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Jinping Neutrino Experiment: Hundred-ton Detector Construction and
Neodymium-Doped Liquid Scintillator R&D
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Design of acrylic vessel

1.0 Chimney

o ShRE
Construction / =
Progress I*.Iiﬁﬁ

® acrylic vessel
isolation for liquid
scintillator, meeting
environmental
requirements.

. ® A rope-based

500 m3 % e securing design to

; counteract the
notable density
disparity £20 %
between the internal
and external liquids
during the
experiment.
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Study on rope selection

e Selection of rope,
weaving, knotting,
and installation
scheme;

Construction
Progress

® Design of a rope
tensioning
mechanism;

® Radioactive
background
measurement and
water solubility test;

® |ong-term creep
testing in aqueous
and oil-based
liquids.

RBRATERE
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Stainless steel water tank and PMT support structure

Construction
Progress

® Water tank design
and its stress and
displacement
analysis from
no-load to full-load
states.

® Design of the PMT
support structure,
arrangement and
installation
modules.
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Detector construction process
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Construction
Progress

Technical

Challenges

Summary

2023

detector  design

structure

20cm R&D

MCP-PMT

. R&D
electronics
detector
construction
R&D

2024 2025 2026 2027
parts
production
manufacture
o)
F =}
manufacture ‘;‘3
— v
commissioning 3

solar neutrino

Time line

liquid scintillator
+geoneutrino

liquid scintillator

Phase 1 (2027-)

Ultra low cosmogenic background (6700 mwe vertically) to measure solar *B
neutrino flux and spectrum.
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Neodymium-
Doped Liquid
Scintillator
Project Plan

Neodymium-Doped Liquid Scintillator Project Plan J
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Trade-offs among PID, resolution, target mass
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Trade-offs among PID, resolution, target mass

KB NEE 7 Lt

m2 e |Mt
. _
Goy (mBB> Mgv \/E e

{RMRLEL:

HAEAF FHFRE & RESTIE
o osaE HREE & BAfE
<100mev & MEFRG

type large energy particle Experiments

mass resolution  identification
liquid scintillator oo KamLAND-Zen. SNO+. JUNO-0v38
time projection o(liquid) o(gas) EXO. PandaX. NvDEX. NEXT
Ge semiconductor oo LEGEND. CDEX
bolometer o o(light readout) CUORE. CUPID
tracker oo NEMO
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liquid scintillator Ov3: focusing on large target mass

o e © Chimney
T
---- Shell Model

> QRCPA . NP Corrugated Tube
L 150F L #
R — W Film Pipe
§t B Suspending Film Strap
\&f | P Photomultiplier Tube
g ¢ ’,/ ThO:W Calibration Point
g 5
<
_‘5 & Te ‘ l
=3 e

Xe-LS 30t i ; _
% ‘ : T ™ Buffer Oil
> (ﬁ) ®B) (©) A\num
3 Outer LS I Outer Balloon
% 1 kton \ (13 m diameter)

- Inner Balloon
q ’H D
ol dd il i Uelelle odl o olle

1 10 10 1 10 10
Myjopese (MEV)

® KamLAND-Zen gave best limits of (mgg) in 2013, 2016, 2023.
® 2024, 3.8 x 1020 yr, (mgg) = 28 meV to 122meV, (arxiv:2406.11438)
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Jinping neutrino experiment “JE/ILvTX!”

R&D for NdLS Constructed Load NdLS for
Ton-Scaled  Pure Water pp solar neutrino
LS Prototype 8B solar neutrino and NLDBD
. . . A | A ‘ | Akton-Scaled
‘ y Pl ‘ I wStratified LS
2024 2026 2028 2030 2032

Covering the parameter space of inverted mass ordering

KamLAND2-Zen JNE NdLS

Kamioka 1 km depth, cosmogenics dominate Jinping 2.4 km depth

High light yield 1%6Xe-LS High light yield °Nd slow LS
Winston cone light concentrator 3D-optimized PMT light concentrator
HyperK high-QE PMT NNVT fast #20cm MCP-PMT

down to 18 meV Touching 20-30meV at 1% loading

arXiv:1703.07527 , arXiv:2303.05373, arXiv:2402.13266, arXiv:2502.20712
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Advantage of Nd

° 01/,86 muItipIe isotopes " j: 76G£ Ejiri, Suhonen, Zuber, Physics Reports (2019)
® Constrain nuclear matrix elements ﬁ :ﬁ‘ (335’%1%)‘ (Sfﬁs"ﬂd)
® Precise (mgg) convertion i = 30
. 82Ge 130T 136%6
® Qg > 3MeV TEw . uE
® Predicted faster decay of Ov3(. 5% 10 o *'Nd
® Suppress natural radioactivity, i
higher energy resolution. ' %6 80 100 120 140 160
RTE
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Advantage of Nd

50 — :
° OI/,Bﬁ muItipIe isotopes ! B 75G£ Ejiri, Suhonen, Zuber, Physic Repirts(_019)
® Constrain nuclear matrix elements ﬁ W gfoffﬁ’e)‘ (5§§5“ﬂd)
® Precise (mgg) convertion B = 30
. 82Ge 130T 136%6
® Q33 > 3MeV R ™ . un
. %— 100& 116cd 150Nd
® Predicted faster decay of Ovf35. + % 10 0 2
® Suppress natural radioactivity, i
higher energy resolution. ' %6 80 100 120 140 160
RTE
(s abundance
KA R MeV %
ONd  3.37 5.6
10Mo  3.04 9.7
%7y 3.35 2.8

e < | S BCa 427 0.19
130T, 136 116cy Se, 1%Mo
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2v 33 induced by solar v

delayed coincidence

A A - v
X+v,—4A, X+ e A XtV oA, Xt et

® no e-v elastic scattering smearing;

® ¢~ carries all the v energy via
e charged-current on the nucleus;

<!

® |t is either a seriuos background or a
solar v machine.

AZX

L
A, XA, X+ ete A, X

Ejiri et. al., Physics Reports, 797 (March 23, 2019): 1-102.
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Zero-background solar neutrino spectrometer
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Zuber 2012
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Technical

Challenges

Technical Challenges




Nd Availability

Neodymium

® Industry: laser, magnets, engine, dynamo, rubber catalyst

® From phosphate ore, NdCl; and Nd neodecanoate available on market.
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Stable Nd organic solution

® SNO+ early R&D

® start from the Daya
Bay's Gd-LS
technology

Nd-LS adapt Daya Bay
doping Gd-doped LS

59 Pr [60Nd| 61Pm 625m 63 Eu [64Gd
L B | & | 2 & |5
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Stable Nd organic solution

® SNO+ early R&D

® start from the Daya
Bay's Gd-LS
technology

Nd-LS adapt Daya Bay
doping Gd-doped LS

59 Pr [60Nd| 61Pm 625m 63 Eu [64Gd
L B | & | 2 & |5

Exploring alternative ligands.
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Absorption bands of the Nd complex

® Select and design more ligands, explore more fluors for transperancy.
® Needs for systematic computation and search.

/ \ ae " Emission of PPO(3g/l) and BPO@g/)
Q

in NdR3 in PC
gls Exitation-267nm B
1-PPO(3g/1)
A

2-PPO(3g/l), flushed
3-BPO(3g/l)
4-BPO(3g/1), flushed

ps
n

&: PPO |

N \ f <
N\ - N
Saas 4 |
. A N

O =
5

&: BPO

Emission, ¢
@

Barabanov et al. arXiv:0909.2152
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Lifetime of excited states

Neutron (N) #

® No available data despite the proximity to stable isotopes.
® How well can we calculate it, or measure it? (PRL 131 052501 & 052502
(2023)) 21/38




Possible measurement of the lifetimes

400~ (.

1556

1525m mSUPm wr ;H
2H “He 4
beam ’ LaBrsarray

159Nd mswm spectrometer
P n
1505 m msopm
sHe

3H

e Apply for beam time and prepare for 1 ns level measurement.
e A 5ICr source to calibrate v, response.
Bucurescu et al. 2012
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Landscape of LS Ov3p3

Experiment target Isotope

element mass
KamLAND-Zen 1ton enriched ¥%Xe
SNO+ > 3ton natural Te (34% 139Te)
JUNO-0vj3s3 100ton 136X e or 130T
JNE NdLS 10ton natural Nd (5.6% °°Nd)
ZICOS 30ton natural Zr (2.8% %Zr)

Common challenge: push for energy resolution and signal/background tagging.
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KamLAND-Zen energy spectra

(a) SD —— Total —— B%Xe OVBPB (90%C.L. U.L.)
10° E=ssasesonee. oo Total (Ovpp U.L.) Xenon spallation products
> — B%e 2vpp —— Carbon spallation + B37xe
= —— IB/External RI
v 103 Internal RI
g —— Solar Neutrino ES + CC
~ —¢— Data
wn -
5 10
>
sa)
C _-H-'*"'--..,\‘_‘\'-_
~1
10 L | L L L L | |J|V L ol | L L L L 1 ——
1 2 3 4
Visible Energy (MeV)

e State-of-the-art for liquid scintillator Ov35.
arXiv:2406.11438 24/38




Energy resolution for 2v55

(a) SD —— Total —— B%Xe OVBPB (90%C.L. U.L.)

10° E=ssacsssenne, Total (OvBp U.L.)

% — Xe2vpp
=
L 10°
(@)
g 10 energy
0 resolution

10_1 ] L L L L | ’_!J L LI L | L N N N 1

1 2 3 4
Visible Energy (MeV)

® 2v(0 is irreducible background

® unless for different angular distributions of Ov30.
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KamLAND2-Zen: 4% — 2%

KamLAND JUNO KamLAND?2

PE yield per MeV 250 >1300 1200
Photocoverage/% 34 78 61
Light yield (relative) 1 15 1.4
PMT QE x CE/% 12 30 23

Hyper-Kamiokande PMT specs

e PMT TTS: 2.6 ns.
e Charge resolution: 31 %.
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KamLAND2-Zen: 4% — 2%

KamLAND JUNO KamLAND?2

PE yield per MeV 250 >1300 1200
Photocoverage/% 34 78 61
Light yield (relative) 1 15 1.4
PMT QE x CE/% 12 30 23

Hyper-Kamiokande PMT specs

e PMT TTS: 2.6 ns.
e Charge resolution: 31 %.

Rooms for improvement

® —\/m = 1.8%. vs. design goal: 2%.

® Major challenges: photon counting, detector response, dark noise modeling.

26 /38



~ from [3 decays

(a) SD —— Total —— 13%e OVBB (90%C.L. U.L.)
105 Evocssseoscs 0909090 CoC Total (Ovpp U.L.) Xenon spallation products
Carbon spallation + B7xXe
—— IB/External RI

Internal RI

Events / 0.05 MeV
3,

Visible Energy (MeV)

® ~ imaging with camera.
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~ spread compared to vertex resolution

10cm e
L
M e_/'/ \
R A
\ v l‘l Possible to model individual
eﬁj} . e electrons.
\\ ll ’{1
\ L Remark
e € 3%

PMT TTS is negligible compared
to scintillation time.

KamLAND?2 vertex resolution for 1 MeV e~ NIM A 568, 2 700 (2006)

light speed

3 :

x 20cm/ns x 10ns =10cm
1200 o
scintillation time
number of PEs

|
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Computed imaging with PMTs

Reconstruction

Photomultiplier
tube

_.- | Compton
| scattering "
A
e
2 N
Photoelectric “‘ A
effect [vas

e My group is developing omni-directional optical time-projection (OyTPC)
® Challenges: photon timing, detector response
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How many [ for solar v

(a) SD — Total
10° Eovosssssonea,. Total (OvBp U.L.)

>
Q
=
2 10°
g Solar Neutrino ES + CC
: —¢— Data
E 99 (Y . *
2 1 t Ty ey

107! | |

3 4
Visible Energy (MeV)

e A solar v always gives 15.
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£ multiplicity: 1y =n x 8

a
i/;!yw

g Q

Cherenkov light in LS

Cherenkov light with  Isotropic liquid C+LS light

directional info. scintillatjon light

Cherenkov detector LS detector v Water based
v Slow LS

® Separation of Cherenkov photons to measure the angular correlation of two

electrons. 31/38




Separation of Cherenkov and Scintillation lights with timing

® Cherenkov time scale: 0.1 ns, scintillation: 10 ns.
® TTS of PMT from 2.5ns to 1.6 ns gives 2x difference.

| htemp 4500 emp —
Entries 240864 plad

6000 Mean 296.7 4000!
Std Dev 2.588 Std Dev 1.321

= Scintillation

—— Scintillation N
5 f R AT i) S %000 IR AT i8]

= Cherenkov

= Cherenkov

CPE/SPE=10.35% CPE/SPE=23.24%

30ch Hama-5912 tfs: 2.5 ns
2 MeV Electrons@fenter

el . o
284 286 288 290 292 294 29 271 272 273 74

6 298 300 302 2 275
PEList HitPosinWindow [ns] PEList HitPosInWindow [ns]

® Challenges: photon timing, fast PMTs, slow liquid scintillator

Remark
Fast Cherenkov photons helps vertex resolution.
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Key technologies

target PE counting detector response Cherenkov
PE timing dark noise separation

energy resolution o o} o

v tagging o o o

5 multiplicity — — o

Achieved milestones.

® Cherenkov separation with slow liquid scintillator and fast PMT NIM A
1055(2023)168506, NIM A 1066(2024)169626;

® PE counting and timing with fast stochastic matching pursuit JINST 17
P06040, arXiv:2403.03156;

® Detector response with time-dependent Poisson point process NIM A
1057(2023)168692, EPJC 85, 4, 438.
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Solution with Reversible jump Markov Chain Monte Carlo

p(wlto. 1) = p(w]|0)p(Dlto. 1)
N—_— ————

no integral

+ / p(@|2)p(Elto. 1)dZ
zZeT

(NG

-~

single integral

+ ff p(@|2)p(Z]to. p)dZ

7eT?

/

TV
double integral

+ jff p(u_)’|z_))p(5|//()f /1)d2’. .

zeTs3

/

triple integral

NPE is the uncertain count of elements

in

ADC

Z.
NPE = 2
250 4 —— origin waveform
—— step:0
200 A — PE

0 100 200 300 400 500
time/ns

® Use Markov chain, having 2" jumping over different terms, solved.

(JINST 17 P06040, arXiv:2403.03156)
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Solution with Reversible jump Markov Chain Monte Carlo

p(wlto. 1) = p(w]|0)p(Dlto. 1)
N—_— ————

no integral

+ / p(@|2)p(Elto. 1)dZ
zZeT

(NG

-~

single integral

+ ff p(@|2)p(Z]to. p)dZ

7eT?

/

TV
double integral

+ jff p(u_)’|z_))p(5|//()f /1)d2’. .

zeTs3

/

triple integral

NPE is the uncertain count of elements

in

ADC

Z.
NPE = 2
250 4 —— origin waveform
—— step:0
200 A — PE

0 100 200 300 400 500
time/ns

® Use Markov chain, having 2" jumping over different terms, solved.

(JINST 17 P06040, arXiv:2403.03156)
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Physics of high-collection-efficiency MCP-PMT

50.06 :— T T —: e_
< E E
=0.05 [J SER from test -
Q L 4
g r "3 SER from MC ]
%0.04 - -
B L Portioh of the Main Peak ] _— —_—
oosf |1 —_ reflected
o L ]
0.02fF L 3 e-
o I 2
0.01E y o Extent of the Jumbo Charges ]
b ]
O 1 1
0 2 4 6 - . -
e, multipled

® Portion of the main peak pg is affected by open-area ratio.
® Extent of the jumbo charges is determined by the true secondary yield d}.

® They are both affected by the probability of multiplication (true secondary
process).

NIM A 1055(2023)168506, NIM A 1066(2024)169626
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Technological achievements in research and development

o BAHEREFE
B SIMCP-PMT

NP Gt 1] 2 R 4R T 5%
TR R RRT L. 7%

NIM A 1055(2023) 168506
NIM A 1066(2024) 169626

KB B2
BENE: INEK
B5wEL)E: 24N/ K
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Construction

Technical

Challenges

Summary

Highlights of JNE$Nd$-doped liquid scintillator for Ov 33

© Large target mass: 500 kg "°Nd is 2% natural Nd;
® High Q value, expected faster Ov 35 decay;
©® Unique zero-background solar v spectrometer;

o FERE: KFERREL I, VASAEIHAEMYIE, S5EXREL
ERAEE. SMINEPLARNHLEELKERR.
Established technical foundation
Fast PMT and electronics, PE counting, Cherenkov-scintillation dual readout.
particle identification 3/, Cherenkov readout
energy resolution high light-yield transparency LS, photon counting

10ns coincidence precise photo-electron time measurement

Ongoing efforts

® High light-yield transparency Nd-doped LS.

e 150pyy 1+ in-beam spectroscopy measurements, calibration of v, response. )5
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AFHHIIX S B E el

» Charged current on Li-7 has an advantage than v, ES in measuring solar neutrino

upturn effect
« JNE is very sensitive to Qinghai-Tibet plateau crust neutrinos

* Have the capability for PID to suppress atmospheric neutrino neutral current

background
s , SOF 5 pe B
] g Expected IBD Events 3z ! .
2 8 sl Reactor neutrinos st . © Liquid scintillator
= z 2 4 SlowLS
o 2 —— Geoneutrinos from 238U | &
3 2rXiv:2203.01860 £ 30 - Geoneutrinos from 232Th | £
E arXiv:1612.00133 Z
> 20
£
Z
2 10f redicted IBD events at
s e Jinping site. - The significance level of
i L E ! “J 3 discovering SRNs.
) T2 3 4 5 6
Neutrino Energy [MeV] Neutrino Energy [MeV] e
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M F= Dirac BI03?

° W8} 10 F/5, JUNO MHHPHFRENEF, HINELERHEREHET
(mgg) ~ 10meV MAAREMERE 0vps3, WZHRME?

e RZ, 5K 20 Ffa, HNNEEHRRBEHEHAET (mgg) = 1meV, AR
BMEE 0vpp , WZHf?

74 g —1] | N
f¢1ﬂ¥@mi’aﬁg 01/45 Heeck and Rodejohann 2013

d u

ov4p d 2 u

150 w - W~

r Nd o, —555— -
0+ Pl Opm !3454 ¢ _

! I 1SOEH !972 Y ¢

! 1
0, !

1
E 1504 v\)‘%—>— e :

5 o+
< 24! Vaoss - - e
O+| W 3340 | 2259 w w
1506, d u

d u
o A—SRBRRBIEFHFOBKTRIE 177 ~ 1 x 109y e




FRSFIFHHIERES

o PRI
JREt i Ly
ARG

i

21 26 34 fight/MeV

. 0u4ﬁ FBOREKRR 2028, MIBNRAEREDWR
BRAMERIKIE, BRIEENEFENBEFHRE, XOERNBFHES
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Autoionization Level

17)

LALLALLAL FAL LAY LILLLLL LA L L L S

Suryanarayana 2022

lonization Limit

Detuning of Laser-2 relative to ***Nd resonance (MHz)

PINd BIFEEAB 20 [ERATIE]

o ERAMLIITE, Nd ZBESSYH, TEFERBOVIA
[RFZSBEENLEDE (atomic vapor laser isotope separation, AVLIS)

4000

2000

-2000

-4000

-4000 -2000 0 2000 4000
Detuning of Laser-1 relative to **°Nd resonance (MHz)

Ionization Efficiency

(Normalised to abundance)

1.0x10%
52x10°%
2.8x10°
1.4x10°
7.6%10°
4.0x10°
2.1x10°
1.4x10°
5.8x107
3.0x107
1.6x107
8.3x10°
4.4x10°%
2.3x10°
1.2x10°
6.3x10°
33x10°
1.7x10°
9.1x10°"°

I~ 4.8x107°
2.5%10"°

1.3%107"0
6.9x10°""
3.6x10™"
1.9x10"
1.0x10"

o
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° Li-7 BESR,

p-—ER FfIRD =



NdLS production plant

[ Ndc; - 6H0 | [Tmea | m [as] [pro] [ bismss |

reactor

Nd-TMHA|
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Stratified liquid scintillator

reflector Glycol

Nd-Ioad/ed LAB & & & &

Nd-loaded LAB

@ A\

Glycol reflector
e inspired by SNO+ long-standing (7month+) mixed phase.

® possible to do away with nylon baloon or acrylic vessel.
® test a 1ton prototype in Beijing and in CJPL.
Mortan-Blake, NIM A, 2022
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Why SNO+ switched from Nd to Te

® Nd absorption lines
® Nd enrichment

¢ Robertson(2013) implies the higher Q value of Nd is offset by some unknown
empirical law.

9/11



Reconstruction optical model

r=099and 6 =0

— fit
B truth

200

100
Time/ns

® Inhomogeneous poisson process as the basis of optical transport.
® DayaBay flash-ADC anti-neutrino detector for a test of reconstruction
feasibility.
NIM A: Liangjian Wen 2011, Wei Dou 2023

u]
8
I
i
it
ul
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Road to particle identification

e Scintillation
® Poisson point process for isotropic light emission.
E— Nee
Zj Aj
j is the index of PMT and ) is the expected number of photoelectrons.
® Cherenkov-Scintillation

Cherenkov light with  Isotropic liquid C +LS light

directional info. scintillatjon light

Cherenkov detector LS detector v Water based
v Slow LS

® Tracking-Cherenkov-Scintillation
® Tracking is inevitible to correctly get Cherenkov
® 1. MeV need imaging: embed dynamic laws into reconstruction.

/11
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