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Introduction
• “Optical Calibration”: understanding the 

process of Č photon detection

• starts with production of Č photons in water

• ends with absorption of photons
• in water, walls of the detector, PMT . .

• water is the medium/the medium is water:

• induces Č radiation from relativistic charged 
particles (radiator) → index of refraction

• medium through which optical photons pass 
subject to a variety of optical phenomena

• account for the boundary of the detector

• reflection/absorption of photons off the 
“black sheet” (~80% of surface)

• reflection/absorption of photons on the PMT.

x

relativistic
particle

Č photon

Č photon
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Scattering in water
• “Rayleigh”: scattering off local thermal fluctuations in the medium

• scattering rate determined by n, compressibility, temperature

• “dipole”: L∝1/λ4, isotropic in ⊥ plane, cos2θ in ∣∣ plane

• generic behavior for light scattering off isotropic objects ≪ λ

• “Mie”: scattering of particulate contamination/impurities

• depends on size of particles (~d6) and Fresnel factor

λ=337 nm, n1=1.34, n2=1.5

d=30 nm d=100 nm d=300 nm

http://omlc.ogi.edu/calc/mie_calc.html

⊥ plane

∣∣ plane
unpolarized
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Absorption, Range
• In addition to scattering, Č photons can be 

absorbed (or re-emitted at a wavelength where 
it cannot be detected).

  The averages are used as data points 

  Functions were fitted to them, then installed in SKDETSIM 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  The variation of Tuned Water Coefficients against time are produced 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Figure 1: Typical Spectral Response

TPMHB0573EA

PHOTOMULTIPLIER TUBE R3600-02, -06

Figure 2: Anode Sensitivity, Gain
               and Dark Current Characteristics

TPMHB0574EA

Figure 3: Typical Time Response

TPMHB0386EA

Figure 4: Typical Temperature Coefficient of
               Anode Sensitivity

TPMHB0575EA
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Relevant wavelengths range is ~300-500 nm

SK water 
measurements

All processes are wavelength dependent

• Č photons are emitted with ~1/λ2 spectrum

• photocathode sensitivity 

• rises sharply at 270-290 nm (glass)
• decreases rapidly > 500 nm

• water transparency 

• decreases rapidly >500 nm

Hamamatsu R3600

4Tuesday, January 15, 13



Data/Analysis Strategy
• Generic method:

• Inject light with known properties into the detector

• Simulate the light in Monte Carlo simulation (“MC”)

• vary/tune optical parameters in MC until data and MC “agree”

• Variations:

• Light source:
• collimated light source? diffuse “ball”?
• fixed injection point? variable source deployment?

• Analysis:
• what are the “parameters”? (water only? PMT and others?, etc.)
• fit samples or parameters separately or global fit across samples?

• Systematic uncertainties:
• tuning sets the parameters for MC/data agreement
• parameters have uncertainties. What to do with them?
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SK Calibration Hardware

• Fixed injection points at various points in the detector

• collimated light from N2/diode laser at various wavelengths

• profile measured directly in the data with bottom PMTs

• Photons undergoing optical phenomena separate in arrival time 
for PMTs at a fixed height in the detector.

  The absorption and scattering of Cherenkov light in the Monte‐Carlo 
is important for any analysis at Super‐Kamiokande 

  Objective is to measure the probability of scattering and absorption 

  Light injectors fire during 
normal data‐taking 

  Light injector data is used 
to tune MC 

  Functions of Probability 
against Wavelength are 
found 

  There are 8 Light Injectors 
in total (Blue cones) 

  The 2nd top light injector 
is used in this analysis 

  ~1800 events / LI /day 
of ~500 p.e. 3ns pulses 

05/12/2009  Thomas McLachlan  2 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365 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: 03/07/2009 
400 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: 03/07/2009 
420  445 : 27/03/2009 

T. McLachlan, T2K-SK/SKLB workshop 2009
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Analysis

• At each wavelength:

• Region before reflection peak used to extract water optical 
parameters (absorption, (a)symmetric scattering) in fit

• Region in reflection peak used to extract PMT reflection 
parameters (complex index of refraction)

  The averages are used as data points 

  Functions were fitted to them, then installed in SKDETSIM 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  Principle Distribution 

  TPMT – TOFtarget 

  Makes peak from reflected light 

  Gives scattering/absorption 
information 

  Separate into Top, Bottom 
and Barrel Regions 

  Dark hits are subtracted from  
early off‐time regions 

  Normalise by total charge 

   Scattered Hit / Qtot 

  Shape of scatter distribution 
sensitive to scattering  

  Slope after scatter peak sensitive 
to Absorption coefficient 

05/12/2009  Thomas McLachlan  5 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T. McLachlan, T2K-SK/SKLB workshop 2009

7Tuesday, January 15, 13



SNO Calibration Hardware

• “Laserball” injects pseudo-isotropic light into the detector

• Laserball moved around within detector to illuminate from 
different positions (see Szymon’s talk)
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SNO Optical Environment 
• “Richer” optical environment

• “Onion” structure of detector:
• inner D2O target volume
• acrylic vessel
• outer H2O buffer
• PMT support structure (PSUP)

• Light collectors on PMTs
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Analysis:
• Parameters associated with:

• attenuation in D2O

• attenuation in acrylic vessel

• attenuation in H2O

• angular response of PMT

• intensity profile of laser ball

extracted with a global fit is 
performed at each wavelength
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• Global fit of parameters associated 
with unrelated optical processes 
(water vs. reflection, etc.) and 
nuisance parameters.

B. Moffat, PhD Thesis
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Dedicated measurements

• ex-situ measurement of scattering 
angular distribution at MiniBooNE

11

3. Reflectance measurement of Black-sheet

data

MC

Z 
(c

m
)

Z 
(c

m
)

 （degree）

Sample of
Black-sheet

We employ 2layer dielectric 
model (water + BST) and a 
empirical correction function 
to adjust laser data.

Q
(r

ef
l.)

/Q
(d

ir
ec

t)
 D

at
a

Q
(r

ef
l.)

/Q
(d

ir
ec

t)
 M

C

incident angle

30deg 45deg 60deg

spot of 
reflected light

Tune Black-sheet 
reflectance using direct 
laser data.

laser
injectorθcos 

-1 -0.5 0 0.5 1

C
ou

nt
 R

at
e 

(H
z)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200
 / ndf 2χ  7.813 / 7

p0        8.227± 877.9 
p1        13.76± -0.4316 

 / ndf 2χ  7.813 / 7
p0        8.227± 877.9 
p1        13.76± -0.4316 

θcos 
-1 -0.5 0 0.5 1

C
ou

nt
 R

at
e 

(H
z)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200
 / ndf 2χ  7.813 / 7

p0        8.227± 877.9 
p1        13.76± -0.4316 

 / ndf 2χ  7.813 / 7
p0        8.227± 877.9 
p1        13.76± -0.4316 

 / ndf 2χ  7.556 / 6
p0         7.61± 280.9 
p1        15.07± 31.66 
p2        29.68±  1490 

 / ndf 2χ  7.556 / 6
p0         7.61± 280.9 
p1        15.07± 31.66 
p2        29.68±  1490 

Perp. Plane

Par. Plane

(a) Scattering Angular Distribution

)-1Scattering Coefficent (m
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

C
ou

nt
 R

at
e 

(H
z)

0

500

1000

1500

2000

2500
 / ndf 2χ   9.41 / 6

p0        9.262± 0.01672 

p1        624.4± 5.695e+04 

 / ndf 2χ   9.41 / 6

p0        9.262± 0.01672 

p1        624.4± 5.695e+04 

Nanosphere Solutions
Marcol 7
Marcol 7 Isotropic

(b) Scattering Rate

Fig. 1. Light scattered in Marcol 7 is measured using a BIS goniometer and 442 nm laser. Incident light is linearly polarized. Angular dependence was measured
for angles between θ=25◦ and 155◦ from the incident beam. For the scattering angular distribution, the red points are measured in plane perpendicular to the
incident polarization, while the blue points are measured in the plane parallel to the incident polarization. The former are fit to a first order polynomial, while
the latter are fit to a second order polynomial. The distributions are consistent with Rayleigh scattering off isotropic density perturbations in the mineral oil with
an additional contribution from non-isotropic fluctuations. The scattering rate plot shows the intensity of light scattered off suspensions of 50 nm polysterene
nanospheres in water (black points) and Marcol 7 (red and blue points) The different black points correspond to different concentrations of nanospheres, with
the abscissas placed according to the predictions of the Mie expansion. The black points have a subtraction corresponding to Rayleigh scattering in the water
itself and are fit to a first-order polynomial to determine the Rate-to-scattering coefficient conversion factor. The red point is the total observed scattering in
Marcol 7, while the blue point results from isolating the contribution from isotropic density fluctuations from the non-isotropic component using the measured
angular distributions. The abscissa for these two points are at the scattering coefficient predicted by the Einstein-Smoluchowski equation.

Fig. 2. Preliminary results from IUCF Scintillation Tests

The spectrofluorometer also records Rayleigh and Ra-
man scattering. An extensive emission/excitation matrix was
recorded with the Fermilab instrument. The configuration
recorded the spectra at 90◦ from the excitation. Rayleigh
scattering signals were isolated at wavelengths from 320 to 460
nm and the expected wavelength dependence was observed.
A signal due to Raman scattering was clearly observed and
contributes a few percent of additional scattering.

III. SCINTILLATION

THE MiniBooNE collaboration planned to employ scintilla-
tion signals to add information which would help identify

the various neutrino-induced interactions since some processes
will produce additional slow-moving hadronic particles. In
order to begin understanding the scintillation processes, a test
of scintillation light produced by the ionization loss of 200 Mev

Fig. 3. Decay Associated Spectrum of 123 µM solution of Vitamin E in
Marcol 7.

protons (v below Cherenkov threshold) in samples of Marol 7
oil from MiniBooNE was conducted at the Indiana University
Cyclotron Facility. Some initial results are shown in fig 2. Time
distributions show scintillation components with time constants
∼20 ns. Time and wavelength spectral measurements of the
scintillation are ongoing.

IV. FLUORESCENCE

THE observation of scintillation in this oil encouraged
the MiniBooNE collaborators to contact the Scintillation

• Measurement of black sheet 
reflectivity within the SK detector

• A program of dedicated/external measurements will help
• construct optical model in the Monte Carlo simulation

• identify features that might be difficult to see in the calibration data

J. Kameda
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Challenges/Outlook for HK:
• Fortunately, experience gained on SK will gives us a big head 

start on the optical calibration strategy for HK

• Suggest that we have laser injection points in HK as in SK
• this can be accommodated in advance in the detector design

• Also consider a laser ball-like system to be deployed
• we will almost certainly have a source deployment system  at HK

• laser ball should be designed as part of it.

• In preparation:

• consider ex situ measurements to characterize and build optical 
model for materials introduced into the detector.

• consider advancing the state-of-the-art in analysis techniques
• (more) global fits may allow resolution of more detailed issues 

(position dependent water quality, etc.)
• MC is a useful tool to get a head start and to define needs
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MC chain/Calibration hierarchy

• (My personal view with a strong LBL bias)

Particle State
Source (e/γ)
Cosmic µ (+decay e)
neutrino (neut, etc.)

Particle tracking
Energy loss
Multiple scattering
Decays
Interactions/production

Optical Photon
Č light production
photon propagation
photosensor optics

PMT response
photocathode response
threshold, digitization, etc.
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Č light production
photon propagation
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optical calibration with light source
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