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Long Range Plan for Nuclear Science for probing the partonic structure in-

side nucleons and nuclei with unprecedented precision and versatility [1]. EIC

detectors are currently under development [2], all of which require hadron iden-

tification over a broad rapidity coverage. A prototype ring imaging Cherenkov

detector has been developed for hadron identification in momentum range from

3 GeV/c to 10 GeV/c. The key features of this new detector are compact and

modular design, using aerogel and a fresnel lens for ring imaging. In this paper,

the results from a beam test of a prototype device at Fermilab are reported.
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1. Introduction

The ability to identify hadrons is a key requirement for the physics pro-

gram of the EIC experiments. By tagging the flavor of the struck quark in

semi-inclusive deep inelastic scattering (SIDIS), one can obtain the transverse

momentum distributions of the strange sea quark, while kaons which subse-5

quently decay from open charm are important for probing the distribution of

gluons in protons and nuclei.

Mesons in the electron beam direction and proton beam direction will carry

momenta up to 10 GeV/c and 100 GeV/c, respectively, while the meson mo-

menta in central region are typically less than 10 GeV/c.10

To fulfill different particle identification (PID) requirements associated with

the three different kinematic regions of the EIC detectors, an R&D consor-

tium (eRD14) has been formed to study the technology choices of ring imaging

Cherenkov (RICH) detectors. A modular aerogel RICH (mRICH) detector is

proposed to provide PID in the momentum range from 3 GeV/c to 10 GeV/c15

in the electron beam direction.

2. Detector Design

The current state-of-the-art designs of imaging Cherenkov detectors, such

as proximity focusing detectors [3, 4], or mirror-based imaging detectors [5–
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10] occupy substantial volumes, due to requirements imposed by the optical20

elements in the case of mirror-based detectors, or the desired ring separation in

the case of proximity focusing devices. In the endcap region of the proposed EIC

detector, such space is not available. A set of compact and modular detectors

would fit into the available space and still provide hadron PID capability with

momentum coverage from 3 GeV/c to 10 GeV/c.25

The mRICH consists of four components. A block of aerogel serves as the

Cherenkov radiator. Immediately following is an acrylic Fresnel lens which

serves to produce a focused ring image and acts as a UV filter [11]. In the image

plane is a pixelated optical sensor, and the walls of the unit between the lens

and image plane are formed by four flat mirrors. The device is shown in Fig. 1.30

Also shown in Fig. 1 is an event display of a 9 GeV/c pion launched toward the

center of the mRICH detector using the GEMC simulation framework that is

based on Geant4 [12].

Figure 1: (left) mRICH detector and its components; (right) an event display of single 9

GeV/c pion launched toward to the center of the mRICH detector.

Figure 2 shows the focusing feature of the mRICH detector performance

over a proximity-focusing Cherenkov detector design. Figure 3 demonstrates35

the capability of the mRICH for shifting the ring image to the central region of

the photosensor plane for non-normal incident particles. It is clear that a much

less active photosensor coverage is needed for the mRICH design in comparison

with other RICH detector designs.
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The PID performance of a ring image Cherenkov detector can be character-

ized by separation power (or number of sigma)

Nσ =
∆θ

√
Nphoton

σθ
, (1)

where ∆θ is the difference the Cherenkov angles from two different spices of

particles, Nphoton is the number of photon detected, and σθ is the uncertainty

of a single photon measurement. Sources of uncertainty of a single photon

measurement are the emission point σEP , chromatic dispersion σChro, and pixel

size σDet [13]. The resulting uncertainty σθ for a single photon measurement is

a quadrature sum,

σθ =
√
σ2
EP + σ2

Chro + σ2
Det . (2)

σEP is minimized in lens based design as a result of lens focusing property.40

The first prototype of this device consists of a 3.3 cm thick aerogel block

with index of refraction n = 1.03, a Fresnel lens with 76.2 mm (3′′) focal length

(from Edmund Optics, part number 32–593)[14], a mirror set mounted on top,

bottom, left and right of the detector interior, and a sensor plane composed

of four Hamamatsu 12700 multianode PMT arrays. The assembled mRICH45

prototype is shown in Fig. 4 (left). The expanded 3D rendering of the detector

components are also shown on the right in Fig. 4.
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Figure 2: Comparison of the ring image characteristics between a proximity-focusing RICH

(top, based the BELLE-2 ARICH detector design) and the mRICH (bottom). The ray di-

agrams 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 Geant4

simulation from 100 9 GeV/c pions in both cases. The distance from the sensor plane of the

proximity RICH to the mid-point of n1 and n2 is 20 cm. The total thickness of n1 and n2 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 left X-Y hits scatter plot are the physical

separations between the photosensor modules that is only relevant to the mRICH.
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Figure 3: Comparison of the ring image location on the sensor plane between a proximity-

focusing RICH (top, based 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

Geant4 simulation from 100 9 GeV/c pions in both cases. The distance from the sensor plane

of the proximity RICH to the mid-point of n1 and n2 is 20 cm. The total thickness of n1 and

n2 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 left X-Y hits scatter plot are the

physical separations between the photosensor modules that is only relevant to the mRICH.
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Figure 4: (left) The assembled mRICH prototype detector; (right) 3D rendering of the detector

components.
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3. Beam Test at Fermilab

The first prototype of the mRICH detector was tested at the Fermilab Test

Beam Facility (FTBF) under the T-1048 experiment in April of 2016. The T-50

1048 experiment used the MTest beamline which has two modes of operation:

primary protons at 120 GeV and a secondary mixed beam consisting primarily

of pions, muons, and electrons with energies ranging from 1 GeV to 60 GeV

of either positive or negative charge. Given the short test period, the mRICH

detector was tested only with 120 GeV primary proton beam and the secondary55

pion beam at 4 GeV and 8 GeV. The beam is delivered as a slow spill with a 4

second duration once per minute with a maximum intensity of a 105 particles

per spill. The momentum spread of the beam depends on the beam tune and is

∼ 3%. The beam spot size is also dependent of the beam energy and tune and

it ranges from ∼ 6 mm to several centimeters in size.60

The mRICH prototype detector was mounted at the center of a test stand

made from the extruded aluminum. Two sets of hodoscope (each consisting of

4 channels of horizontal 1 cm finger scintillator rods and 4 channels of vertical

rods) were mounted to the test stand at the front and the back to define the

incident particle position. The whole test assembly was put on a X-Y table for65

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. 5.
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Figure 5: The mRICH test setup at the Fermilab Test Beam Facility.

4. Data Analysis and Results

Since the main goal of this prototype study is to test the working principles

of the detector design and its performance, the analysis focused on the 12070

GeV primary proton beam test data set, because of its small beam size in order

to clearly identify the ring image formed on the sensor plane. Figure 6 and

Figure 7 show the accumulated ring image displays from the 120 GeV proton

beam incident at the center of the mRICH and in the lower-left quadrant of the

mRICH, respectively.75

A ring finding algorithm, using a Circular Hough Transform [15], is developed

in order to determine the radius of the Cherenkov ring image and the number

of the Cherenkov photon on the even-by-event basis. The analysis results are

summarized in Table 1 and 2. Both Cherenkov ring radius and number of

photons found from the test beam data and from simulations agree with the80

analytical calculations.
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Figure 6: Accumulated ring image displays: (left) from 120 GeV proton beam incident toward

the center of the mRICH; (right) from the matching Geant4 simulations. The blank regions

are the gaps between the four Hamamatsu H12700 modules.

Table 1: The radius of the Cherenkov ring image and the number of Cherenkov photons at

the sensor plane from 120 GeV proton beam incident toward the center of the mRICH.

Analytical Calculation Test Beam Data Simulation

radius (mm) 19.4 19.0± 1.3 18.9± 1.0

total # of photons 10.4 11.0± 2.9 11.1± 2.9

# photons on ring 5.9± 1.8 5.8± 1.5

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 toward the lower-left quadrant of the

mRICH.

Test Beam Data Simulation

radius (mm) 20.8± 1.5 21.6± 0.9

total # of photons 17.6± 3.5 17.0± 3.4

# photons on ring 4.4± 1.0 4.4± 1.4
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Figure 7: Accumulated ring image displays: (left) from 120 GeV proton beam incident toward

the lower-left quadrant of the mRICH; (right) from the matching Geant4 simulations. The

blank regions are the gaps between the four Hamamatsu H12700 modules.
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5. Summary and Conclusion

A prototype of modular RICH detector has been successfully tested at Fermi-

lab. The design features of this detector were well demonstrated with consistent

results between test data, the detector simulation using Geant4, and the ana-85

lytical 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 × 3 mm, which should

provide the resolution needed to demonstrate that the mRICH can satisfy the

particle identification requirements of a future EIC detector.90
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Appendix A. 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. 2 for variable notations in the ray diagram.100

The emission angle of Cherenkov radiation θc is given by

θc = cos−1
1

βn
, (A.1)

where β = v
c is the ratio of incident particle velocity to the speed of light inside

the radiator, and n is index of refraction of aerogel. Considering the refraction

at the interface between the aerogel and air, the refracted angle θ′ of Cherenkov

photon is

θ′ = tan−1

√
n2β2 − 1

1− (n2 − 1)β2
, (A.2)
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and the Cherenkov ring radius is

r = f · tan θ′

= f ·

√
n2β2 − 1

1− (n2 − 1)β2
(A.3)

The number of photons emitted in the aerogel is

Nγ = 2παx(1− 1

β2n2
)

∫ λ2

λ1

dλ

λ2
. (A.4)

However, not all photons survive to reach to the photon sensor. Therefore, one

should include the transmissions of each component. The number of surviving

photons is

Nγ = 2παx(1− 1

β2n2
)

×
∫ λ2

λ1

QE(λ) · Taerogel(λ) · Tlens(λ) · Tglass window(λ)
dλ

λ2
, (A.5)

where QE(λ) is quantum efficiency of the H12700 photon sensor. Taerogel(λ),

Tlens(λ), and Tglass window(λ) are the transmissions of aerogel block, Fresnel

lens, and glass window at the front of photon sensor, respectively.
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