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Figure 8.87: All coating from sample 10 to sample 16 with its reflectivity plotted against its
aluminum thickness

8.3.4.3 The high performance DIRC

Requirements

Requirements from physics: The PID system in the central section of the ePIC detector must
provide at least 3 standard deviations of separation of 7r/K up to 6 GeV/c, and contribute to low
momentum e/ 7t identification.

Requirements from Radiation Hardness: The anticipated radiation dose in the hpDIRC op-
tics and its potentially sensitive readout electronics are predicted to be modest. These estimates
are based on minimum-bias 10x275 GeV e+p events from PYTHIA. The maximum machine lumi-
nosity over a six-month period of annual operation at 100% machine and detector efficiency for a
total of 10 years was assumed. Under these conditions, the total dose from electromagnetic and
hadronic radiation is expected to be less than 100 rad. The 1-MeV-neutron-equivalent fluence is

expected to reach 10'° neutrons per cm?.

Requirements from Data Rates: The expected hit rate of 25 kHz per cm? for the hpDIRC
was estimated using detailed Geant4 simulations, incorporating the Pythia event generator. This
estimation assumes the baseline MCP-PMT sensors, which typically have a dark count rate of ap-
proximately 1 kHz per mm?, or 0.09 kHz per pixel.

Justification

Device concept and technological choice: A radially compact detector based on the DIRC
(Detection of Internally Reflected Cherenkov light) principle, a specialized type of RICH counter,
is appropriate. It employs solid, long, rectangular-shaped radiators made of synthetic fused silica,
which also serve to guide the Cherenkov photons to outside the central region for readout. This
design allows the active radiator section to remain radially compact, minimizing its impact on the
performance of neighboring systems and simplifying the system integration.

The photons are recorded by an array of pixelated photon sensors mounted on the back of the
expansion volume. As a result of the excellent optical finish of the optical components, the emission
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Figure 8.88: ePIC hpDIRC geometry in the Geant4 standalone simulation.

angle of Cherenkov photons with respect to the particle track is maintained during the photon
transport via the total internal reflection. This angle can be reconstructed for each track from the
measured position of the photon on the detector surface and the measured arrival time of each
photon.

The general concept of a barrel DIRC detector was first successfully demonstrated by the BaBar
DIRC and followed by several other experiments worldwide. The ePIC high-performance DIRC
(hpDIRC) takes advantage of the lens-based focusing concept of the PANDA Barrel DIRC, and has
also several other advancements to meet the performance requirements of the Electron-Ion Collider
(EIC). The hpDIRC concept for ePIC was developed as part of the EIC generic R&D program per-
formed by the EIC PID collaboration (eRD14) and direct EIC Project R&D eRD103 with the focus
on extending the momentum coverage well beyond the DIRC counter state-of-the-art at that time.

Subsystem description:

General device description:

The baseline design of the ePIC hpDIRC detector, as implemented in a detailed and test
beam-vetted Geant4 simulation, is shown in Fig. 8.88. It is divided into twelve optically
isolated sectors, each composed of a bar box and a readout box. These 12 sectors surround
the beamline in a 12-sided polygonal barrel with an inner radius of about 760 cm. Each
bar box includes ten radiator bars, each made of synthetic fused silica and with a length of
4880 mm and a cross-section of 17 mm x 35 mm. The bars are placed side-by-side, separated
by small air gaps, inside the light-tight bar box. Mirrors are attached to one end of each bar
to reflect the Cherenkov photons towards the other (readout) end. At the readout end they
exit the bar and are focused by a 3-layer spherical lens on the back surface of the prism which
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Figure 8.89: a) Schematic of the side view of one hpDIRC section and an exploded view of
the 3-layer lens. b) Photo of prototypes of the 3-layer spherical lenses. c) Photec AuraTek
MAPMT?253.

serves as an expansion volume.

Bars:

The baseline ePIC hpDIRC design envisions that the 120 long bars needed will be composed
of three repurposed BaBar DIRC bars and one shorter new bar manufactured by industry.
The number of bar boxes and bars per box has been optimized to the width of the BaBar DIRC
bars while maximizing the azimuthal acceptance of the hpDIRC. This approach assumes that
the BaBar bars can be safely extracted from the Babar boxes without compromising their
optical and mechanical integrity. The disassembly and evaluation of the BaBar bar boxes are
currently underway. Final information on the availability of Baber bars for ePIC is expected
by Spring 2025.

Lenses:

The 3-layer spherical focusing lens is a novel component of the hpDIRC and is essential for
achieving the PID performance ePIC requires. The lens design, shown in Fig.8.89, avoids the
dramatic photon loss caused by air gap transitions in standard lens systems. It does this by
focusing Cherenkov light through refraction at the interface between synthetic fused silica
and a high-refractive-index material, such as sapphire or lanthanum crown glass. A thin
layer of the high-refractive-index material is sandwiched between two layers of synthetic
fused silica, with carefully optimized radii of curvature on all spherical surfaces. This design
combines defocussing and focusing transitions to form a flat detector plane that accommo-
dates a wide range of photon angles, matching the layout of the sensor array on the expan-
sion volume prism. Several prototypes using different materials for the middle layer have
been produced by the optical industry, and examples of these three prototypes are shown in
Fig.8.89b.

Prisms:

The prism expansion volume is made of synthetic fused silica, has a 32° opening angle, and
dimensions of 237 mm x 350 mm x 300 mm. The detector plane of each prism is covered by
an array of 24 sensors shown in red in Fig. 8.88.

Sensors:

The photosensors attached to the rear of the prism record the positions and arrival times
of the Cherenkov photons. In the baseline design of the hpDIRC, commercial microchan-
nel plate photomultiplier tubes (MCP-PMTs) with a pore size of 10 pm or smaller were as-
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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 77/ 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-
tween cost, performance, and expected availability as the sensor technology for the hpDIRC.
Lifetime-enhanced 2” MCP-PMT tubes are commercially available from Photonis and Photek
with suitable DC-coupled anode configurations. The simulation utilized Photonis Planacon
XP85122 MCP-PMTs, incorporating realistic sensor characteristics including photon timing,
collection efficiency, and quantum efficiency. With the termination of the production of the
Photonis PMTs, the Photek MAPMT 253 sensors shown in Fig. 8.89 are now the leading can-
didates for the hpDIRC. These share the same footprint and are expected to exhibit similar
properties to the Photonis tubes.

FEE: Fast ASIC-based readout systems are being developed by the EIC project to meet the
demands of various ePIC detector systems. For the hpDIRC, the readout electronics must be
capable of detecting small signals (on the order of a few millivolts) from MCP-PMTs while
maintaining excellent single-photon timing resolution. Additionally, the electronics need to
match the channel density and sensor footprint, as they will be directly coupled to the back
of the sensor to minimize distance and achieve optimal timing precision. The two leading
candidates for hpDIRC readout are EICROC and FCFD, which are discussed in detail in
Section XXX.

Performance Figure 8.90 presents the expected performance based on standalone Geant4 sim-
ulation studies. The plots illustrate particles that are fired over a range of polar angles but with
an azimuthal angle fixed at zero degrees (so perpendicular to one of the middle bars). The black
points represent the photon yield and separation power for 6 GeV/c charged pions and kaons as a
function of polar angle with the magnetic field enabled, while the red points display the same data
with the magnetic field disabled.

The number of detected Cherenkov photons per particle (plot a) ranges from 40 to 150, depending
on the polar angle. The sharp increase in photon yield at steeper forward and backward angles is
due to the longer track lengths in the fused silica bars, with an asymmetry in forward/backward
yields resulting from photon loss along longer propagation paths at smaller polar angles. The peak
in the photon yield near a polar angle of 90° occurs because a larger fraction of the photons satisfy
the total internal reflection criterion near perpendicular incidence, compared to slightly larger or
smaller angles.

The “separation power” for both particle hypotheses (plot b) is obtained from Gaussian fits to the
log-likelihood differences between pairs of particle hypotheses. It is calculated as the difference
between the means of the two Gaussians divided by the arithmetic average of the two widths. The
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slightly improved performance for polar angles above 100° is due to shorter photon paths, resulting
in higher photon yields and reduced chromatic dispersion in the bar material.

Similar studies were conducted for electron-pion (e¢/7r) separation, which is primarily the respon-
sibility of the Electromagnetic Calorimeter. However, the hpDIRC can further improve the per-
formance at low momentum. At lower momenta, multiple scattering is severe, but assuming
ePIC achieves the tracking resolution described in the Yellow Report, the hpDIRC can provide a
3 standard-deviation separation power up to 1.2 GeV/c. The expected particle identification (PID)
performance of the hpDIRC thus surpasses the ePIC PID goal, achieving more than 3 standard
deviations of separation power for ¢/ identification up to 1.2 GeV/c and 71/K separation up to
6 GeV/c across the entire polar angle range.

Performance Systematic Studies Most of the hpDIRC performance studies were conducted
using a particle gun, providing precise control over the parameters under investigation while cov-
ering the entire required angular and momentum ranges. Detailed studies examined a range of
azimuthal angles to measure the performance across the full width of the bar box. While a moder-
ate performance deterioration was observed in some of the non-central bars, the system maintained
the required 3-standard-deviation separation power. The effect of the magnetic field on hpDIRC
performance was found to be negligible, as confirmed through simulations that incorporated a
realistic ePIC magnetic field map.

Additionally, studies using Pythia-generated physics events were performed to assess the fre-
quency and effect of multiple tracks per event within a single bar and hpDIRC module. Even
in the extremely rare cases where two or more particles are very close in momentum, polar, and
azimuthal angles within a single event, the impact on performance was found to be moderate,
demonstrating the robustness of the hpDIRC system.

Most studies were based on an assumed angular tracking resolution of 0.5 mrad at 6 GeV/c.
However, the simulation software is prepared to import and integrate a more detailed tracking
parametrization when it becomes available.

Detailed hpDIRC PID Look-Up-Tables (LUTs), including the threshold mode, were generated using
Geant4 simulations. These LUTs are now employed to streamline physics analyses without the
need for full reconstruction.

Simulation tools and validation A detailed standalone Geant4 simulation, featuring realistic
geometry and material properties, was developed in collaboration with the PANDA Barrel DIRC
group and validated through modular prototype tests using particle beams at CERN. The simu-
lation incorporates measured values for MCP-PMT quantum efficiency, collection efficiency, and
timing resolution. It also accounts for the coefficient of total internal reflection of the DIRC radiator
bars as a function of photon energy, the bulk transmission of the bars, glue, and lenses, as well as
the wavelength-dependent refractive indices of the materials used, the photocathode, and the re-
flectivity of the mirrors. Background contributions from hadronic interactions and delta electrons
in the bar, along with effects from MCP-PMT dark noise and charge sharing between anode pads,
were also simulated.

All relevant resolution factors for hpDIRC performance are modeled using Gaussian smearing with
conservative resolution assumptions. The total timing precision per photon, including sensor and
readout electronics, is assumed to be 100 ps, and the angular resolution of the ePIC tracking system
at the hpDIRC radius is assumed to be 0.5 mrad for particles with a momentum of 6 GeV/c.

Figure 8.91 presents photos of the modular PANDA Barrel DIRC prototype along with results ob-
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Figure 8.91: Photographs of the PANDA Barrel DIRC prototype (a), including a close-up
of the readout section (b) taken during the CERN test beam. Performance plots illustrate
the comparison between simulated and experimental data for photon yield (c) and single
photon Cherenkov angle resolution (SPR) (d).

tained during the 2018 test beam campaign at CERN. Although the PANDA prototype differs sig-
nificantly from the ePIC hpDIRC in terms of geometry (single bar), slower readout electronics, and
lower-quality sensors with larger pixels, the studies and results are highly valuable for hpDIRC
development. The same software used for all ePIC hpDIRC performance studies was employed to
successfully reproduce the PANDA prototype test beam results. As shown in Fig. 8.91c and d, the
agreement between the simulation and experimental data is excellent

Reconstruction methods The hpDIRC utilizes two primary reconstruction methods for iden-
tifying particles based on Cherenkov photon detection: geometric reconstruction and time-based
imaging reconstruction. These methods translate the detected photon patterns into meaningful
physical information, particularly the Cherenkov angle, which allows direct particle identification.

Geometric reconstruction in DIRC detectors is based on determining the Cherenkov photon direc-
tion from the mutual location of the radiator’s readout end and the pixel hit by the photon. This
method allows direct geometrical reconstruction of the Cherenkov angle for each detected photon
by utilizing both the photon’s direction and the beam particle’s direction. Photon directions in
the prism are pre-calculated using full simulations, taking into account the optical materials, and
stored in look-up tables (LUT). Discrete ambiguities arise due to photon reflections within the opti-
cal system, but these can be reduced by applying a cut on the difference between the expected and
measured photon arrival times. The geometric method relies on the photon position, and only uses
timing information to suppress background noise. The geomtrical method also provides key per-
formance variables such as the single-photon Cherenkov angle resolution and the yields of signal
and background photons.
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Figure 8.92: Technical drawings of the ePIC hpDIRC detector, showing the XY cross-section
of the bar box (a) and the YZ cross-section of the connection between the bar box and the
readout box (b).

The time-based imaging reconstruction method greatly enhances the particle identification (PID)
by fully utilizing both the timing and position information of the detected photons. This method
compares the measured photon arrival times against expected distributions for each particle hy-
pothesis, stored as probability density functions (PDFs) derived from experimental or simulated
data. For each photon, a time-based likelihood is calculated, which is then combined with the Pois-
sonian PDF of the number of detected photons to provide the likelihood. Unlike the geometric
reconstruction, the time-imaging method is suitable for both narrow-bar and wide-plate radiators,
offering better separation power between the particle species. This method achieves the best reso-
lution and allows for the most effective corrections of distortions.

Implementation

Subsystem mechanics and integration: The hpDIRC consists of two primary sub-assemblies:
the readout section and the bar section. Both sections are composed of 12 boxes made of carbon
fiber reinforced polymer (CFRP), with varying thickness depending on the stresses expected in
different regions.

The readout section includes the fused silica expansion prism, readout sensors, and front-end elec-
tronics. The expansion prism has an angle of 32° and maximum dimensions of 300 mm in length,
352 mm in width, and 237.5 mm in thickness. The MCP-PMTs are coupled to the 352 mm x 237.5
mm back face of the prism using an optical interface. The sensors and associated readout electron-
ics are mounted onto a 3D-printed frame. The rear of the readout box is sealed with a light-tight
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plate with ports for cables, fibers for calibration lasers, and monitoring cameras. Dry nitrogen gas
is flowed through the readout box to keep the prism’s surface clean and free from dust and conden-
sation. To maintain stable temperatures and cool the electronics, water circulates through tubing
thermally coupled to the heat sources.

The bar box is composed of a top and bottom shell with overall dimensions of 4627 mm in length,
368 mm in width, and 31.25 mm in height. Figure 8.92a shows a dimensioned view of the XY cross-
section of the hpDIRC bar box. The thicker part of the carbon fiber shell on the sides will be used
during installation to slide in the bar box and hold it in place. The carbon fiber thickness is 1.5 mm
across the width and 3 mm across the height.

Each bar box contains 10 long radiator bars, lenses, and mirrors. The radiator bars are 35 mm
wide, 17.25 mm thick, and 4580 mm long, spaced 0.15 mm apart using shims to ensure optical
isolation. Each long radiator bar is made up of four shorter bars bonded together with an optically
transparent adhesive, similar to the BaBar DIRC construction. Three of the shorter bars, each 1225
mm long, are repurposed from the BaBar experiment, while the fourth is newly manufactured to
meet the ePIC total length requirement of 905 mm.

At one end of each long bar, a 3 mm-thick flat mirror reflects photons back toward the readout end.
At the opposite end, a three-layer lens is attached to the bar using the same adhesive used to join
the short bars. The lens-mirror-bar joints are kept in compression by adjustable spring plungers
located behind the mirrors, which reduce stress on the joints and prevent movement during in-
stallation or operation. The spring system also compensates for differential thermal expansion and
contraction rates between the bars and the bar box. Each short bar is supported by two pairs of
fixed nylon buttons along its length, which minimize stress on the glue joints and reduce photon
loss by reducing contact with the radiator surface. Eight support pairs are evenly distributed along
each long bar’s length, with adjustable spring buttons pressing the bars against the fixed buttons
to maintain secure positioning while preserving the optical isolation. Similar support mechanisms
are used for the 17.25 mm-thick end of the bars, where all 10 bars are pressed against a single set
of fixed buttons. To handle the additional stress at the button locations and accommodate holes
for the spring buttons, the CFRP is locally thickened at these points. Like the readout boxes, the
bar boxes are also flushed with dry nitrogen to protect the radiator bars’ surfaces, with nitrogen
introduced at the mirror end and vented near the lenses.

The hpDIRC consists of 12 bar boxess and 12 readout boxes. The lenses at the bar box end are
coupled to a thin window that seals the box, while this window is in turn connected to the prism
in the readout box using an optical interface during final installation. The readout box, including
the prism, is compressed against the bar box window to form a tight optical seal. Figure 8.92b is a
dimensioned view of the XZ cross-section of the connection between the bar box and the readout
box. The 5 mm thick window between the 3-layer lens and the prism represents an initial design,
which may be adjusted following further studies of strains and forces acting on the system.

The hpDIRC is positioned radially just inside the Barrel Electromagnetic Calorimeter (EM
Calorimeter) and just outside the outer Micro-Pattern Gas Detector (MPGD) within the ePIC de-
tector. Both the bar boxes and the MPGD are supported by the EM Calorimeter via rails mounted
on triangular brackets extending radially inward from the calorimeter’s inner surface.

Installation: During installation, the bar boxes are placed on a specialized lifting fixture, allow-
ing them to be rotated into their final orientation before being transferred along rails into their
designated positions. The readout boxes are supported by an external ring attached to the Hadron
Calorimeter via a series of legs. Each readout box is aligned with its corresponding bar box using
specialized brackets and rails, which allow the readout box to be slid into position, compressing
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the optical interface and forming the connection. This rail system also enables the readout boxes to
be removed without disturbing the bar boxes if necessary.

Services: Gas and Moisture Control: To maintain a low-moisture environment for the bars, dry
nitrogen gas from liquid nitrogen boil-off will flow through each box. The nitrogen gas will be
monitored for humidity and filtered through a molecular sieve and mechanical filters to remove
particulates. Some of the input N, gas will leak from the bar boxes, also helping to keep the bar
box slots in the mechanical support structure free of condensation.

Power Supply and Monitoring: Both high- and low-voltage supplies will be provided for each
MCP-PMT sensor. A control and monitoring system will be implemented for the readout and
bar box sections. The high voltage required for each MCP-PMT will be supplied by commercially
available multichannel power supply modules in crates located outside the experiment.

The low-voltage power supplies, which regulate power to the front-end electronics (FEE), need to
be placed as close as possible to the detector, in racks dedicated to the hpDIRC system. A modular,
multichannel approach—similar to the high-voltage system is planned for the control and moni-
toring of voltages, currents, and onboard temperatures for all FEE boards. The low voltage levels
will range from 1 to 48 V, with currents reaching several Amperes.

Cooling System: The highly integrated FEE design generates a significant amount of heat in the
compact readout unit. This heat will be extracted by a water cooling system, and the necessary
supply lines are included in the mechanical design of the readout boxes, although further opti-
mization is required.

Environmental Monitoring: Standard commercial devices will monitor environmental parameters
such as temperature and humidity at various locations inside the hpDIRC volume to ensure opti-
mal performance and safety.

Calibration, alignment and monitoring: Time Calibration: To achieve the time resolution
required for the hpDIRC, it is essential to eliminate time offsets between pixels, which may arise
from differences in cable lengths and pixel-to-pixel variations within the photon sensors. A laser
monitoring system will be employed to provide channel-by-channel time-zero information, which
will be stored in a database. This data will be used to accurately calibrate the photon arrival times
for all pixels.

Optical Calibration and Alignment: The exact positioning of the optical components will be deter-
mined during the hpDIRC DIRC installation, using a laser and precise survey marks. The recon-
struction of the Cherenkov angle, based on the hit pattern on the MCP-PMT array, depends on the
accurate relative positions and orientations of all optical elements, including the photon sensors
and their individual pixels.

In-Beam Calibration and Alignment: After installation in the ePIC detector, the alignment of the
hpDIRC will be verified using beam data. Samples of muons, pions, kaons, and protons identified
by other ePIC sub-detectors or through kinematic fitting will be used to calibrate the hpDIRC’s
measured Cherenkov angles.

Geometric reconstruction will then be used to calculate the Cherenkov angle per photon for each
track and sensor pixel. Any deviation between the measured and expected Cherenkov angles in the
calibration samples will be utilized to develop a correction function or multi-dimensional lookup
table. This information will be stored in the configuration database to correct for residual mis-
alignment and optimize the performance. A similar procedure was successfully employed in the
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Figure 8.93: ePIC hpDIRC schedule chart alignment with EIC Project schedule

BaBar DIRC, where a 10% improvement in Cherenkov angle resolution was achieved by applying
per-photon corrections based on a dedicated particle calibration sample.

Status and remaining design effort: Preparations for the hpDIRC are progressing in line with
the overall project schedule. In the chart shown in Figure 8.93, the top few lines highlight the major
milestones of the project from the present day to the start of the experiment and CD-4 approval.
Below these milestones is a detailed breakdown of key work packages, including the optical com-
ponents, readout system, and mechanical design. The hpDIRC is expected to be fully ready in
advance of the installation deadline, with a substantial time contingency built into the schedule.

The length of the ePIC barrel necessitates a “light guide section” to direct photons from the active
part of the hpDIRC bars to the expansion volume prism, where they are imaged. In the baseline
hpDIRC design, shorter bars with the same cross-section as the narrow bars are used, as shown in
Figure 8.94a for one module.

Figure 8.94b illustrates an alternative hybrid design, featuring a single wide plate in the light guide
section that replaces the narrow bars. The primary motivation for this geometry was potential
cost savings, but it also introduced additional opportunities. For instance, the choice of lens type
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Figure 8.94: Event displays of a single module of the hpDIRC narrow bar baseline design
geometry (a) and the narrow bar with wide plate hybrid geometry (b), illustrating an ex-
ample of the accumulated hit pattern from charged pions, based on the standalone hpDIRC
Geant4 simulation package.
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Figure 8.95: Performance comparison between the hpDIRC narrow bar baseline design ge-
ometry (black points) and the narrow bar with wide plate hybrid geometry (red points)
in case of photon yield (a) for pions and 71/K separation power(b) based on a standalone
Geant4 simulation for particles with a momentum of 6 GeV /c.

became a question: should it be a set of spherical lenses matching each narrow bar or a single large
cylindrical lens? Furthermore, where should the lens be positioned: after the light guide section as
in the baseline design, or before the prism expansion volume, or even earlier, between the narrow
bars and the plate to initiate the expansion sooner?

Detailed simulation studies of these configurations led to the selection of a geometry featuring a
set of spherical 3-layer lenses with an optimized shape, placed before the light-guide plate, as the
leading candidate for the alternative design. Figure 8.95 compares the performance of this alterna-
tive design (red points) with the baseline design (black points). The wide plate alternative shows
a significant performance improvement for particle tracks with polar angles below 80°, compa-
rable performance for polar angles above 100 degrees, and a slight reduction in performance for
tracks around 90° and above 145°s. Despite these reductions, the separation power in the lower-
performance regions remains above the required 3 standard deviations, making this hybrid design
a promising alternative. However, this geometry has not yet been experimentally validated and
would require further investigation before it could replace the current baseline design.
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Remaining R&D effort: The primary objectives of the remaining hpDIRC R&D are to validate
new, untested components, ensure their successful integration into the hpDIRC system, and to op-
timize the final design. Ultimately, the goal is to achieve a validated, cost-efficient hpDIRC design
for the ePIC detector, which will be demonstrated through a vertical-slice prototype in the Cosmic
Ray Telescope (CRT) setup. Several critical aspects of the hpDIRC design still require thorough
study and verification to guarantee the necessary performance, mitigate risks, and explore new
opportunities.

Additional R&D projects with a direct impact on the hpDIRC include eRD109 (focused on readout
and ASIC designs) and eRD110 (focused on photosensors). The development of compact readout
electronics for fast single-photon detection, using high-density sensors, must be completed and
integrated into the hpDIRC prototype to validate the performance of a cost-optimized design for
particle identification (PID).

The final hpDIRC prototype will assess the optimized sensor arrangement and explore a potential
new focusing approach within a hybrid design, as shown in Fig. ??, which combines a narrow bar
with a wide plate. This configuration offers significant cost-reduction potential, but it has not yet
undergone experimental testing. Additionally, the reuse of BaBar DIRC bars, another key cost-
saving measure, is currently being explored with support from Jefferson Lab and the EIC Project,
as discussed above.

Environmental, Safety and Health (ES&H) aspects The hpDIRC system is designed to op-
erate without the use of any flammable gases or cryogenic liquids, which eliminates the risks asso-
ciated with these hazardous substances. Both the bar boxes and readout boxes will be purged using
boil-off dry nitrogen, which will flow at a rate of a few liters per hour per box. This method ensures
that the environment inside the boxes remains dry and free from contaminants, contributing to the
system’s safety and reliability.

In terms of electrical hazards, the sensors employed in the hpDIRC require high voltages, reaching
up to 2.5 kV. To prevent the risk of electrical shock, the high-voltage (HV) connections will be
completely inaccessible during normal operation. Furthermore, the HV module will be keyed off,
ensuring that only trained personnel will be allowed to operate it, providing an additional layer of
safety in the system’s design.

The hpDIRC will also utilize a class 3B Helium-Cadmium (HeCd) laser pulser for the calibration of
sensors and electronics. Since lasers pose a radiation hazard, special precautions will be taken: the
laser will be fully enclosed within optical fibers to prevent exposure, and only trained personnel
will be authorized to operate the laser.

For the cooling of the readout electronics, a chilled liquid will be used, though the specific details
of the liquid have yet to be determined. To avoid the risk of a chemical leak, the cooling liquid will
circulate at sub-atmospheric pressure, which helps prevent potential leaks.

The entire hpDIRC system will comply with all applicable Environment, Safety, and Data (ES&D)
standards and Occupational Safety and Health Administration (OSHA) regulations. This commit-
ment to compliance ensures that the system adheres to the highest safety protocols, protecting both
the equipment and the personnel involved in its operation.

Quality Assessment (QA planning: The quality assurance (QA) plans for the hpDIRC com-
ponents and modules prior to construction are centered around a combination of process control
at the vendor sites and extensive in-laboratory measurements. The radiator bars and light guides
will undergo vendor-provided QA to assess their mechanical properties. Following this, a laser
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Figure 8.96: Photos of available setups developed during the hpDIRC R&D program that
will be used for future QA of 3-layer lenses with laser setup at ODU (a), bars and other
optics at Jefferson Lab (b) and readout chain including sensors and electronics and other
hpDIRC components in hpDIRC prototype at CRT at SBU (c).

scanning system at JLab will be used to monitor the internal photon transport efficiency of either
the repurposed BaBar DIRC bars or the newly produced DIRC bars. This will directly ensure that
the optical performance of the bars meets the ePIC DIRC standards.

For the sensors and electronics testing, laser pulser systems will be deployed at CUA, JLab, or
USC (to be determined) to perform measurements including gain, quantum efficiency, collection
efficiency, and dark count rate. These tests will verify the operational integrity and performance of
the sensors.

The lenses will be evaluated at the laser laboratory at ODU, where the shape of the focal plane will
be carefully analyzed to ensure proper optical alignment and focusing. Prisms will be subjected to
vendor-provided QA, followed by further checks at WSU to confirm their specifications. Similarly,
the bar boxes and prism boxes will undergo QA at the vendor sites, with additional testing and
validation at SBU.

Once the DIRC modules are fully assembled, including the coupling of the bar box to the readout
box (a vertical slice), the Cosmic Ray Telescope at SBU will be used for testing. This will ensure that
the assembled DIRC modules function as intended before final integration.

After installation of the DIRC module in ePIC, a picosecond laser pulser calibration system will be
employed to fine-tune the system. Cameras will also be used to continuously monitor the optical
coupling between the sensors, prisms, and lenses, ensuring that the entire optical system is cor-
rectly aligned and operational throughout the experiment. These comprehensive QA measures are
critical to ensuring the high-performance operation of the hpDIRC system in the ePIC experiment.
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Construction and assembly planning: In the current plan for the ePIC hpDIRC construction,
the assembly will take place at three different locations. The bar boxes will be assembled at Jeffer-
son Lab, utilizing the existing infrastructure developed for the disassembly of the BaBar bar boxes
and the quality assurance of the bars. Short bars will be glued together to form ten long bars per
bar box, with 3-layer lenses attached, and will then be mounted inside their carbon fiber shells. The
readout boxes will be assembled at Wayne State University, incorporating newly acquired expan-
sion volume prisms, as well as readout sensors and electronics previously validated at USC. Once
both the bar boxes and readout boxes are assembled, they will be transported to BNL for initial
alignment and matching before their final installation into the ePIC detector.

Collaborators and their role, resources, and workforce: The hpDIRC system collaboration
(DSC) consists of a core group of institutions that have long-standing experience with DIRC coun-
ters, having contributed to the BaBar, GlueX, PANDA projects, and the EIC DIRC R&D program.
Many of these groups have been involved in these efforts since 2011, bringing a wealth of exper-
tise to the development of the hpDIRC system for the ePIC detector. This collaborative network
is expected to expand, with few expressions of interest (Eols) from various institutions interested
in contributing to different aspects of the project closer towards constriction. The process of align-
ing expertise and interest with system priorities is already underway, ensuring that the work is
distributed efficiently.

Among the key collaborators, Jefferson Lab together with CUA have been handling the transport
and disassembly of BaBar DIRC bar boxes and validating the quality of the disassembled bars.
They will continue this effort with the optional quality assurance (QA) of new bars or plates for the
light guide section. Jefferson lab has expressed interest in continuing this support with an extension
to the gluing of bars and lenses and final assembly of the bar boxes

Stony Brook University (SBU) is preparing an important QA tool with their Cosmic Ray Telescope.
The initial plan is to use it for incremental integration of new components into the hpDIRC pro-
totype like disassembled BaBar bars, sensors, and electronics, but eventually, it will be used for
validation of full bar box modules. Old Dominion University (ODU) will contribute by evaluating
the focal plane of the lenses and conducting QA procedures, ensuring the optical components meet
the required standards.

On the sensor side, USC will handle QA and tests related to the readout chain, ensuring the sensors
operate within specified parameters. Wayne State University (WSU) will oversee the assembly
and QA of the readout boxes, another critical component of the system. Finally, institutions like
CUA, GSI, William & Mary, and WSU are heavily involved in simulation and reconstruction efforts,
which are essential for optimizing the performance and integration of the hpDIRC system into the
overall ePIC detector framework.

This broad collaboration, with specific responsibilities assigned to various expert groups, ensures
that all components of the hpDIRC system are developed and tested by specialists, assuming more
junior workforce like graduate students and postdoctoral researchers can be added through exter-
nal grants.

Risks and mitigation strategy: The disassembly of the BaBar bar boxes is in an advanced stage
of preparation, with the process set to begin soon. Immediately after disassembly, the quality of
the legacy BaBar bars will be evaluated to determine their suitability for use in the ePIC hpDIRC.
A decision on their usability is expected by early Summer 2025. If new radiator bars are required, a
vendor will need to be identified, and the procurement and production process initiated. Based on
the current production timeline for PANDA Barrel DIRC radiator bars, the production of new bars
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for ePIC is still possible within the project schedule.

Both the baseline commercial MCP-PMTs and HRPPDs require testing and evaluation, which are
being prepared by different groups. These tests will be conducted in parallel to ensure the neces-
sary sensors are available within the required time before installation. The development of ASIC-
based readout electronics is being coordinated by the EIC project, with two parallel solutions under
consideration.

Additional Material Add text here.
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