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in the TRIDENT Pathfinder

The Camera System

----An eye for real-time optical calibration



1. Next-generation water-based neutrino telescopes

2. Optical calibration in weakly scattering water medium:

        (1) Optical models in water medium  (2) Extra challenges compared with ice

3.    The camera system of the TRIDENT Pathfinder:

        (1) Hardware design   (2) Image analysis methods (3) Simulation (4) real-time Calibration

4. Outlook & Summary
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Outline
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The dawn of neutrino astronomy

Wei Tian  (TDLI)

Neutrino sky: Event statistics:

Angular/Energy resolution: Flavor separation:

Precise flavor detection at 2040

arXiv:2012.12893

(Location) (Volume, Detector layout, Depth)

(Optical medium, Detector layout) 

IceCube-Gen2

𝝊𝝉

Glacial ice

Deep water

𝝀𝒔𝒄𝒂 < 𝝀𝒂𝒃𝒔

𝝀𝒔𝒄𝒂 > 𝝀𝒂𝒃𝒔

❖ Observation of astrophysical neutrino fluxes：

❖ The origin of astrophysical neutrinos:
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Global next-gen Cherenkov neutrino telescopes

Medium: Deep-sea water

Depth:  ~ 3.5 km

Volume:  ~ 1 km3

String number:  115*2 blocks

Wei Tian  (TDLI)

Medium: Glacial ice

Depth:  ~ 2.5 km

Volume:  ~ 8 km3

String number:  ~210

Medium: Deep-sea water

Depth:  ~ 2.6 km

Volume:  ~ 1 km3

String number:  ~70

P-ONE (East Pacific Ocean)

KM3NeT (Mediterranean Sea) Baikal-GVD (Lake Baikal)

Medium: Deep-lake water

Depth:  ~ 1.4 km

Volume:  ~ 1 km3

String number:  ~140

IceCube Gen-2 (South Pole)
TRIDENT (West Pacific Ocean)

Medium: Deep-sea water

Depth:  ~ 3.5 km

Volume:  ~ 8 km3

String number:  ~1000

HUNT, NEON

#Talk 1. by Albrecht Karle

#Talk 3. by Paschal Coyle

#Talk 9. by Tianqi Huang

#Talk 8. by Lili Yang

#Talk 5. by Xin Xiang
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Water depth:  ~3500m

Number of strings: ~1000 (20 hDOMs per string)

Inter-string distance: 70m/110m, Inter-DOM distance: 35m 

Detection Volume: ~8 km3

Conceptual design of TRIDENT

TRIDENT collaboration, Nature Astron. 7 (2023) 12, 1497-1505

Penrose-tiling geometry:

1. Avoid corridor events 

2. Balance track/cascade events 

3. Paths for underwater-maintenance

hDOM = PMTs+SiPM
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Optical calibration in water-based neutrino telescopes 

❖ The canonical optical parameters:

Absorption length (𝝀𝒂𝒃𝒔)   ~ photon loss

Scattering length (𝝀𝒔𝒄𝒂)  ~ photon deflection

Attenuation length (𝝀𝒂𝒕𝒕):

Rayleigh scattering (𝜆𝑅𝑎𝑦): 

Mie scattering (𝜆𝑀𝑖𝑒 , 𝑐𝑜𝑠𝜃𝑀𝑖𝑒 ): 

𝐼 𝐿 =  𝐼0 ∙ 𝑒
−(

𝐿

𝜆𝑎𝑏𝑠
+

𝐿

𝜆𝑠𝑐𝑎
)
 = 𝐼0 ∙ 𝑒

−
𝐿

𝜆𝑎𝑡𝑡

Propagation distance  L

𝐼 𝐿𝐼0

❖ For the isotropic light source scenario:

𝐼 𝐿 = 𝐼0 ∙
𝑑𝑆

4𝜋𝐿2 ∙ 𝑒
−

ത𝑳

𝜆𝑎𝑏𝑠

𝐼 𝐿 = 𝐼0 ∙
𝑑𝑆

4𝜋𝐿2 ∙ 𝑒
−

𝐿

𝜆𝑎𝑡𝑡

For the direct photons:

Radius = L

Radius = L

Direct + Scattered photons:

𝐼 𝐿 = 𝐼0 ∙
𝑑𝑆

4𝜋𝐿2 ∙ 𝑒
−

𝐿

𝜆eff,𝑎𝑡𝑡

(𝛌𝐞𝐟𝐟,𝐚𝐭𝐭 is not a constant number!)

ത𝐿 (𝐿, 𝜆𝑀𝑖𝑒, 𝜆𝑅𝑎𝑦, 𝜃𝑀𝑖𝑒 ) is a function

(TRIDENT Camera: arXiv:2407.19111 )
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Challenges of optical calibration in deep water

Extra challenges compared with ice:

1. Dynamic state of detector

2. Time-varying optical properties

3. Non-uniformity in different regions/depths

4. Bio-activity / Sedimentation

A detector demonstration in the SJTU ship towing tank

A real-time optical calibration 

system across detector arrays

 is necessary! 
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❖ TRIDENT EXplorer (T-REX)

TRIDENT Pathfinder experiment (2021)

Camera

PMT

Light source

❖ T-REX deployment (depth of 3420m)

Receiver Module
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Light Emitter Module (LEM) : 

Three wavelengths:  405nm, 460nm, 525nm

Pulsing mode (PMT) & Steady mode (Camera)

         

Light Receiver Module (LRM) A&B : 

Two systems: PMT and Camera systems

Synchronization :White Rabbit (< 1ns)

Experiment goals:

1. Optical properties 

2. Oceanographic conditions

3. Radioactivity (K40 decay)

4. Prototype test at 35MPa

T-REX apparatus

(PMT: JINST 19 (2024) 05, P05040, Camera: arXiv:2407.19111 )

(Light source: NIM-A 1056 (2023) 168588)
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Hardware design of the camera system

Camera + Isotopic steady light source:

1. O(~0.05s) exposure time: Fast measurement

2. ~8cm size: Integrated in DOMs, across the detector

3. Robustness: no need for precise synchronization

4. Other applications: Bioactivity & Self-monitoring

Camera: MER-502-79U3M

Lens: Computar-M2518

f =25mm

CMOS: Sony IMX-250,~5M Pixels

Power < 2.7 W

Viewing angle ~16° in water

Control & DAQ module : Raspberry 4Pi & FPGA

micro-SD

1. Two additional sensors for DOM monitoring

2. Real-time data transmission/ Remote operation

T-REX  LEM 

Power~6 W
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Camera settings in the blind water condition

1. Exposure time scanning:

Fast mode:  0.02s

For 405nm: 0.11s 

For 460nm: 0.05s

For 525nm: 0.07s

Environment mode: 0.5s, 1.0s

LED brightness
calibration in lab

2. Gain scanning:

Gain = 0~20, step2

ExpoTime * Gain * 20 pics = 1200 pics

For each wavelength (~8 min):

(× three wavelengths)

Direct light 

Scattered light

Scattered light distribution

Direct light, collimated area 

From Cam-B:

Depth=3420m, 465nm
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❖ Using the mean gray value of the Centroid Pixel:

Within a unit solid angle: 𝐼𝑑𝑖𝑟 𝑅 = 𝐼0 ∙ 𝑒
−

𝑅

𝜆𝑎𝑡𝑡

Scattered light distribution → 𝜆a𝑏𝑠 , 𝜆𝑠𝑐𝑎

Direct light         →  𝜆𝑎𝑡𝑡 , bias ~ O(1%)

𝑰𝒄𝒆𝒏𝒕𝒆𝒓 method: 𝜆𝑎𝑡𝑡= −(𝐿𝐴 − 𝐿𝐵)/ln(−
𝐼𝐴

𝐼𝐵
∙

𝐼0
′

𝐼0
)

The 𝑰𝒄𝒆𝒏𝒕𝒆𝒓 method for 𝝀𝒂𝒕𝒕 measurement

~0.6∘ ~1.1∘

𝑰𝑨 

(
 𝐼0

′

𝐼0
 indicates the non-uniformity of the light source)

Pixel (Exclude scattered light by a small viewing angle )
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❖ Comparing the gray value distribution of Real & Geant4 Simulated images:

𝝌𝟐 fitting method for 𝝀𝒂𝒕𝒕 , 𝝀𝒂𝒃𝒔, 𝝀𝒔𝒄𝒂measurement

NIM- A 1054 (2023) 168367

R

G4+ LEM emission profile: 2D image → Normalized 1D gray value profile

Scattering tail 𝝀𝒂𝒃𝒔, 𝝀𝒔𝒄𝒂, 𝒄𝒐𝒔

Absorption dominate

By minimizing:

𝝀𝒂𝒕𝒕 , 𝝀𝒂𝒃𝒔 
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❖  Long-distance test in air [5m, 42m]

No water After filling water

3.5m Water tank

𝑒
−

𝐿
𝜆𝑎𝑡𝑡

❖ Water tank experiment to test 𝑰𝒄𝒆𝒏𝒕𝒆𝒓 

Verification of the 𝑰𝒄𝒆𝒏𝒕𝒆𝒓 method 
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Calibrate the cameras in deep-sea temperature

NIM-A 1056 (2023) 168588

Low-temperature calibration

Calibrate the emission PDF of the T-REX light source

As a weighting factor in 

Geant4 simulation

NIM-A 1056 (2023) 168588
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❖ Distortion & Linear response test ❖ Focal length recalibration in water 

Pin-hole camera 

assumption test

Linear response

& Saturation test

Camera response calibration

Ship Towing Tank in SJTU campus 

An extra ‘lens’ caused by curvature of  glass vessel 
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❖ Monitoring on the research vessel:
Depth 3420m, wavelength 460nm, 0.05s gain08

LRM-B: 21.5m LRM-A: 41.6m

Remote operation of the camera system
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T-REX PMT system

T-REX Camera system

Optical measurement results from T-REX

TRIDENT,  Nature Astron. 7 (2023) 12, 1497-1505

𝐺𝑙𝑜𝑏𝑎𝑙 𝜒2 𝑓𝑖𝑡𝑡𝑖𝑛𝑔

JINST 19 (2024) 05, P05040

𝐼𝑐𝑒𝑛𝑡𝑒𝑟 method: 𝜆𝑎𝑡𝑡 ~ 6%

𝜒2 fitting method:  𝜆𝑎𝑡𝑡~ 1% 𝜆𝑎𝑏𝑠 ~ 2% 𝜆𝑠𝑐𝑎~ 6%

Measurement Accuracy:
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Outlook & Summary

Wei Tian  (TDLI)

• TRIDENT is next-gen water-based neutrino telescope: 8 km3, 1000 strings, 20,000 hDOMs.

• The T-REX was deployed in 2021 for site selection, 3500m water depth

• The Camera System of T-REX: real-time 𝝀𝒂𝒕𝒕 , 𝝀𝒂𝒃𝒔, 𝝀𝒔𝒄𝒂 , with an accuracy of few percent level

• Be careful to the canonical / effective parameters

Upgrade of the camera system in TRIDENT Phase-1:

Summary:

• Calibration string

• Well-controlled Light source flashing / Down time: ~ O(1-10s)

• Exploring the controlled light emission angle

@ Yingwei Wang’s Flash talk on Friday!
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Thanks for listening!
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Simulation set-up in Geant4:

Lambert 

light source

R

Receiving surface

Pin-hole camera simulation by Geant4

Optical parameters of the medium: 

𝜆𝑎𝑏𝑠,  𝜆𝑅𝑎𝑦 , 𝜆𝑀𝑖𝑒, 𝑐𝑜𝑠𝜃𝑀𝑖𝑒

(T-REX Optical Sim: NIM-A 1054 (2023) 168367)

Imaging process of the cameras

Output info for each pixel: 

Photon/weight info 𝑁𝑠𝑐𝑎 , 𝑁𝑡𝑜𝑡𝑎𝑙, 𝑤𝑖

incident light (𝜑, 𝜃) → (𝑋𝑝𝑖𝑥𝑒𝑙, 𝑌𝑝𝑖𝑥𝑒𝑙)

(𝑥, 𝑦)

Focal length, Pixel size, Pixels number
     (25mm)      (3.45𝜇𝑚)     (2000*2000)

Camera settings:

Simulated Images:

Gray value distribution:

(without LEM emission profile)
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Proposal for a neutrino telescope in South China Sea, arXiv:2207.04519, 2022

TRopIcal DEep-sea Neutrino Telescope (TRIDENT)

❖ TRIDENT location (~ 114.0°𝐸, 17.4°𝑁) : ❖ All-sky scanning of astrophysical neutrinos:

Nature Astron. 7 (2023) 12, 1497-1505
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Pathfinder experiment (2021) TRIDENT Phase-1 (~2026) TRIDENT Phase-2 (~2030)

10 strings, 200 hDOMs

200km electric-optical cable

Done Funded

T-REX

A preliminary timeline for TRIDENT
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Neutrino telescopes in glacial ice and deep water

Wei Tian  (TDLI)

Art picture by IceCube Art picture by ANTARES10-inch PMT

-- 86 strings

-- 5160 DOMs

𝑽𝒐𝒍𝒖𝒎𝒆~𝟏𝒌𝒎𝟑

-- 12 strings

-- 885 DOMs

𝑽𝒐𝒍𝒖𝒎𝒆~𝟎. 𝟎𝟑𝒌𝒎𝟑
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PMT + Pulsing light source:

(Antares-2004, KM3NeT-LAMs, P-ONE Straw-a)

The commonly-used optical calibration methods

Specialized laser facility: 

(KM3NeT-AC9, Baikal-5D)

PMT(time～ns)

1. Single-photon mode + Synchronization (~ns)

2. Hours-long data accumulation

3. Arrival time -> scattered/direct photons,  “𝝀𝐞𝐟𝐟,𝒂𝒕𝒕”

Eur.Phys.J.C 81 (2021) 12, 1071

WET lab, AC9 Baikal-5D, PoS ICRC2023 (2023) 977

1. Good precision of canonical 𝝀𝒂𝒕𝒕 𝝀𝒂𝒃𝒔 𝝀𝒔𝒄𝒂

2. Need extra calibration/deployment

3. Localized measurement

Astropart.Phys. 23 (2005) 131-155

Ratio of

scattered photons

NIM- A 1054 (2023) 168367

Scattering tail
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❖ Exclude scattered light by viewing angle:

Light source

Camera (direction, pixel)

R

Receiving surface

PMT(time～ns)

Optical measurement strategies of the camera system

Direct light 

Scattered light

Separation the direct light:
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Double-imaging process

Wei Tian  (TDLI)

Shadow from the holding structure The double-imaging effect caused by the small bump on the glass shell
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