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Quick Introduction of 3-inch PMT System

 2

NDM 2018 Wladyslaw H. Trzaska 13

✤The SPMT readout electronics will be located underwater in the UWBs in order to reduce the costs associated with the cabling and to

avoid transmission losses in the long distance to the surface.

✤ Each UWB will serve 128 SPMT channels and withstand pressures up to 50 m depth for more than 20 years

Abstract:
The JUNO experiment will install 25k 3-inch PMTs (SPMTs) in the gaps between 18k closely packed 20-inch PMTs (LPMTs). Both systems will detect the same IBD signals, but the SPMTs will almost always work in single 

photoelectron mode. As a result, they will help constrain some of the systematics in the LPMT energy reconstruction, improving the energy resolution and the sensitivity of neutrino mass hierarchy measurement. They will 

also improve the muon reconstruction resolution, help reduce muon-related isotope backgrounds, provide an independent measurement of the θ12 and 'm2
21 solar parameters with unprecedented precision, and improve the 

measurement of supernova neutrinos. 

SPMT production started in 2018 at a rate of 1000/month by the HZC Company. Performance test data so far indicate that the SPMTs perform as expected. A first version of the electronics has been done and is working well. 

Testing of the integration will be done at the end of this year. Other areas like the high voltage divider, SPMT potting, cabling, connector and underwater box are all making good progress.

The 3-inch PMT system of JUNO Experiment
J. XU1, Y. Han2, M. Grassi2, A. Cabrera2, C. Bordereau3, F. Perrot3, Y. Malyshkin4, B. Hu5

on behalf of JUNO Collaboration
1IHEP, Beijing  2APC, Paris  3CENBG, Bordeaux  4INFN, Roma 5NTU, Taipei

Summary:
¾ SPMTs as an independent PMT system not only can test the same IBD signals, but also, as 

Stereo Calorimetry, can give some correction to LPMTs, aiming to reach 3% energy 

resolution and 1% energy scale. 

¾ SPMT system will have many enhanced physics capabilities, like the testing of solar 

neutrino parameters, muon reconstruction, supernova neutrinos.

Comparison: JUNO vs Vender

Bare PMT Testing Summary

Parameters Sampling data req. Mean

1. Diameter Of Glass Bulb (mm) 78<Dia.<82 ✓

2. QEXCE@420nm (%) >22 (Mean>24) 25

3. HV@3X10
6
gain 900-1300 1097

4. SPE resolution (%) <45 (Mean<35) 33

5. P-V Ratio >2 (Mean>3) 3.2

6. Dark Rate@0.25PE (Hz) <1.8k (Mean<1k) 489

7. Dark Rate@3PE (Hz) <30 7.2

8. SPE TTS（FWHM）(ns) <5 4.9

9. Pre pulse ratio（10-90n𝑠 ) <5 (Mean<4.5) 0.4

10 .After pulse ratio（50n𝑠 -20𝜇𝑠） <15 (Mean<10) 4.8

11. QE non-uniformity (%) <11 5.2

12. Effective Dia. Of cathode (mm) >74 (Mean>76) 77.1

13. Spectral response range (%)
QE320>5 13.4

QE550>5 8.8

The performance of  first 3000 PMTs from HZC

𝐼 𝑎
(𝜇
𝐴)

JUNO: Jiangmen underground neutrino observatory
� JUNO is a neutrino oscillation experiment with

a 53km distance from reactors and a 700m

depth, currently under construction in

southern China. The primary goal is to

measure the neutrino mass hierarchy with >3𝝈
after 6 years. Therefore high transparency LS

is needed, as well as a high (75%) coverage of

PMTs and low backgrounds, to achieve energy

resolution of 3%/ E and calibration error

lower than 1%. This is the most challenging

design in the reactor neutrino

experiments throughout the world.

Why SPMTs? 
� Improve the energy scale precision, in 

particular, the coupling of nonlinearity and 
nonuniformity.

�For JUNO large PMT(20-inch) system it is a
challenge to control systematics because of the
unprecedented PMT dynamical range. A
SPMT system is introduced as a calibration
gauge for the LPMTs.
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� Two independent systems 
make Stereo Calorimetry

� Enhanced Physics Capabilities

�Two independent system for same 

events stereo-calorimetric

�LPMT⊕SPMT correct systematics

Ideal antineutrino spectrum without 
oscillations and with oscillations for JUNO

Enhanced Physics Capabilities
� Semi-independent measurement to solar oscillation parameters: θ12 and 'm2

21

with a precision comparable to LPMT system.

� Reconstruction for muon with better time resolution and avoidance of 

saturation

Sensitivity to θ12 and 'm2
21

Example of double muon hit pattern seen by LPMTs without saturation, LPMTs saturated at 4000 p.e. and SPMTs 

� High rate supernova detection (acceptance ≥90% Galaxy)
The challenge for the SN neutrino detection is the pile-up of events since most of them arrive in a time 

window of less than a second. The lower light level, fast and dead-time-less readout of SPMTs are expected 

to provide additional analysis control for maximal physics extraction during supernova core collapse.

Instrumentation of SPMT system

X 128

LV
CLOCK

DATA

UNDER WATER BOX

HV SPLITTER

X16

X ~200

GLOBAL
CONTROL

UNIT

POWER

SIGNAL + HV
COAX CABLE

ABC 
FRONT-

END

� 3-inch PMTs (XP72B22) are
supplied by Hainan Zhanchuang
company (HZC photonics) after co-
developement with JUNO-SPMT
collaboration.

� Two HV splitter boards in one
underwater box to split HV
and signal, one for spare.

� Each board has 8 HV units,
powering 16 SPMTs/Unit.
Output 800~1600V.

� ABC (ASIC Battery Card): Eight 16-
channels CATIROC (Charge And Time
Integrated Read Out Chip) from
Omega Lab, Kintex-7 Field
Programmable Gate Array (FPGA).

� Low voltage / data / clock via 
connection to surface

� Underwater Box: Will be located 
underwater near PMTs to reduce the 
costs and avoid transmission losses. 

� UWB are designed to withstand 
pressures up to 50 m depth for more than 
20 years. 

¾ PMT electronics 

instrumentation is 

making good progress.

The ABC board v0 is 

ready for PMT final 

acceptance test.

¾ 3-inch PMTs 

production are is in 

progress, 1000 

pcs/month. The 

quality of the 3-inch 

PMTs is under control.

ILLUSTRATION ONLY

Simulated 
60

Co calibration campaign at different radii. The 
reconstructed energy of LPMT with 5% assumed non-linearity is 
biased compared to MC, while the bias can be corrected by the 
SPMT measurement 

¾ SPMTs almost always work 

in single photon electron 

mode ( 1hit = 1PE) for IBD 

events and are expected 

to have almost zero-

dynamic range, hence 

virtually no non-linearity, 

thus providing a linear 

reference to LPMT.

¾ LPMTs will record and reconstruct the 

individual LPMT waveforms. Nonlinearity 

from LS and electronics will be hard to 

clearly decouple.

¾ The SPMT system is expected to 

provide an additional set of 

information with reduced and well 

understood systematics by recording 

the same IBD events as LPMTs.     

Stochastic term ~ 1200 p.e./MeV
(~ Light yield, Transparency
Photo-coverage, QE…) 

Non stochastic terms
(~ control of systematics)

Key features of SPMT system:
25k 3-inch ‘small’ PMTs 
Working in photon-counting mode 
for E∈(1,10) MeV 
Energy resolution ~17%@1 MeV 
Time resolution (FWHM) ~5 ns 
Data acquisition without dead time

Large 20-inch PMT

Small 3-inch PMT

Overview presented

by C.Cerna

SPMTs covered
by N.Li
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What Can SPMTs Do for JUNO?

System of 3-inch “small” PMTs (SPMTs) significantly improve JUNO 
physics capabilities in:

 3

2. Muon track reconstruction

4. SN neutrinos

1. Energy response  
systematics control

M. Grassi
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3. Cross-check of energy response 
with solar oscillation parameters  
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Energy Resolution @ JUNO
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M. Grassi

Oscillated Spectrum - Logarithmic Scale 
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Smeared Spectrum - Logarithmic Scale
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FIG. 4. Energy resolution stochastic term as a function of Npe. The orange lines shows how much Npe has to be increased to accommodate a
non-stochastic systematic error of 1% or 2%.

algorithm. The PC energy reconstruction is intrinsically non-linear due to the fact that multiple photons hitting the same PMT146

are not accounted for. However, such a non-linearity can be corrected considering that the number of the PMT hits has Poisson147

distribution.148

As the light level increases, the probability to have more than one photon hitting the same PMT increases and at certain point149

the resolution of the PC energy reconstruction starts to degrade even with the correction for multiple hits. In this case, in order150

to reconstruct the energy it is necessary to measure the PMT charge either by integrating the signal or by reconstructing, with151

a sampling analogue-to-digital converter (ADC), each single photoelectron (p.e.) hitting the PMT. We call this method charge152

integration (CI). It is intrinsically linear but less robust than the PC method. In fact, small effects on the gain calibration or on the153

reconstruction of the pulses, as well as PMT noise and overshoot, can introduce non-linear effects in the energy reconstruction.154

This is particularly true when Npe increases, as shown in the cartoon in Figure 5.155

In JUNO, for 1 MeV of energy deposited at the center of the detector, the mean PMT illumination for LPMTs is � =156

Npe/NPMT ⇡ 0.07. But for the same energy deposit at the edge, a significant fraction of the scintillation light will be collected157

with only few PMTs which will be however hit by several p.e. This implies that only for a very small fraction of events, occurring158

at the center of the detector, the energy can be reconstructed using both PC and CI method. For the rest of the events, the energy159

reconstruction based on the LPMT system has to rely only on CI without the possibility to use both method to track possible160

systematics effects in the neutrino energy reconstruction.161

JUNO will use 1 GHz flash analogue-to-digital converter (FADC) to record the individual LPMT waveforms in order to162

reconstruct the charge, using several algorithms like signal integration, waveform fitting or deconvolution. However, as shown163

in Figure 6, it is very difficult to reduce the non-linearity of these methods below few percent even with sophisticated waveform164

analyses. The combined effect of non-linearity and detector non-uniformity of the LPMT system is shown in Figure 7 where165166

reconstructed and true energy of a simulated 60Co source is plotted versus the radial position of the source. We can in principle167

correct the reconstructed energy knowing this curve. However, this would only works for for energies close to 60Co decays168

since correction map obtained for a particular calibration energy is not able to correct entirely the non-linearity and detector169

non-uniformity for any given energy. This is illustrated in Figure 8 where we show the reconstructed energy of a 68Ge source170171

corrected for the JUNO detector response obtained with a 60Co calibration source, shown in Figure 7. Although the analysis has172

been performed using ideal simulated data, a residual 0.5% systematic bias is present.173174

The double calorimetry concept, where the set of about 25,000 3-inch PMTs is added to the set of 20-inch PMTs, has been175

introduced to improve the energy reconstruction by reducing the systematics error budget. Due to the dimension of SPMTs their176

fraction hit by more than one p.e. is very small even for neutrino interactions close to the detector’s edge. The probability to have177

more than one p.e. hitting a SPMT for an energy deposit of 1 MeV (4 MeV) in the most outer 1 m shell of the liquid scintillator178

sphere is ⇡ 1.5% (⇡ 5.5%). This implies that SPMTs operate:179

1. in photon-counting regime at any energy in the region of interest (0-10 MeV);180

Ideal detector response

3%√E(MeV) energy resolution
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FIG. 2. Ratio between the average number of photoelectrons
detected by the 3-inch PMTs in a typical 1 MeV electron event for
a given equator offset and that at the baseline (same position as the
20-inch equator) as a function of the radius in the sphere where the
energy deposition happened.
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B. Physics Motivation119

1. Double Calorimetry120

A key feature of the liquid scintillator technology relies on its excellent calorimetric properties. In a liquid scintillator detector,121

the amount of light collected by the PMTs is to the first order linearly proportional to the deposited energy (neglecting quenching122

effects and correcting for the light attenuation length). In an ideal case, the energy resolution is driven by the stochastic123

fluctuations of the number of detected photoelectrons (Npe), which results in the resolution ⇠
p

Npe. In a real detector, like124

JUNO, the situation is more complex. Detector non-uniformity and/or non-linear effects in the light readout chain can worsen125

the energy resolution introducing terms that are typically constant or do not vanish at high energies. In this case, the energy126

resolution can be parametrized as:127

�E

E
=

s⇣ a
p

E

⌘2
+ b2 +

⇣ c

E

⌘2
(2)

where E is the visible energy, a is the parameter related to the stochastic term and b and c are the non-stochastic terms parameters.128

The determination of the neutrino mass hierarchy in JUNO requires an energy resolution of 3% at 1 MeV, with a control of the129

absolute energy scale better than 1%. These requirements are necessary in order to have a precise neutrino energy reconstruction130

especially in the region from 2 to 6 MeV where the signal for the neutrino mass hierarchy determination is most profound.131

To reach the goal of superb energy resolution, the photocoverage of JUNO central detector will be ⇠75%, yielding ⇠1200 Npe132

per MeV of deposited energy. Meanwhile, it is important to keep the non-stochastic terms at the level of few permile. Its impact133

of the worse energy resolution due to the non-stochastic systematic error is illustrated in Figure 4. In order to accommodate134

this error in the target resolution of 3% at 1 MeV, we need to improve the stochastic term, which requires higher number135

of photoelectrons. Non-stochastic terms in Equation (2) typically arise from systematics effects like non-uniformity or non-136137

linearity in the detector response. It is therefore mandatory to characterize the detector response as precise as possible in order138

to minimize the systematics unknowns and keep the error budget within the specifications.139

In JUNO, the situation is particularly complex due to the very large size of the detector as well as the size of the LPMTs. To140

illustrate this point let us briefly describe two possible approaches to energy reconstruction in liquid scintillator detectors. The141

first approach, called photon-counting (PC), can be used in case the light level is such that the probability of a PMT being hit by142

a photon is much smaller than 1. In this case the total amount of scintillation light, which is proportional to the deposited energy,143

can be estimated by counting the number of PMTs producing signals exceeding a fixed threshold. The method is rather robust144

because it is fairly insensitive to the gain of the PMT electronics as well as it does not depend on the PMT pulse reconstruction145

3%>

1250 p.e. 1430 p.e.

Stochastic term 
~Np.e.

Non-stochastic terms 
e.g. residual non-uniformity
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Measurement with Large PMTs Only
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Single channel 
non-linearity

Energy dependent 
detector  

non-uniformity

Energy response 
systematics
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Non-linearity➔Non-uniformity
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Non-linearity➔Non-uniformity
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LPMT Energy Scale Non-uniformity
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M. Grassi

Reco / True Hits with 60Co and 68Ge Events in L-PMT 
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FIG. 7. Comparison between the reconstructed and the true energy of a simulated 60Co at different radii obtained by LPMT system. The bias
is due to the non-linearity depicted in Figure 6. It is most profound by the edge of the CD where proximity of LPMTs increases the probability
to obtain several hits.
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Deriving Non-Unif from 60Co

Applying 
Non-Uniformity

Map to 68Ge
Sample

Checking Residual Non-Unif in 68Ge

60Co Reco Energy
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68Ge Corrected Energy

Energy bias coming from residual NU is negligible in S-PMTs
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FIG. 8. The reconstructed energy of 68Ge calibration source at different radii for the LPMT system. The correction based on 60Co calibration
source shown in Figure 7 was applied. However, a non-linear effects are still present.

Example of detector for 60Co source  
->1% non-uniformity 

Can correct using calibration source 

But.. energy dependant  
-> Do not have source for all 
energies

Q: Is there a way how to control  
non-uniformity for all energies? 

Yes - Introducing SPMT system
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Aid by SPMTs
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Double-calorimetry
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SPMTs aid the 
LPMTs energy 

scale ✔

Challenge to control LPMT energy reconstruction biases  

• May compromise superb JUNO energy resolution 
needed for MH determination 

SPMTs work as a non-biased energy scale gauge to 
correct LPMT energy scale  
non-linearity/non-uniformity

Advantage 
of having LPMT and 

SPMT eyes

Single channel 
non-linearity

Energy dependent 
detector  

non-uniformity

Energy response 
systematics

Details in talk
by M.Grassi
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Cosmic-ray Muon Background
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Cosmic-ray muons are source of inverse beta decay (IBD) background 

Produce long-lived isotopes 9Li (τ=257 ms) and 8He (τ=172 ms) via 
spallation - their decays mimic IBD signature

prompt signal delayed signal
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Cosmic-ray Muon Background
Cosmic-ray muons are source of IBD background 

Produce long-lived isotopes 9Li (τ=257 ms) and 8He (τ=172 ms) 
via spallation - their decays mimic IBD signature 

Reduction of background -> Veto after muon 

• Cannot veto whole detector -> too much vetoed time 

• Solution: Cylindrical veto volume  
around muon track 

Currently two preliminary muon track 
reconstruction algorithms based on 

• First hit time

• Clusters in hit pattern

 12
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First Hit Time Algorithm

 13

First line front

μLikelihood fit to first hit time pattern 

Key variable - transit time spread (TTS) 

• 2/3 LPMTs: MCP-PMTs with TTS ~12 ns 

• 1/3 LPMTs: Hamamatsu PMTs (TTS ~3 ns) 

• SPMTs: TTS ~5 ns
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First Hit Time Algorithm
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Genster et al. 2018 JINST 13 T03003
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FIG. 16. Left: Reconstructed single muon resolution of the minimal track distance to the detector as a function of distance of the muon track
from the center of the detector. Right: The resolution of the angle of the single muon track as a function of distance of the muon track from
the center of the detector.

D [m]
0 2 4 6 8 10 12 14 16 18

 D
 [c

m
]

Δ 

80−

60−

40−

20−

0

20

40

60

80

LPMT+SPMT
LPMT only
SPMT only

D [m]
0 2 4 6 8 10 12 14 16 18

]° [
α 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

LPMT+SPMT
LPMT only
SPMT only

FIG. 17. Left: Reconstruction results for a sample of about 6000 simulated muon tracks with the cone reconstruction. The deviation in the
muon track’s distance from the detector center �D has an increasing mean bias of less than 50 cm for LPMT system. The SPMT system
produces a bias below 20 cm over the large part of the detector, but shows an increase towards the detector edge. In this region the combination
of both systems performs best. Right: For the angular reconstruction, the SPMT system yields a smaller bias than the LPMTs while the
performance of the combination of both systems is uniform over the whole detector.

4. Supernova Neutrinos298

During a supernova (SN) burst about 99% of the energy is released in form of neutrinos and antineutrinos of all flavours.299

Detection of these neutrinos has fundamental importance in study of the physics of gravitational core collapse as well as in300

understanding of the fundamental properties of neutrinos. Furthermore, the hot nucleon gas pushed away by the neutrinos301

during the SN collapse is the site of the r-process where roughly half of the heavy elements are produced. Understanding the302

neutrino emission process following the core collapse is thus a necessary step for the understanding of the nucleosynthesis303

r-process.304

ΔD≝Dtrue-Drec 
(D is closest distance to the center) 

α	is angle between 
true and rec. track	

μ
μrec

Dtrue
Drec

α
Likelihood fit to first hit time pattern 

Key variable - transit time spread (TTS) 

• 2/3 LPMTs: MCP-PMTs with TTS ~12 ns 

• 1/3 LPMTs: Hamamatsu PMTs (TTS ~3 ns) 

• SPMTs: TTS ~5 ns

See also: Zhang et al. RDTM (2018) 2:13
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Clusters in Hit Pattern Algorithm
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μ10

Energetic muon events with deposited energy larger than 30 GeV will result in saturation of half the LPMTs, which decrease245

the performance of muon track reconstruction. These muons produce about half of the 9Li/8He events while muons with energy246

deposit larger than 15 GeV, are responsible for about 75% 9Li/8He events. The SPMT system can thus significantly improve247

muon track reconstruction due to better timing and avoidance of saturation.248

Saturation of LPMTs makes is harder not only to reconstruct single muon tracks but also muon bundles, i.e. two or more249

muons passing through detector at the same time. Figure 13 shows the example of hit pattern of two parallel 100 GeV muons250

with distance of 5 m coming directly from above. LPMT system without any saturation can easily distinguish two clusters251

corresponding to the points where two muons enter the detector. However, with LPMT saturation at 4000 p.e. the two cluster252

become one. For these cases, cylindrical cut along misidentified single muon would introduce large uncertainty in 9Li/8He253

background estimation. Nevertheless, such events can be still distinguished with SPMT system where two clusters remain254

separated.255
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FIG. 13. Example of double muon hit pattern seen by LPMTs without saturation, LPMTs saturated at 4000 p.e. and SPMTs.
256

257

This is due to fact that SPMTs even for high energy muons remain essentially unsaturated. The corresponding distribution258

of photoelectrons per PMT for model event of two 100 GeV muons is shown in Figure 14. While the LPMTs will be saturated259

at about 4000 p.e., which can be seen as a sharp peak in the distribution, each SPMT will collect significantly lower number of260

photoelectrons therefore does not suffer from saturation.261
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FIG. 14. Distribution of photoelectrons per PMT for double muon hit pattern for LPMT system without saturation, LPMTs saturated at
4000 p.e. and SPMTs.

The PMT saturation causes also intrinsic bias in muon energy reconstruction. Figure 15 shows the ratio of reconstructed and262

truth muon deposited energy obtained by LPMT system. Muon events including muon bundles deposit in the central detector in263

average about 6 GeV, which is largely unbiased. However, for shower muons above ⇠15 GeV deposited energy, reconstructed264

energy will be on average 17% lower than true deposited energy.265266

Search for clusters in hit pattern 
Slightly worse performance in ΔD and α for single  
muons than first hit algorithm 
Cluster alg. using SPMTs significantly improve  
muon bundle reconstruction - algorithm synergy 
Key variable - number of photoelectrons 
• LPMTs saturated at ~4000 p.e. 
• SPMTs get <150 p.e.
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Solar Oscillation Parameters with SPMTs

 16

7

therefore will have different and in some cases complementary systematics.186

2. Solar Oscillation Parameters187

The SPMT system will work in parallel with the LPMT system observing same set of events. Although SPMTs will collect188

less light due to their smaller photocoverage it will be enough to detect as many reactor antineutrino events as the LPMT system,189

i.e. about 20,000 events per year. As a consequence of lower photoelectron (p.e.) statistics the SPMT system will have worse190

energy resolution in comparison with LPMTs. Nevertheless, the smearing of the antineutrino energy spectrum due to energy191

resolution does not wash out all the information encoded in its shape.192

Figure 9 demonstrates the features of the ideal IBD spectrum, i.e. not affected by energy resolution, detected in the JUNO
detector and modulated with the solar and atmospheric mode of the neutrino oscillation probability:

P⌫̄e!⌫̄e = 1 � sin2 2✓12 cos4 ✓13 sin2 �m2
21L

4E

� sin2 2✓13 cos2 ✓12 sin2 �m2
31L

4E

� sin2 2✓13 sin2 ✓12 sin2 �m2
32L

4E

While the atmospheric mode is responsible for the higher frequency distortions driven by the �m2
32 ' �m2

31, the solar mode193

generates oscillations with lower frequency and higher magnitude driven by the �m2
21, which remain distinguishable even with194

SPMT resolution. Hence the SPMT system can serve for an independent photodetection system to determine the corresponding195

oscillation parameters: �m2
21 and ✓12. The mass-squared difference �m2

21 defines the frequency of oscillations, i.e. the position196

of the two large peaks in the spectrum on Figure 9, while the sin2 2✓12 defines the amplitude of these oscillations.197
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FIG. 9. Ideal antineutrino spectrum without oscillations (dashed line) and with oscillations at JUNO location (full line).

The reactor antineutrinos modulated by the effect of neutrino oscillations are detected in JUNO by inverse beta decay reaction.198

The neutrino energy can be extracted from energy of the positron, usually referred as prompt signal, since it is followed by199

delayed capture of neutron. The light collected by the SPMT system, expressed in terms of number of detected photoelectrons200

(Npe), is affected by detector effects such as non-uniformity and non-linearity of energy reconstruction. Therefore in order to201

properly reconstruct the initial antineutrino energy, usually called true energy Etrue, we have investigated in detail the detector202

energy response using full Monte Carlo simulation of the JUNO central detector. The response matrix shown in Figure 10203

expresses the relationship between the number of photoelectrons and Etrue. The matrix was obtained from simulation of 1204

million inverse beta decays with antineutrino energy in the range of (1.8-11.0 MeV) uniformly distributed in the detector volume205

quantifying the SPMT yield of photoelectrons. The yield was further corrected for the detector non-uniformity using for the206

simplicity average energy-independent function obtained as well from the simulation.207

The sensitivity to the solar oscillation parameters was estimated using the ��2 method. We compare spectra obtained with208

different set of oscillation parameters. Each spectrum is obtained by convoluting the oscillated antineutrino spectrum with209

JUNO detector
simulation ev

en
ts

Δm221

sin22θ12

— SPMT Np.e. spectrum

SPMT system energy resolution (17%) worse than LPMTs (3%@ 1 MeV) 
Still good enough to observe oscillation effect due to Δm221 with 
amplitude sin22θ12 (so-called solar oscillation parameters)
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Solar Oscillation Parameters Precision

 17

Very nice opportunity for cross-check or SPMT+LPMT combination 
✔ Partially different systematics, small impact of other oscillation 
parameters 
✘ Same statistics and some systematics

             Uncertainty
Parameter Current* LPMTs SPMTs

sin22θ12 4.2 % <1% <1%

Δm221 2.4% <1% <1%

Precision measurement of oscillation parameters is a part of JUNO 
physics program 
Precision on solar parameters comparable with LPMTs and SPMTs 
analyzed independently

*Phys. Rev. D 98, 030001 (2018) 
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What Can We Do with SN Neutrinos?

Astrophysics

• In general, confirmation of SN explosion model driven by neutrinos 

• Distinction between various SN models (i.e. ⟨Eν⟩) 

• SN neutrinos as an early warning for SN in visible spectrum (even 
with direction estimation, not from JUNO) 

Particle physics

• Absolute neutrino mass from time of flight 

• Neutrino mass hierarchy from flavor composition measurement 

• Collective neutrino oscillations and exotic neutrino interactions

 18
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Supernova (SN) emits majority of its energy in neutrinos (we think) 
Neutrino energy 0-60 MeV with ⟨Eν⟩~12 MeV 

JUNO sensitive to SNs in our galaxy (&Large Magellanic Cloud) 
Challenge: Most of the events from acceleration phase in first 0.5 s 

SPMTs electronics can cope with such rates!
20

sPMTs and Supernovae

- Have done some studies of SN as 
seen by the sPMT system: 

Ev
en

t

(see Stefano & 
Massimiliano’s 

DocDB-1908 and Anatael’s 
talk at sPMT Review)

• Visible energy spectrum assuming 
12%/sqrt(E)

• Expected data rate for a supernova 
at 10 kpc: expect ~4Mb/s for entire 
UWB (128 sPMTs) 

Assuming data size of 51 
bit/hit 
•Average single SPMT  
data rate < 35 kbit/s 
•~ 4 Mbit/s for UWB 
(128ch) 

Supernova Neutrinos

 19

SN@10 kpc
SN 

distance 2.5 kpc 10 kpc

Events
 in JUNO 𝓞(105) 𝓞(104)

Event rate 
in first 0.5 s 𝓞(105) Hz 𝓞(104) Hz
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SN High Event Rate and SPMTs
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13

The average energy of the SN neutrinos is in the range 10-20 MeV and therefore suitable to be detected by JUNO detector.305

The number of detectable events scale simply with the distance D as 1/D2. The maximal probability to observe a SN in our306

galaxy is in distance of about 10 kpc. For this distance we expect O(104) electron antineutrinos detected by JUNO detector via307

inverse beta decay while additional events will be detected in other detection channels such as neutrino scattering on electron308

and proton and charged current and neutral current reactions on carbon nuclei. The challenge for the SN neutrino detection is309

the pile-up of events since most of them arrives in the time window shorter less than a second. This is especially true for the310

LPMT system where the long duration of the PMT signals and the fact that for a IBD event at 10 MeV more then half of the311

JUNO detector is illuminated, limit the capability to separate and reconstruct correctly these events. On the contrary for the same312

energies the SPMT system has enough photon statistics to precisely measure the neutrino energy, but the PMTs are sufficiently313

small that the probability of having two consecutive events that illuminate the same PMTs is negligible. This allows a precise314

and accurate reconstruction of both energy and rate of the SN neutrinos even for very close SN. In addition the foreseen SPMT315

electronics based on CATIROC readout in self-trigger mode, see Section III B 3, allows a continuous readout of the detector316

without significant dead time. Figure 18 shows the SPMT hit rate in case of a typical SN at a distance of 2.5 kpc. Assuming317

a readout system with a dead time of 1 µs per hit the measured rate is lower than the actual rate of SN events. However, with318

the ping-pong readout, see Section III B 3, we restore part of the undetected events. Furthermore, the essentially dead-time-less319

discriminator output will still cover the missed hits and will be used to obtain complete information about the SN events.320
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FIG. 18. SPMT hit rate spectrum for typical SN at a distance of 2.5 kpc. The black points represent all events while the blue points shows
the detected events assuming 1 µs dead time per hit. The number of detected events is improved using dual stream ping-pong readout, what is
shown by red points.

321

III. HARDWARE322

A. Small PMT System323

1. Small PMTs324

As the basic building blocks of an independent photon detection system for JUNO central detector, SPMTs are required to325

have excellent resolution for single photoelectron (SPE), high quantum efficiency, good transit time spread and low dark rate.326

An international bidding was organized in May 2017 and HZC photonics was chosen to be the supplier, who will produce 26,000327

SN @ 2.5 kpc
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A shift registers is used to send the configuration parameters (called slow control parameters) 
inside the chip. There are 328 Slow Control (SC) parameters which are loaded serially to 
control the chip (see table 3).  

All the biases of each block are switchable by Slow Control and each bloc could be power off 
independently.  

A “probe” register allows to observe the output of each analog selected bloc (preamplifier, fast 
or slow shaper) by an analog buffer output and some internal digital signals by two digital 
outputs (see table 4) 

 

Figure 2 General ASIC block schematic 

2 ASIC pinout 
CATIROC is packaged in a TQFP 208. 

FIG. 29. Left: CATIROC block schematic. Right: validation board used to test the CATIROC performances in charge and time resolution.

CATIROC operates in the mode without global trigger. Instead, all channels are handled independently and fire a channel487

local trigger as the result of the discriminator stage on the fast shaper output. Only channels that have created a channel local488

trigger are digitised by the ASIC digital resources, then transferred to its internal memory and finally read out. A detailed489

description of the ASIC CATIROC is given in [8], including the performance studies.490

491

In addition, the 16 local discriminators are also available to the FPGA for implementing custom functionality. As an example492

of use in JUNO, included in the design of the ABC board and taking advantage of the parallel architecture of the FPGA, is493

the possibility to read the discriminator output (discriminator data stream, DDS). Thus, labelling the sampled data with a event494

number and a dedicated time stamp efficiently provides a measurement of the ASIC readout dead time. This is possible as the495

discriminator output may be practically assumed as dead-time-less (well below 100 ns). Further on, the possibility to perform an496

accurate sampling within the FPGA allows us to determine the time of the event with high resolution, following the sampling rate497

(around 1 GHz, depending on the exact FPGA configuration). Practically, for an event trigger rate smaller than around 110 kHz498

the CATIROC digitised and the DDS information will be read out, whereas at higher rates, the DDS ensures the minimum499

meaningful information (timing and trigger) for a photon-counting mode operation.500

DDS : FIRST TESTS 
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The T&H system working in ping-pong mode reduces the dead time to 9 µs (6 µs for 1 channel only).
DDS has in principle no dead time : lost events recovered and redundant information for trigger rates < 110 kHz. 
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SOME CATIROC FEATURES (II)

evt ID evt time 
(µs)

w/o 
ping-
poing

Catiroc

1 0 OK ping

2 4 lost pong

3 13 OK ping

4 15 lost pong

5 17 lost lost

6 30 OK ping

7 33 lost pong

DT DT DT

without ping-pong

with ping-pong

CatiROC characterisation for HG/LG and ping/
pong separately (info in the output data format)

DT = 6µs

DT = 6µs

> 40 pe

HG

LG

• HG - ping 
• HG - pong 

• LG - ping 
• LG - pong 

T&H, 2 analog 
folds pipelines

<=40 pe

For each channel:   
‣ x2  pre-amplifiers  (HG if q <= 40 p.e., LG if q > 40 p.e.)  
‣ x2 capacitors for Track & Hold (ping/pong)  
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with ping-pong and DDS

with ping-pong (CATIROC)

    without ping-pong

DDS : FIRST TESTS 
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FIG. 30. Left: Concept of the CATIROC readout streams. The top approach without ping-pong results in loss of the events due to the dead
time ⇠µs. The middle scheme demonstrates the use of ping-pong approach which leads to severe reduction of the lost events. The bottom
scheme includes the additional readout from DDS developed in the ABC board aiming for a dead-time-less system. Right: Measured event
rate as a function of the injected rate for different output data streams from CATIROC. The acquired data from DDS do not exhibit any loss of
the data up to 500 kHz event rate.

501

Can cope with ~500 kHz
We can record all events!!! 

Event reconstruction 
is another question ;-)

More on electronics

by A.Cabrera

Advantages of SPMTs
• Only some SPMTs get hit -> Dead time for hit does not ‘blind’ 

whole SPMT system (only several SPMTs) 
• Unique design of SPMT electronics - essentially  

dead-time-less thanks to discriminator data stream 
SPMT disadvantage - worse energy 
resolution than LPMTs (17%@1 MeV)
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Conclusions
The 25,000 3” (small) PMT system is a critical part of the JUNO 
experiment 
SPMTs significantly boost its physics potential 
• Energy scale systematics 
• Muon track reconstruction 
• Cross-check of energy scale through solar oscillations  

parameters (θ12, Δm221) 
• SN neutrino detection with essentially no dead time 
Synergy between LPMTs and SPMTs
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Thank you for you 
attention!


