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8.3.4.4 The dual radiator RICH4217

Requirements The dual radiator Ring Imaging Cherenkov (dRICH) detector is part of the par-4218

ticle identification system in the forward (ion-side) end-cap of the ePIC detector and complements4219

the forward time-of-flight system and calorimetry, see Figure 8.45. The dRICH has to provide ac-4220

ceptance in the pseudo-rapidity range defined by the ePIC beam pipe and the barrel detector and4221

to operate within the limited envelope allowed by the rest of the compact and hermetic ePIC detec-4222

tor. Distinctive features of the detector are: use of aerogel and gas radiators to extend the covered4223

momentum range, usage of silicon photomultiplier (SiPM) to ensure single photon detection capa-4224

bility in high and not-uniform magnetic field, non-conventional optics with curved active surfaces4225

and compact readout electronics to fit into ePIC.4226

Requirements from physics: The dRICH is required to provide continuous hadron identifica-4227

tion from ∼ 3 GeV/c to ∼ 50 GeV/c, and to supplement electron and positron identification from4228

a few hundred MeV/c up to about 15 GeV/c. Such an extended momentum range imposes the use4229

of two radiators, gas and aerogel, with a common imaging system to ensure compactness and cost-4230

effectiveness. The radiator gas must ensure π/K separation at 3-σ level up to 50 GeV/c in the most4231

forward region, namely for η > 2. The aerogel radiator must cover the intermediate momentum4232

interval, bridging the upper limit of the time-of-flight (≈ 2.5 GeV/c) to the Cherenkov threshold of4233

the dRICH gas (≈ 12 GeV/c). These requirements dictate the prescriptions on the refractive index4234

and the radiator chromaticity in the sensitivity region of the photosensors. The dRICH has to pro-4235

vide open acceptance in the ePIC forward pseudo-rapidity range 1.5 ≲ η ≲ 3.5. To provide proper4236

light focalization within the due volume, the dRICH active area is located behind the shadow of4237

the barrel detector and its support ring, close to the MARCO solenoid coils. In this region, see Fig-4238

ure 8.46, the ≈ 1T strong and not-uniform ePIC magnetic field imposes the use of unprecedented4239

detectors (SiPM).4240

Requirements from Radiation Hardness: The radiation sensitive components (sensor and4241

front-end electronics) of the dRICH detector are concentrated in a region of moderate radiation4242

level, below O(1011) cm−2 neq of maximum integrated fluence where neq is a 1-MeV neutron equiv-4243

alent particle, see Figure 8.47. Close to the beam line, where the integrated dose can reach a value4244

of 15 krad, only radiation tolerant materials reside like silica aerogel [83].4245

Requirements from Data Rates: The SiPM sensor features an intrinsic significant dark count4246

rate, currently of the order of 50 kHz/mm2 at room temperature, that indefinitely increases with4247

the radiation damage. To mitigate this effect, the dRICH sensors are operated at low temperature4248

(less than -30◦C) and regularly annealed at high temperature (up to 150◦C), in order to never exceed4249

a maximum 300 kHz dark rate per channel. The latter value corresponds to a conservative limit4250

taken to preserve the detector performance requirements for Physics and it is supported by present4251

simulation studies that confirm the particle-identification capabilities of dRICH are unaffected.4252

Justification The specifications outlined above largely define the main technological choices: the4253

momentum range dictates radiator refractive indexes that can be reliably met only by aerogel and4254

gas, while the ePIC environment, space and magnetic field, imposes sensor characteristics that can4255

only be met by SiPM.4256
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Figure 8.97: (Left) dRICH detector model with highlighted the major components. (Right)
dRICH inside the ePIC services lines at the barrel HCAL end point.

Device concept and technological choice: The dRICH is a ring-shaped detector, with a length4257

of 1.27 m and a diameter of 3.6 m, fitting inside the ePIC forward endcap, see Figure 8.97 . The4258

essential components are a layer of aerogel radiator, a volume of gas radiator, and an array of4259

mirrors focalising the Cherenkov light into compact areas instrumented with photo-sensors. The4260

detector is designed in a modular way, with 6 sectors around the beam line of equivalent mirror set4261

and detection area.4262

The aerogel radiator is a amorphous solid network of SiO2 nanocrystals whose density regulates4263

the refractive index and chromaticity [3]. The use of silica aerogel for RICH detectors is well estab-4264

lished. It is available with refractive indices in the range 1.006–1.08 in between gases and liquids.4265

The current manufacturing methods succeeded in improving the attenuation length Λ (λ = 4004266

nm) from 20 mm (aerogel used in HERMES) to 50 mm (aerogel for CLAS12 and BELLE-II). The4267

selected aerogel radiator has refractive index n = 1.026 at λ = 400 nm. The chromatic dispersion4268

has been measured during the R&D phase to be dn/dλ = 6 · 10−6 nm−1 at 400 nm wavelength.4269

Aerogel is typically produced in tiles of few cm thickness: in order to minimize edge effect, the4270

dRICH tile side should be greater than 18 cm, approaching the word record value of 20 cm. The4271

shape and surface flatness of the tiles are important parameters to consider for ensuring optimal4272

PID performance. Typically, due to the fabrication process, aerogel tiles exhibit a slight meniscus4273

shape. Measurements taken during the R&D phase on aerogel samples provided by Aerogel Fac-4274

tory Co. Ltd (Chiba, JP) revealed deviations from the ideal parallelepiped shape by a few tenths of4275

a millimeter, along with a thickness variation between the center and the edges of a similar mag-4276

nitude. Based on the measurements conducted so far, this deviation from the ideal shape does not4277

impact PID performance. Additionally, the manufacturer has confirmed that improvements in both4278

flatness and thickness uniformity are feasible.4279

The selected reference gas radiator is hexafluoroethane (C2F6), which matches the requirements4280

being characterized by refractive index n = 1.00086 at STP and excellent chromatic dispersion4281

dn/dλ = 0.2 · 10−6 nm−1 at light wavelength λ = 350 nm [84].4282

The selected refractive indexes dictates a minimum thickness of 4 cm for the aerogel and O(1) m4283

for the gas in order to ensure enough photon yield. Mirror focalisation is necessary to minimise4284

the consequent uncertainty on the Cherenkov photon emission point. Being inside the detector4285

acceptance, the mirror structure is made of carbon fiber reinforced polymer (CFRP) to ensure the4286

necessary stiffness while being light. In order to preserve the Cherenkov angle information the mir-4287

ror surface should have excellent optical quality, i.e. few nm roughness and better than 0.2 mrad4288
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Figure 8.98: (Left) CAD model of the dRICH photodetector unit (PDU) module with its
major components highlighted. (Right) dRICH detector box model with 208 PDUs forming
a curved active surface.

angular precision (reflecting in a point-like image with more than 90% of the light intensity concen-4289

trated in a disk smaller than 2.5 mm). The single mirror dimension is limited to a ≈ 1 m maximum4290

diagonal when accounting for realistic forming mandrel and coating chamber dimensions. In the4291

dRICH mirror array, the radius of curvature should be replicated within 1% of the nominal value4292

and the reflectivity should be better than 90% in the 300-600 nm wavelength range of interest.4293

The dRICH photon detector surface is shaped over a sphere of radius ∼ 110 cm to best approach4294

the 3D focal surface of the mirror array. The Silicon Photomultiplier (SiPM) sensor technology4295

is selected for the photon detector. It ensures superior single-photon counting capability inside4296

the ePIC magnetic field and compact dimensions suitable for tessellating a shaped active surface.4297

The single SiPM sensor has a 3 × 3 mm2 area to provide the necessary spatial resolution with an4298

intrinsic time resolution better than 150 ps. The selected front-end ASIC is ALCOR, a 64-channel4299

chip with coupling and rate capability optimized for SiPMs, and a ToT architecture with better4300

than 50 ps LSB 1 resolution in order the SiPM-ALCOR readout chain could achieve an overall time4301

resolution better than 200 ps RMS. To minimize the volume within the dRICH envelope and to4302

maximize the active area, the photodetector is organized in compact photodetector units (PDU).4303

The PDU integrates 256 SiPM channels (grouped into 8 × 8 arrays in a buttable arrangement to4304

minimize the dead area, which are eventually mounted side-by-side to form a 16 × 16 array) with4305

the ALCOR TDC readout provided by four front-end boards (FEB), one readout board (RDO) to4306

interface with the ePIC data aquisition (DAQ) and detector control (DCS) systems. In addition,4307

the PDU is designed to allow sub-zero cooling of the SiPMs as well as high-temperature annealing4308

operations. Figure 8.98 (left) shows the conceptual design of the PDU and its main components.4309

The present dimensions of the PDU concept are approximately 52 × 52 × 140 mm3.4310

Subsystem description:4311

1Least Significant Bit
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Figure 8.99: Transverse map of the expected 1-MeV equivalent neutron fluence per 1 fb−1

of integrated luminosity in e+p interactions at the maximum EIC center-of-mass energy at
the location of the dRICH photodetector (210 < z < 260 cm). The average, maximum and
minimum values within the region of the dRICH photodetector (100 < R < 180 cm, indicated
by the dashed lines) are reported.

General device description:4312

Because at ePIC the electron and hadron beam collide at an angle of 25 mrad and aceptance4313

should be provided to the far forward detectors, the common beam pipe cross-section is off-4314

axis at the dRICH location and increasing in area with the distance from IP, imposing an4315

asymmetric layout of the inner components. The aerogel wall is composed of five rings of4316

tiles, each shaped in order to fit inside a 0.2 mm thin aluminum supporting structure. In each4317

sector, focalization is provided by a compound of five mirrors covering a total area of about 24318

m2 with an optimized radius of curvature around 2200 mm. Six independent spherical active4319

surfaces with curvature radius around 1100 mm, each made of 208 PDUs for a total of 53k4320

readout channels, are mounted inside detector-boxes that provide thermal insulation, cooling4321

for the electronics and connections to the services. Given the gas radiator open volume,4322

the Cherenkov photons can be reflected into different detectors depending on the parent4323

charged particle kinematics. The aerogel and photo-detector are separated from the radiator4324

gas by transparent septa, and immersed in a dry (e.g. purged N2) atmosphere to minimize4325

contaminant absorption and prevent moisture formation. The mirrors are supported by a4326

light carbon fiber structure that is mechanically decoupled from the vessel and allows fine4327

alignment adjustments by means of pizezo-electric motors.4328

Sensors:4329

The silicon photomultiplier (SiPM) [85, 86] is chosen as the sensor technology for the dRICH4330

photodetector. The main baseline specifications demand sensors with a 3 × 3 mm2 single-4331

channel active area, single photon detection over a broad spectral range from 300 to 900 nm4332

and very high overall photodetection efficiency > 40% at the peak sensitivity wavelength4333

400 < λpeak < 450 nm (see Table 8.35 in Additional Material for the full list of the baseline pa-4334

rameters and specifications of the SiPM sensor devices for the dRICH photodetector). SiPMs4335

fulfil the dRICH requirements being cheap and versatile devices with excellent photodetec-4336

tion efficiency (PDE) and time resolution. Their single-photon performance is unaffected by4337
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Figure 8.100: (Left) Dark current measurements on sample SiPM sensors for the studies of
repeated irradiation-annealing . (Right) Projected increase of the DCR of SiPM as a function
of the integrated luminosity (delivered fluence). The ”no annealing” and the ”annealing
limit” curves show the limits of possible operations. The dashed line indicate the desired
maximum DCR threshold.

high magnetic fields [?, 87], which makes SiPM the only photosensor that can efficiently op-4338

erate in the field configuration at the dRICH photodetector location in the ePIC experiment,4339

see Figure 8.46. SiPM sensors on the other hand have very high dark count rates (DCR) and4340

are not radiation tolerant. The DCR in SiPM is mostly of thermal origin and it reduces signifi-4341

cantly by lowering the SiPM temperature, typically halving every 7-10◦C in new sensors [88].4342

Radiation damage in SiPM is mainly due to displacement damage in silicon, which causes a4343

significant DCR increase and reduces the effectiveness of cooling [89]. At the moderate ra-4344

diation levels expected at the dRICH location, no significant change in the SiPM parameters4345

(PDE, gain, quenching resistor Rquench, pixel capacitance Cpixel, breakdown voltage Vbreak)4346

is observed [90]. SiPM cooling is important to keep the DCR low and it becomes crucial4347

after radiation damage [91], as the increase in DCR would be such to make SiPM unusable4348

as single-photon detectors, otherwise. In the dRICH, the SiPMs will be operated at subzero4349

temperature of T = −30◦C, or lower. A cooling block is placed in thermal contact with the4350

back-side of the printed-circuit board hosting the SiPMs (carrier board). Cooling fluid in the4351

cooling block will be circulated through a closed loop by a circulating thermostat with dy-4352

namic temperature control to regulate and maintain the SiPMs at low temperature. The radi-4353

ation damage on SiPMs increases moderately with the integrated luminosity. At the location4354

of the dRICH photodetector a maximum (average) fluence of Φeq = 6.0 (3.6) 107 cm−2/fb−1
4355

1-MeV equivalent neutrons (neq in the following) is expected from e+p interactions at the4356

highest center-of-mass energy of the EIC (see Figure 8.99). Beam-induced background from4357

proton beam-gas events at 35 kHz are expected to contribute bringing the total maximum4358

(average) expected radiation damage to Φeq = 6.4 (3.7) 107 cm−2/fb−1 neq. As shown by the4359

“no annealing” curve in Figure 8.100 (right) and Figure 8.113, the SiPM DCR is expected to4360
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increase with the integrated luminosity at a maximum (average) rate of 31.8 (18.6) kHz/fb−1,4361

reaching a DCR of 300 kHz after an integrated luminosity of approximately 9.5 (16.1) fb−1.4362

These values are based on measurements performed on Hamamatsu S13360-3050 sensors4363

operated at Vover = 4 V at T = −30◦C, more details are available in Additional Material.4364

Annealing of SiPMs can be achieved exploiting the Joule effect [?]. When a SiPM is for-4365

ward biased, the microcells composing the device behave as directly polarized diodes con-4366

nected to their quenching resistors. The current flowing through the resistors eventually4367

heat up the entirety of the sensor. In the dRICH, the circulating thermostat system used for4368

low-temperature operation of the SiPM will be operated in heating mode to warm up the4369

SiPM cooling plate (T = 100◦C, or higher) during high-temperature annealing. Therefore4370

a low-viscosity silicone fluid is particularly suitable for cold and heat transfer. Because a4371

fraction of the heating power is delivered by fluid, a reduced current is required to perform4372

the ‘forward-bias annealing” to the SiPM. Nonetheless the required power to perform an-4373

nealing at once over the full dRICH detector is excessively large and unpractical. Therefore4374

annealing operations will be segmented in space and time across the dRICH detector and4375

performed during periods with no Physics beam, and the temperature will be tuned up to T4376

= 150◦C, depending on the DCR reduction needs. During the R&D phase it was shown that4377

the “forward-bias mode” approach can cure approximately 97% of the radiation damage. It4378

is therefore expected that a residual irreducible radiation damage (residual DCR) will build4379

up during the dRICH lifetime. As can be see from Figure 8.99 the sensors closer to the beam4380

line will experience a radiation damage almost a factor 3 times larger than those farer from4381

the beam line and will likely require a more frequent annealing. As shown by the “annealing4382

limit” curve in Figure 8.100 (right, maximum fluence) and Figure 8.113 (average fluence),4383

the SiPM residual DCR is expected to increase with the integrated luminosity at a rate of4384

950 (560) Hz/fb−1, reaching a residual DCR of 300 kHz after an integrated luminosity of ap-4385

proximately 310 (530) fb−1. The “possible operation” curve in Figure 8.100 (right) shows a4386

potential scenario for the DCR evolution for SiPM sensors closer to beam pipe (worst case).4387

This is based on an operation model where more frequent (every ∼ 3 fb−1) softer annealing4388

cycles at lower temperature and/or of shorter duration, delivering a DCR reduction of 104389

times, are interleave by less frequent (every ∼ 30 fb−1) full annealing cycles to reduce DCR4390

as much a possible. A limit in the operation scenario is reached when the annealing is not ca-4391

pable to keep the DCR below the desired threshold or when the annealing frequency become4392

too high. As it can be seen from Figure 8.100 (right), beyond an integrated luminosity of ∼4393

200 fb−1 to keep the DCR below the 300 kHz threshold requires to perform full annealing4394

cycles every ∼ 5 fb−1, which is not obviously a practical operation scenario anymore. Some4395

of the SiPM sensors might be needed to be replaced at that stage with new ones or with SiPM4396

sensors of improved performance and radiation hardness as a future upgrade of the dRICH4397

photodetector. One has to keep in mind though that the 300 kHz limit is a conservative value4398

that is connected to the present level of dRICH reconstruction and could be relaxed in future.4399

Moreover, the model shown in Figure 8.100 (right) is based on measurement on Hamamatsu4400

S13360-3050 sensors operated at Vover = 4 V in a climatic chamber at T = −30◦C. Possible4401

SiPM operation in ePIC at a lower Vover of 3 V and at a lower T of −40◦C will allow one to4402

achieve lower DCR overall.4403

FEE:4404

The ALCOR (A Low Power Chip for Optical Sensor Readout) ASIC, developed by the elec-4405

tronics laboratory of INFN Torino, is the baseline option for the readout of the dRICH SiPM4406

sensors. The architecture of ALCOR and its key specifications are described in Section 8.3.10,4407

here only some specific EIC-driven features are discussed as well as the integration of the4408

ALCOR ASIC into the dRICH front-end electronics. The main goal of ALCOR is to provide4409

single-photon time tagging of the incoming signals, while being able to cope with the SiPMs4410
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inherently high DCR: a maximum DCR value of 300 kHz/ch is expected before an annealing4411

cycle is performed. A good time resolution, better than 200 ps RMS, is required to perform4412

DCR suppression via time gating at both hardware and software levels. A programmable4413

hardware shutter, implemented inside the digital logic of ALCOR, can be enabled to filter4414

out-of-time DCR and provide a significant bandwidth reduction to the system. The time win-4415

dow of interest is controlled off-chip by the RDO FPGA and can be adjusted using in-pixel4416

programmable delays to compensate timing offsets among the 64 channels. With a time win-4417

dow of approximately 2-3 ns, considering that the EIC bunch crossing period is about 10.154418

ns, data can be reduced by a factor of 3 or 5. One important point is that the shutter will4419

be needed only when DCR becomes significant due to SiPM integrated radiation damage4420

over time. Therefore, the first period of ePIC data taking can be used to optimize the shutter4421

calibration. The ASIC will be integrated inside a BGA package, providing a compact and ro-4422

bust solution to be assembled on the FEB. A 16×16 mm2 flip-chip ball grid array (FC-BGA),4423

with 256 balls and 1 mm ball pitch, is the option chosen for the ASIC packaging since it of-4424

fers more interconnections and better performance w.r.t. standard packaging techniques and4425

matches well with the pixel-matrix geometry of the ALCOR ASIC. A 3D model of the FEB is4426

shown in Figure 8.101. Each FEB hosts one ALCOR BGA device and several components to4427

ensure a stable and safe operation of the system. Linear regulators are employed to provide4428

clean power supplies to the chip and are coupled to I2C interface and current monitors to4429

control the regulators and prevent potential damage from over-current conditions. The FEB4430

incorporates a dedicated PCB section for SiPMs bias voltage routing and also a circuit to en-4431

able the SiPM forward-biasing when annealing cycles are carried out. AC-coupling between4432

the SiPM sensors and ALCOR inputs has been chosen to isolate them when the SiPMs are4433

operated in forward bias.4434

Figure 8.101: 3D model of the dRICH FEB.

Other components:4435

The radiator gas in the RICH vessel is controlled by the gas radiator system, see Figure 8.102.4436

Its main tasks are, during detector operation, (i) providing well controlled pressure condi-4437

tions in the 12 m3 RICH vessel to avoid relevant pressure difference at the vessel walls and4438

at the fused silica windows; (ii) removing oxygen and water vapor contaminates, in order4439

to prevent building up impurities due to air leaks entering the gas system; (iii) performing4440

detector vessel filling with hexafluoroethane before a data taking period and radiator gas4441

recovery at the end of the period; the filling/recovery is from/to the storage tank. The main4442

components of the radiator gas system are two oil-free compressors, working in parallel,4443

which continuously extract gas from the vessel at constant rate in order to ensure the gas cir-4444

culation, a pressure sensor installed on top of the radiator vessel for continuous monitoring4445

of the internal relative pressure and to dictate the opening level of a flow control valve on4446

the input line, adjusting the opening so to preserve the relative pressure inside the vessel.4447

Oxygen and water vapor traces are removed by filtering cartridges with molecular sieves4448

and Cu-catalyst, which are permanently in series in the circulation system, to maintain a4449
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contamination level better than 20 ppm (a value less stringent than for gas devices work-4450

ing in the VUV wavelength region). The gas temperature and pressure will be continuously4451

monitored to correct the variation of the refractive index within an uncertainty below 0.1%4452

in terms of (n-1). The vessel is flushed with nitrogen during the shutdown periods. Nitrogen4453

and hexafluoroethane separation during filling and recovery is under study and two options4454

can be envisaged: (i) the use of osmosis via dedicated membranes or (ii) via a two-step pro-4455

cedure: replacing nitrogen with carbon dioxide and then performing distillation at −35◦C.4456

Hexafluoroethane is a greenhouse gas and, therefore, the residual C2F6 present in the nitro-4457

gen/carbon dioxide cannot be vent out: it must be collected and trapped for disposal with4458

a dedicated recovery system. The control of the whole radiator gas system is performed via4459

a Programmable Logic Controller (PLC). More details are provided in Additional Material4460

of 8.3.4.4.4461
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Figure 8.102: Block diagram of the dRICH gas system.

Performance4462

For each recorded dRICH hit, the photon path is reconstructed taking into account the charged4463

particle trajectory and the focalising optics of the detector, in order to provide an estimate of the4464

Cherenkov angle at the emission point. The combined information of all the Cherenkov photons4465

associated to a charged particle result in a precise determination of its velocity βc and, knowing4466

the momentum from the ePIC spectrometer, its mass. The dRICH model is part of the ePIC sim-4467

ulation framework and allows complete performance studies taking into account quality of the4468

track reconstruction, bent trajectories (by magnetic field) and multiple scattering. To bypass the4469

complexity of such a framework, some specific study can be anyway performed with private or4470

simplified simulation chains. The laboratory characterization and the numerous test-beams have4471

provided detailed inputs for modeling in a realistic way the single components and global detector4472

response. In the dRICH, the contributions to the single-photon (SPE) angular resolution have a4473

different weight depending on the radiator. The dRICH has been designed in order to keep most of4474

the contributions to the SPE angle resolution close or below 0.5 mrad, see Figure 8.103, a value dic-4475

tated by the tiny Cherenkov angle difference between pions and kaons at 50 GeV/c in the radiator4476

gas. The single SiPM readout channel has been limited to 3 × 3 mm2 area. The MARCO coils and4477

the dRICH position has been optimized in order to minimize the bending inside the radiator gas4478

volume. The tracking resolution is assumed to cope with the same constrain. Note that combining4479
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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 < η < 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
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Figure 8.105: (Left) Pion identification efficiency and pion to kaon mis-identification prob-
ability as a function of momentum. (Right) Kaon identification efficiency and kaon to pion
mis-identification probability as a function of momentum. Both estimates are made at the
large rapidity endpoint 3.2 < η < 3.5.

.

the forward direction with optimized focalization, an identification efficiency greater than 95 % at a4501

corresponding 5 % percent mis-identification probability, is achieved, see Figure 8.105. As expected4502

from the resolution study, the momentum reach is reduced with the pseudo-rapidity, in accordance4503

with the kinematics of the particles expected from physics reactions, see Figure 8.122.4504

Implementation4505

Services:4506

The dRICH services are grouped into power lines for sensors, electronics and slow control moni-4507

tors, gas lines for the radiator gas volume, the aerogel inert gas volume, and cooling lines for the4508

sensors and electronics. Table 8.31 shows a list of the power services for the dRICH photodetec-4509

tor. Eighteen 19” wide/8U mainframes (approximately 50 × 40 × 70 cm2 each) capable to host 164510

boards each are needed to accommodate the low-voltage and high-voltage boards. The primary4511

power-supply channels will serve multiple modules at the same time, with a typical grouping of4512

1024 SiPM channels. Nonetheless, further segmentation is implemented on the detector electron-4513

Name Voltage (V) Current (A) Channels Boards AWG gauge
Analog 1.4 10.0 312 39 10
Digital low 1.4 8.5 312 39 11
Digital high 2.7 6.0 312 39 12
Master panel 5.0 5.2 6 1 13
SiPM bias 64.0 1.3 12 2 19
Annealing 12.0 3.2 1248 156 15

Table 8.31: List of the voltage services to the dRICH electronics, indicating the number of
primary power-supply channels and boards as well as the cross-section of the cables (AWG).
The number of power-supply boards is defined assuming to use commercial 8-channel low-
voltage boards.
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ics, reaching a low-voltage power segmentation of 64 SiPM channels and a high-voltage power4514

segmentation of 32 SiPM channels. The circulating thermostat system should be capable of circu-4515

lating approximately 50 l/min of fluid at a maximum pressure of 1.5 bar in a broad temperature4516

range (from −60◦C to 120◦C). Possible commercial systems are available, but more time is needed4517

to better investigate the options. It is expected that a potential circulating thermostat system with4518

the desired characteristics will require space in the experimental hall for a volume of approximately4519

1.3 × 0.8 × 1.6 m3. Manifolds are needed to split the fluid from the thermostat into 6 loops, each4520

feeding one dRICH photodetector box. A solution without manifold and 6 smaller independent4521

thermostat unit for each dRICH sector will be investigated as a possible optimization. Insulated4522

pipes will be needed to transport the fluid from the thermostat to the detector, and back. The insula-4523

tion must guarantee no frost and no water condensation on the pipes when operating at the lowest4524

temperatures and is also required to limit transport losses in heating/cooling capacity. Cooling for4525

the front-end electronics is required to remove the approximately 15 kW of heat generated by the4526

dRICH photodetector (≈ 2.5 kW in each of the six photodetector boxes). Force-air circulation in4527

the boxes with diffusers are being studied as a possible effective solution. It is important that the4528

air-cooling system for the FEE electronics provides dry air with a dew point well below the SiPM4529

operating temperature. A system based on forced circulation of gaseous nitrogen might be well4530

suited also to ensure an inert environment inside the detector boxes. Gaseous nitrogen will be used4531

to maintain the aerogel in a clean and inert environment. The radiator gas system and its related4532

monitoring equipment require a surface of about 15 m2, in order to host 5 racks of instrumenta-4533

tion, the gas storage tank and a support for the spectrophotometer. This surface includes the space4534

needed by the operators. Various sections of the gas system operate at a 2-3 bar pressure, while the4535

cell to measure and monitor the gas transparency operates at 10 bar. Some gas bottles at typical4536

high pressure (100-150 bar), organized in a battery, have to be included to provide the radiator gas4537

at filling and house it when recovered. The pipelines connecting the gas system to the vessel are4538

70 m long with a diameter of 10 cm.4539

Subsystem mechanics and integration:4540

The dRICH structure can be described by two disks, one entrance window of 0.9 m radius sup-4541

porting the aerogel radiator and one exit window of 1.8 m radius mounting the mirror system,4542

connected by two ring-shaped structures, an outer shell that mounts the six detector boxes and one4543

inner pipe surrounding the ePIC beam pipe. All the elements are made in composite materials.4544

The pipe and shell are made by a carbon fiber reinforced polymer (CFRP) bulk to provide support4545

strenght. The two windows are a sandwich of two thin carbon fiber skins and a core honeycomb4546

to limit the material budget to about 1% of radiation length each. The shell and detector boxes4547

are shaped in order to allow the passage of all the services of the inner barrel detectors, see left4548

panel of Figure 8.106. The dRICH services are concentrated on the shadow of the detector boxes4549

and do not interfere with the routing of the others. A dedicated scaffolding would be realized to4550

allow the installation of the detector, and the roll-in and roll-out movements to the service position4551

without interference with the beam pipe to preserve the beam vacuum, see central and right panel4552

of Figure 8.106. The dRICH is suspended inside ePIC via brakets connected to the HCAL barrel.4553

Calibration, alignment and monitoring:4554

Dark counts in SiPMs are indistinguishable from photon-induced signals and owing to the large4555

SiPM DCR there is no need of a dedicated system to evaluate the functioning of any given read-4556

out channel. A measurements of the DCR as a function of the front-end electronics discrimination4557

threshold can provide information on the signal amplitude. Using solely the dRICH readout sys-4558

tem it is therefore possible to measure the signal amplitude as a function of the bias voltage, hence4559

to obtain information on sensor functioning, breakdown voltage and gain at different operation4560



8.3. THE EPIC DETECTOR 179

Figure 8.106: (Left) Service routing around the dRICH. (Center) Installation tool. (Right)
Maintenance position.

conditions. Timing calibration of the SiPM sensors can be achieved with a picosecond pulsed laser4561

light system. The light from the laser is brought inside the dRICH volume via optical fibres. The4562

light from the laser directly impinges on a diffuser that eventually illuminates the full area of one4563

dRICH photodetector sector. At least one laser-fibre-diffuser system is needed for each dRICH sec-4564

tor. The time delay due to the different path of photons from the diffuser to the SiPM that detects the4565

light is known and can be corrected to achieve a relative calibration of the times of SiPMs within the4566

same sector. Absolute timing calibration can then be achieved with collision data. Sample particles4567

from physics reactions can be used to perform fine adjustment of the calibration costants. Electron4568

particles identified by other ePIC subsystems can be used to correct residual misalignment or cali-4569

brate the radiator refractive index thanks to the saturated Cherenkov rings. Known particles from4570

meson decays (Λ, ϕ, KS, ...) identified by kinematics criteria can be used to verify the parameters of4571

the dRICH reconstruction and the consequent PID performance. The calibration and monitoring4572

equipment of the radiator gas and gas system (see Additional Material of 8.3.4.4) includes a set of4573

temperature sensors placed inside the dRICH vessel and equipment on-line in the gas circulation4574

loop. A commercial hygrometer and a commercial oximeter, a transparency measurement system4575

by a commercial spectrophotometer equipped with a high pressure (≈ 10 bar) cell and a Jamin4576

interferometer setup complete the set of the equipment. The interferometer, complemented with4577

temperature and pressure sensors, will provide in real-time the refractive index of the gas in the4578

vessel. The refractive index measurement has a twofold role: during filling/recovery, it monitors4579

the hexafluoroethane level in the vessel, during operation it will provide in real time the refractive4580

index of the radiator gas to make possible quasi on-line data reconstruction as foreseen in the ePIC4581

streaming read-out model.4582

Status and remaining design effort:4583

R&D effort:4584

SiPM sensors. A station has been realized to characterize the SiPM sensors inside a climate4585

chamber to control the working temperature, see left panel of Figure 8.107. The readout4586

chain is based on ALCOR to reproduce the ePIC configuration. Such a station allowed de-4587

tailed performance comparison between SiPMs of different manufacturers and types, see4588

Figure 8.107 (central panel), and different ageing due to radiation and annealing. The R&D4589

results on photosensors reported here are those obtained with Hamamatsu S13360-3050 sen-4590

sors operated at Vover = 4 V in a climatic chamber at T = −30◦C, unless otherwised specified.4591

Nonetheless, the qualitative features of the results are valid also for other types of sensors.4592
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Figure 8.107: (Left) Test stand for SIPM characterization. (Center) Performance comparison
between different SiPM models. (Right) Prototype version of the SiPM carrier board (top)
and FEB (bottom).

Irradiation tests performed to simulate a realistic experimental situation where SiPMs experi-4593

ence repeated irradiation and annealing cycles (see left panel of Figure 8.100) show that each4594

irradiation cycle produces a consistent DCR increase (approximately 500 kHz for a 109 cm−2
4595

neq irradiation) and a consistent residual DCR (approximately 15 kHz for a 109 cm−2 neq irra-4596

diation) remains after an annealing cycle in a thermostatic chamber. The fraction of damage4597

cured by such a “oven annealing” cycle is of approximately 97% of each newly-produced ir-4598

radiation damage. The residual damage builds up after each irradiation-annealing cycle and4599

seems to be irreducible within the details of this annealing protocol. Irradiation tests and4600

laboratory measurements show that the “forward-bias annealing” mode can cure radiation-4601

induced damage on SiPM (see left panel of Figure 8.108) to the same effectiveness level as4602

the one measured for the “oven annealing” with a residual damage of approximately 3%.4603

The benefit of the “forward-bias annealing” is significant: an extended SiPM sensors lifetime4604

that can be achieved over the delivered radiation damage without the need to directly access4605

the detectors in the experimental cavern. Higher temperatures and longer annealing times4606

lead to more effective annealing. On the other hand, a limit seems to be reached already at4607

T = 150◦C as annealing at a higher temperature like T = 175◦C does not lead to improved4608

current reduction. Laboratory measurements performed so far show that the temperature of4609

the SiPM increases with respect to the temperature of the SiPM carrier board proportionally4610

to the power delivered by the forward-bias current. Figure 8.108 (right panel) shows that,4611

as expected, the increase of SiPM temperature linearly depends on the annealing power and4612

it is the same at different values of circulating thermostat temperature. It is therefore suffi-4613

cient to monitor the temperature of the SiPM carrier board and deliver the needed anneal-4614

ing power to have control of the SiPM temperature and keep the process safely under con-4615

trol. Laboratory measurements reported here are performed in an open environment at room4616

temperature. With the circulating thermostat temperature set at T = 100◦C, a SiPM annealing4617

temperature of T = 150◦C is reached with approximately a power of 0.5 W/sensor, which cor-4618

responds to a forward-bias current of approximately 60 mA/sensor. With the SiPM placed4619

in a closed environment as the dRICH photodetector box, one would expect a lower power4620

needed that will be measured during detector construction. Laboratory measurements show4621

that for annealing temperatures up to T = 150◦C there is no significant degradation of the4622

PDE up to annealing times of 150 hours. More studies will be done, but at the time of writing4623

annealing at T = 150◦C can be considered safe for the expected dRICH operations.4624
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3% residual
damage

Figure 8.108: (Left) Fraction of residual irradiation damage measured on multiple SiPM
candidate samples after “forward-bias annealing” cycles at increasing temperature and in-
tegrated annealing time. The measurements are shown for individual sensors (gray points)
and as averages (coloured points, uncertainty of the average and RMS are indicated on the
plot). (Right) Temperature increase of the SiPM sensor with respect to the temperature of
the SiPM carrier board as a function of the “forward-bias annealing” power at different tem-
perature values of the circulating thermostat system.

FE Electronics. ALCOR has been extensively used within the ePIC dRICH Collaboration4625

since 2021, testing it coupled to different SiPM models and assessing its single-photon time-4626

tagging capability and time resolution. A prototype version of the SiPM carrier and FEB4627

board have been developed, see right panel of Figure 8.107. The SiPM carrier provides elec-4628

trical connections via thin kapton cables in order to bypass the sensor cooling plate. The4629

prototype FEB hosts two 32-channel ALCOR chips which are directly wire-bonded on the4630

PCB. It has been designed using specifications close to the ones for the final FEB, i.e. having4631

the same dimensions and incorporating the same number of channels (64). It is served by4632

a master-logic board that provide bias control and temperature monitor. These boards have4633

been extensively used for the 2023-2024 dRICH activities, including two successful beam4634

tests. ALCOR has been tested for radiation hardness with results showing only some small4635

degradation on the TDC performance after a total ionizing dose (TID) of 300 krad, which is4636

O(100) times the expected TID in ePIC. The single-event upset (SEU) cross section has been4637

measured to be 3.3·10−15 cm2/bit, which corresponds to an expected mean time between fail-4638

ure due to SEU of about 190 hours for the entire dRICH detector. These results confirm that4639

the technology is sufficiently radiation tolerant to be used in the ePIC dRICH environment.4640

Radiator gas. The transparency in the near-UV benchmark region (most sensitive to the gas4641

quality and contaminants) has been measured with a monochromator at CERN, resulting4642

in values above 98% for a 1.6 m coloumn of gas at wavelengths grater than 200 nm, see left4643

panel of Figure 8.109. The measurement has been done with a gas that was stored into bottles4644

for about 4 years, indicating an excellent preservation with time.4645

Aerogel. The transparency of several aerogel samples has been measured using a spec-4646

trophotometer at CERN and at INFN. Aerogel tiles with different refractive index (n = 1.015-4647

1.026, 1.03, 1.04, 1.05) and 2 cm in thickness have been tested. At the wavelenght of 400 nm,4648
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Figure 8.109: (Left) C2F6 measured transmittance in the near UV-region. (Center) Aerogel
large tiles assembling as obtained at BELLE-II [3]. (Right) Mirror demonstrator with an
optimized dRICH core structure.

the transparency vales are pretty good and typically above 70 %. The tiles with n = 1.03 show4649

the highest values. In general the tiles have the shape of a dome as a consequence of the pro-4650

duction process. In the metrology laboratory at CERN, the thickness and flatness of the tile4651

have been also measured. The measurement has been executed on a tile with n = 1.03 using4652

the touch probe system (force applied = 2 g). The measuring system is the LEITZ PMMC4653

with ± 0.3 µm of precision. There is a variation in thickness from the center to the edges, of4654

the order of 0.4 mm, and a different planarity in the two faces, one 0.7 mm, the other 1.27 mm.4655

These values are unexceptional but are not a reason of concern.4656

Mirror. A mid-size demonstrator (of 60 cm diagonal) has been realized with dRICH spec-4657

ifications, see right panel of Figure 8.109. The CFRP core structure has been optimized for4658

preserving the surface shape accuracy and a light body: it adopts the light LHCb structure4659

in the center, and the stronger CLAS12 structure on the edges. Before coating, the point-like4660

source image test measures a D0 value, that represents a global surface quality estimator, of4661

1.8 mm, better than the specification of 2.5 mm. The same test indicates a radius of 2254 ± 54662

mm, slight above the request to be within 1% of the nominal 2200 mm value.4663

Figure 8.110: (Left) Baseline prototype with reference multi-anode PMT sensors at the SPS-
H8 beam line of CERN. (Center) First ePIC-drive SiPM detector box under test at the PS-
T10 beam line of CERN. (Right) Real-scale prototype model mimicking the basic dRICH
construction unit (sector).

Prototyping. A baseline prototype has evolved in time to serve the dRICH R&D develop-4664

ment for few years, see left panel of Figure 8.110. The gas vessel is a cylinder made of vac-4665

uum standards, to allow an efficient and safe gas exchange. The entrance flange can mount4666
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Figure 8.111: (Left) Cherenkov angular resolution obtained for C2F6 as a function of the
recorded number of photons. The SPE values is consistent with expectations. (Center) SPE
angular resolution measured on aerogel as a function of the refractive index. The expected
resolution is obtained for an index greater than n=1.025. (Right) Comparison in photon yield
of sensor with different SPAD size. All the measurements has been obtained with the dRICH
prototype.

an external dark box separated from the inner gas volume by a UV-transparent lucite foil4667

(or quartz window). An aerogel tile with possible additional UV filters, plus an array of4668

alternative sensors and readout electronics, can be inserted into the dark box. Two mirrors4669

inside the vessel have optimized focal lenghts to image the Cherenkov light from the two4670

radiators onto the limited active surface. The major achievements obtained during several4671

test-beams have been the validation of the dual-radiator concept, the validation of the C2F64672

gas radiator (see left panel of Figure 8.111), the optimization of the aerogel refractive index4673

(see central panel of Figure 8.111), the performance study of the SiPM-ALCOR readout chain4674

(see right panel of Figure 8.111), and the development of an EIC-driven readout plane. A4675

partially equipped EIC-driven plane has been realized in time for the October ’23 test-beam4676

with Hamamatsu S13360-3050 SiPM sensors of standard 50 µm pixel pitch, see left panel of4677

Figure 8.112. The plane has been complemented for the test-beam in May 2024 with sensors4678

of 75 µm pixel pitch, to verify the potential benefit in timing and photon detection efficiency.4679

This has allowed for the first time a full ring coverage, an essential requirement for precise4680

radiator performance study and effective signal over background study, see central panel4681

of Figure 8.112. An effective interplay between the two radiators at intermediate energies4682

has been demonstrated, see right panel of Figure 8.112. The new detector box has allowed a4683

preliminary study of the thermal gradients and possible effects on the gas performance, indi-4684

cating that the possible temperature gradient of few degrees induced into the gas volume by4685

the cool sensor plane can be largely mitigated by a gas re-circulation or by a double window.4686

E&D status and outlook: The study of SiPM performance continues with irradiation4687

cycles of different particle type and more and more optimized annealing protocols to achieve4688

the best PDE and time resolution preservation. A new version of the ALCOR ASIC is cur-4689

rently being designed to extend the number of channels to 64 and integrate the chip inside a4690

BGA package (FC-BGA technology with 256 balls and 1 mm ball pitch), aiming to enhance4691

the scalability of the readout system and meet specific EIC-driven requirements. The new4692

version of ALCOR will also include some internal design revisions. These include a pro-4693

grammable hardware shutter to filter out-of-time DCR and thus significantly reduce the data4694

throughput, an increased bandwidth amplifier to improve the system time resolution while4695

keeping the same power consumption and an hysteresis circuit in the discriminator stage to4696

avoid unwanted re-triggering on the SiPM signals slow tail, occurring when operating with4697
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Figure 8.112: (Left) Prototype PDU and assembled detector plane. (Center) Cumulated ring
imaging. (Right) dual-radiator interplay for a mixed hadron beam at 10 GeV/c: After the
gas information is used to tag pions (clear histogram), an effective separation between kaon
an proton is provided by the aerogel (shaded histogram).

very low thresholds. The tape-out is scheduled during the first months of 2025. A thorough4698

electrical characterization of this version of ALCOR, the first one assembled in a BGA pack-4699

age and including all the features required for the dRICH application, will be carried out to4700

validate its new functionalities and measure its performance in order to complete the E&D4701

activity and go ahead with the ASIC mass production which is foreseen in 2026. The de-4702

velopment of the final front-end boards takes advantage of the work done for the prototype4703

version in terms of space constraints, readout scheme and components selection. The design4704

of the final version of the SiPM carrier, FEB and master-logic boards will be completed in4705

2025 while the mass production is expected during 2026. For the radiator gas, it is required4706

to complete the design of the gas system and finalize the layout of the monitoring equip-4707

ment. A dedicated system will be developed to measure the gas transparency in the visible4708

wavelength range. Each of these activities assumes an engineering study and its validation4709

by laboratory studies. The remaining E&D activity is expected to be completed by the end of4710

2026. An increase of the aerogel tile volume is instrumental to minimize the edge effects and4711

contain the cost. During the R&D phase, tiles with side up to 15 cm and thickness up to 24712

cm were realized. A feasibility study is ongoing to increase these limits towards a side of 204713

cm or a thickness of 3 cm to support the successful assembling scheme adopted at BELLE-II,4714

see central panel of Figure 8.109. The aerogel production efficiency should be evaluated in4715

conjunction with the optical quality and precise shaping obtained. This engineering work4716

is expected to take time and not be completed before the end of 2026. Coating of the CFRP4717

mirror substrate should be realized and compare with the benchmark performance obtained4718

with the similar materials at CLAS12. This work will be completed by mid 2025. A real-scale4719

prototype is being realized with composite materials and a realistic geometry (mimicking a4720

dRICH sector). This is instrumental to validate the mechanical elements and study the as-4721

sembling details (e.g. of transparent septa), the mechanical stability, the gas tightness, and4722

the thermal aspects. One of the major goals of the real-scale prototype is also to reproduce4723

the final ePIC working conditions, mount an extended readout plane with the designed RDO4724

board, operate demonstrators of the optical components as results of the ongoing develop-4725

ments, and optimize the performance in a realistic off-axis optics configuration. To this end,4726

a test-beam is planned for mid 2025.4727

Other activity needed for the design completion:4728
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Slow control, interlock and the calibration LED/laser system design is not started yet.4729

Status of maturity of the subsystem:4730

The R&D activity has been focused on the most innovative aspects of the detector that present4731

technological challenges. These are the SiPM for single-photon detection in a strong and not-4732

uniform magnetic field, a compact readout electronics to fit into the ePIC envelope and the4733

use of two radiators to extend the momentum reach. The remaining effort is substantial, but4734

is connected to more consolidated technologies, with possibly the only exception of the gas4735

separation system for the peculiar C2F6 gas.4736

Environmental, Safety and Health (ES&H) aspects and Quality Assessment (QA plan-4737

ning:4738

Standard slow-control and interlock procedures will be implemented to control power and cool-4739

ing while monitoring gas flow, humidity and temperature. The cooling system is complemented4740

by a buffer tank to allow air flow and heat removal from the detector boxes in case of a failure of4741

the recirculating system. Annealing of SiPM will be performed during technical stops and/or4742

during the annual stops of the EIC machine. All the dRICH front-end electronics (FEE) will not4743

be powered, with the exception of a few components needed to monitor and control the annealing4744

operations. An interlock-based sistem will inhibit the FEE power-supply units during annealing.4745

The circulating thermostat system used to cool the SiPMs will be switched to heating mode to reach4746

a temperature of up to T = 100◦C. A slow heating ramp of < 1 ◦C/minute will be employed to re-4747

duce thermal stress on the system. The dRICH photodetector boxes will be thermally insulated as4748

much as possible to reduce heat leaks into neighbouring detectors while performing annealing. It4749

is expected that the inner volume of the detector box can reach a temperature of T ≲ 100◦C and4750

will be monitored with temperature sensors. Temperature sensors will be placed on the outside of4751

the photodetector boxes to monitor the external environment. Only a fraction of the dRICH SiPMs4752

will perform annealing at a given time, to limit the total amount of power needs to about 20-40 kW.4753

This is a similar to the total power consumption of the FEE during normal operations and the same4754

safety procedures apply. Annealing power will be distributed evenly across the dRICH SiPM. In4755

case of a power outage, the annealing current will be promptly removed from the SiPMs and their4756

temperature will promptly drop to the temperature of the thermostat. The latter will eventually4757

slowly cool down.4758

The gas volume is maintained at +1 mbar with respect the atmospheric pressure on the top, with4759

a consequent +5 mbar overpressure defined by the hydrostatic pressure of the radiator gas on the4760

bottom, by means of pressure regulators connected to an UPS station and a two-way bubbler. Hex-4761

afluoroethane is non-flammable and it has limited toxicity, when below 1000 ppm level and for4762

short exposure time [?]. In case of a major damage of the supply pipeline or of the vessel itself, 124763

m3 of hexafluoroethane at atmospheric pressure from the vessel ( 0.02% of the hall volume) will mix4764

with the air present in the experimental hall, requiring the implementation of standard ODH pro-4765

cedures. Hexafluoroethane has a high Global Warming Potential (GWP): 12400 for a horizon time4766

of 100 years [92] and it is, therefore, included in the group of GreenHouse Gasses (GHG). Environ-4767

ment protection imposes that GHGes are not released in the atmosphere. This is obtained by using4768

them in closed circuits, where leakages are minimized, and by collecting and sending for disposal4769

the fraction of gas purged during circuit filling and gas recovery at the beginning and at the end of4770

an operation period, respectively. Both closed circuit gas circulation and purged gas trapping are4771

characterizing elements of the dRICH radiator gas system design. The maximum expected leakage4772

rate during operation is about 20 m3 / year assuming six-month operation.4773

Experience in quality assurance protocols has being gained in parallel with the R&D activity. For4774

each critical component two stations are being organized to provide essential QA and redundancy,4775

with a (third) station able to supports in-deep characterization on samples and serve as backup,4776

see Table 8.32. The QA activity will be supported by workforce from all the dRICH groups. Es-4777
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Component QA station 1 QA station 2 QA detail and backup
Aerogel Temple U. BNL INFN-BA
Gas BNL INFN-TS
Mirror JLab Duke U.
Sensor (SiPM) INFN CS-SA-CT INFN-TS INFN-BO
Readout INFN-BO INFN-FE INFN-TO

Table 8.32: Planned quality assurance (QA) stations, organized in order to provide redun-
dancy and support specific characterization studies.

sential QA parameters will be measured: integrity, refraction index, transparency, dimensions, and4778

planarity of the aerogel; leak rate of the gas system (after completion); refractive index and trans-4779

parency of the radiator gas (with the monitoring equipment of the gas system); dark count rate and4780

PDE for the sensors; electrical connections, bias levels and data rate for the readout; dimensions,4781

weight, reflectivity and D0 (point-like source image brigthness) for the mirrors.4782

Construction and assembly planning:4783

The construction and assembling plan assumes to compress all the necessary tasks in a short time4784

period in between the presently known EIC milestones: start with CD3 (at the beginning of 2026)4785

and completion 6 months in advance of installation (in October 2030). This results in an aggressive4786

schedule in terms of workforce and funding profile. The 6 months contingency time before instal-4787

lation will be used to perform functionality tests, and complete the services in the experimental4788

hall at IP6. The assembling of 1248 PDUs comprising SiPM sensors and cooling, front-end elec-4789

tronics and RDOs, and their integration with the services inside six detector boxes will be staged4790

over 2 years (mainly 2027 and 2028) by the dRICH DSC in Italy. This organized effort requires a4791

timely procurement, starting with the ALCOR chip (wafer and packaging) followed by sensors,4792

readout electronics, and box mechanics. Cooling infrastructure and DAQ system are expected to4793

run in parallel to the detector box construction and be mainly covered by the EIC Project. First4794

articles of DAQ, power supply and slow control could be used for the initial functionality tests of4795

each single detector box, but the main effort on such services is concentrated on a later stage of4796

the plan during assembling at BNL. The detector boxes will be completed in time to be shipped4797

to BNL and mounted on the dRICH in the second half of 2029. The dRICH vessel construction,4798

a joint venture of the dRICH DSC and the EIC Project, will start in 2028 in order to be ready for4799

detector assembling mid 2029. Mirror production is expected to take 2 years and is staged as soon4800

as possible, subject to the funding profile of the EIC Project, to reduce the sole source risk. The4801

engineering of the aerogel production is expected to extend beyond the TDR, with the consequent4802

production led by the dRICH DSC not happening before 2027 and lasting for at least 2.5 years. An4803

early procurement of the C2F6 gas by the EIC Project is planned in order to reduce the risk of a4804

market price increase. The basic design of the radiator gas system will be completed by the end of4805

2026 by the dRICH DSC. The executive drawings and the system realization by the EIC Project en-4806

gineering team supported by adequate technical personnel is expected during years 2027 and 2028.4807

The layout finalization and validation of the monitoring equipment will be completed by the end4808

of 2026, whit its realization by the dRICH DSC planned by the end of 2027. This equipment will be4809

interfaced with the gas system in 2028, via synergistic effort between the EIC Project engineering4810

team and the dRICH DSC. This combined group will perform the QA assessment of the gas system4811

in 2029.4812

Collaborators and their role, resources and workforce:4813

INFN has agreed on a substantial in-kind contribution and the corresponding workforce has taken4814
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corresponding responsibilities in the construction within the DSC. The INFN in-kind will cover the4815

design, production and quality assurance cost of the SiPM sensors, of front-end ASIC (ALCOR),4816

of the front-end board (FEB), of the readout boards (RDO) as well as the assembly of the above4817

components in a compact Photo Detector Unit (PDU), including the cooling circuitry and related4818

mechanics. It will cover the cost of the realization of the six detector boxes (containing the 208 PDUs4819

of each sector) with the control panels and the electronic services attached (for HV/LV/daq links4820

routing). It will contribute to the design and realization of the main vessel, the design/supervision4821

of the powering and monitoring systems, the dRICH tagging system and data filtering in streaming4822

mode, see Sec. 8.3.10 , and to the definition of specifications and quality assurance (QA) of all the4823

other components and services (i.e. gas, power and cooling plants). The availability of the essential4824

local resources as mechanical and electronic workshops and laboratory space have been negotiated.4825

INFN-FE (IT): is coordinating the DSC activity and is leading the mechanical design. The group4826

will lead the design and production of the vessel in collaboration with the EIC Project and will take4827

care of the realization of the detector boxes and corresponding control panels for the 6 sectors. The4828

assembly of the detector boxes is expected to happen in its laboratories. INFN-BO (IT): the group is4829

leading the activity on photosensors (SiPM) and data-acquisition. It will be responsible of the pro-4830

curement of SiPM, design and production the readout boards (RDO), and coordinate the integration4831

of the various elements of the PDU. The PDU will be assembled at INFN-BO and tested/validated4832

before being moved to INFN-FE for the installation in the detector boxes. INFN-BA (IT): the group4833

is leading the aerogel activity. It will coordinate the mass production and the quality assurance (ex-4834

pected to be operated in the US at Temple University and BNL). INFN-CS-SA-CT (IT): this cluster4835

of units will work on the QA of SiPM and front-end boards prior of the PDU assembling. They will4836

equip test stations in SA and CS for this purpose. INFN-GE (IT): is carrying out a feasibility study4837

(and if successful, the realization) of a dRICH tagger to filter the SiPM data stream. INFN-LNS (IT):4838

the group will contribute to the mechanical design effort. INFN-RM1/RM-TV (IT): the RM1 group4839

(and one staff person of RM-TV) has extensive experience with AI algorithms running on FPGA.4840

They will develop algorithms for pattern recognition and data reduction on FELIX cards and the4841

interface with the signals received by the dRICH tagger or from ePIC via GTU. INFN-TO (IT): the4842

group is leading on the design, test and production of the front-end ASIC ALCOR. The group will4843

produce the chips and the front-end cards (FEB) mounting the ALCOR, and coordinate the quality4844

assurance tests of the chip and FEB. INFN-TS (IT): the group is leading the radiator gas activity and4845

the software-simulation activity. It will lead the design of the gas system and develop a continuous4846

monitor system (critical to maintain a good chromaticity). It will also develop a test station of SiPM4847

(with smaller capacity with respect to the CS-SA-CT cluster). DUKE U. (US) is leading the mirror4848

activity. It will coordinate the mirror production, expected to happen in the States, the correspond-4849

ing QA activity, and the coating process that possibly will be realized at Stony Brook. Jefferson4850

Lab (US) is contributing to the mechanical design and developing tools for mirror characterization.4851

Brookhaven Lab (US) is contributing to the mechanical design and integration study. It will lead4852

the infrastructure (installation tools, services, safety control) realization with its design authority4853

and technical resources. Stony Brook (US) is developing mirror coating capability. Temple U.4854

(US) is developing an aergel quality assurance facility. M.S.Ramaiah U. (India) is contributing to4855

the simulation and performance study. NISER (India) is contributing to the performance study.4856

Haryana and Karnataka U. (India) have started contrinuting to the performance study. Second-4857

ments of personnel from all the DSC groups will be organized to support the QA activity in US4858

and the assembling phase at BNL. The EIC Project is expected to cover the procurement effort that4859

can be more efficiently based on US, and all the safety, infrastructural and integration aspect that4860

require specific engineering background. This include the cost of the gas, of the mirrors, of the4861

installation tools, of the power-supply systems , of the cooling plant and the gas plant, and of the4862

FELIX cards receiving the data from the RDO.4863
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Institution Nation Main Activity
INFN-FE Italy Mechanics, detecor box and control panels
INFN-BO Italy Photosensors, photodetection unit PDU and readout board RDO
INFN-TO Italy ALCOR and front-end board FEB
INFN-BA Italy Aerogel radiator
INFN-CS-SA-CT Italy SiPM quality assurance
INFN-GE Italy dRICH tagger
INFN-LNS Italy Mechanical design
INFN-RM1-RM-TV Italy Online data reduction
INFN-TS Italy Radiator gas, gas system and software, SiPM quality assurance
DUKE-U, USA Mirror
JLab USA Mechanical design and mirror characterization
BNL USA Mechanical design, integration, infrastructure
Temple U. USA Aeorgel quality assurance
M.S. Ramaiah U. India Simulations and performance study
NISER India Performance study
Central U. of Haryana U. India Performance study
Central U. of Karnataka U. India Performance study

Table 8.33: Overview of Institutes and roles in the dRICH activity.

Risks and mitigation strategy:4864

The major risk of the dRICH gas radiator is the banning of the hexafluoroethane or more severe4865

restriction on its usage, that can also result in increased cost or difficult procurement. The only4866

alternative option to preserve the dRICH performance would be an eco-friendly gas with very4867

similar refractive index, an option not available in nature at atmospheric pressure. Argon at ≈ 34868

bar absolute pressure mimics with great accuracy the hexafluoroethane characteristics. It is also4869

non-expensive, non-toxic and non-flammable. R&D is being performed within the EIC generic4870

R&D program to establish the validity of this approach as risk mitigation strategy. Radiation4871

damage reduces the lifetime of the SiPM as good photodetector for the dRICH performance.4872

Estimates of the radiation level on the dRICH photodetectors are expected to be accurate. The4873

DCR model shown in Figure 8.100 (right) is for the sensors experiencing the largest radiation4874

levels (closer to the beam line) and for detector operation at Vover = 4 V and T = −30◦C. Operation4875

at lower Vover = 3 V and/or lower temperature T = −40◦C would reduce the DCR without loss in4876

performance, hence allowing one to accommodate larger integrated radiation levels (up to a factor4877

2-3) than those reported in the figure. The addition of small thermoelectric cooling (TEC) modules4878

will be evaluated as a potential approach to boost the cooling performance, allowing one to reach4879

an even lower operation temperature of T = −50◦C and avoid possible dishomogeneities. Current4880

R&D on new SiPM technologies for improved performance and radiation hardness are being4881

followed up as a risk mitigation strategy and as a potential upgrade for the dRICH photodetector4882

in the late 2030’s or in the early 2040’s. For two components, optical aerogel and carbon-fiber4883

mirror, there is only one known supplier able to deliver the wanted specifications at the present4884

stage. An early procurement should limit the risk of a market discontinuity. Within the ePIC RICH4885

Consortium, the recently initiated R&D on mirrors at Purdue University are being followed up as4886

potential sources of risk mitigation in the long term period, if the adaptation to the dRICH needs4887

will be proven feasible. DSC members are part of the recent DRD4 initiative, that aims to create4888

a worldwide collaborative environment to foster new technological breakthroughs in Cherenkov4889

particle identification and photon detectors. Within DRD4, there are many development areas of4890

interest for the dRICH program, in particular gasses or mixtures alternative to the greenhouse4891

fluorocarbon gasses and radiation hard SiPM.4892

4893
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