons) and the TRIGA reactor2533

in Ljubljana (MeV-scale neutrons). The radiation exposure was done in steps, allowing potential2534

charge-collection pathologies, should they exist, to be mapped out to develop models and correc-2535

tions. By studying the sensor performance before and after irradiation, the change in N+ resistivity2536

can be characterized, and this particular risk can be addressed. Sensors irradiated with 1 MeV neu-2537

trons were received in the Summer of 2024 and subsequently tested. The results are encouraging,2538

as seen in the following sections. Sensors irradiated at the FNAL ITA facility are still cooling down2539

from the activation. They will likely be available for testing in early 2025.2540

Requirements from Data Rates: As the sensors and ASICs differ between the BTOF and FTOF,2541

the rate requirements are presented separately for both sub-components. On top of that, the phase2542

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543
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Figure 8.49: BTOF 1/b as a function of momentum (p) in the simulation performance with
PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).
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Therefore, a radiation exposure run was performed before the ePIC AC-LGAD design was final-2531

ized. To probe the radiation effect from ionizing and non-ionizing particles, several sensors from2532

HPK and BNL were irradiated at the FNAL ITA facility (400 MeV protons) and the TRIGA reactor2533

in Ljubljana (MeV-scale neutrons). The radiation exposure was done in steps, allowing potential2534
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tions. By studying the sensor performance before and after irradiation, the change in N+ resistivity2536

can be characterized, and this particular risk can be addressed. Sensors irradiated with 1 MeV neu-2537

trons were received in the Summer of 2024 and subsequently tested. The results are encouraging,2538

as seen in the following sections. Sensors irradiated at the FNAL ITA facility are still cooling down2539

from the activation. They will likely be available for testing in early 2025.2540

Requirements from Data Rates: As the sensors and ASICs differ between the BTOF and FTOF,2541

the rate requirements are presented separately for both sub-components. On top of that, the phase2542

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543

PID momentum range covered by TOF
• The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

– Timing resolution of "BTOF" is 43ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)

– TIming resolution of "FTOF" is 32ps (ΔtASIC = 20 ps, and ΔtT0 = 15 ps are assumed)


• Covering range should be overlapped to calibrate each other 

– Δp~0.4 GeV/c and Δp~0.8 GeV/c are enough for barrel and forward, respectively?
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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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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.

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
Track x position [mm]

20

40

60

80

100

120

140

160

M
PV

 s
ig

na
l a

m
pl

itu
de

 [m
V]

Varying pad geometry
 (PB1)2 695 pF/mm/Ωm 1400 µ30 
 (PB2)2 695 pF/mm/Ωm 1400 µ30 
 (PB3)2 695 pF/mm/Ωm 1400 µ30 
 (PB4)2 695 pF/mm/Ωm 1400 µ30 

 (PH4)2 600 pF/mm/Ωm 400 µ20 

FNAL 120 GeV proton beam Pixel sensors

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
Track x position [mm]

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Ef
fic

ie
nc

y

Varying pad geometry
 (PB1)2 695 pF/mm/Ωm 1400 µ30 
 (PB2)2 695 pF/mm/Ωm 1400 µ30 
 (PB3)2 695 pF/mm/Ωm 1400 µ30 
 (PB4)2 695 pF/mm/Ωm 1400 µ30 

 (PH4)2 600 pF/mm/Ωm 400 µ20 

FNAL 120 GeV proton beam Pixel sensors

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
Reco x position [mm]

100

200

300

400

500

600m
]

µ
Po

si
tio

n 
re

so
lu

tio
n 

[

FNAL 120 GeV proton beam Pixel sensors

Varying pad geometry
 (PB1)2 695 pF/mm/Ωm 1400 µ30 
 (PB2)2 695 pF/mm/Ωm 1400 µ30 
 (PB3)2 695 pF/mm/Ωm 1400 µ30 
 (PB4)2 695 pF/mm/Ωm 1400 µ30 

 (PH4)2 600 pF/mm/Ωm 400 µ20 

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
Track x position [mm]

10

20

30

40

50

60

70

80

90

100

Ti
m

e 
re

so
lu

tio
n 

[p
s]

Varying pad geometry
 (PB1)2 695 pF/mm/Ωm 1400 µ30 
 (PB2)2 695 pF/mm/Ωm 1400 µ30 
 (PB3)2 695 pF/mm/Ωm 1400 µ30 
 (PB4)2 695 pF/mm/Ωm 1400 µ30 

 (PH4)2 600 pF/mm/Ωm 400 µ20 

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.

6

π/K separation



TOF position
• Change the TOF position is under discussion due to the global engagement ring position 


• BTOF hadron going side is shortened by 21.5 cm

– -112.5cm < z < 176.5 cm → -112.5cm < z < 155.0 cm

– -1.33<η<1.74 → -1.33<η<1.62


• FTOF shifted toward IP by 17.5 cm

– z = 185.0 cm → z = 167.5 cm

– 1.84<η<3.61 → 1.75<η<3.51


• FTOF position is closer than before

– PID performance is affected just a bit...
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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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Future activity
• Develop sensors more suitable for EIC


• Realize strip sensor with σt<30ps and σpos~30μm

– The current sensor has excellent positional resolution 

(15~20μm), so we would like to investigate the possibility of 
sacrificing a little of this to improve timing resolution


– For example, 0.5→1mm pitch and 10→5mm strip length 


• We will challenge to deploy the double metal layer

– One side case has 156μm pitch, but the double-side case 

312μm

– ASIC can be put on the side of the sensor → expand design 

possibility
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Summary
• TOF covers at low momentum range PID


• The sensor design baseline for BTOF has been changed


• Technological issues may lead to changes in the kinematic range covered, but not significantly


• We continue developing sensors more suitable for EIC 

9



Extra slides
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What we want to clarify today

24

What amount of BTOF material budget is allowed?

What is the kinematic range that TOF should measure?



Latest sensor performance

11

• 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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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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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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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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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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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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What must be discussed in this meeting
• What amount of BTOF material budget is allowed?


– Effect on the angle resolution on the hpDIRC surface 

– We have a dedicated workfest this afternoon, "Tracking Projections/Resolution @ hpDIRC" (link)


• What is the lower limit of time resolution performance?

– Best timing performance is ΔtSensor = 35 ps → ΔtBTOF = 43 ps with ΔtASIC = 20 ps, and ΔtT0 = 15 ps


• Is it possible to make a long and low-material budget FPC?

– What should we know and define? Another solution?


• What is the best stave design?

– We must consider stave production yield and the line layout of the FPC

– We may have to consider modularization to break it up into smaller pieces


• What is the impact of the plan to shorten the BTOF by 21cm? 


• How does the Japanese fund work with eRD109+eRD112?

– The Japanese government (MEXT) has decided to support BTOF (in FY25 ~$2M)

4
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Figure 8.49: BTOF 1/b as a function of momentum (p) in the simulation performance with
PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).

applicable for some effects in AC-LGAD radiation damage.2516

Much work has been done to characterize and improve the radiation resistance ofAC-LGAD gain2517

layers to meet the requirements at the LHC [60] (up to 2.5 ⇥ 1015 1MeV neq/cm2). Because of the2518

sensitivity of the sensor performance to the value of the N+ sheet resistance (a feature absent from2519

the conventional AC-LGADs used for the LHC), AC-LGADs may be significantly less radiation tol-2520

erant than their conventional cousins. Indeed, N-type doping is known to be particularly sensitive2521

to hadronic irradiation, with N-bulk sensors inverting to P-bulk even before an exposure of 1 ⇥ 1014
2522

is accumulated. Furthermore, LHC AC-LGAD detectors are designed to run at -30 oC to reduce the2523

post-radiation leakage current, while in the ePIC, the sensors will be operated at room or slightly2524

lower temperatures throughout the experiment’s lifetime. The leakage current increase due to ra-2525

diation damage has to be low enough to avoid thermal runaway in the system; that is, temperature2526

increase triggers additional dark current in positive feedback. That is related to the cooling system2527

extracting the heat of the sensor combined with the power dissipation from the readout chip. This2528

is especially important for the far forward and endcap regions where the chips are bump-bonded2529

on top of the sensors, and the thermal connection with the cooling system is sub-optimal.2530

Therefore, a radiation exposure run was performed before the ePIC AC-LGAD design was final-2531

ized. To probe the radiation effect from ionizing and non-ionizing particles, several sensors from2532

HPK and BNL were irradiated at the FNAL ITA facility (400 MeV protons) and the TRIGA reactor2533

in Ljubljana (MeV-scale neutrons). The radiation exposure was done in steps, allowing potential2534

charge-collection pathologies, should they exist, to be mapped out to develop models and correc-2535

tions. By studying the sensor performance before and after irradiation, the change in N+ resistivity2536

can be characterized, and this particular risk can be addressed. Sensors irradiated with 1 MeV neu-2537

trons were received in the Summer of 2024 and subsequently tested. The results are encouraging,2538

as seen in the following sections. Sensors irradiated at the FNAL ITA facility are still cooling down2539

from the activation. They will likely be available for testing in early 2025.2540

Requirements from Data Rates: As the sensors and ASICs differ between the BTOF and FTOF,2541

the rate requirements are presented separately for both sub-components. On top of that, the phase2542

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543
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