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Role of the TOF in the ePIC project

2

Detectors for PID

BTOF
FTOF• BTOF covers midrapidity and FTOF covers forward rapidity


– BTOF and FTOF cover  -1.42<η<1.77 and 1.86<η<3.85, respectively


• TOF has been assigned many important roles

– Low p region PID at p < 1.5 GeV/c and p < 2.5 GeV/c for BTOF and FTOF, respectively with excellent 

timing information

– Tracking with excellent spatial resolution

– Machine-induced background rejection 


• AC-LGAD is the most promising technology for TOF

– High-timing resolution σt = ~30ps 

– High-spatial resolution σxy = ~30 μm

– Space-saving design ΔD < 10cm

– but… no experiments have been used so far…
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Decay particle kinematics
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-

BTOF FTOF



Role of the TOF in the ePIC project

2

Detectors for PID

BTOF
FTOF• BTOF covers midrapidity and FTOF covers forward rapidity


– BTOF and FTOF cover  -1.42<η<1.77 and 1.86<η<3.85, respectively


• TOF has been assigned many important roles

– Low p region PID at p < 1.5 GeV/c and p < 2.5 GeV/c for BTOF and FTOF, respectively with excellent 

timing information

– Tracking with excellent spatial resolution

– Machine-induced background rejection 


• AC-LGAD is the most promising technology for TOF

– High-timing resolution σt = ~30ps 

– High-spatial resolution σxy = ~30 μm

– Space-saving design ΔD < 10cm

– but… no experiments have been used so far…

Decay particle kinematics

300 8.3. JETS AND HEAVY QUARKS

1

10

210

310

410

510±πCharm hadron decay 

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 10.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±πCharm hadron decay 

1

10

210

310

410

510

±Charm hadron decay K

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 10.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay K

1

10

210

310

410
±Charm hadron decay e

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 10.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay e

1

10

210

310

410

510
±πCharm hadron decay 

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±πCharm hadron decay 

1

10

210

310

410

510
±Charm hadron decay K

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay K

1

10

210

310

410

±Charm hadron decay e

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 100.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay e

1

10

210

310

410

510

610

±πCharm hadron decay 

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 275.0 GeVpE

-1Int. Lumi: 10 fb

±πCharm hadron decay 

1

10

210

310

410

510±Charm hadron decay K

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 275.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay K

1

10

210

310

410

510
±Charm hadron decay e

4− 3− 2− 1− 0 1 2 3 4
η

0

5

10

15

20

25

30

35

40

m
om

en
tu

m
 p

 (G
eV

/c
)

: 18.0 GeVeE
: 275.0 GeVpE

-1Int. Lumi: 10 fb

±Charm hadron decay e

Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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Detectors for PID

TOF is one of the most important detectors for ePIC

and also the most challenging detector↩︎
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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Recap of BTOF and FTOF

~12.8 cm

3.2 cm

FTOF Module
16 AC-LGADs  16 ASICs

• Strip-type and pixel-type AC-LGAD are used for BTOF and FTOF, respectively

• Different ASICs are used for BTOF and FTOF due to different sensor properties

3

5.6 cm

32 AC-LGADs   64 ASICs

~135 cm

BTOF half Stave

・・・

~64cm

~270cm

BTOF shape FTOF shape



AC-LGAD for BTOF and FTOF

• BTOF strip sensor

– 9216 sensors

– 10 m2

– 2.4 M readout channels64

 ro
w

s

4 cols

・
・
・

4

• Strip-type sensor, 3.2 x 4 cm2 sensor size with 0.05 x 1 cm2 metals, is used in BTOF 

• The readout metal geometry is 64 x 4 and 256 channels in total each

• 2 ASICs are attached to each sensor with wire bonding


• Pixel-type AC-LGAD sensor, 1.6 x 1.6 cm2 sensor size with 0.05 x 0.05 cm2 metals, is used in FTOF

• The readout metal geometry is 32 x 32 and 1024 channels in total each

• 1 ASIC (2D 32x32) is attached to the one sensor



AC-LGAD for BTOF and FTOF

• BTOF strip sensor

– 9216 sensors

– 10 m2

– 2.4 M readout channels64
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4 cols

・
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• FTOF pixel sensor

– 3632 sensors

– 1.4 m2

– 3.6 M readout channels

・
・
・

・・・

・・・
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• Strip-type sensor, 3.2 x 4 cm2 sensor size with 0.05 x 1 cm2 metals, is used in BTOF 

• The readout metal geometry is 64 x 4 and 256 channels in total each

• 2 ASICs are attached to each sensor with wire bonding


• Pixel-type AC-LGAD sensor, 1.6 x 1.6 cm2 sensor size with 0.05 x 0.05 cm2 metals, is used in FTOF

• The readout metal geometry is 32 x 32 and 1024 channels in total each

• 1 ASIC (2D 32x32) is attached to the one sensor



Latest sensor performance

5

• HPK and BNL sensors show reasonable results in both strip and pixel types with the “BEST” bias voltage

– Performance redundancy should be considered  


• 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

• The full-size sensors will be shipped in a few months and gain uniformity will be checked

• Sensor temperature dependence study is mandatory and ongoing

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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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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Beam test result at FNAL (from FY24 report by FNAL, LBNL and UIC)
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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.

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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (PH4)2 600 pF/mm/Ωm 400 µ20 
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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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Latest sensor performance

5

• HPK and BNL sensors show reasonable results in both strip and pixel types with the “BEST” bias voltage

– Performance redundancy should be considered  


• 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

• The full-size sensors will be shipped in a few months and gain uniformity will be checked

• Sensor temperature dependence study is mandatory and ongoing

120 GeV  
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FTBF strip and pixel telescope
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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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Beam test result at FNAL (from FY24 report by FNAL, LBNL and UIC)
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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.

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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (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)2 385 pF/mm/Ωm 1400 µ20 
 (PB2)2 385 pF/mm/Ωm 1400 µ20 
 (PB3)2 385 pF/mm/Ωm 1400 µ20 
 (PB4)2 385 pF/mm/Ωm 1400 µ20 

 (PH4)2 600 pF/mm/Ωm 400 µ20 
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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.

6



Latest sensor performance

5

• HPK and BNL sensors show reasonable results in both strip and pixel types with the “BEST” bias voltage

– Performance redundancy should be considered  


• 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

• The full-size sensors will be shipped in a few months and gain uniformity will be checked

• Sensor temperature dependence study is mandatory and ongoing
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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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Beam test result at FNAL (from FY24 report by FNAL, LBNL and UIC)

120 GeV  
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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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– Design suits to pixel-type AC-LGAD readout (for low input capacitance)

– 10-bit TDC and 8-bit ADC is now available (EICROC0)


• We have several options for the strip-type AC-LGAD readout

– The strip type has a large input capacitance of ~10 pF 


• “Standard” EICROC should be modified if it is used for the strip type 


– FCFD, HGCROC, and “Modified”-EICROC are the candidates 

• FCFDv1 with the analog block is available and FCFDv2 with digital block will be 

available beginning of next year

• HGCROC has been developed for CMS Calorimeter and is ready

• EICROC tuned for a larger input capacitance is being considered 


• The possibility of third-party ASICs has begun to be discussed

– ASROC and HPSoC are one of the options
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Figure 22: Extracted Probe PA jitter for channel 0 as a function of the injected charge.

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

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

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

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

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

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

During FY23, after a non expected slow beginning due to successive issues (delays in delivery,
charge injection system not available, decoding, ...), the EICROC0 test bench installed at IJCLab
became operational only in March 2023. This led to an approximate delay of 6 months compared
to the provisional schedule presented last year before being able to characterize the 1st prototype,
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• EICROC (32x32 = 1024ch) is one of the common ASICs used in 
ePIC


– Design suits to pixel-type AC-LGAD readout (for low input capacitance)

– 10-bit TDC and 8-bit ADC is now available (EICROC0)


• We have several options for the strip-type AC-LGAD readout

– The strip type has a large input capacitance of ~10 pF 


• “Standard” EICROC should be modified if it is used for the strip type 


– FCFD, HGCROC, and “Modified”-EICROC are the candidates 

• FCFDv1 with the analog block is available and FCFDv2 with digital block will be 

available beginning of next year

• HGCROC has been developed for CMS Calorimeter and is ready

• EICROC tuned for a larger input capacitance is being considered 


• The possibility of third-party ASICs has begun to be discussed

– ASROC and HPSoC are one of the options

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

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

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

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

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

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

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

During FY23, after a non expected slow beginning due to successive issues (delays in delivery,
charge injection system not available, decoding, ...), the EICROC0 test bench installed at IJCLab
became operational only in March 2023. This led to an approximate delay of 6 months compared
to the provisional schedule presented last year before being able to characterize the 1st prototype,
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• EICROC (32x32 = 1024ch) is one of the common ASICs used in 
ePIC


– Design suits to pixel-type AC-LGAD readout (for low input capacitance)

– 10-bit TDC and 8-bit ADC is now available (EICROC0)


• We have several options for the strip-type AC-LGAD readout

– The strip type has a large input capacitance of ~10 pF 


• “Standard” EICROC should be modified if it is used for the strip type 


– FCFD, HGCROC, and “Modified”-EICROC are the candidates 

• FCFDv1 with the analog block is available and FCFDv2 with digital block will be 

available beginning of next year

• HGCROC has been developed for CMS Calorimeter and is ready

• EICROC tuned for a larger input capacitance is being considered 


• The possibility of third-party ASICs has begun to be discussed

– ASROC and HPSoC are one of the options

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

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

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

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

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

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

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

During FY23, after a non expected slow beginning due to successive issues (delays in delivery,
charge injection system not available, decoding, ...), the EICROC0 test bench installed at IJCLab
became operational only in March 2023. This led to an approximate delay of 6 months compared
to the provisional schedule presented last year before being able to characterize the 1st prototype,
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module size AC-LGAD sensor. In close collaboration with the EIC detector experts and AC-LGAD
developers, the specifications for ASIC were set for sensors to be 1 cm long AC-LGAD, 500 µm pitch,
50 µm thickness, and estimated capacitance ⇠5-10 pF. Initial measurements of the performance were
done using internal charge injections performed with an LGAD-like signal. With input capacitance
⇠3.5 pF we achieved around 11 ps time resolution, as shown in Fig. 27. The analog output works
linearly over the range of input charge from 7 fC to 60 fC, the discriminator flip time output stays
constant within around 10 pS. However, we discovered that the performance with AC-LGAD strips
sensors connected to the ASIC input show the complex CR-network which complicates operation of
the ASIC. Additionally, the capacitance for some of the sensors we observed significantly larger than
we originally specified. A survey of several sensors was performed and we identified the HPK sensors
E-type strip sensors performed the best when connected to the inputs of the FCFDv1, and adapted
the readout board for this sensor.

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

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

2.3 eRD109 FY23 Report - UCSC

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

2.3.1 The FAST ASIC Series

The FAST2 ASIC is the latest available prototype in The FAST ASIC series [18]. It is being developed
by INFN Torino in a 110 nm CMOS technology as an ASIC optimized for precision timing with LGAD
sensors. Along with the EICROC, the FAST development e↵ort is a maturing technology, with both
the precision analog front-end and the digital back-end fully under development. The FAST2 ASIC, the
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FCFD: Forward Constant Fraction Discriminator 
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ePIC PID Detector Review, July 5-6, 2023 

FCFDv0 
FCFDv1

6

• EICROC (32x32 = 1024ch) is one of the common ASICs used in 
ePIC


– Design suits to pixel-type AC-LGAD readout (for low input capacitance)

– 10-bit TDC and 8-bit ADC is now available (EICROC0)


• We have several options for the strip-type AC-LGAD readout

– The strip type has a large input capacitance of ~10 pF 


• “Standard” EICROC should be modified if it is used for the strip type 


– FCFD, HGCROC, and “Modified”-EICROC are the candidates 

• FCFDv1 with the analog block is available and FCFDv2 with digital block will be 

available beginning of next year

• HGCROC has been developed for CMS Calorimeter and is ready

• EICROC tuned for a larger input capacitance is being considered 


• The possibility of third-party ASICs has begun to be discussed

– ASROC and HPSoC are one of the options

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

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

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

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

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

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

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

During FY23, after a non expected slow beginning due to successive issues (delays in delivery,
charge injection system not available, decoding, ...), the EICROC0 test bench installed at IJCLab
became operational only in March 2023. This led to an approximate delay of 6 months compared
to the provisional schedule presented last year before being able to characterize the 1st prototype,
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Sensor irradiation test
• Not very large radiation is expected at both BTOF and FTOF (109-10neq/cm2)

• Irradiation test of strip sensor has been done at IJS with 1 MeV neutron

• All devices were annealed for 80 min at 60°C to avoid rapid change in 

sensor behavior

• Testing done at room temperature with a probe station, the current is 

higher for high irradiation devices

• The irradiation effects should be corrected in the experiment

7

Beam Test Plans
Test beam for sensor (and ASIC) performance
• Plan to assemble/utilize a beam telescope using MAPS+LGAD

• 1 week of beam time (TBC) at FNAL during May 1-June 5 
(July12), 2024

• 2 weeks of beam time at DESY in June 10-23, 2024

• Investigate test beam possibility at Jlab in Fall 2024

Test beam for sensor irradiation tolerance
• Don’t expect radiation damage at 1011-12 1MeV neq/cm2 would 

be an issue but will verify

• Fermilab ITA with high energy protons 

• IJS Ljubljana TRIGA reactor: neutrons

• LBL BASE: protons/neutrons/heavy ions
3/25/2025 Zhenyu for eRD112 17



Sensor irradiation test
• Not very large radiation is expected at both BTOF and FTOF (109-10neq/cm2)

• Irradiation test of strip sensor has been done at IJS with 1 MeV neutron

• All devices were annealed for 80 min at 60°C to avoid rapid change in 

sensor behavior

• Testing done at room temperature with a probe station, the current is 

higher for high irradiation devices

• The irradiation effects should be corrected in the experiment

7

Irradiated strips IV

10/12/2018Dr. Simone M. Mazza - University of California Santa Cruz3

 All devices were annealed 80min at 60C to avoid rapid change in sensor behavior (similar to months at 
room temperature), this was standard during testing of HGTD sensors

 After 80min the sensors behavior would change slowly if not stable

 Testing done at room temperature with probe station, current is higher for high irradiation devices and 
will require cold testing (need to set up the probe station)

 Compliance is 100uA in these tests
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Support structure and temperature control
• BTOF consists of long staves with a lower material support 

structure than ever before


• Low material (1% X/X0) long FPC design requires a high-level 
technology and imposes significant limitations on functionality


– sPHENIX INTT team has the experience of making such a long FPC


• The thermal conductivity of the stave is under investigation

– Full-size stave (270 cm) thermal conductivity is being studied with 

simulation

– Mini-size support structure (30 cm) thermal conductivity is being 

studied under several conditions

– Middle-size support structure (100 cm) is available now and the results 

will be out soon

8

Development of the Bus-Extender
• Cable design

– Dimension (L x W): 120 x 5 cm2

– Line and space : 130 & 130 um 
– Zdiff : 100Ω by strip line structure

• Signal layer is sandwiched by GND layers
– Liquid Crystal Polymer (LCP) as substrate

• Relatively new material for FPC
• Less signal loss due to low di-electric constant & 

tan(δ)
• Thick LCP available for Zdiff : 100um

• Prototype 

2021/7/16 Development of INTT cable : Bus extender, T. Hachiya 3

4 layers laminated by the adhesive sheet

The design is decided based on EM-field simulation

w s

GND

Signal
(12um)

GND

Power

LCP (100um)

120 cm Bus Extender  Prototype-II

sPHENIX INTT FPC
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Purdue Silicon Detector Laboratory

Design, prototyping and heat transfer 
simulation for EIC-ePIC AC-LGAD 

barrel time of flight detector

The upcoming ePIC detector at the Electron-Ion Collider at Brookhaven National
Laboratory features a state-of-the-art Time Of Flight (TOF) barrel detector, comprising
144 staves that extend over a 2.7-meter length and support strip silicon sensors. Managing
the thermal gradient along these staves is critical for optimizing sensor performance and is
a primary focus of the design challenge. This research investigates various stave
configurations to achieve minimal mass and deflection under self-weight across the entire
length, enhancing the structural integrity and operational stability of the detector.
Prototyping, manufacturing, and heat transfer analysis of the staves was conducted at
Purdue University, providing crucial insights into the thermal and structural considerations
necessary for the successful deployment of the ePIC bTOF detector.

¹ Composites Manufacturing and 
Simulation Center, Purdue University

Samuel Langley-Hawthorne ¹

Yuvraj Chauhan ¹

Pau Simpson Crusafon ¹

Acknowledgements:
Matthew Gignac (UC, Santa Cruz)
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Global Support Tube (GST)

Engagement Rings Top and bottom EX1515-
K13D2U CFRP face sheets

PMT Apex carbon honeycomb

CFOAM 35 HTC

SS 304 coolant pipe

Figure 1: ePIC barrel TOF (AC-LGAD) detector Figure 2: Stave cross-section dimensions and material 
composition

Figure 6: Cooling simulation results for miniSTAVE

For full-length staves, further prototyping 
efforts are aimed at determining suitable 
manufacturing methods, measuring 
deflection, and designing angled mounts. 
Additionally, validation of heat transfer 
models will be performed by testing staves 
using a dedicated cooling circuit at National 
Cheng Kung University (NCKU) in Taiwan 
and a carbon dioxide blowout cooling 
system at Purdue University’s Department of 
Physics.

ON BEHALF OF THE 
ePIC bTOF collaboration

Figure 4: miniSTAVE (300 mm) 
prototyping process Figure 5: halfSTAVE (1 m) prototyping process

Cut face sheets, 
CFOAM, 

carbon 
honeycomb, 
pipe channel

Bond with thermally conductive adhesive 

Vacuum bag, cure 
at room 

temperature Co-cure face 
sheet with 
CFOAM, 

carbon 
honeycomb

Face and cut co-cured stave 
using CNC router

Bond with adhesive-graphite 
mix

Vacuum bag, 
cure at room 
temperature

Glycol cooling (-5°C) 

Water cooling (+5°C) 

CO₂ Cooling (-35°C) 

Figure 8: Silicon sensor module cross-section

Glycol cooling (-5°C) 

Water cooling (+5°C) 

CO₂ Cooling (-35°C) 

Figure 7: Cooling simulation results for fullSTAVE
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Top side , Power : 6 W

oBest cooling performance
• High flow rate
• Lower cooling temperature

5 June 2024                          ePIC TOF Structure Thermal Test 8

water

/ 14

ΔT between Water in and Water out

5 June 2024                          ePIC TOF Structure Thermal Test 10

1.96

Full-size stave test with simulation

Mini-size stave test results



Simulation development
• The LUT PID has been implemented into the official simulation

• More realistic sensor segmentation is being implemented in 

the simulation

• Digitization mimicking charge sharing has been implemented 

in the simulation

• Material budget effect on the outer detectors by BTOF is 

under evaluation

9
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Segmentation: Chun Yuen Tsang
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Charge Sharing

BTOFHitDigi (on git but not main branch)

EICrecon/src/detectors/BTOF
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Front-end electronics
• Pre-prototype  readout board (ppRDO) has been made 

with ETROC2 ASIC

– 6 boards are available 


• Several tests are ongoing

– FPGA firmware development

– Readout test with ETROC2

– Evaluation of power consumption


• Power board (PB) design is ongoing

– PB supplies 5 different voltages


• ASIC: 1.2 V (EICROC case)

• FPGA: 1.8, 1.2, 0.9, 0.85 V

• SFP+: 3.3 V


– Several options for DC-DC converters are being tested

10

ppRDO + ETROC2 Module Board (v0)

Pre-prototype readout board (ppRDO)
- Mike, Tonko (Rice), William (JLab), Zhenyu (LBNL), Prithwish (BNL)

6 boards: 1 w/ Tonko, 1 w/ William, 4 w/ Mike at Rice
• Basic functionalities tested: minor issues addressed and all 

boards are good now.
• Connection with ETROC2 module board (v0) established

Xilinx project setup for the firmware development
• A Linux setup at Rice ready for remote access and 

development

Next steps:
• FPGA firmware development
• Readout test development with ETROC2
• Detailed power measurements

ppRDO
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POWER BOARD PROTOTYPE DEVELOPMENT

100mm x 28mm 40W output power board

sTGC VMM FEB 30W power board (105mm x 35mm)

Layers:   4x to 6x

   2.0 mm thick

Copper Weight:  2oz top/bottom

Heat transfer:  Bottom copper w/ gold finish

   Thermal compound or sil-pad

   mount to plate w/2.0mm screws

Component Mount:  Top only

Power Dissipation:  ~50W  (~75% efficiency)

1.PBv0 schematics 50% complete, Order major parts
Date: January 2025
2.PBv0 schematics 100% complete (with internal review); Order all parts
Date: March 2025
3.PBv0 PCB layout complete (with internal review)
Date: May 2025
4.PBv0 fabrication and assembly complete. Boards delivered.
Date: July 2025
5.Basic electrical, power QA, acceptance testing.
Date: September 2025

ASIC POWER

RDO POWER

15V PWR IN

PB design

2

ASIC POWER 1
bPOL48V DC|DC

15V : 1.2V
10W out 

bPOL12V
10V : 3.3V @ 3A

ASIC POWER 2
bPOL48V DC|DC

15V : 1.2V
10W out

1.2V 

1.2V

8X ASIC 
module

8X ASIC 
module 

15V power + 
sense voltage 
from PL512 PSU

Could be passed from 
RDO board?

RDO POWER
bPOL48V DC|DC

15V : 10V
2W out

3.3V SFP + PLL (1.5A)

LDO 3.3V to 1.2V AVTT (250ma) 

bPOL12V
10V : 1.8V @ 3A

1.8V VCCO FPGA IO + PLL (1.5A)

0.85V FPGA core (1.0A)

6 pins total

ppRDO Board

LDO 3.3V to  1.2V VCCO (500ma)  

POWER BOARD POWER DISTRIBUTION BLOCK

Power board conversion

bPOL12V
10V : 0.85V @ 3A

1.8V VCC AUX (250ma)

LDO 1.8V to  0.9V MGTAVCC (250ma)  

Power distribution design for FTOF



Summary
• AC-LGAD TOF is the key detector in the ePIC project for the PID at low p region and background rejection


• Prototypes of BNL and HPK fulfill the requirements, but it is under the BEST environment

– Breakdown voltage is expected to depend on the temperature strongly 

– Performance redundancy should be considered 

– The first irradiation test with strip sensors has been done


• ASIC analog part performance of EICROC and FCFD meet the requirement

– Not only ASIC but also AC-LGAD sensor + ASIC performance must be evaluated in the coming year


• Support structure thermal properties are being investigated with a 30 cm-long prototype

– The first 100 cm prototype will be tested soon 


• The prototype RDO is available and being tested with ETROC2

11
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TOF project is making steady progress!



Backup slides

29



Institutes in TOF tasks (official)
• Brookhaven National Laboratory (USA)

• Fermi National Accelerator Laboratory (USA)

• Rice University (USA)

• Oak Ridge National Laboratory (USA)

• Ohio State University (USA)

• Purdue University (USA)

• University of California Santa Cruz (USA)

• University of Illinois at Chicago (USA)

• Hiroshima University (JP)

• RIKEN (JP)

• Shinshu University (JP)

• Nara Woman University (JP) 

• National Chen-Kung University (TW)

• National Taiwan University (TW)

• IJCLab, OMEGA, CEA-Saclay (FR)

• AC-LGAD sensor

– BNL

– ORNL

– Univ. of California, Santa Cruz

– Univ. of Illinois, Chicago

– Hiroshima University

– Shinshu University


• Frontend ASIC

• Fermilab

– Rice University

– ORNL

– Hiroshima University

– National Taiwan University

– IJCLab/OMEGA/CEA-Saclay


• Sensor-ASIC integration

– BNL

– ORNL

– Univ. of California, Santa Cruz

– Univ. of Illinois, Chicago

– National Taiwan University

Tasks in BTOF

• Module structure 

– Purdue University

– National Cheng-Kung University


• Module assembly 

– BNL

– ORNL

– Ohio State University

– Univ. of California, Santa Cruz

– Hiroshima University 

– RIKEN

– Nara Woman University

– National Taiwan University


• Flex PCB

• ORNL

• Nara Woman University


• Service Hybrid

• Rice University


• Backend electronics

• BNL



• BTOF is composed of 288 (2x144) staves to form a cylindrical shape

• 32 AC-LGAD strip-type sensors are attached to one stave


– Two ASICs are placed just above one sensor


• Radius is 63 - 66 cm from the beam pipe covering -1.42<η<1.77

• Total material budget in acceptance is ~0.01 X/X0 ↩︎

Detector Layout of BTOF

Material budget

BTOF shape

Sensor-ASIC hybrid (module)

From Matthew’s slide

4

5.6 cm

32 AC-LGADs   64 ASICs

~130 cm

BTOF Stave

・・・

~64cm

~260cm



• FTOF is composed of 1816 modules to make a disk

• 12 or 16 AC-LGAD pixel-type sensors are attached to one module


– One ASIC is used for one sensor


• Radius is 10.5 - 60 cm from the beam pipe covering 1.86<η<3.85

• Service hybrid, readout board + power board, is placed in the 

acceptance

• Total material budget in acceptance is ~0.05 X/X0 ↩︎

Detector Layout of FTOF
FTOF shape

3.
2 

cm

Module top view
12 AC-LGADs 16 AC-LGADs

~9.6 cm ~12.8 cm

Module cross section

Service HybridAC-LGAD + EICROC

5



Original schedule of sensor + ASIC (Jan. 2024)
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2024 2025 2026

 Full-size

AC-LGAD #1 Test

Pre-prod.

 Full-size

AC-LGAD #2 Validation

Fabrication

 Prototype

AC-LGAD

Test

FCFDv2

FCFDv3

Validation
Fabrication

Validation
Fabrication

FCFDv1 Validation

EICROC0 Validation

Fabrication
ValidationEICROC1

Fabrication
ValidationEICROC2



AC-LGAD technology

• Low Gain Avalanche Diode (LGAD)

– The gain layer (p+ under n+ layer)  makes a high electric field inducing electron 

avalanche → rapid signal raising

– Standard LGAD (DC-LGAD) has much nonnegligible inactive area in fine 

segment case

– CMS and ATLAS adopt DC-LGAD technology at HL-LHC


• AC-coupled LGAD (AC-LGAD)

– One large gain layer with multiple AC-coupled readout metals on an oxide layer 

makes possible fine-segment readout keeping high timing resolution

– High spatial resolution can be achieved with charge sharing even with relatively 

large pitches

– EIC can adopt AC-LGAD technology thanks to the low multiplicity environment↩︎
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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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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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R&D elements for AC-LGAD
• Issues of AC-LGAD 

– Crosstalk in n+ layer 
– Small signal due to AC-coupling 

• Signal size Q 

• Two important parameters 
– Rimp → larger is better 

• n+ doping concentration 
– Ccp → larger is better 

• Smaller electrode size → smaller Ccp  
• Thinner oxide → larger Ccp
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Crosstalk (charge sharing)
Signal

Q =
ZRimp

ZRimp
+ ZCCP

Q0

Development goal 
Keep a larger signal and smaller crosstalk  
with a good time and spatial resolution

K. Nakamura et al., JPS Conf. Proc. 34, 010016 (2021)



Material budget study (Hiroshima)
• Shunichiro Muraoka (M2 student) is working on the BTOF 

material effects on hpDIRC and BEMCal performance


• This study is significant for the stave structure design

– oMPGD is placed just in front of hpDIRC in the latest design →Not 

big effects on angular determination resolution by the BTOF material

– The material budget of hpDIRC in the active area is approximately 

18% → Not big effects on the EMCal performance by the BTOF 
material


• The study will reveal if the very strict limit of 1% material 
budget imposed on BTOF is really necessary


– This will open new options for the stave material selection and 1.3 m 
FPC design

36

hpDIRC (r~70cm, X/X0=18%)

oMPGD (r~68.7cm, X/X0=1.5%)

iMPGD (r~51.6cm, X/X0=0.5%)

BTOF (r~64cm, X/X0=1%)

BEMCal (r~78.3cm)

Current Status
nTrack Reconstruction (EICRecon)

• Particle gun : π+ from (0,0,0), 1000event
• Momentum : 1 ≤ p ≤ 10GeV
• Eta : -1.4 ≤ η ≤ 1.4

Track reconstruction to 
hpDIRC surface

! " #

Next plan
Reconstruct tracks from each 
detector hit information using 

EICRecon official package

Calculate the angular 
distribution of incident particles 
on the hpDIRC surface

[GeV/c][rad]

Shunichiro’s slide link

https://indico.bnl.gov/event/23968/contributions/93037/attachments/55330/94678/TOF_simulation.pdf


TOF structure
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• Barrel-TOF (BTOF)

– Strip-type AC-LGAD

– ASIC (FCFD)

– Sensor-ASIC integration

– Module

– Service-Hybrid

– Mechanical structure

– Global integration

• Forward-TOF (FTOF)

– Pixel-type AC-LGAD

– ASIC (EICROC)

– Sensor-ASIC integration

– Module

– Service-Hybrid

– Mechanical structure

– Global integration

• Common system

– DAQ

– Cooling 

– Software (Rec. & Calib.)

– HV & LV

– Slow control 

Mechanical structure, cooling and global integration

Service-Hybrid

Power

Board

Module

ASICAC-LGAD

DAQ &

Slow 


Control

Rec. 

& 


Calib.

Sensor-ASIC integration
Readout

Board

LV & HV
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Sensor

Sensor-ASIC integration 

ASIC

Flex module PCB

Service Hybrid

Module Structure

Module Assembly

Assembly

Support structure

& cooling

Backend electronics

Alignment

& Database

Install into ePIC

2024 2025 2026 2027 2028 2029 2030

New clean room (100m2) @ HU



39


