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BTOF Overview



Recap of the BTOF
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• BTOF is composed of 144 staves (288 half staves) to form a cylindrical shape

• 64 AC-LGAD strip-type sensors readout by 64 ASICs are attached to one half stave

• The radius is 63 - 66 cm from the beam pipe

• Required performance is 35ps timing resolution and 30μm with 2-3% X/X0


• BTOF plays a role in the low momentum PID at midrapidity

– The performance of π/K 3-sigma separation below  ~1.5 GeV/c is baseline
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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

Cylindrical structure by staves
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Items that have changed since the last workfest
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• BTOF strip sensor

– 18432 sensors

– 12 m2

– 2.4 M readout channels
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• The sensor design has been changed due to the readout geometry and production yield

– 64x4=256 channels → 64x2=128 channels (3.2x4 cm2 → 3.2x2 cm2)

– The number of sensors becomes double


• The double-side stave becomes the baseline of the design

– Effective cooling of ASIC and removing acceptance gap between sensors
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What must be discussed in this meeting
• What amount of BTOF material budget is allowed?


– Effect on the angle resolution on the hpDIRC surface 

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


• What is the lower limit of time resolution performance?

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


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

– What should we know and define? Another solution?


• What is the best stave design?

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

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


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


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

– The Japanese government (MEXT) has decided to support BTOF (in FY25 ~$2M)
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Figure 8.49: BTOF 1/b as a function of momentum (p) in the simulation performance with
PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543
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PYTHIA DIS events (left). Upper limits on the 3s particle separation from BTOF and FTOF
as a function of pseudorapidity (right).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

space coverage is different (mid-rapidity vs forward rapidity), which mandates different particle2543
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What must be discussed in this meeting
• What amount of BTOF material budget is allowed?


– Effect on the angle resolution on the hpDIRC surface 

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


• What is the lower limit of time resolution performance?

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


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

– What should we know and define? Another solution?


• What is the best stave design?

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

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


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


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

– The Japanese government (MEXT) has decided to support BTOF (in FY25 ~$2M)
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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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extracting the heat of the sensor combined with the power dissipation from the readout chip. This2528
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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
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in Ljubljana (MeV-scale neutrons). The radiation exposure was done in steps, allowing potential2534
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tions. By studying the sensor performance before and after irradiation, the change in N+ resistivity2536

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

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

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

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

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