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Recent advances in the

development of the
MARQ RICH detector

for hadron spectroscopy at the J-PARC High-p beamline
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MARQ (Multipurpose Analyzer for Resonances ki
and Quark Dynamics) Spectrometer Cherenkey detector Ring-Imaging

Cherenkov detector
RPC TOF wall

* High-p delivering 2-20 GeV/c secondary particles
-/ K*/p™/u™ up to 108 particles/spill

FM Magnet \

Barrel DC

 First beam measurements done in 2025 Q1 Ly target

: TO -
PoS(HADRONZ2025)142; s |

: JPS Conf.Proc. 45, 011023 (2026);
« MARQ spectrometer for various XiVO608.25374 X

fixed-target hadron physics experiments "

\ TOF wall

Drift chamber

Fiber tracker
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Light quark baryon Charmed baryon = baryon Q) baryon G P DS Vi a = (q)
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Dibaryon search
(E79)

Diquark correlations

via Baryon spectroscopy \
(E50, P85, E97)

Pentaquark search

via J/y production

Ap elastic (P111)
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Charmed Baryon Spectroscopy (E50)

via Missing Mass Method

* How do quarks form inside hadrons? Diquark correlations:

’ Isotope shift

* |nvestigate ‘diquark’ correlations from excitation spectrum

Spin-Spin

of heavy baryons — o mode

N

 Missing mass method, measurement of decay products

A mode

Ground state

« 1/K/p PID efficiency of 99% to keep background at only 5%

7
Reaction diagram: Expected spectrum (simulation): / qq
S 400 — —
2 350F = QY Qo g qqQ
o : N = A
2 300 n = 1< 2 =
= ) off = —
S 250F b o || g 2 I / Lo
S 2008 s QN | R g S
Q <U g O
1=0 = <[ J-PARC Proposal E50:;
150 JPS Conf.Proc. 45, 011113 (2026):
50 Nuclear Physics A 954, 341-351 (2016)
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Missing Mass [GeV/c?] 4



Cherenkov Angles for 1, K, p in different radiators

Aerogel
for Hadron ID across wide momentum range
E
- cg:\(n;m?s LHCbRICH-1 CBMRICH ePICdRICH MARQ RICH e e B E
F
o rnose Hadron ID Hadron ID Electron ID Hadron ID Hadroni ( | ( 7 (_3_ {_10____
P IT/K/P IT/K/P e/m r[/K/p r[/K/p e =t L : _____________________
rMazlgT‘eentum 3_55 GeV/C 2_1 OO GeV/C 1-1 O GeV/C 3_50 GeV/C 2_20 GeV/C 0“0:0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Angular £250 mrad ~ 25-300 mrad ~ 2.5°-25° 3.5°-25° up to ~20°
acceptance
Radiator C4Fq0 C4Fq0 CO, Aerogel + CoFs | Aerogel + CaF1o
Mirror area 21 m? 2 m? 12 m? 10 m? 17 m?2
5.5 m?2
Photon (MAPMT + 3k MAPMT 1k MAPMT ~3 m? ~4 m?
2 Qi 2 Qi
detectors  Cs-MWPC/ 196k ch 64Kk ch 3"33?6?( CS;:PM 6X5 rgli“df"PM
THGEM)
Overall size ~120 m3 ~7 m3 ~80 m3 ~13 m3 ~72 m3

*approximate values from available published sources, intended only for general comparison




Ongoing R&D for each subsystem

Spherical Mirror

« = 3m, upper and lower
e 80 tiles of ~40cm x 50cm

 Mounting and alignment
still being studied

Aerogel (n = 1.04)

e 5cm thickness, covering
~2m X 2m area

* Production c/o Aerogel
Factory nivA 1090, 171665 (2026)

MARQ RICH Detector

NIMA 766, 36-38 (2014);

JINST 20, C06070 (2025)

top view
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side view

SiPM Detectors
4 Photodetector modules of

~Tm x 1m e

Hamamatsu MPPC Q
Pros: cost-effective, 'wm et
Cons: small sensitive area,
large dark count rate

compact, robust

CIRASAME FEEs

 for high-density SiPM |
readout with TDC, ;
bias voltage supply, FESESEs
and CITIROC1A ASIC §.£--%¥

PTEP 2026, 083H01 (2026) =R

CsF10Gas (n = 1.00137)

e 1.5cm thick gas chamber

and recirculation system

+ Issue: availability of gas [@



R&D #1
Alternative Gases



Gas Radiator Issue
High GWP of RICH Gases

* Perfluorocarbons (CnF2n+2), standard RICH radiator gases,

Eur. Phys. J. Plus  (2023) 138:1141 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-023-04703-w PHYSICAL JOURNAL PLUS

Regular Article

uuuuuuu

The ““green” use of fluorocarbons in Cherenkov detectors and silicon tracker
cooling systems: challenges and opportunities in an unfolding era of alternatives

G. D. Hallewell®
Aix Marseille Université, CNRS/IN2P3, CPPM, Marseille, France

R@e;;:ii;ti(())r/(\sgrizloggB / Accepted: 16 November 2023 E u r_ P hyS . J . P | u S 1 38 . 1 1 4 1 (2 02 3)

gradually disappearing in the market due to high Global Warming Potential (GWP)

o Still available in EU/USA, but production discontinued in Japan

* Possible solutions being studied by DRD4 Collaboration:
* Closed circulation and leak monitoring

* Pressurized inert gases (ePIC dRICH)

https://indico.cern.ch/event/1609396/contributions/7037247/
attachments/3256951/5813969/16 apr pressurized gas.pdf

* Alternative gases as substitution

—

‘ *
LLQPRDAI' ' (G\AC/;F>f= 2)

(GWP20 = ?)
CF5C(O)F

CsFsO C,FsO NOVEC 5110 CsF,,0 NOVEC 649 C4F 1,0
(GWP20= ?) (GWP20= ?) (GWonz < 1) (GWP20= < 1)
CF5C(O)CF4 CF;CF,C (O)CF; [13] [12]

CF;C(O)CF(CF5), CF5CF,C(O)CF(CF3),



Search for Alternative Gases

New Generation of Fluorocarbons

e 4th Gen HFO/HCFO gases have

low GWP

* HFO gases are flammable

* They are corrosive to some

materials

* Requirements:

* Optical quality (refractive
index, chromatic dispersion,
transparency)

* Practicality (stability, dew
point, low cost)

PFC:

Oth gen

GWP

PFC-14(CF4), PFC-116(C2Fe),

Stable, non-flammable, non-

Perfluorocarbon 7,00~10,000 |PFC-218(CsFsg), PFC-3-1-10(C4F10), ... corrosive
CFC: 1st gen GWP CFC-11, CFC-12, CFC-113, Stable, non-flammable, non-
Chlorofluorocarbon 9 4,000~12,000 CFC-114, CFC-115, ... corrosive
HCFC: ond gen GWP HCFC-22, HCFC-123, HCFC-142Db, Moderately stable, Slightly
Hydrochlorofluorocarbon J 100~2,000 HCFC-225, ... reactive
HFC: 3rd gen GWP HFC-32, HFC-125, HFC-134a, Stable, Non-corrosive, Slightly
Hydrofluorocarbon J 200~12,000 HFC-245fa, HFC-143a, ... flammable
HFO: Less stable, Corrosive to resins,
Hydrofluoroolefen 4th gen GWP <1 B-1234yf, B-12342e, R-1233mzz, ... moderately flammable (A2L)
HCFO: Ath gen GWP <1 R-1224yd. R-1233zd. ... ess stable, Corrosive to resins,

Hydrochlorofluoroolefen

non-flammable




Index Measurement

via Mach-Zehnder Interferometry

* Fill gas cell with select gas at positive
pressure. Pump down from 0 MPa (~ 1 bar)

to -0.1 MPa (vacuum) SRRy N U N N
A B L i r = o > . , L 4 e & Y /
> 4 - VTS - e - ¥ . 3 - S - < A T SR 7 4
_ A ) 2 - f 2 % - X - » = S % L.T"\ v

* Record the interference image and count
the movement of fringes.

1_l_N/l
o Nyoo = —
gas 7

e [:celllength =7cm, A =594.1nm
 N:fringe count, ngas: index at 1 bar

* Temp: Monitored, at room temp w/ only
~0.1-0.2°C fluctuations




Index Measurement

Preliminary Results

 Measured values at ~1 bar, 18°C, 594.1nm,
after calibration/correction with N2 gas

* Our results match other literature values to
some extent, considering diff in temp and
wavelength conditions

* Index values of HFO/HCFO gases
comparable to CaoFs

* Highest index we got so far ~1.0012
(c.f. C4F10 ~1.0014)

* Systematic errors and high uncertainties
remain

Refractive Index (n)

1.0014

1.0013

1.0012

1.0011

1.0010

1.0009

1.0008

1.0007

1.0006

1.0005

1.0004

Known value

Literature value

HFO-1234y!1

HFO-1234ze

*
\ o
.
.
.
-
1 .

—~HFC+134a -

HCFO-1233zd

C2Fe i

100

150 200 250
Molar Mass (g/mol)
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Index Measurement
Next Steps

* New and improved Mach-Zehnder
interferometer under construction
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* Better and more precise pressure gauges
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* (Gas cell with longer path length (~20cm

 Redo measurements and verify results

- ——r o -

* Plan to also investigate wavelength-
dependence of index

* Results can be expected soon




Other Measurements
@CERN COMPASS and Gas Detector Lab (2025/12)

1012 Scintillation Spectrum at P = 1 bar

VUV Transparency
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Corrosiveness Test
for HCFO-1224yd (AGC Chemical)

« HCFOQO gases have aggressive corrosiveness to acrylic

* Need a mitigation = Anticorrosion coating/film, Quartz window??

* Currently testing w/ acrylic sample, 22°C, >1week: no visible effects

25x30x2mms3, 50°C 120h liquid

Blowing agent AMOLEA:. 1224yd HFC-245fa Blowing agent AMOLEA~ 1224yd HFC-245fa
: Weight Volume Weight Volume : Weight | Volume Weight | Volume | Elution
change, % change, % change, % change, % | change, % %
PVC (Rigid) 0 0 0 0 Natural rubber 2 -3 9 2 1 1
PVC (Soft) 8 =12 LoD alo) Silicone rubber [CE! 103 3 12 10 1
Z : N1D NOD Urethane rubber 56 49 0 26 21 0
— — Butyl rubber 2 -3 13 -4 -6 B
Polypropylene 9 5 2 0
Polystyrene 11 8 0 0 Chlorosulfonated
. : : : . : polyethylene rubber 11 9 5 -1 -3 7.
Dissolved  Dissolved  Dissolved Dissolved (Hypalon-)
Polycarbonate 1 1 0 0
Polyphenylene oxide 8 5 N.D. N.D. Chlortc))t;)) fene 6 3 11 =3 -6 6
0 0 -1 0 —
9 6 2 0 _EPDM_ JEC 1 9 1 0 1
Nylon 66 0 .. -1 -1 Nitrile rubber 2 -4 10 6 4 7
0 0 0 0 KM 56 1 70 109 3
PTFE 5 7 2 1 ' HNBR  [RFE: 9 12 21 14 10



R&D #2

SiPM Cooling



via Liqu

e Dark co

Reduce Dark Count Rates

id Cooling of SIiPM

unt rate (DCR) dependence on

operatir

g temperature and bias voltage

e Characterization of Hamamatsu MPPC
S13360-6075CS

 Simple SiPM liquid cooling test setup

* |nsulation box flushed with dry gas

* Cooling pipes on copper plate with
chiller-cooled glycol coolant

« DS18B20U temp sensors

20 - § s
15 -
w
= |
3
QU
=)
P
2 10 4 =
© - 3rd Coolant Line
Q .
g- — 1st Coolant Line (In)
@ — 4th Coolant Line (Out)
5 . 2nd Coolant Line (SiPM)
External Sensor
— Detached Sensor
® Target Temperature
O -
0 20 40 60 80 100
Minutes
Temperature Data
10 - —— 3rd Coolant Line
— 1st Coolant Line (In)
. — 4th Coolant Line (Out)
E 2nd Coolant Line (SiPM)
% 0 1 External Sensor
% - Detached Sensor
b ® Target Temperature
© .
N
& —10
- -
= ‘!
=20 s

Temperature Data

0 50 100 150
Minutes

Credits to T. Williams (Duquesne U.)

200
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SiPM Cooling

Preliminary Results for S13360-6075CS

 Every 10°C decrease in temperature reduces the DCR by approximately a factor of 6

* QOvervoltage increases gain, but also increases DCR

Log
105 4+ —— Reduction factor: 0.08T + 2.96 =
10* ,
— v/v
T
= .
= ”
3 ©
/.
© 103 e
s
e @
7
. O
. -
4
. . 4,
105
i @

Temperature (°C)

10

20

Count (Hz)

600 -

500 A

400 -

W
-
o

200 -

100 -

- Reduction factor: 125.93V + -6439.03 @

d

52.0

52.5

53.0 T B 54.0 54.5 55.0 ~ P 56.0
Operational Voltage (v)

Credits to T. Williams (Duquesne U.)
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R&D #3
Light Concentrator



Maximize Photon Collection

. . Entrance Exit
using Light Concentrators (d;, = 24 mm) (d, = 12 mm)
» Optimized hollow light concentrators to focus | XYY Y :

photons onto SiPM sensitive areas : [ - g
5 A TNA A 5 &
 Hexagonal shaped for honeycomb-like 3
packing layout to minimize loss |

* 1/3 ‘open’ pieces for vacuum evaporation
coating (long-term stability)

* Entrance size determines granularity, exit
size aligned to SiIPMs

* Curved cones following ‘Winston Cone’
geometry for angular acceptance

1/3 piece full assembly 19



Winston Cone Optimization

via Ray Tracing Simulations  astopart. phys. 38, 18-24 2012)

< d=46
S :

\
o
e ™\

NIM-A 1087, 171395

(2026)

* Winston Cone geometries constrain angular
acceptance

* Photons entering at angles smaller than a
critical value are collected with at most a
single reflection, while those entering at

H<¥

H>6

larger angles are reflected out

» Critical angle determined from 2 dof: d,, d,

* We fix entrance size, and investigate several
options; We decide to go with the red design

10 =

e This means exitis 12mm x 12mm, need to

A\

combine 2x2 array of 6mm x 6mm SiPMs T

10 0 10 20

0.2

0.1

0.0-llll 111

20 25 30 35 40
Angle of Incidence [deg]

20



Combining Multiple SiPMs

Possible Connection Techniques

 Combining 4 SIPM as 1 sensor

* Options: (a) serial connection, (b)
parallel connection, or (c) hybrid
connection

* Pros and cons for each type of
connection

 May go with parallel connection
for common bias voltage and no
loss in gain, but still an open
choice

£

A
A

A

(- -

- nS
P =3

l 'l |

Normalised pulse height
5 .
o

L8

\
-1
A
90 100 110

/

— 1 SiPM
— 2 SiPM series
— 3 SiPM series

— 4 SiPM series

TS rP e B s IR { TP

120 130 140 150
Time [ns]

Sensitive area | Bias Voltage | Signal shape | Gain | Vgp adjustment
Single 1 Vi +0OV - 1 -
Series N Nx (Vyp-+0V) faster 1/C Yes
Parallel N Vir+0OV slower C No
Hybrid N Vi +0OV faster 1/C No

PANDA Barrel Time-of-Flight TDR (2018)

21



Latest Prototype Designs
Photodetector Module w/ LC and Cooling (R

e 2x2 array of MPPCs combined on a

single QuadModule (QM) PCB light

concentrator

* Takoyaki plate for easy alignment and
installation of light concentrators and
QM PCBs

Hamamatsu EeIVEYel\Y[eYe (V][=N{01:]

MPPC (2x2)

* Cooling pipes for coolant connected to
Takoyaki plate via ‘bridges’; QM PCBs
with high thermal conductivity

cooling pipes

* Other components still to be designed
(insulation box w/ feedthroughs,
mother board, connection to FEES)

DS18B20U
temp sensor

SAMTEC

Takoyaki Plate
connector

(bottom view)

mother board Designs by K. Ohno (CFC, UOsaka) 99




Conclusions Ve

Summary and Outlook O PR ik

* Next-generation RICH detector for hadron PID at J-PARC MARQ

* Ongoing R&D efforts on subsystems: (1) Optical quality measurements for alternative radiator
gases; (2) SiPM cooling to reduce dark count rates; (3) photodetector module design with light

concentrators
 Towards a Mini-RICH (1/4 Module)
o 2026 Q4: Construction of components

« 2027 Q1: Detector assembly and validation

i
<
!
ot
1 )

e 2027 Q2: Beam tests at J-PARC

'

Thank you for your attention!
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High-p (7z20) beamline @J-PARC

Magnet:
D : Dipole
Q : Quadrupole
S : Sextupole

L

Collimator (IF)

Dispersive Focal Point (DP)
Ap/p~0.1%

oA
A o
. A
\ »,
-
. 5
-~

Exp. TGT(FF) @

1.E+09

1.7 X 108 /spill @ 20 GeV/c

Intensity [/spill (5.2 sec)]

1.E+08

1.E+07

1.E+06

1.E+05

1.E+04
0 1 2 3 4 5

% 15-kW loss @ production target

pbar

8 9 0 11 12 13 14 15 16 17 18 19 20

[GeV/e] 26




Gas Properties

2.44MPa @80°C

9.7bar @54°C

Name CaF10 R-134a HFO-1234yf HFO-1234z¢(E) HCFO-1233zd HCFO-1224yd
Manufacturer various various Honeywell (US) Honeywell (US) AGC Chemical (JP)
chermical Name Perfluorobutane / 11,1,2- Tetrafﬁi’%sr'op_ - 1,3,3,3- (2)-1-Chloro-2,3,3,3-

Decaflorobutoane | Tetrafloroethane ene Tetrafluoropropene Tetrafluoropropene
Chemical Formula C4F10 CoH2oF4 CsH2F4 CF3CH=CHCI (Z2)-CF3sCF=CHCI
CAS Number 355-25-9 811-97-2 754-12-1 29118-24-9 102687-65-0 111512-60-8
Typical Cost in Japan (JPY/kg) - 3,800 30,000 13,000 12,000 13,000
Molecular Weight 238 102 114 114 130.5 148.5
Boiling Point (°C) -2 -26.1 -29 -19 19 15
Freezing Point (°C) -128 -103.3 -115
Critical Temp. (°C) 100.9 95 156
Vapour Pressure 330.3 kPa 0.677MPa @25°C, | 3.2bar @21°C, | 45 31pa @20°C

Frammability Range (Vol% in Air) non-flammable non-flammable 6.2~12.3 7.0~9.5 non-flammable non-flammable
Ozone Destruction Potential (ODP) 0 0 0 0 0.00023
Global Warming Potential (GWP) 6870 1,430 <1 <1 1 0.88

27



Impact on RICH PID

Considering lower refractive index

Cherenkov Angles for i, K, p in different radiators

250 -
g 200 -
© |
- .5 — pDiON (Aerogel (1.040)) - == pion (HCFO-1233zd (1.00116))
'5‘ - e Kaon (Aerogel (1.040)) kaon (HCFO-1233zd (1.00116))
— / - proton (Aerogel (1.040)) - = proton (HCFO-1233zd (1.00116))
g’ 150 - Iy
© :" - == pion (C4F10 (1.00137)) <+« pion (HCFO-1224yd (1.00101))
8 ( - == kaon (C4F10 (1.00137)) kaon (HCFO-1224yd (1.00101))
-\‘C‘ t? - == proton (C4F10 (1.00137))
Q 100 - r; threshold regions
Q
= r
&,
E-l
50 - bt irrbryierir by L ey P ey
’:..;‘-__ ______ TEEEELERER ' [ 2 s i R e O
o’: ’ o ™ e
V4 20 o™ o
I 4 r = - > -
I j" // ”
0 - 4
0.0 2.5 5.0 7 10.0 12D 15.0 LT 20.0

Momentum [GeV/c]




RICH Angular Acceptance

Estimation via Ray Tracing Simulations

Track angle = -40° Track angle = -30° Track angle = -20°
D 1 Upper Fhes A 1 Upper 1 Upper
£Z2 Lower Mmhtth A | .22 Lower " ZZ2 Lower
HH N U ~ 2'7 THHH F'-}:M h 0 -
A 44, AV _4 ’ i UM -
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v v w
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