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Fast�and�Low�light�detection�in�particle�physics

• Elementary�particles�
• Photon,�electron,�muon,�neutrino,�and�quarks�

• How�fast�
• c=3x108�m/s��=�1/(0.333x10-8)�m/s��������������������
=�1m/3.33nsec�

• �A�photon-detector�has�the�timing�resolution�of�
better�than�100�psec�(0.1�nsec)�

• How�low�
• 1�photon���

2#photons
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The things is that there are a lot photons reach us even in a 
blinking of LED
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 where Ephoton = hf h = 6.26 × 10−34Js

The Thorlabs 405nm LED has optical power of 6mW, how many photons emitted 
in a second ?

https://www.thorlabs.co.jp/newgrouppage9.cfm?objectgroup_id=2814 

f = c
λ

= 3 × 108[m/s]
405 × 10−9[m] = 7.4 × 1014[s−1] = 7.4 × 1014[Hz]

nphoton = 6 × 10−3[W] × 1[s]
6.626 × 10−34[Js] × 7.4 × 1014[s−1] = 1.2 × 1015

Number of photons emitted per second 

MPPC�lecture�by�Dr.�Son�CAO



Photomultiplier Tube (PMT)
• An equipment to measure photons 
• It often called as PMT (PhotoMulTiplier tube)
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Hamamatsu: No. 1 PMT vendor
Prof. Koshiba with 50 cm PMT 

「カミオカンデからスーパーカミオカンデへ」 
戸塚　洋二　より



Super-Kamiokande
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Eyes of Super-Kamiokande
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~11,000

50cm PMT



Detection Principle
• A neutrino detector 

• Neutrino interactions occurring and being detected in all 
volume of the detector
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• Features of neutrino detectors 
• Large mass and large active volume 
• Small background 
• Good resolutions in the large volume  

• (Resolution for what?)



WCD (Water Cherenkov Detector)
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• The large mass and large active volume 
• The large mass can be achieved inexpensively by using water. 
• The active volume is realized by detecting Cherenkov radiation in 

transparent water. 
• Good acceptance for photons of Cherenkov radiation is essential. 

• The small background 
• Ultra-pure water is necessary for 

• extremely low radio-active environment 
• transparent material with no loss of light (and images). 

• Good resolution in a large volume  
• Good energy resolution 
• Good timing resolution for vertex reconstruction 
• Good imaging resolution for PID and particle counting 



How to find 
neutrinos
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How do you 
find neutrinos?
It's difficult to 
find them 
because they 
go through 
everything...

I prepare ultrapure water 
in big tank.

When electrons 
and muons 
are traveling in water, 
Cherenkov radiations 
are generated.

I can find 20-30 neutrinos 
in a day by using 
50,000 tons of water 
and 10,000 
light sensors.

Uh-huh....

This is 
too big of 
a problem to 
understand...

I find them by 
using light sensors 
on the walls 
of my tank.

Neutrinos collide 
electrons and
nuclei in water 
molecules,
so electron 
or muon escapes.

It's my 
special 
talent!

water molecule

neutrino

electron or muon

Cherenkov
radiations
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How to find Neutrino



Cherenkov light

• When we look into the inside of nuclear reactor, we can 
see blue light (Cherenkov light).
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Kyoto U. Nuclear Reactor Inside of reactor taken by TN  
in March, 2014
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Cherenkov light detected by Super-Kamiokande



Cherenkov light
• Cherenkov radiation arises when a charged particle in a 
material medium moves faster than the speed of light in the 
same medium. 

• The condition is v=βc>c/n  =>  βn>1 
• Is is discovered by Cherenkov (the Soviet Union) in 1937.
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Microscopic view: 
Atoms are polarized in the direction 
of the charged particle moving.

charged particle
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2.3 Cherenkov Radiation 35 

2.3 Cherenkov Radiation 

Cherenkov radiation arises when a charged particle in a material medium moves faster 
than the speed of light in that same medium. This speed is given by 

[Jc = v = c/n (2.55) 

where n is the index of refraction and c is the speed of light in a vacuum. A particle 
emitting Cherenkov radiation must therefore have a velocity 

Vparticle> c/ n . (2.56) 

In such cases, an electromagnetic shock wave is created, just as a faster-than-sound air-
craft creates a sonic shock wave. This is illustrated in Fig. 2.9. The coherent wavefront 
formed is conical in shape and is emitted at a well-defined angle 

1 
cosec =--�

[In(w) 
(2.57) 

with respect to the trajectory of the particle. Note that this angle is dependent on the 
speed of the particle and the frequency of the emitted radiation. 

The simple description above, however, is valid for a particle traveling in an infinite 
radiating medium. A more realistic situation, of course, is when the particle traverses 
a finite thickness of material. To calculate the frequency and angular distribution of 
Cherenkov radiation in this case is somewhat more difficult, but only requires classical 
electrodynamics (see, for example, [2.1], Chap. 14). For a particle of charge ze moving 
uniformly in a straight line through a slab of material with thickness L, the energy 
radiated per unit frequency interval per solid angle is found to be 

d 2E 2 an [J2 . 2el wL sin¢(e)1 2 
--- = z - n sm ----"-:"""":'" 
dwdQ c 2n[Jc ¢(e) 

(2.58) 

where a, is the fine structure constant, n, the refractive index of the medium and 

wL 
¢(e)=-(1-[Jncose) . 

2[Jc 
(2.59) 

The term (sin ¢/02 may be recognized here as that describing Fraunhofer diffrac-
tion. 3 Cherenkov radiation is thus emitted in a pattern similar to diffraction, that is 
with a large peak centered at cos e = (fJ n) - 1 followed by smaller maxima. 4 

For L large compared to the wavelength of the emitted radiation, the sin ¢/ ¢ term, 
in fact, approaches the delta function J (1 - [J n cos e) which requires that the radiation 

3 For simplicity, we have limited ourselves to a calculation in two dimensions. In three dimensions, a Bessel 
function appears in the place of the sine term. 
4 If the radiation is being observed outside of the medium, one should not forget the effect of refraction. 
Radiation emitted at angle e in the medium will be observed at an angle ¢ outside the medium where 
sin ¢ = n sin e. We have assumed that the "outside" here is a vacuum and that the boundary between the 
two media is a plane perpendicular to the line of motion. Obviously, for n '" 1, there is not much difference. 

Fig. 2.9. Cherenkov radiation: an 
electromagnetic shock wave is 
formed when the particle travels 
faster than the speed of light in 
the same medium 



1. There is a threshold on energy（Eth）for Cherenkov radiation 

2. Very fast (Prompt radiation) 
3. (Disadvantage）The light yield is small. The fraction of energy transforming to 
the radiation is only 0.1% or so. (Ref. It is ~10% for scintillation) 
•[Q] How many Cherenkov photons are detected in Super-Kamiokande for an 
10 MeV electron.  

4. The Cherenkov photons are emitted in the direction of the charged particle 
moving with the angle θC to form a cone shape. (Ref. The scintillation lights are 
emitted isotropic). 

5. The Cherenkov yield is proportional to 1/λ2 (λ: Wavelength of Cherenkov light). 

• With the above characters, a Cherenkov detector is often used for particle 
identification with the momentum threshold. It is also unique that the moving 
direction is determined.

Characteristic of Cherenkov radiation
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Material�medium�for�Cherenkov
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n-1
β  

threshold
Diamond 1.42 0.41
glass 0.46~0.75 0.57~0.68

scintillator 0.58 0.63
Water 0.33 0.75

Silica aerogel 0.025~0.075 0.93~0.976
CO2 gas 4.3×10-4 0.9996
He gas 3.3×10-5 0.99997



Ring Imaging Water Cherenkov pixel detector
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θ

 β> 1/n (n=1.33)

 cos θ = 1/nβ



Water transparency
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NIM	A	737	(2014)	253-272

10m

100m

■Around	400	nm	region,	absorption	
and	scattering	are	measured	in	the	SK	
detector	with	nitrogen	&	dye	lasers.	
■Rayleigh	scattering,	Mie	scattering,	
Absorption	are	considered	
■Absorption	in	the	long	wavelength	is	
obtained	from	R.M.Pope	and	E.S.Fry,	
Appl.	Opt.	36	(1997)	8710

(June	9,	2018)

■ Water	purification	system	



https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf
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Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier

Exploration of Particle Physics and Cosmology with Neutrinos
Unification and Development of the Neutrino Science Frontier

https://www-he.scphys.kyoto-u.ac.jp/nucosmos/en/files/NF-pamph-EN.pdf


Cosmic Neutrino
• The High Energy Cosmic Neutrinos were first detected in 
2012 by IceCube.
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The IceCube Detector 

South Pole Dome (old station) 

Amundsen-Scott  
South Pole station 

1km 

1km 

1.5km 

5160  
optical  
sensors 

 

Array of 80 sparse and 
6 dense strings 

5 
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54 events observed with 20±6 expected from atmosphere  

4 yr update of  
PRL2014, Science 2013

Astrophysical Neutrinos!

Earth absorption
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54 events observed with 20±6 expected from atmosphere  



Sky map of 54 High Energy Starting Events
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Largely isotropic ⇒ extragalatic origin!
21



Markus Ahlers (NBI) High-Energy Messengers: Present & Future

Realtime Neutrino Alerts

 28

IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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IceCube EHE (“extremely-high energy”) alert IC-170922A
Up-going muon track (5.7� below horizon) observed on September 22, 2017.

The best-fit neutrino energy for an E�2-spectrum is 311 TeV.

Markus Ahlers (NBI) Neutrino Sources in Light of Recent IceCube Results September 5, 2018 slide 18

up-going muon track (5.7o below horizon) observed September 22, 2017 
best-fit neutrino energy is about 300 TeV

IC-170922A 

Multi-messager 

• IC-170922A observed September 22, 2017 
had a coincidence with flaring blazer 
TXS0506+056 (3σ level)

22

Markus Ahlers (NBI) High-Energy Messengers: Present & Future

TXS 0506+056

 29

PKS 0502+049

TXS 0506+056

IceCube (50%)
IceCube (90%)

MAGIC (95%)
Fermi (95%)

TXS 0506+056
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• IC-170922A observed in coincident with flaring blazar TXS 0506+056. 

• Chance correlation can be rejected at the 3!-level. 

• TXS 0506+056 is among the most luminous BL Lac objects in gamma-rays.

First Multi-Messenger Blazar: TXS 0506+056

RESEARCH ARTICLE SUMMARY
◥

NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪

RESEARCH

The IceCube Collaboration et al., Science 361, 146 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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Read the full article
at http://dx.doi.
org/10.1126/
science.aat1378
..................................................
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g

RESEARCH

IceCube Collaboration, Science 361, 147–151 (2018) 13 July 2018 1 of 5

*IceCube Collaboration authors and affiliations are listed in the
supplementary materials.
†Email: analysis@icecube.wisc.edu

on July 12, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

[Science 361 (2018) no.6398, 147-151]

Markus Ahlers (NBI) IceCube & Athena November 29, 2018 slide 16

Markus Ahlers (NBI) High-Energy Messengers: Present & Future

TXS 0506+056

 29

PKS 0502+049

TXS 0506+056

IceCube (50%)
IceCube (90%)

MAGIC (95%)
Fermi (95%)

TXS 0506+056

78.5 78.0 77.5 77.0 76.5

6.5

6.0

5.5

5.0

Right Ascension [±]

D
ec

lin
at

io
n

[± ]

707580859095

-10

-5

0

5

10

15

77.41 77.37 77.33

5.72

5.68

5.64

• IC-170922A observed in coincident with flaring blazar TXS 0506+056. 

• Chance correlation can be rejected at the 3!-level. 

• TXS 0506+056 is among the most luminous BL Lac objects in gamma-rays.

First Multi-Messenger Blazar: TXS 0506+056

RESEARCH ARTICLE SUMMARY
◥

NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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at http://dx.doi.
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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IceCube EHE (“extremely-high energy”) alert IC-170922A
Up-going muon track (5.7� below horizon) observed on September 22, 2017.

The best-fit neutrino energy for an E�2-spectrum is 311 TeV.
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up-going muon track (5.7o below horizon) observed September 22, 2017 
best-fit neutrino energy is about 300 TeV

IC-170922A 
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Blazars as Neutrino Factories
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Active galaxy powered by accretion onto a supermassive black hole with 
relativistic jets pointing into our line of sight.  

Neutrinos emission from a Blazar？



Belle II  
Aerogel Ring Image 
Cherenkov Counter 

(ARICH)

24

Multianode 
Hybrid Photo-detector



More applications 
in High Energy experiments
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Photo-detector�application�in�High�Energy�Physics

• Popular�application�of�photo-detectors�in�High�Energy�
Physics�experiments�are�
• Calorimeter�
• Measure�the�energy�of�particles�(especially�electrons�
and�photons)�

• Trigger�and/or�TOF�(Time-of-flight)�counter�
• Measure�the�timing�of�a�particle�passing�the�counter�

• Scintillation�light�detected�by�a�photo-sensor.

26



Scintillator + PMT 

• Example 
• Incident energy of γ ray: 0.5 MeV 
• The number of scintillation lights: 20,000 
• Quantum efficiency (+light collection in a crystal): 15% 
• Energy resoultion 
• √(3000)÷3000 = 0.018 (1.8%)

27

Scintillator    PMT               

Scintillation lights    

Photo-electrons

Photocathode
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Higgs and New Physics in pp collisions

APD (Avalanch-Photo-Diode)



29

electron  
(7GeV)�

positron 
(4GeV)�

KL and muon detector: 
Resistive Plate Counter (barrel outer layers) 
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel 
layers)�

Particle Identification  
Time-of-Propagation counter (barrel) 
Prox. focusing Aerogel RICH (fwd) 

Central Drift Chamber 
He(50%):C2H6(50%), Small cells, long 
lever arm,  fast electronics 

EM Calorimeter: 
CsI(Tl), waveform sampling (baseline) 
(opt.) Pure CsI for end-caps 

Vertex Detector 
2 layers DEPFET + 4 layers 
DSSD 

Beryllium beam 
pipe 
2cm diameter 

Belle II Detector�
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Upgrade to give optimum 
performance under ×20 
beam background! �
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PD (PIN-Photo-Diode)



Semiconductor photon detector 
Hamamatsu HP: “What is MPPC?” 
https://www.hamamatsu.com/jp/ja/product/optical-sensors/mppc/what_is_mppc/index.html
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PD APD MPPC PMT

Photo-diode
Avalanche photo-

diode
Multi-channel Giger 
mode photo-diode Photomultiplire tube

gain 1 102 ~106 ~107

sensitivity low medium high high
Voltage applied 5V 100~500 V 30~60 V 800~1000V
Sensitive area small small small-medium large
Electronics complicated complicated simple simple

Noise low medium medium low
Uniformity ◎ ◯ ◎ ◯

Fast response ◯ ◯ ◎ ◯
Energy resolution good not bad good good
Temperature dep. low high medium high
Outer-light dep. ◯ ◯ ◯ ×

Magneticfield dep. ◯ ◯ ◯ ×
Compact & light ◯ ◯ ◯ ×

https://www.hamamatsu.com/jp/ja/product/optical-sensors/mppc/what_is_mppc/index.html


Type of scintillators
•Organic Scintillator 
•The scintillation photons are emitted from transitions made by the 
free valence electrons of the molecules. Scintillation material can be 
in the states of solid, liquid and gas.  

• Inorganic Crystal scintillator 
• The scintillation photons are emitted based on the electron band 
structure of inorganic crystals.

31 from WikipediaSciBooNE Neutrino detector

CsI (Tl) Crystal
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7. Scintillation Detectors 

Fig. 7.7. Electronic band structure of in-
organic crystals. Besides the formation 
of free electrons and holes, loosely 
coupled electron-hole pairs known as 
excitons are formed. Excitons can 
migrate through the crystal and be cap-
tured by impurity centers 

presents an enormous advantage over NaI. BaF2 , on the other hand, has been discov-
ered to have a very fast light component in the ultra-violet region. Decay times on the 
order of 500 ps have been measured in preliminary tests. This would make it twice as 
fast as the fastest plastics. The total light output of this component is low, however, 
and further development is necessary before its real usefulness can be determined. 

Whereas the scintillation mechanism in organic materials is molecular in nature, 
that in inorganic scintillators is clearly characteristic of the electronic band structure 
found in crystals (see Fig. 7.7). When a nuclear particle enters the crystal, two principal 
processes can occur. It can ionize the crystal by exciting an electron from the valence 
band to the conduction band, creating a free electron and a free hole. Or it can create 
an exciton by exciting an electron to a band (the exciton band) located just below the 
conduction band. In this state the electron and hole remain bound together as a pair. 
However, the pair can move freely through the crystal. If the crystal now contains im-
purity atoms, electronic levels in the forbidden energy gap can be locally created. A mi-
grating free hole or a hole from an exciton pair which encounters an impurity center, 
can then ionize the impurity atom. If now a subsequent electron arrives, it can fall into 
the opening left by the hole and make a transition from an excited state to the ground 
state, emitting radiation if such a deexcitation mode is allowed. If the transition is ra-
diationless the impurity center becomes a trap and the energy is lost to other processes. 

7.4 Gaseous Scintillators 

These consist mainly of the noble gases: xenon, krypton, argon and helium, along with 
nitrogen. In these scintillators the atoms are individually excited and returned to their 
ground states within about 1 ns, so that their response is extremely rapid. However, the 
emitted light is generally in the ultraviolet, a wavelength region at which most photo-
multipliers are inefficient. One method of overcoming this difficulty has been to coat 
the walls of the container with a wavelength shifter such as diphenylstilbene (DPS). 
These materials strongly absorb light in the ultraviolet and emit in the blue-green region 
where photomultiplier cathodes are more efficient. In some cases, the PM windows are 
also coated with a thin layer of wavelength shifter as well. 

Gas scintillators have generally been used in experiments with heavy charged parti-
cles or fission fragments. Here, mixtures of several gases (for example, 900,10 3He, 10% 
Xe) under pressures as high as 200 atm have been used to increase detection efficiency. 
In recent years, gas scintillators have been proposed as detectors in space physics as 
well. 

Experiments have also been performed with solid and liquid xenon and liquid heli-
um which have been found to scintillate. 
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7. Scintillation Detectors 

Fig. 7.4. Energy level diagram of an 
organic scintillator molecule. For clarity, 
the singlet states (denoted by S) are 
separated from the triplet states (denoted 
by T) 

ed with each electron level is a fine structure which corresponds to excited vibrational 
modes of the molecule. The energy spacing between electron levels is on the order of a 
few eV whereas that between vibrational levels is of the order of a few tenths of eV. 

Ionization energy from penetrating radiation excites both the electron and vibra-
tionallevels as shown by the solid arrows. The singlet excitations generally decay imme-
diately (:5 10 ps) to the S* state without the emission of radiation, a process which is 
known as internal degradation. From S*, there is generally a high probability of mak-
ing a radiative decay to one of the vibrational states of the ground state So (wavy lines) 
within a few nanoseconds time. This is the normal process of fluorescence which is de-
scribed by the prompt exponential component in (7.2). The fact that S* decays to excit-
ed vibrational states of So, with emission of radiation energy less than that required for 
the transition So -+ S * also explains the transparency of the scintillators to their own 
radiation. 

For the triplet excited states, a similar internal degradation process occurs which 
brings the system to the lowest triplet state. While transitions from To to So are possi-
ble, they are, however, highly forbidden by multipole selection rules. The To state, 
instead, decays mainly by interacting with another excited To molecule, 

To+ To-+ S* + So + phonons (7.3) 

to leave one of the molecules in the S* state. Radiation is then emitted by the S* as de-
scribed above. This light comes after a delay time characteristic of the interaction be-
tween the excited molecule and is the delayed or slow component of scintillator light. 
The contribution of this slow component to the total light output is only significant in 
certain organic materials, however. 

Because of the molecular nature of luminescence in these materials, organics can be 
used in many physical forms without the loss of their scintillating properties. As detec-
tors, they have been used in the form of pure crystals and as mixtures of one or more 
compounds in liquid and solid solutions. A brief description of these types is given 
below. 

7.2.1 Organic Crystals 

The most common crystals are anthracene (C14 H lO ), trans-stilbene (C14H 12) and naph-
thalene (C lO H g). With the exception of anthracene which has a decay time of ==30 ns, 
these crystals have a fast time response on the order of a few nanoseconds. However, 

Organic Scintillator

Inorganic Crystal Scintillator
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• Scintillation lights are little absorbed（transparent） 
• The emission time of  scintillation lights (the lifetime of 
excited states) is fast [2~3 nsec].

absorption

emission
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•Scintillation efficiency 
•The efficiency is getting low if the excited energy is not used for the 
emission of lights, but heat. The process is called as quenching. 
(Example) Quenching occurs in the liquid scintillator with Oxygen. 

•Solvent and Solute 
•The ionization energy seems to be absorbed mainly by the solvent (and 
plastics) and then passed on to the scintillation solute. This transfer is 
quick and efficient. A typical scintillation solute is PBD, PPO and POPOP.  

• Wave Length Shifter 
•The secondary solute such as POPOP is added with the first solute of 
PBD for its wavelength shifting properties. The primary scintillation 
photons are absorbed by the secondary solute and emits the photons of 
longer wavelength that are more transparent and more matched to the 
sensitivity of photon-sensors.
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• A photon enters the photocathode, and the 
photo-electron is emitted by photo-electric 
effect. 

• Quantum efficiency: 10~30% (typical) 

• Inside vacuum 

• The first photo-electron is focused into the first 
dynode. 

• Voltage between dynodes is typically 100V or so 

• With many dynodes, the number of electrons 
are multiplicated. 

• A typical multiplication factor of one dynode is 
2~3, but with 13 dynodes, the multiplication 
becomes 313~1,000,000. 

• It is readout as an electronic signal.

8. Photomultipliers 

Photomultipliers (PM's) are electron tube devices which convert light into a measur-
able electric current. They are extremely sensitive and, in nuclear and high-energy 
physics, are most often associated with scintillation detectors, although their uses are 
quite varied. It is nevertheless in this context that we will discuss the basic design and 
properties of photomultipliers, their characteristics under operation and some special 
techniques. 

8.1 Basic Construction and Operation 

Figure 8.1 shows a schematic diagram of a typical photomultiplier. It consists of a cath-
ode made of photosensitive material followed by an electron collection system, an elec-
tron multiplier section (or dynode string as it is usually called) and finally an anode 
from which the final signal can be taken. 1 All parts are usually housed in an evacuated 
glass tube so that the whole photomultiplier has the appearance of an old-fashion elec-
tron tube. 

During operation a high voltage is applied to the cathode, dynodes and anode such 
that a potential "ladder" is set up along the length of the cathode - dynode - anode 
structure. When an incident photon (from a scintillator for example) impinges upon the 
photocathode, an electron is emitted via the photoelectric effect. Because of the applied 
voltage, the electron is then directed and accelerated toward the first dynode, where 
upon striking, it transfers some of its energy to the electrons in the dynode. This causes 
secondary electrons to be emitted, which in turn, are accelerated towards the next 
dynode where more electrons are released and further accelerated. An electron cascade 
down the dynode string is thus created. At the anode, this cascade is collected to give a 
current which can be amplified and analyzed. 

Photomultipliers may be operated in continuous mode, i.e., under a constant il-
lumination, or in pulsed mode as is the case in scintillation counting. In either mode, if 
the cathode and dynode systems are assumed to be linear, the current at the output of 
the PM will be directly proportional to the number of incident photons. A radiation de-
tector produced by coupling a scintillator to a PM (the scintillator produces photons in 
proportion to the energy deposited in the scintillator) would thus be capable of provid-
ing not only information on the particle's presence but also the energy it has left in the 
scintillator. 

Let us now turn to a more detailed look at the various parts of the photomultiplier. 

1 An alternative structure rarely used with scintillation counters is the side-on PM. Here the photocathode is 
oriented so as to face the side of the tube rather than the end window. The dynode chain is then usually ar-
ranged in a circular fashion around the axis of the tube rather than linearly along it. The basic operating prin-
ciple remains exactly the same, however. 

Electron optical 
input system -Ht-_ 

--111 .... ---"7 

First dynode----ft-t-<\. 

Multiplier 

Anode -----\olf------1...-: 

Fig. 8.1. Schematic diagram of a 
photomultiplier tube (from 
Schonkeren [9.1]) 
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Provided	by	Hamamatsu	Photonics	K.	K.

Quantum	Efficiency	(QE)

Note: Hyper-K PMT has x2 better QE+Collection eff.
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•Organic Crystal Scintillator: Anthracene (C14H10), etc.. 
•Plastic Scintillator 
•Very Flexible shape: Scintillator plate, Scintillator bar (T2K 
ND280/FGD), Scintillating Fibers (NINJA Tracker), etc.. 

•Organic Liquid Scintillator 
•KamLAND, Double Chooz, Daya Bay, NOvA, etc..

KamLAND experiment KamLAND experiment



Summary
• Applications�of�photo-detector�in�particle�physics�
experiments�are�introduced.�
• Neutrino�detectors�with�PMT�
• Cherenkov�light�detection�

• Scintillator�with�PMT,�MPPC,�APD�and�PD�
• Calorimeter�
• Trigger�and�TOF�counters�

• I�skip�MPPC�and�Tracking�Neutrino�detectors�that�
were�covered�in�the�lectures�by�Dr.�Son�Cao�and�
Prof.�Jennifer�Thomas.

38


