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ePIC Central Detector  (CD)

Very naturally organized in:

• Backward endcap
• Barrel
• Forward endcap subsystems 

DIS2025, Cape Town, 24-28 March 2025                                                                         Silvia DALLA TORRE
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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

PID:  
Cherenkov based detector systems 
(Incremental Preliminary Design and Safety Review in April -2025)

AC-LGAD based ToF detector systems
+

Caution 
Few Minor details might be updated
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Incremental Preliminary Design and Safety Review of the pfRICH, dRICH and DIRC, April 1-2, 2025 Your Name

Vessel

68
HRPPDs

Radially-Tiled 
Aerogel12 Outer 

Conical Mirrors

Inner
Conical Mirrors

Services Estimate from Inner Detectors

Gas Ports

Size and Scale

• Size and scale:
• Outer Diameter: 130cm
• Weight: ~200kg

• Major components:
• Vessel
• Sensor Plane with 68 

HRPPDs
• Aerogel Plane with 

radially-tiled aerogel
• Inner Conical Mirrors
• Outer Conical Mirrors

pfRICH: Overview

A. Eslinger
12

Charge Question 4 & 5Proximity Focusing RICH (pfRICH) Overview

๏Aerogel 
✤Three radial bands 
✤Opaque dividers 
✤2.5 cm thick, 42 tiles total 

๏Vessel 
✤Lightweight structure 
✤Reinforced carbon fiber and 3D printed materials 
✤Filled with nitrogen 

๏HRPPD photosensors 
✤120 mm size 
✤Tiled with a 3.0 mm gap 
✤68 sensors total
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Aerogel Evaluation

❑A relatively moderate momentum reach is required for 
this RICH detector 

❑HRPPD PDE is expected to be substantially smaller than 
of the SiPMs 
➢And peak value shifted to the UV range, where it 

cannot be used for ring imaging

❑Consider using a high n ~ 1.040 
➢300 nm acrylic filter cutoff for imaging  
➢<Npe> ~ 11-12 

➢For ToF still make use of the UV range for abundant 
Cherenkov light produced in the window  

➢Hardware reference: Chiba University aerogel (n = 1.040) 
➢3 sample tiles have been purchased 
➢Extensive characterization / QA by Temple University group 
➢Confirm manufacturer specs and develop QA procedures
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๏ Inner and outer conical mirrors and pyramidal mirrors 
increase detector photon acceptance 

๏ Mirrors fabricated “in-house” 
✤ Straight and curved substrates produced by 
Purdue  
✤ Lexan co-bonded to carbon fiber – optimization of 
bonding procedure ongoing  
✤ Mirror coating applied using evaporator setup at 
SBU 

Mirror Fabrication 
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๏ Basic requirements: 
๏ Provide a timing reference at the level of ~20 ps for the barrel and 

forward ToF subsystems  
๏ Provide spatial resolution ~1mm  
๏ Have small Dark Count Rate 
๏ Have reasonable power dissipation in mW per channel 

✤ a low material budget cooling system in front of the PWO 
EmCal 

✤ as little influence on the thermal environment around the 
EmCal as possible 

๏ Allow for a compact solution to leave more space for the proximity 
gap

Photo-Sensors
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Dual Radiator RICH (dRICH) Overview

29DIS2025, Cape Town, 24-28 March 2025                                                                  Silvia DALLA TORRE

PID IN ePIC CDPID IN ePIC CD
Dual radiator RICH (dRICH);
Areogel  and gas 

The long proximity gap (~ 35 cm) 
enhances the resolution

Cherenkov imaging PID in 
backward endcap:

proximity focusing RICH 
(pfRICH)

High performance DIRC (hpDIRC)

High performance thanks to focalization 
and fine photosensor pizelization 

Pixels Strips

ToF by AC-LGADs 
Goals for the application in ePIC:

• 30 µm space resolution
• 25-35 ps time resolution

Goals: 
๏ Hadron 3s-separation between 3 - 50 GeV/c  

๏Complement electron ID below 15 GeV/c 

๏ Cover forward pseudorapidity 1.5 - 3.5  

dRICH Features:  
๏ Extended 3-50 GeV/c momentum range --> 

Dual radiator 

๏ Single-photon detection in high Bfield --> 
SiPM 

๏ Limited space --> Compact optics with curved 
detector 
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Gas Radiator Transmission in UV range > 98 % 

Baseline Hexsafluoroethane validated with lab and beam tests  
	 	  

C2F6 molecular weight: 138.01 g/mol 
	 	 boiling point:   -78.1  °C 
	 	 melting point: -100.6  °C 
	 	 density:  5.734 kg/m3  at  24 °C 
	 	 density: 16.08  kg/m3  at -78 °C

Expected performance  
obtained with  
dRICH prototype

Measured 139.7 m/s  
speed of sound confirms 
negligible contaminants 
after few year in bottle
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Photo-Sensors

๏ Pros: 

๏ single-photon detection 

๏ high efficiency 

๏ excellent time resolution 

๏ insensitive to magnetic field 

๏ Cons 

๏ large dark count rates 

๏ not radiation tolerant
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Photo-Sensors: Annealing Studies

test on a large number SiPM sensors how 
much damage is cured as a function of 

temperature and time 

the same sensors have undergone self-annealing 
increasing temperature steps 

increasing integrated time steps 
●started with T = 100 C annealing 

○performed 4 steps up to 30 hours integrated 
●followed by T = 125, 150 and 175 C 

residual damage saturates at 2-3% 
reached same level of "oven" annealing 
higher T = 175 C does not reduce furtherlight gray points are all 

sensors 
coloured points are 
averaged over sensors 
coloured brackets is the 
RMS 

online self-annealing with forward bias
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hpDIRC Design
Radiator bars: 

๏ Barrel radius: 780 mm, 12 sectors 

๏ 10 long bars per sector, 4500 mm x 35 mm x 17 mm (L x W x T) 

๏ Long bar: 4 bars, glued end-to-end, 

๏ Short bars made from highly polished synthetic fused silica 

๏ Flat mirror on far end 

Focusing optics:  

๏ Radiation-hard 3-layer spherical lens (sapphire) 

Expansion volume:  

๏ Solid fused silica prism: 25 x 35 x 30 cm3 (H x W x L) 

Readout system:  

๏ MCP-PMT Sensors (Photek/Incom) 

๏ ASIC-based Electronics (FCFD) 

๏

Incremental Preliminary Design and Safety Review of the pfRICH, dRICH and DIRC, April 1-2, 2025 Your Name 29

hpDIRC: Overview
▪ Radiator bars:

▪ Barrel radius: 780 mm, 12 sectors
▪ 10 long bars per sector, 4500 mm x 35 mm x 17 

mm (L x W x T)
▪ Long bar: 4 bars, glued end-to-end,
▪ Short bars made from highly polished synthetic 

fused silica
▪ Flat mirror on far end

▪ Focusing optics:
▪ Radiation-hard 3-layer spherical lens

▪ Expansion volume:
▪ Solid fused silica prism: 25 x 35 x 30 cm3 (H x 

W x L)
▪ Readout system:

▪ MCP-PMT Sensors (Photek/Incom)
▪ ASIC-based Electronics (FCFD)

Charge Question 4 & 5

A. Eslinger
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Performance validation: 2018 prototype at CERN PS

Validation of Simulation and Components
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Validation of Simulation and Components
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BaBar DIRC Bars Evaluation at JLab is ongoing 



2025 RHIC/AGS ANNUAL USERS’ MEETING, BNL, May 20th 16

Photo-Sensors

hpDIRC readout: Microchannel-Plate PMTs + ASIC-based electronics 

๏ MCP-PMTs capable of meeting all hpDIRC requirements (A. Lehmann review talk at RICH2022) 

๏ Baseline sensor for hpDIRC: 2’’ Photek MAPMT 253 MCP-PMTs 

๏ Potential solution: DC-coupled Incom HRPPD 

       Making use of synergy with pfRICH, optimizing cost and workforce 

Baseline front-end board: FCFD 

๏ Synergetic development with ePIC AC-LGAD and pfRICH systems 

๏ Low-power ASIC, 128 channels per board 

๏ Will deliver hit time, time over threshold
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 AC-LGAD Time of Flight overview

Two types of AC-LGAD TOF, BTOF and FTOF for the low-p 
PID

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

3

8 CHAPTER 8. EXPERIMENTAL SYSTEMS

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.

BTOF

FTOF

Beam-pipeStave
Half-Stave
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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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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),
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• 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

e p

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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Baseline for sensor design
    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 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=128 channels in total each 
๏  1 ASICs are attached to each sensor with wire bonding

Baseline of sensor design

• FTOF pixel sensor 
– 3632 sensors 
– 1.1 m2 
– 3.6 M readout channels

・
・
・

・・・

・・・

32 cols

32
 ro

w
s

4

• 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

 ro
w

s

2cols

・
・
・
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PID momentum range covered by TOF

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)

๏ The best timing resolution is~35 ps and ~20 ps for strip and pixel sensor, respectively

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
  (SH2)2 240 pF/mm/Ω400 
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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.

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.
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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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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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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
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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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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
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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

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

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

hpDIRC
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Trigger scintillator
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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 8.64: simulation of 1/b as a function of particle momentum for BTOF and FTOF
performance.

sensor and ASIC. Some sensor characteristics can be estimated based on accumulated knowledge,3032

which might allow certain designs to be completed simultaneously.3033

The second full-size sensor prototype will be the last, but we will make another prototype as a3034

backup and make final adjustments for mass production. Depending on the budget, additional3035

sensor and ASIC prototypes may be ordered.3036

During the development phase, assembly was carried out as soon as the other components became3037

available. However, there will be a time lag between the arrival of components and the start of as-3038

sembly in the preproduction and production phases. This is because additional time is required for3039

quality assurance (QA) and quality control (QC) procedures before the components can be shipped3040

to the dedicated assembly sites. As a result, the preproduction and production phases will begin3041

two months later than other phases.3042

particle identification Figure 8.64 shows an example of a single-particle response simulation of3043

1/b as a function of particle momentum for BTOF and FTOF performance.3044

8.3.4.2 The proximity focusing RICH3045

Requirements3046

Requirements from physics: Particle identification capabilities in the electron going endcap3047

region of the ePIC detector (�3.5  h  �1.5) will be provided by a proximity focusing ring3048

imaging Cherenkov detector (pfRICH). Driven primarily by the requirements from SIDIS measure-3049

ments, the pfRICH will need to provide 3s separation or better between pions, kaons, and protons3050

for momenta p < 7 GeV/c. The pfRICH will also play a critical role in electron-hadron separation3051

for momenta below roughly 3 GeV/c, where hadron distributions are at their maximum and the3052
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Figure 8.68: (Left) The reconstructed Cherenkov angle for electrons, pions, kaons, and pro-
tons as a function of momentum. (Middle) Ns separation between the electron and pion
hypotheses as a function of momentum. (Right) Same as the middle panel, for pion and
kaon hypotheses. (Figure documentation)

separation for p < 2 GeV/c and decreasing separation power for momenta up to ⇠ 5 GeV/c3233

as seen in the left panel of Fig. 8.69. The pfRICH detector therefore plays an important role3234

in the ePIC detector, allowing identification of the scattered electrons in kinematic region not3235

accessible by other detectors.3236

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
)c (GeV/

MC
p

4−10

3−10

2−10

1−10

1

10

210

310

410

510

)/N
(e

le
ct

or
n)

π
N

(

PYTHIA 6 ep 18x275 GeV
 < -2.5η-3.0 < 

2c/2 > 0 GeV2Inclusive Q

Raw contamination

after pfRICH vetos
-πResidue 

0 2 4 6 8 10 12
)cp (GeV/

1−10

1

10

210

310

C
ou

nt
s

MC ep DIS 18x275 GeV
2/c2 < 3.0 GeV21.0 < Q

0.500 < y < 0.950

 < -1.5η-3.8 < 

 > 0.2hz

 candidates-pfRICH K
- as K-pfRICH K
- as K-πpfRICH 

- as KppfRICH 

Figure 8.69: (left) Yield ratio of p�/escat before (open black squares) and after (black full
squares) pfRICH veto on p� in PYTHIA 6 e+p collisions at 18⇥275 GeV for �3.0 < h < �2.5.
(right) Kaon candidates identified using the pfRICH (full markers) in MC DIS e+p collisions
at 18 ⇥ 275 GeV in PYTHIA 8. The open markers show contributions from correctly identi-
fied kaons and other hadrons misidentified as kaons. (Figure documentation)

Another important utilization of the pfRICH is hadron identification in the backward region3237

in SIDIS studies. For that reason, the ability to separate p, K, and p hadrons was studied3238

using simulation of e+p collisions at 18 ⇥ 275 GeV in PYTHIA 8. Specifically, the expected3239

purity of leading K� mesons was evaluated and was shown to be close to 100% up to hadron3240

momenta of p < 6 GeV/c, as shown in the right panel of Fig. 8.69. This means that pfRICH3241

will play an important role in SIDIS studies as it can efficiently distinguish various hadron3242

species in a wide momentum range.3243

Timing performance: A primary use of the excellent HRPPD timing resolution is providing3244

an independent t0 reference to the barrel and forward endcap Time of Flight subsystems.3245

However, one can make use of the t0 ⇠20 ps reference provided by the accelerator, and ap-3246

ply Time of Flight techniques to the pfRICH as a standalone subsystem. This functionality is3247
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Figure 8.90: The expected performance of the hpDIRC as a function of the particle’s polar
angle in terms of photon yield (a) for pions and p/K separation power (b). These results are
based on a standalone Geant4 simulation of 6 GeV/c particles.

sumed. A pixel size of 3.2 mm was chosen based on Geant4 simulations as a balance be-3866

tween cost, performance, and expected availability as the sensor technology for the hpDIRC.3867

Lifetime-enhanced 2” MCP-PMT tubes are commercially available from Photonis and Photek3868

with suitable DC-coupled anode configurations. The simulation utilized Photonis Planacon3869

XP85122 MCP-PMTs, incorporating realistic sensor characteristics including photon timing,3870

collection efficiency, and quantum efficiency. With the termination of the production of the3871

Photonis PMTs, the Photek MAPMT 253 sensors shown in Fig. 8.89 are now the leading can-3872

didates for the hpDIRC. These share the same footprint and are expected to exhibit similar3873

properties to the Photonis tubes.3874

FEE: Fast ASIC-based readout systems are being developed by the EIC project to meet the3875

demands of various ePIC detector systems. For the hpDIRC, the readout electronics must be3876

capable of detecting small signals (on the order of a few millivolts) from MCP-PMTs while3877

maintaining excellent single-photon timing resolution. Additionally, the electronics need to3878

match the channel density and sensor footprint, as they will be directly coupled to the back3879

of the sensor to minimize distance and achieve optimal timing precision. The two leading3880

candidates for hpDIRC readout are EICROC and FCFD, which are discussed in detail in3881

Section XXX.3882

Performance Figure 8.90 presents the expected performance based on standalone Geant4 sim-3883

ulation studies. The plots illustrate particles that are fired over a range of polar angles but with3884

an azimuthal angle fixed at zero degrees (so perpendicular to one of the middle bars). The black3885

points represent the photon yield and separation power for 6 GeV/c charged pions and kaons as a3886

function of polar angle with the magnetic field enabled, while the red points display the same data3887

with the magnetic field disabled.3888

The number of detected Cherenkov photons per particle (plot a) ranges from 40 to 150, depending3889

on the polar angle. The sharp increase in photon yield at steeper forward and backward angles is3890

due to the longer track lengths in the fused silica bars, with an asymmetry in forward/backward3891

yields resulting from photon loss along longer propagation paths at smaller polar angles. The peak3892

in the photon yield near a polar angle of 90� occurs because a larger fraction of the photons satisfy3893

the total internal reflection criterion near perpendicular incidence, compared to slightly larger or3894

smaller angles.3895

The “separation power” for both particle hypotheses (plot b) is obtained from Gaussian fits to the3896

log-likelihood differences between pairs of particle hypotheses. It is calculated as the difference3897

between the means of the two Gaussians divided by the arithmetic average of the two widths. The3898
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N photons the angular precision scale with a maximum N�1/2 factor only in case of a completely4480

uncorrelated information, a condition that is not valid for the bending and tracking contributions.4481

The uncertainty on the emission point is not an issue for a few cm layer of aerogel, but is critical4482

for a 1 m long gas volume, expecially within the limited space available in ePIC for the optics: this4483

remains the major contribution to the SPE resolution of the radiator gas despite the mirror focaliza-4484

tion and the curved dRICH detector surface. Because the present model assumes a single radius for4485

the dRICH mirros, optimized for the forward rapidity region to boost the high-momentum reach,4486

the resolution worsens with the polar angle increase. This is not a problem, because the average4487

particle momentum decrease as well loosing the performance requirement. The chromatic error is4488

well under control for gas but is the largest contribution to the angular resolution for the aerogel.4489

This derives from the intrinsic nature of the radiator in conjunction with the quantum efficiency4490

characteristic of the photosensor. The chromatic uncertainty limits the aerogel momentum reach4491

to something above 15 GeV/c, a value well above the Cherenkov threshold of kaons in gas, high4492

enough to provide the wanted overlap between the measured ranges of the two radiators.4493

Figure 8.103: (Left) Contributions to the single-photon angular resolution for aerogel.
(Right) Contributions to the single-photon angular resolution for radiator gas.

Figure 8.104: (Left) Reconstructed mass vs momentum for pions, kaons and protons. (Right)
Reconstructed mass vs momentum for pions and electrons. Distinct values derived from
aerogel and gas are shown, to highlight the complementary coverage and effective interplay
of the two radiators. The study is performed at the large rapidity endpoint 3.2 < h < 3.5.

The number of emitted photons varies with the pseudo-rapidity due to the different path of the4494

particle within the radiators. The mean number of recorded photons is about 18 for the radiator4495

gas and 12 for the aerogel for a particle with momentum well above the Cherenkov threshold. In4496

average, few charged particles per event are expected to hit the detector. With a proper pattern4497

recognition and photon path reconstruction, the information of the two radiators can be combined4498

to extend the hadron momentum coverage of ePIC PID from the TOF ⇡ 2.5 GeV/c upper momen-4499

tum limit to above 50 GeV/c, and support electron separation up to 15 GeV/c, see Figure 8.104. In4500

Summary
✦ Detailed design is setting down to achieve the requirement performance 

✦ A lot of progress on various fronts 

✦ Exciting time ahead to achieve these Simulated results!

pfRICH

dRICH

hpDIRC

ToF
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Aerogel Evaluation

Transmission by LEDs + Integrating sphere – Temple U. 
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High Performance DIRC (hpDIRC) Overview

Incremental Preliminary Design and Safety Review of the pfRICH, dRICH and DIRC, April 1-2, 2025 Your Name 29

hpDIRC: Overview
▪ Radiator bars:

▪ Barrel radius: 780 mm, 12 sectors
▪ 10 long bars per sector, 4500 mm x 35 mm x 17 

mm (L x W x T)
▪ Long bar: 4 bars, glued end-to-end,
▪ Short bars made from highly polished synthetic 

fused silica
▪ Flat mirror on far end

▪ Focusing optics:
▪ Radiation-hard 3-layer spherical lens

▪ Expansion volume:
▪ Solid fused silica prism: 25 x 35 x 30 cm3 (H x 

W x L)
▪ Readout system:

▪ MCP-PMT Sensors (Photek/Incom)
▪ ASIC-based Electronics (FCFD)

Charge Question 4 & 5

A. Eslinger

๏ Pioneered by the BaBar experiment at the SLAC 
National Accelerator Laboratory  

๏ Fused silica bars or plates used as radiator and 
light guide 

๏ Detector surface is outside active volume  

๏ Cherenkov angle is conserved during internal 
reflections and reconstructed from detected photons 

๏ Ultimate deliverable: PID likelihoods
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Baseline for Stave Structure

๏ 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) 
– Exploring the feasibility of using shortened pieces connecting with several bonding techniques 

๏ The material budget effect on the hpDIRC PID performance is under evaluation

Baseline of stave structure
• 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 hpDIRC 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

5

Sensor ASIC

・・・ ・・・

Connector


