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Goal of HK calibration
• Physics sensitivity studies are in progress, and 

requirements from physics to HK calibration 
are not clear yet.

• We set our preliminary goal:
HK detector needs to be calibrated to achieve 
SK (SK-II) level detector performance.
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• HK needs to be calibrated to achieve SK (SK-
II) level detector performance
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Detector Geometry

• 10 optically isolated detector 
modules must be individually 
calibrated

20 II EXPERIMENTAL SETUP OVERVIEW

FIG. 6. Cross section view of the Hyper-Kamiokande detector.

wall in the existing tunnels and sampled bore-hall cores are dominated by Hornblende Biotite

Gneiss and Migmatite in the state of sound, intact rock mass. This is desirable for constructing

such unprecedented large underground cavities. The site has a neighboring mountain, Maru-yama,

just 2.3 km away, whose collapsed peak enables us to easily dispose of more than one million m3

of waste rock from the detector cavern excavation. The site also has the benefit – well-suited for

a water Cherenkov experiment – of abundant, naturally clean water located nearby. More than

13,000 m3/day (i.e., one million tons per �80 days) will be available. The Mozumi mine where

the Super-K detector is located is another candidate site for which less geological information is

available at this moment.

In the base design, the Hyper-K detector is composed of two separated caverns as shown in

Fig. 1, each having a egg-shape cross section 48 meters wide, 54 meters tall, and 250 meters long

as shown in Fig. 6, 7, and 8. These welded polyethylene tanks are filled up to a depth of 48 m

with ultra-pure water: the total water mass equals 0.99 million tons. The 5 mm thick polyethylene

sheet which forms the water barrier has been used in waste disposal sites, and based upon that

experience its expected lifetime is longer than 30 years. We expect a much longer lifetime than
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EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

• Volumes under curved areas are difficult to access vertically

• From time/manpower and “dynamic range” considerations 
automation may be desirable

4Thursday, August 23, 2012

Baseline idea of HK calib
• SK has been operated successfully over decade, and 

has established several techniques to calibrate a 
large water Cherenkov detector.

• HK calibration will be designed based on SK 
calibration method/system

• However, there are some key differences between 
HK and SK:
• Multiple compartments (like 10 SKs)
→ Automated calibration system

• Asymmetric detector shape
→ 3D scanning (not only Z-positions)

• ➜ Incorporate “new” calibration technique/system 
of the other existing experiments (ex. SNO, 
Borexino)
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HK calibration 
and overview of this session

• HK calibration major components, and talks in 
this session:
• PMT calibration and detector monitoring [Hide]

• Water optical properties [Hiro]

• Higher level calibration [Koshio-san, Mine-san]
• ex. Energy calibration (Low and High Energies)

• Outer detector calibration [Mine-san]

• Calibration source deployment system [Szymon]

• Prototyping and R&Ds are projected.

• Preparation of “Conceptual Design Document” 
for HK calib is in progress
• Trying to write up 1st draft by end of this month. 5

• Because HK detector has a large volume, asymmetric 
detector shape & multiple compartments, calibration 
source deployment system needs to be more 
sophisticated than SK
• 3D scanning - place calib sources anywhere we want

• Automation - 10 compartments need to be calibrated one-by-
one

Tuesday, January 15, 13



PMT calibration
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Goals of PMT calibration
• HK has ~99,000 of PMTs in the inner detector, 

and the detector is optically segmented into 10 
compartments.
• One compartment has similar size of volume and 

number of PMTs to SK

• Goals of the “PMT calibration” are
• Measure & calibrate the charge and time responses of 

PMT/electronics and evaluate calibration constants.

• Monitor the detector stability during the data-taking, 
and apply correction to the calibration constant time-
to-time, as needed.
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Strategy of PMT calib

8

Pre-calibration
A fraction of PMTs calibrated in detail prior to 
installation (all other PMTs calibrated referencing to them)

Tune/calibrate all PMTs in situ after installed 
(ex. HV, gain, QE, timing)

Post-installation calibration

Detector monitoring
Monitor the stability of the detector during 
data taking, and apply correction to the calib 
constants time-to-time, as needed.
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Pre-calibration
• A fraction of PMTs are calibrated prior to installation, 

called “standard PMTs”
• All other PMTs are calibrated in situ after installed with 

reference to the standard PMTs.

• SK pre-calibration
• SK have 420 of standard PMTs (~4%)
• The standard PMTs were installed in the tank geometrically symmetric.

• Pre-calibration determined HV values of the standard PMTs to 
obtain the identical charge (30 p.e.) between them.

• Pre-calibration took ~2 weeks
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Precalib PMTs: (41+40)*2[end-cap]+(50*3)*2[barrel]
+(23)[top]+(21)[bottom]
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Figure 8: The observed charge differences between the first and second measurements in pre-

calibration for checking reproducibility. It was checked using 50 of the 420 standard PMTs.
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Figure 9: The observed charge differences in all the PMTs from the reference value.
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input into our MC. The PMTs’ production terms were categorized as
“SK-II PMT” : PMTs used before SK-II,
“SK-III PMT” : PMTs newly installed at SK-III.

Figure 28: The location of “standard PMTs” inside the SK inner detector.
The red points indicate the locations of a standard PMTs.

3.2.2 pre calibration

(author : T.Iida)
As was mentioned in earlier sections, we established “standard PMTs” whose
gains were adjusted to be within a few percent of one another. These were
used to help tune the HV of the inner detector PMTs. The adjustment
work for these “standard PMT” had been done before SK-III started, in
September, 2005, and has been labeled as “pre-calibration”.

Setup A schematic view of our setup for the standard PMT calibration is
shown in Figure 29. We calibrated 420 standard PMTs using a Xe lamp as
the light source. The Xe lamp (L4634-01) made by Hamamatsu photonics
was an optimum light source for our purpose. Its output intensity instability
was 5% at maximum, and over its lifetime should produce 5×108 flashes.
(See also Section 2.2 for more details on the Xe lamp.) Its time constant

31

SK ‘standard PMTs’
location

Pre-calib setup
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Pre-calib in HK
• Since HK detector is not symmetric shape, unlike 

SK, expected that the standard PMTs are more 
important in HK detector calibration.

• Adapt similar idea to SK in HK:
• ~500 PMTs / compartment 
• see figures for PMT allocation

• → ~5k standard PMTs in total (~5% of total HK PMTs)

10

Segmentation wall Barrel Top

Bottom

500 = (41+40)*2[segm.wall]+(50+47)*2[barrel]
+(50+23)[top]+(50+21)[bottom]

: ‘Standard PMTs’
  location
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Post-installation calib
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HV tuning
Tune HV all PMTs w.r.t the standard PMTs

Charge to p.e.
1 p.e. measurement

Photo-detection efficiency
Hit rate measurement @1p.e.

Timing
Time-work etc.

Charge linearity

PMT, elec. linearity

......
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HV tuning
• Tune HV to obtain the same charge (pulse 

height) for all PMTs with reference to the 
reference PMTs.

• Deploy Xe lamp + scintillator ball to obtain
tens of p.e. level of light

• Move the source along Z-axis (height direction), 
and tune HV ‘group-by-group’

• HK may need a little complicated procedure
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Figure 5: The location of “standard PMTs” inside the SK inner detector (left). The red

points indicate the locations of standard PMTs. They served as references for other PMTs

belonging to the same group with similar geometrical relationship to the light source (right).

box. The other two fibers went to avalanche photodiode (APD) modules, which189

monitored the light intensity of the Xe lamp. The specification of the scintillator190

ball2 is as follows: it is 5 cm diameter acrylic ball including 15 ppm of POPOP191

as a wavelength shifter and 2000 ppm of MgO as a diffuser in order to make the192

light emission from the ball as uniform as possible. The dark box was made of193

µ-metal to reduce background geomagnetic field, that was measured to be less194

than 20mG. Inside of the box, two 2-inch PMTs were mounted to monitor the195

emitted light from the scintillator ball. The output signals from the PMT went196

to the Analog Digital Converter (ADC) module, and their charge was integrated.197

The HV values of 420 PMTs were determined so that the observed ADC counts198

returned a target ADC value, which is equivalent to about 30 photoelectrons in199

this setting.200

This measurements was done in two weeks. In order to keep the same con-201

dition of experimental setup, one PMT had been measured every morning and202

2Manufactured by CI Kogyo, Saitama, Japan
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Figure 8: The observed charge differences between the first and second measurements in pre-

calibration for checking reproducibility. It was checked using 50 of the 420 standard PMTs.
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Figure 9: The observed charge differences in all the PMTs from the reference value.

14Standard PMTs
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Charge to p.e. conversion
• Conversion factor from charge (pC) to photo-

electron (p.e.) can be obtained by measuring 
1 p.e. distribution

• Deploy “Nickel source” to obtain 1 p.e. level light
• Nickel source ≡ nickel-californium source,

Ni(n,γ)Ni, Eγ~9MeV
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Figure 13: The 1 p.e. distributions in pC unit by nickel source data in SK-III. Both figures

are same, but different scale. The black line in the left figure shows the data with normal

PMT gain, the green line shows the data with double gain and half threshold, and the red

line is linear extrapolation.

3.1.7. Charge linearity364

The integrated charge linearity of the electronics is presented in this section.365

The one for the QTC chip which is used in the QBEE was within 1% by the366

measurement during its development. As shown in the Table 2, the QTC chip367

has a wide dynamic range and three levels of charge readout. The linearity of368

the QBEE modules for these entire ranges was checked after installation into369

SK.370

The schematic view of data taking is shown in Figure 15. We prepared eight371

20-inch PMTs as monitors. They were connected to a CAMAC ADC (LeCroy372

2249W) whose performance was well known. At first, the charge linearity of373

monitor 20-inch PMTs was measured using this system, and was less than 1%.374

In order to survey a wide dynamic range, the light source was set in an off-center375

position, and we selected these monitor 20-inch PMTs near the light source and376

applied four different gains to them. These monitor PMTs were used for an377

estimation of the expected charge for other PMTs from different light intensities.378

The measurements with 30 different light amount sets were done, and the charge379

22

SK 1 p.e. distribution

SK Nickel source
(accumulated over all PMTs)

1 p.e. ~2.7 pC
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Photo-detection efficiency
• Photo-detection efficiency “ε” is defined by
• Quantum Efficiency (QE) x Collection Efficiency (CE)

• Hit rate (Nhit) for 1 p.e. level of light is proportional to 
the photo-detection efficiency:

• Deploy Nickel source to evaluate the hit rate, and 
compare with MC which has ‘known’ number of 
photons reached to PMT
→ Evaluate relative ε for every single PMTs from 
difference between data and MC

14

Figure 10: Hit ratio as a function of PMT position. The vertical axis shows the number of

hits normalized by average value of all the PMTs. The upper figure shows the barrel PMTs

where the horizontal axis denotes the z (cm) position of PMTs. The lower figures show the

hit ratio for top (left) and bottom (right) PMTs where the horizontal axis shows the square

of the distance from the center (cm2). The red plot is the data, and the blue is MC.
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Timing calibration
• Time response of readout channel (PMT+elec) 

need to be calibrated to correct the time-walk 
effect etc.

• N2-dye laser + variable optical filter + diffuser ball 
to obtain fast pulsed light with various intensities 
covering the entire dynamic range of electronics.
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Figure 19: Typical TQ distribution for a readout channel. The horizontal axis is charge (Qbin)

of each hit, and the vertical axis is time-of-flight corrected timing (T) of the hits. A larger T

indicates an earlier hits and a smaller T is later hits in this figure.

a Time of Flight (ToF) correction to the hit timing of each readout channel427

to take the travel time of light from the diffuser ball to the respective PMT428

position into account, 3) select the hit, using the ToF corrected timing, in a429

timing window ±50 ns around the hit timing of the monitor PMT.430

The selected laser hits of each readout channel are divided into 180 bins of431

charge, Qbin. The Qbin is defined by amount of charge from PMT in pico-432

Coulomb (pC), and the binning of Qbis is defined as follows,433

∆Qbin ≡





0.2 pC, for 1 ≤ Qbin ≤ 50 (0 pC ≤ Q ≤ 10 pC),

10
Qbin
50 − 10

Qbin−1
50 , for 51 ≤ Qbin ≤ 180 (10 pC ≤ Q ≤ 3981 pC).

(5)

Since TQ distributions are divided into 180 Qbins, the timing distribution434

is smoothed by Gaussian hypothesis to minimize the statistical fluctuation. Al-435

though the timing distribution in each Qbin is Gaussian shape, the timing dis-436

tributions have an asymmetric feature because of the contributions of direct and437

indirect light; the direct light makes early hits, and the indirect light makes the438

late hits due to reflection and scattering of light. In order to take the direct439

(early) and indirect (late) light into account, the timing distribution in each440
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Figure 73: Schematic view of timing calibration system
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Figure 74: Example of TQ distribution. Horizontal axis shows charge of each
hit, and Vertical axis shows hit timing without correction.
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PMT properties
ex-situ measurement

• Hard to measure such properties of PMT in situ, after 
PMTs installed → need ex situ measurement.

• A test stand is being built at TRIUMF to test/measure 
these properties.
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3–94 Chapter 3: Photon Detectors (WBS 1.4.3)

Figure 3–6: Position-dependent photo-detection e�ciency(left) and shifts in the median transit
time (right) for a Hamamatsu 12-inch R11780. The color indices are relative to measurements
made at the center of the PMT.

time and the PMT e�ciency as a function of position, both taken relative to the center of
the tube. For these measurements, the face was illuminated point-by-point with an acrylic
Cherenkov source at normal incidence in the single-photoelectron regime. We see from the
figure that while the e�ciency is reasonably uniform well out to the edge of the PMT, there
are significant regions in which the mean transit time is dramatically shifted either late or
early, with a total spread of about 4 ns, much larger than the inherent 1.3 ns transit time
spread. Such a strong position-dependence could make reconstruction much poorer: an early
hit on a tube could be taken as either a photon that illuminated the edge of the PMT (for
example) or as due to an event that was closer to the tube by almost a meter, much larger
than the 30 cm or so vertex resolution specified in our high-level requirements. Such an e�ect
is mitigated by the many PMTs that are hit in an event (not all will be illuminated near
the edge) but acts e�ectively like a much larger spread in transit times. One can “mask o�”
the edge of the PMT to avoid these regions, but that then looses area and, hence, photons.
Thus we want to choose a PMT that has as uniform a response as possible across the face
of the tube.

Gain

As discussed above, we would like to trigger on single-PE pulses at an equivalent threshold of
0.25 PE. This threshold requires that the peak of the single-PE pulse be above the electronic
noise level, including sources of pickup. If we assume that this noise level is around 1 mV,
and that a worst-case cable dispersion and attenuation e�ectively reduces the amplitude of
the pulse by a factor of 3 or so (based on measurements with long cables), a gain of 107 or
more is required to trigger at the desired level.

Many of the events in LBNE will produce large numbers of photons, and very high-energy,

The LBNE Water Cherenkov Detector

(Figures from 
LBNE CDR,

arXiv:1204.2295)

Detection efficiency TTS

• PMT has position/angular dependence of the detection 
efficiency and time response (TTS).
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Detector monitoring
• Monitor the stability of the detector during data 

taking, and apply correction to the calib 
constants time-to-time, as needed.

• SK uses various light sources to monitor the 
PMTs, measuring the relative changes/variation as 
a function of time:
• Xe lamp + scintillator ball for the charge response

• N2 laser + diffuser ball for the time response

• (Laser diodes w/ various wavelengths for the 
monitoring of water property)

• Optical fibers + scintillator/diffuser
balls permanently stay inside the
detector (near the center of tank)
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Figure 15: The positions of the 8 laser light injectors in the SK tank. “Top
old” refers to the original SK-I light injector which is still used.

The laser light introduce to the SK tank via optical fibers, and ended to
the light injectors (LI). Figure 17 shows the design of the LI. The LI used in
Super Kamiokande-I was named as “Oldtop” LI, the new injector installed
at the top as “Newtop” LI, and other LIs were named as “B1”, “B2”, “B3”,
“B4”, “B5” and “Bottom” LI according to their positions. Figure 18 shows
the diagram of the whole light scattering measurement system used in Super
Kamiokande-II. To input laser beam to different seven fibers connected to
different seven positions in the tank, one laser beam source is moved by step
motor in optical SW depicted in Figure 18. The step motor is controlled by
software through serial communication (RS-232). Figure 20 shows the inside
of the optical SW. In the upgraded system of SK-II, each laser fires every
1 sec during normal data taking. This is more frequent than 6 sec of SK-I
because we should get the enough statistics of each injector.

This system is controlled by a computer, named “sukcal” in the central
HUT as shown in Figure 18. The sukcal machine determine the laser and

18

laser 
and Xe
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Summary
• HK Calibration Overview
• HK calibration method/system are being developed 

based on SK experience.

• Trying to incorporate new ideas

• Preparation of “Conceptual Design Document” for 
HK calib is in progress

• HK PMT calibration
• PMT calibration techniques, established in SK, 

would work in HK too, even HK detector shape is 
not symmetric unlike SK.

• Though, further details need to be thought out

• If HK uses HPDs (instead of PMTs), may need to 
develop additional calibration items
→ Collaborate with Photodetector WG 18
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