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The U.S. Electron-Ion Collider Project

Electron Ion Collider:
The Next QCD Frontier

Understanding the glue 
that binds us all

Scientific Objectives
• to map the gluon and sea quark 

d i st r i b ut i o n s i n s pace an d 
momentum space

• to study gluon and sea quark 
polarizations

• to st u d y q u a r k a n d g lu o n 
distributions in nuclei

• to study parton propagation in 
nuclei

Features
• polarized electron, proton, and 

light ion beams
• L=1033-34 cm-2s-1 (ep)
• variable CM energy



The U.S. Electron-Ion Collider Project
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JLEIC Realization

•Use existing CEBAF for polarized electron injector 

•Figure 8 Layout: Optimized for high ion beam polarization � polarized deuterons 
  
•Energy Range: √s : 20 to 65 - 140 GeV (magnet technology choice) 

•Fully integrated detector/IR 

•JLEIC achieves initial high luminosity, with technology choice determining initial and upgraded 
energy reach 

• Use existing RHIC 
• Up to 275 GeV protons 
• Existing: tunnel, detector halls & hadron injector complex 

• Add 18 GeV electron accelerator in the same tunnel 
• Use either high intensity Electron Storage Ring or Energy Recovery Linac 

• Achieve high luminosity, high energy e-p/A collisions with full acceptance 
detector  

• Luminosity and/or energy staging possible
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eRHIC Realization

Developments:
• Two possible sites explored: Jefferson Lab, Brookhaven National Lab
• DOE-NP established EIC Accelerator R&D program in FY2016
• EIC Users Group (http://www.eicug.org/web)

• 2107 EIC UG Meeting, Trieste (Italy): 17 - 22 July 2017
• EIC Science Assessment by U.S. National Academy of Sciences 

Underway (report expected in 2017/18)

JLab (JLEIC) Design BNL (eRHIC) Design

http://www.eicug.org/web
http://www.eicug.org/web


The U.S. Electron-Ion Collider Project

Timelines (JLEIC)

IAS HEP Program 2017 

Envisoned JLEIC Timeline 
   Activity Name                                                              2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 

12 GeV Operations 
12 GeV Upgrade 

FRIB 

EIC Physics Case 

NSAC LRP 

NAS Study 

CD0 

EIC Design,  R&D 
Pre-CDR, CDR 
 CD1(Down-select) 

CD2/CD3 

EIC Construction 

CD0 =  DOE  “Mission  Need”  statement;;      CD1 = design choice and site selection (VA/NY)  
CD2/CD3 = establish project baseline cost and schedule 

pre-project on-project 
Pre-CDR CDR 

61 



EIC Detector Hadron PID Requirements
10 × 100 GeV SIDIS Hadron KinematicsHadron ID – kinematics

e-endcap

h-endcap

barrel

10x100 GeV
Q2 > 1 GeV2

p/Ae

10x100 GeV
1 < Q2 < 10 GeV2

10x100 GeV
10 < Q2 < 100 GeV2

10x100 GeV
10 < Q2 < 100 GeV2

pions
kaons

pions
kaons

pions
kaons

§ 10 GeV e on 100 GeV p is a common 

BNL/JLab accelerator energy setting

§ The maximum energy at BNL (and for 

stage II at JLab) is 20 x 250 GeV.

§ In the endcaps, the maximum hadron 

energy is close that of the e/ion beam

§ In the barrel, the high-p distribution is 

suppressed by the cross section (p ~ pT)
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EIC Program: wide CM energy range; different combinations of beam 
energy and particle species; inclusive, semi-inclusive, exclusive processes.

• Maximum hadron momentum at small and large angles close to the 
electron and ion beam energies, respectively.

• Momentum range at mid-angles depends weakly on beam energies, 
determined by specific kinematics (Q2).

• High-momentum tails contain important physics.

p/A beame- beam



JLEIC Central Detector and Hadron PID Systems
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EIC PID Consortium



JLEIC Central Detector and Hadron PID Systems
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JLab EIC central detector

§ All eRD14 technologies (mRICH, dRICH, DIRC, TOF) are part of baseline design 14• e-endcap: compact aerogel RICH for p/π/K separation up to 10 GeV/c.
• barrel: high-performance DIRC for p/π/K separation up to 6-7 GeV/c.

• see Greg Kalicy’s talk in the afternoon today
• h-endcap: dual-radiator RICH for p/π/K separation up to 50 GeV/c. 



Outline

• Dual-Radiator RICH (dRICH)
A. Del Dotto et al., Design and R & D of RICH detectors for EIC experiments, NIM A (2017), in press

• Modular RICH (mRICH)
C.P. Wong et al., Modular focusing ring imaging Cherenkov detector for electron–ion collider experiments, NIM A 

871, 13 (2017) 

• Photosensors



Dual-Radiator RICH
Alessio Del Dotto (USC, INFN-Rome) 
Evaristo Cisbani (INFN-Rome)
Pawel Nadel-Turonski (Stony Brook University) 
Zhiwen Zhao (Duke Uni)

• Mirror-based focusing system.
• Compact read-out area located in the shadow of the barrel 

calorimeter.
• JLEIC Constraint: approx. 160 cm length

window due to internal reflection. The hits generated by these photoelectrons will be concentric                                         
with the Cherenkov hits originated from CF4. The coverage and amplitude of such a background                                            
signal depend on the window thickness. A 2 mm window typically generates about 10                                         
photoelectrons with a spread of 5 mm. With a 2-dimensional readout, these signals from glass                                            
window can be removed by applying geometric cuts. Nevertheless, thinner windows will clearly                                      
help suppress this kind of background. Both concepts shown here are still in a very preliminary                                               
stage. More effort will definitely be needed to identify the best option with optimal optical design                                               
and  an  appropriate  combination  of  radiators.  These  efforts  are  part  of  this  proposed  project.  
  

  
Figure 3.1.3: A mirror-based design, with compact readout outside of the radiator volume. The detector                                            
plane  (green)  can  be  placed  such  that  it  is  shadowed  by  the  barrel  calorimeter.  
  
In the third concept, mirror-based designs will also be explored. An LHCb-style layout, with the                                            
readout placed to the sides, can be adapted to fit into an EIC detector, such as shown in Figure                                                        
3.1.3. The readout area in such a design can be more compact, and can be placed in the                                                     
shadow of a barrel calorimeter. Since the readout is placed outside the radiator acceptance, the                                            
total  thickness  of  this  arrangement  can  be  very  small.    
  
  
  
  
  

page  3.4  



Dual-Radiator RICH: JLEIC Implementation

JLab EIC central detector showing PID integration

Dual-
radiator 

RICH

gas

TOF

Modular 
aerogel RICH DIRC 

camera
§ All eRD14 

systems (DIRC, 
mRICH, dRICH, 
and TOF) are 
part of the 
baseline JLab
detector concept. 
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• 6-sector layout, polar-angle acceptance: 5° - 25°
• Aerogel (n=1.02, 4-cm thickness) and C2F6 gas tank (n=1.00082, 

160-cm length)
• Outward reflecting mirrors (R = 2.9 m) - sensors away from 

beam; no scattering in aerogel
• 3D focusing - reduced sensor area
• Acrylic filter in front of aerogel: minimization of Rayleigh 

scattering 13

Ongoing activity

● Tessellation of the 
photo-detector planes:

  tiles 5 x 5 cm2 

● Adaptive surface:

for optimizing emission 
error for the gas

reduse the emission error 
for the gas

potential improvement of 
quantum eAciency by 
tilting each tile by the 
proper angle

● A synergy to test the 
dRICH principle in the 
ePHENIX and BeAST EIC 
con6gurations has 
started and will continue 
to be pursued in FY18

4. Conclusions and future directions

Simulations and analysis for mRICH and dRICH are still in progress.
For mRICH a systematic study of the aerogel and Fresnel lens to optimize
the ring image on the sensor plane is underway together with the analysis
of the beam test data. The dRICH development will focus on the selection
of the photon-detector baseline as well as its detailed digitization in the
simulation: these aspects are critical due to the presence of the magnetic
field. The outlined work will be preparatory for a first dRICH and a second
mRICH prototype and test beam.

Acknowledgement

this material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics under contract
DE-AC05-06OR23177.
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Fig. 2. Uncertainty of single photon measurement (upper panel), and separation power
(lower panel) from simulation with infinitely small pixel size.

Fig. 3. The GEMC based simulation of the dRICH. In transparent red is the aerogel
radiator, in transparent green is the gas radiator volume; the mirrors sectors are in gray
and the photo-detector surfaces (spherical shape) of about 8500 cm2 per sector in dark-
yellow. A pion event of momentum 10 GeV/c is simulated. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. (Upper two plots) dRICH single p.e. angular error sources, for a 30 GeV/c pion,
assuming a pixel size of 3 mm: the detector surface has been chosen to minimize the
emission uncertainty for central polar angles, namely the detector surface is nearest to
the focal surface for central polar angles. (Lower plot) Particle separation power (in terms
of number of sigma) for tracks with 15 polar angle.

A. Del Dotto et al. Nuclear Instruments and Methods in Physics Research A xxx (xxxx) xxx–xxx
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Dual-Radiator RICH

Continuous coverage
• up to ∼50 GeV/c for π/K and K/p
• up to ∼15 GeV/c for e/π

12

Particle identi+cation power

n=1.02 allow pi/K separation
beyond 10 GeV/c at 3 sigma

The indirect ray 
tracing algorithm 
developed and used 
for the dual RICH of 
the HERMES 
experiment have 

been implemented 

“Design and R&D of RICH detectors for EIC experiments”  A. DD, C-P Wong et al. published in NIM AEIC PID Consortium



Dual-Radiator RICH
Contributions to the Cherenkov-angle resolution

11

dRICH characterization 

● Detailed optical properties of the aerogel (inferred from the detailed prototyping 
study of the CLAS RICH collaboration) included in the simulation (i.e. Rayleigh 
scattering, n(λ), absorption length, ...)

● All the main contribution to the Cherenkov angle resolution have been evaluated

● The emission error deal with the position of the detector with respect to the focal 
surface (spherical aberrations  not a naive sphere)→
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C2F6 gas
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Studied with GEANT4 
simulated data:
• dRICH placed in magnetic 

field (3-T central field)
• o pt ica l pro pe r t i e s o f 

aerogel inferre d from 
CLAS-RICH studies

• C h e r e n k o v a n g l e 
reconstruction based on 
the indirect	   ray	   tracing	  
algorithm used by HERMES

• minimum of emission error 
for C2F6 corresponds to a 
maximum in momentum 
coverage. 

30 GeV/c track momentum
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Dual-Radiator RICH: Summary

• Dual-Radiator RICH advantages (aerogel and C2F6 gas)
• continuous coverage (up to ∼50 GeV/c for π/K and K/p) 
• cost-effective (common set of photosensors for both 

radiators)
• outward mirror focusing: improved resolution, sensors away 

from beam
• photosensor spherical planes: reduce cost, improve resolution

• dRICH has been fully implemented in JLEIC detector

• Prototype Design completed

• Under Development
• tessellation of sensor planes
• implement dRICH in BNL ePHENIX and BeAST detectors and 

study performance
• study dRICH performance for a specific physics channel in 

presence of backgrounds



Modular RICH
Herbert van Hecke (Los Alamos National Lab)

Xiaochun He, Cheuk-Ping Wong (Georgia State Uni)

• Space constraint in detector systems.
• Compact modular design.
• Easy maintenance: modules can be taken out individually.

Simulation"of"
mRICH Detector"System"(mRICH wall)

7/21/17 CheukAPing"Wong"(GSU) 41
mRICH detectors$in$JLEIC$detector$design Design$of$sPHENIX with$mRICH detectors

Easy5maintenance
You"can"plug"in/out"
individual"module

mRICH detector"system"has"been"implemented"
in"both"JLEIC"and"sPHENIX detector"system



Modular RICH: JLEIC Implementation

• Aerogel block (3.3-cm thick)
• Acrylic Fresnel Lens (focusing, UV filter)
• Pixelated photon sensor plane (4 square sensitive areas), readout electronics
• Gap lens-image plane is bounded by 4 flat mirrors, L = fLens = 7.6 cm
• Geant 4 Simulation: transmission, Rayleigh scattering, index of refraction for 

each component is implemented

JLab EIC central detector showing PID integration

Dual-
radiator 

RICH

gas

TOF

Modular 
aerogel RICH DIRC 

camera
§ All eRD14 

systems (DIRC, 
mRICH, dRICH, 
and TOF) are 
part of the 
baseline JLab
detector concept. 

10

C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Fig. 2. (left) mRICH detector and its components; (right) an event display of a single 9 GeV/c pion traveling toward the center of the mRICH detector.

Fig. 3. Comparison of the ring image characteristics between a proximity-focusing RICH (top, based on the BELLE-2 ARICH detector design) and the mRICH (bottom). The ray diagrams
on the left (not to scale, for illustration purposes only) show the optical properties without (top) and with focusing lens (bottom). The ring images are generated with the GEMC simulation
from 100 pions of 9 GeV/c traveling in parallel to the principal axis of the lens. The distance from the first aerogel surface to the sensor plane of the proximity RICH is 23 cm. The
total thickness of the composite aerogel block is 4 cm. The focal length of the mRICH Fresnel lens is 7.6 cm and the mRICH aerogel block thickness is 3.3 cm. The blank regions in the
lower right X–Y hits scatter plot are the physical separations between the photon sensor modules that is only relevant to the mRICH. The orange line in the ray diagram is to indicate the
location of the focused ring image produced by the incident particle at a given momentum.
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Modular RICH: Focusing

C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Fig. 2. (left) mRICH detector and its components; (right) an event display of a single 9 GeV/c pion traveling toward the center of the mRICH detector.

Fig. 3. Comparison of the ring image characteristics between a proximity-focusing RICH (top, based on the BELLE-2 ARICH detector design) and the mRICH (bottom). The ray diagrams
on the left (not to scale, for illustration purposes only) show the optical properties without (top) and with focusing lens (bottom). The ring images are generated with the GEMC simulation
from 100 pions of 9 GeV/c traveling in parallel to the principal axis of the lens. The distance from the first aerogel surface to the sensor plane of the proximity RICH is 23 cm. The
total thickness of the composite aerogel block is 4 cm. The focal length of the mRICH Fresnel lens is 7.6 cm and the mRICH aerogel block thickness is 3.3 cm. The blank regions in the
lower right X–Y hits scatter plot are the physical separations between the photon sensor modules that is only relevant to the mRICH. The orange line in the ray diagram is to indicate the
location of the focused ring image produced by the incident particle at a given momentum.
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C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Fig. 4. Comparison of the ring image location on the sensor plane between a proximity-focusing RICH (top, based on the BELLE-2 ARICH detector design) and the mRICH (bottom). The
ray diagrams on the left (not to scale, for illustration purposes only) show the optical properties without (top) and with focusing lens (bottom). The ring images are generated with the
GEMC simulation from 100 pions of 9 GeV/c traveling in parallel to but off the principal axis of the lens. See Fig. 3 caption for the dimensions of the proximity-focusing RICH and the
mRICH.

spread of the beam depends on the beam tune and is ±3%. The beam
spot size is also dependent on the beam energy and tuning and ranges
from Ì6 mm to several centimeters. Given the short time period, the
mRICH detector was tested mainly with the 120 GeV/c primary proton
beam at the minimum spot size and parallel to the mRICH axis. The
limited data with secondary pion beam at 4 and 8 GeV/c and with light
reflected by the lateral mirrors will be the subject of a future publication.

The mRICH prototype detector was mounted at the center of a test
stand made from extruded aluminum. Two sets of hodoscopes (each
consisting of 4 channels of horizontal 1 cm wide finger scintillator rods
and 4 channels of vertical rods) were mounted to the test stand in front
and in the back to define the incident particle position. The whole test
assembly was put on a X–Y table for aligning the detector with the
particle beam. A beam event was triggered using a pair of 7 cm-wide
plastic scintillator paddles as shown in Fig. 6.

4. Data analysis and results

Since themain goal of this prototype study is to test the working prin-
ciples of the detector design and its performance, the analysis focused
on the 120 GeV primary proton beam test data set, because of its small

beam size, in order to clearly identify the saturated ring image formed
on the sensor plane. Fig. 7 shows the accumulated photon hits generated
from the 120 GeV proton beam incident at the center of the mRICH (left
panel) and the hit displays from the Geant4 simulation (right panel) for
one thousand events. The simulation matches reasonably well the data
on the rings, but not the noise hits observed in the data.

Typical noise sources include photons from Rayleigh scattering
inside the aerogel block, Cherenkov photons from the Fresnel lens and
from the sensor glass windows, and possibly from the back-scattered
particles from the sensor electronics produced by the incident beam
particle. The noise hits from the Rayleigh scattering inside the aerogel
block and the Cherenkov photons from the Fresnel lens generate random
and uniform hits on the sensor plane. Cherenkov photons generated
inside the PMT glass window and the noise hits from the back-scattered
particles tend to be close to the spot where the beam particles hit because
of the short distance among these components. Except for the noise
hits from the back-scattered particles, we have implemented these noise
sources in the simulation.

In order to quantify the test results, a ring finding algorithm, using
a circular Hough transform [17], was developed for determining the
radius of the Cherenkov ring image and the number of the Cherenkov

16

Ring image is centered on the 
sensor plane for both, tracks  
on and off the central axis.

Less active photon sensor 
coverage is needed compared 
to other RICH designs.

Optimization of single ph.e. 
Cherenkov-angle resolution
- emission-po int source 

minimized at lens focal 
plane

- chromat ic d ispe rs io n 
r e d u c e d b y l e n s 
transmittance in the 
near-UV

π/K separation at 10 GeV/c:
n = 1.03
f = 6”
pixel size: 2 mm



Modular RICH: Prototype and Beam Test

Prototype

Aerogel: 3.3-cm thick, n = 1.03

Fresnel Lens: f = 3”

Sensors: four H8500 MaPMT, 6x6 mm2 

pixel size

C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Fig. 5. (top) 3D rendering of the mRICH detector components; (bottom) a photo of the
assembled mRICH prototype detector without the top cover.

photons on an event-by-event basis. In each event, the most likely ring
is extracted from a probability density distribution, which is built by all
possible rings found in that event. Fig. 8 shows the reconstructed rings
from two typical events from the test beam data.

We also made analytical estimates of the ring radius and the number
of the detected Cherenkov photons and compared them with the beam

test data and with the simulation results. The analytical equations are
given in Appendix. In the calculation of the total number of photons,
the transmission of each component and the quantum efficiency of the
Hamamatsu H8500 multianode PMT are included. The analysis results
are summarized in Table 1. Both the Cherenkov ring radius and the
number of photons found from the test beam data and from simulations
agree very well with the analytical calculations.

For verifying the shifted ring image feature of the mRICH, we show
the accumulated photon hits in Fig. 9 from the 120 GeV/c proton beam
incident at the lower-left quadrant of the mRICH (left panel) and the hit
displays from the corresponding simulation (right panel). The simulated
proton beam is uniformly distributed within a circular area of 1 cm in
diameter in order to mimic the realistic beam size. Because of the small
primary proton beam size, we are able to get an excellent agreement
between the results from the beam data and the simulated results as
shown in Fig. 9.

In order to determine the radius of the shifted ring image in the
central region of the photon sensor plane, we applied in this case the
same ring finding algorithm described in [17] and summarized the
results in Table 2. Also shown in Table 2 is the total number of photons
which includes the background photons emitted from the glass window
of the PMT. We observed about 55% more photons in this case than
when the beam hits the center of the mRICH without traversing any of
the PMT glass windows. The number of photons on the ring, however, is
reduced by 1.5 photons per event on average. A remarkable agreement
is seen between the data and the simulated results.

5. Summary and conclusion

A prototype of a modular RICH detector has been successfully tested
at Fermilab. The design features of this detector were well demonstrated
with consistent results between test data, the detector simulation using
Geant4, and the analytical calculations. After completing this initial
validation, a new prototype is now under construction. This includes
a 6-inch focal-length Fresnel lens and new Hamamatsu multi-anode
PMTs with a pixel size of 3 mm ù 3 mm, which should provide the
resolution needed to demonstrate that the mRICH can satisfy the particle
identification requirements of a future EIC detector.

6. Acknowledgments

We wish to thank the staff of the Fermilab Test Beam Facility for
their assistance with T-1048 operation. We also want to thank the staff
of the Instrument Shop at Georgia State University for their assistance in

Fig. 6. The mRICH test setup at the Fermilab Test Beam Facility.
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Beam Test

Fermi Lab, with 120 GeV/c proton beam

Incident particle position: two sets of 
hodoscopes in front and in back of 
prototype

Trigger: pair of 7-cm wide scintillator 
paddles



Modular RICH: Beam Test Results

C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Table 1
The radius of the Cherenkov ring image and the number of Cherenkov photons at the sensor plane from the 120-GeV proton beam
incident at the center of the mRICH. The total number of photons is the number of photons which reach the sensor plane. The
number of photons on the ring is the number of photons counted along the reconstructed ring image.

Analytical calculation Test beam data Simulation

Radius (mm) 19.4 19.0 ± 1.3 18.9 ± 1.0
Total number of photons 10.4 11.0 ± 2.9 11.1 ± 2.9
Number of photons on the ring 5.9 ± 1.8 5.8 ± 1.5

Fig. 7. Accumulated ring image displays: (left) from 120 GeV proton beam incident at the center of the mRICH; (right) from the matching Geant4 simulations. The blank regions are
the gaps between the four Hamamatsu H8500 modules.

Fig. 8. Two examples of the reconstructed rings using the circular Hough transform algorithm.

Table 2
The radius of the Cherenkov ring image and the number of Cherenkov photons at the
sensor plane from 120 GeV proton beam incident at the lower-left quadrant of the mRICH.

Test beam data Simulation

Radius (mm) 20.8 ± 1.5 21.6 ± 0.9
Total number of photons 17.6 ± 3.5 17.0 ± 3.4
Number of photons on the ring 4.4 ± 1.0 4.4 ± 1.4
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with the EIC R&D funding from the Office of Nuclear Physics in the
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Appendix. Analytical calculation

In this appendix, we provide equations of the analytical calculations
of the ring image radius and the number of Cherenkov photons at the
sensor plane. See Fig. 3 for variable notations in the ray diagram.
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Table 1
The radius of the Cherenkov ring image and the number of Cherenkov photons at the sensor plane from the 120-GeV proton beam
incident at the center of the mRICH. The total number of photons is the number of photons which reach the sensor plane. The
number of photons on the ring is the number of photons counted along the reconstructed ring image.

Analytical calculation Test beam data Simulation

Radius (mm) 19.4 19.0 ± 1.3 18.9 ± 1.0
Total number of photons 10.4 11.0 ± 2.9 11.1 ± 2.9
Number of photons on the ring 5.9 ± 1.8 5.8 ± 1.5

Fig. 7. Accumulated ring image displays: (left) from 120 GeV proton beam incident at the center of the mRICH; (right) from the matching Geant4 simulations. The blank regions are
the gaps between the four Hamamatsu H8500 modules.

Fig. 8. Two examples of the reconstructed rings using the circular Hough transform algorithm.
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Modular RICH: Beam Test Results

120-GeV protons incident off axis of prototype
C.P. Wong et al. Nuclear Inst. and Methods in Physics Research, A 871 (2017) 13–19

Fig. 9. Accumulated ring image displays: (left) from 120 GeV proton beam incident at the lower-left quadrant of the mRICH; (right) from the corresponding Geant4 simulations. The
blank regions are the gaps between the four Hamamatsu H8500 modules.
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where L is the block thickness and ↵ is the hyperfine structure constant.
However, not all photons survive to reach to the photon sensors.
Therefore, one should include the transmissions of each component. The
number of surviving photons is
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where QE(�) is the quantum efficiency of the H8500 photon sensor.
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(�) are the transmissions of the
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Table 1
The radius of the Cherenkov ring image and the number of Cherenkov photons at the sensor plane from the 120-GeV proton beam
incident at the center of the mRICH. The total number of photons is the number of photons which reach the sensor plane. The
number of photons on the ring is the number of photons counted along the reconstructed ring image.

Analytical calculation Test beam data Simulation

Radius (mm) 19.4 19.0 ± 1.3 18.9 ± 1.0
Total number of photons 10.4 11.0 ± 2.9 11.1 ± 2.9
Number of photons on the ring 5.9 ± 1.8 5.8 ± 1.5

Fig. 7. Accumulated ring image displays: (left) from 120 GeV proton beam incident at the center of the mRICH; (right) from the matching Geant4 simulations. The blank regions are
the gaps between the four Hamamatsu H8500 modules.

Fig. 8. Two examples of the reconstructed rings using the circular Hough transform algorithm.

Table 2
The radius of the Cherenkov ring image and the number of Cherenkov photons at the
sensor plane from 120 GeV proton beam incident at the lower-left quadrant of the mRICH.

Test beam data Simulation

Radius (mm) 20.8 ± 1.5 21.6 ± 0.9
Total number of photons 17.6 ± 3.5 17.0 ± 3.4
Number of photons on the ring 4.4 ± 1.0 4.4 ± 1.4
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Appendix. Analytical calculation

In this appendix, we provide equations of the analytical calculations
of the ring image radius and the number of Cherenkov photons at the
sensor plane. See Fig. 3 for variable notations in the ray diagram.
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Modular RICH: Summary

• Lens-based mRICH advantages
• smaller and thinner ring than in proximity-focusing RICH
• image centered on photo-sensor plane
• compact and modularized design

• Initial mRICH Wall implementation in JLEIC and sPHENIX 
Detectors

• First prototype construction and beam test: proof of detector 
principle

• Second prototype under construction: to test PID performance
• Fresnel Lens: f=6”
• Sensors: 3x3 mm2 pixel size H13700
• separation of optical components from readout electronics
• Measure π/K separation power up to 8 GeV/c
• Measure e/π separation power up to 2 GeV/c



Studies of Photosensors in B-Field

YI, C. Gleason, T. Cao (USC); C. Zorn, J. McKisson, K. Park (JLab); G. 
Kalicy (CUA); P. Nadel-Turonski (SB); C. Schwartz, J. Schwiening 
(GSI); Ch. Hyde, L. Alison (ODU)

  

Parameter   DIRC   mRICH   dRICH  
Gain   ~106   ~106   ~106  
Timing  Resolution   ≤  100  ps   ≤  800  ps   ≤  800  ps  
Pixel  Size   2–3  mm   ≤3  mm   ≤  3  mm    
Dark  Noise   ≤  1kHz/cm2   ≤  5MHz/cm2   ≤  5MHz/cm2  
Radiation  Hardness   Yes   14 Yes 14   Yes 14  
Single-photon  mode  operation?   Yes   Yes   Yes  
Magnetic-field  immunity?   Yes  (1.5–3  T)   Yes  (1.5–3  T)   Yes  (1.5–3  T)  
Photon  Detection  Efficiency   ≥  20%   ≥  20%   ≥  20%  
Table  1  A  list  of  performance  requirements  for  the  photosensors  for  the  EIC  PID  Cherenkov  detectors.  
  
Photomultipliers (PMTs) from the currently available pool that are viable candidates for EIC application                                         
are Silicon PMTs (SiPMs), Multi-anode PMTs (MaPMTs), commercial Microchannel-Plate PMTs                             
(MCP-PMTs), Large-Area Picosecond Photodetectors (LAPPDs), and Gaseous Electron Multipliers                          
(GEMs).    
  
The key parameters of the photodetectors for the mRICH are small pixel size, resistance to magnetic field,                                                  
and low cost (due to its large sensor area). Depending on the mRICH location, the requirement for                                                  
radiation hardness will vary. The detector does not require good PMT timing resolution. GEMs with a                                               
photocathode sensitive to visible light, with their good radiation hardness and good position resolution,                                         
would be a very good and cost effective solution for the mRICH. SiPMs could be used if their radiation                                                        
hardness is sufficient. LAPPDs with pixelized readout could be considered as possible photosensors for                                         
mRICH detectors if they have resistance to magnetic fields and low cost. MCP-PMTs satisfy the mRICH                                               
requirements, however their high cost is a drawback. The key parameter of the photodetectors for the                                               
dRICH is the small pixel size. Although the relative sensor area (normalized to the absolute detector area)                                                  
of this detector is small, due to the large absolute detector area, cost is also an important parameter. Good                                                        
sensor options for the dRICH would be similar to the ones for mRICH (keeping in mind that due to the                                                           
location of the sensors, the requirement for radiation hardness is not as important for the dRICH). The key                                                     
parameters of the photodetectors for a DIRC are fast timing, small pixel size, and a moderate to low dark                                                        
count rate (DCR). Magnetic-field tolerance is required if the DIRC readout is located within the magnetic                                               
field of the solenoid. SiPMs could eventually be possible for DIRC if future developments lower their                                               
DCR to an acceptable level. Currently, the only photodetectors satisfying these requirements are                                      
MCP-PMTs (including LAPPDs with pixelized readout). Excellent timing resolution (~100 ps) is in                                      
particular required for the high-performance DIRC if a time-based PID reconstruction method is adopted                                         
for the geometry based on wide radiator plates. Such timing resolution is satisfied by currently                                            
commercially available MCP-PMTs, however, development of electronics with good time resolution for                                   
small  signals  may  be  required.    
  
  
  
  

14  The  EIC  radiation  levels  are  expected  to  be  comparable  to  the  levels  at  current  operations  of  RHIC.  The  exact  level  will  vary  
depending  on  the  exact  readout  location  of  each  PID  detector’s  readout.  

33  



High-B Sensor-Testing Facility at JLab
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Gain Evaluation of 10-μm Pore-Size MCP-PMT

Hamamatsu R10754-07-M16X 

• Measurements performed at 96% of maximum allowed high voltage.
• Data
• Gain maximum at 0.5 T
• Can be operated up to about 2 T at standard orientation.
• Can be operated up to about 1.5 T at 10 deg.



Gain Evaluation of 10-μm Pore-Size MCP-PMT

Photonis XP85112  
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Gain Evaluation of 10-μm Pore-Size MCP-PMT

Photonis XP85112  
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Studies of Photosensors in B-Field: Summary

• Commercially available 10-μm pore size MCP-PMT sensors.

• Ideal range of operation is up to 1 T, where the gain is larger 
or equal to the gain at 0 T for various orientations.

• Range could be extended to 2 T with increased HV and limited 
variation of sensor orientations to small polar angles (< 10°).

• Ongoing developments

• Upgrade and commission facility for timing resolution 
evaluations.

• Develop an MCP-PMT simulation to support design optimization 
in high B-field.



The END
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Effects of magnetic field 

•  Field components 
transverse to the 
track smear the 
ring resolution 

•  Can be minimized 
by shaping the field 

This	error	is	of	the	same	order	as	other	
errors	(tracking,	pixel	size,	chromaLc)		



Dual-Radiator RICH: CF4 vs C2F6

  

Cherenkov ring resolution and the particle separation power, we have implemented the indirect ray                                         
tracing  algorithm  used  by  the  HERMES  experiment  [1].  
In Fig. 2.2.2 (upper panel) the contributions to the single p.e. error as a function of the track polar angle                                                           
are shown;; as the detector is embedded in magnetic field, the track bending is a sizable error source for                                                        
the gas Cherenkov ring. In Fig 2.2.2 (lower panel) the separation powers are shown for the CF4 gas                                                     
configuration;;  an  analogous  plot  is  shown  for  the  much  better    C2F6  case  in  Fig  2.1.4.  
  

  

  
Figure 2.2.2 (upper panel) Single p.e. error sources, for a 30 GeV/c pion, assuming a pixel size of 3 mm. (lower                                                              
panel) Particle separation power for tracks with 15° polar angle, using CF4 as a gas radiator (see Figure 2.1.4 for                                                           
C2F6).  
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over all forward angles and is the baseline choice for the JLab detector and the BeAST, and could also be                                                           
an  option  for  ePHENIX.  
  

  
Figure 2.1.4 C2F6 gas/aerogel dual-radiator RICH performance for a particle at 15 degrees. There is good overlap in                                                     
PID  for  all  three  species  pairs  with  the  Aerogel  (red)  and  gas  (blue).  
  
Time-of-Flight  (TOF)  
The Cherenkov detectors described above not only provide PID, but also have good timing resolution.                                            
However, they do not provide a signal for particles below threshold (i.e., slower than light in the radiator                                                     
medium). Thus, for PID below the range of the aerogel RICH or DIRC detectors, a different method is                                                     
needed. This could be accomplished through dE/dx in the tracker or by using a dedicated TOF system. In                                                     
addition to PID, the latter also offers the possibility to uniquely associate particles with a certain bunch                                                  
(particularly important for high-frequency colliders) and to correlate particles in the central detector with                                         
near-beam hadron and electron detectors located at some distance. While a baseline capability could be                                            
provided by scintillator-based TOF detectors (CLAS12, designed to operate at 1035 cm-2s-1 luminosity                                      
with a 2 ns bunch spacing, has simple TOF counters with 80 ps resolution), mRPC andMCP-PMT based                                                     
TOF systems can be highly-segmented, and have the potential to provide very good timing resolution.                                            
They are also made of inexpensive materials, and R&D into construction methods could significantly                                         
lower the cost. Thus, we feel that at this stage of the EIC R&D program, it would be valuable to explore                                                              
the  full  potential  of  this  technology.  
  

2.2  Dual-radiator  RICH    

Contacts:  Z.W.  Zhao  <zwzhao@jlab.org>,  E.  Cisbani  <evaristo.cisbani@iss.infn.it>  
  
The goal for this detector is to provide continuous ≥ 3σ hadron separation (π/K/p) from 2.5 to 50 GeV/c.                                                        
The design uses outward-reflecting mirrors (similar to LHCb or HERMES) to extend the momentum                                         
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Flowchart: Test Setup
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