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The real voyage of

discovery consists not in
seeking new landscapes but in
having new eyes
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(DOTOILGTGKTOPBI — IJ1a34d SKCIICPHUMCHTOB

DOTOYMHOXHUTEIN UCIHOJIB3YIOTCA B ITOAABISIOIIEM
OOJBIINHCTBE AKCIEPHUMEHTOB B aCTPO(PUZUKE
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IceCube Neutrino Observatory

\.-_.;.-;.-:.-. 2=~ €—|ceTop air shower detector

81 pairs of water Cherenkov tanks
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L — lceCube

86 strings including 8 Deep Core strings
60 PMT per string

DeepCore
& 8 closely spaced strings

1450m

Threshold: IceCube ~ 100 GeV
DeepCore ~10 GeV



Extensive Air Showers ¢°’Auger Hybrid-Detector
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DUE Hyper-
Kamiokande—

150 000 — 200 000! 20” PMTs




lceCube-

HEX
7-14

+ surfac
120 km?

+ PINGU
for oscillations
(~40 strings), few megatc




Muon tracking

Stainless steel tank

Water Seal\ T .
/ 20 kt

Water Buffer lOl\t

: Acrylic sphere: ¢34.5m
Oil buffer 6kt

~15000 20” PMTs ) SS sphere : ¢©37.5m
optical coverage: 70-80% e

15000-20 000 20” PMTs



DETECTOR LAYOUT

Cavern

height: 115 m, diamster: 50 m
shielding from cosmic rays: ~4, 000 m.w

Muon Veto
plastic scintillator panels (on tap)
Waler Cherenkoy Detector
1,500 phototubes

100 kt of water

reduction of fast

neutron background

Steel Cylinder
height: 100 m, diameter: 30 m
7O kit of arganic liquid

13,500 photatubes

Buffer
thickness: 2 m

nan-scintillating organic liquid
shielding external radicactivity

MNylon Vessel ————————
parting buffer liquid
from liquid scintillator

Target Volume ——————————

height: 100 m, diameater 26 m
50 ki of liquid scintillator

IIpoekt sxcniepumenta LENA

Pyhasalmi mine

2 observatory cavern
TT{~200000 M) "’

..LENA site

Schedule (excavation works):
- start 2012 earliest

- duration 4 years

- finish in 2016

<> date at location

15 000 PMTs (20”)

vertical design is favourable in terms of rock pressure and buoyancy forces
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DoTORIEKTPOHHBIN YMHOXUTEIb — Kyoenkuit JI.A. 1930

[lepBbIii B MUPE (POTOIIECKTPOHHBIA YMHOXKUTEb
“TpyOxa Kyberkoro”

Ky6enkuii JIeonna AnekcaHaApoBUY
1906 -1959
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JleTekTophl ()OTOHOB

» Bakyymnsie porogerexTopsl (DOY, HPDs,
HPLS, HAPDs u T.1.)

» TBepaoreabHbie (OTOAECTEKTOPDI
(poToamoab!, TaBUHHBIC (DOTOINOIEI,
KPEMHHUEBBIE (DOTOYMHOXKHUTEIIH,
(bOTOAMYJILCUH U T.1.)

e ['a30BbIC (DOTOYMHOKHUTEIIH
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A.E.Yynakog: ... 110001 OOJIBIIION SKCIEPUMEHT JOJIKEH MOJ00HO
JJOKOMOTHBY JIBUTaTh BIIEPEd Pa3BUTHE HOBOM KCIIEPUMEHTAIbHOM
TEXHUKH, KOTOPAsi B CBOIO OYEPEb OYAET OTKPHIBATH HOBBIE
BO3MOKHOCTH 11 OyAyIIMX €IIe 001€€ YyBCTBUTEIbHBIX
SKCIIEPHUMEHTOB”’
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A.E.Chudakov 1956-57.

Project of 0.5 m sphere with a scintillator in centre.
Not implemented.

N.Sclar 1959. Photodetector with electron bombarded Si-diode.
Pilot sample, 10* gain.

Kalibjan, 1963
Chevalier, 1966. The first really working hybrid tube with Si-diode.

G. van Aller et al. 1981-87.
The first Hybrid tube with luminescent screen — XP2600.

L.Bezrukov et al. 1983-1990. Quasar tubes. (Quasar-370, 1990-1998)
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Hybrid phototube with
luminescent screen

Why luminescent screen?

Luminescent screen - thin layer of scintillator
(monocrystal or phosphor) covered by aluminum foll

Electro-optical preamplifier (light amplifier) with
large photocathode + small conventional type PMT

Van Aller, Flyckt et al. 1981-87; Bezrukov, Lubsandorzhiev et al. 1983-2001.
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A number of scintillators are available only as
phosphors (ZnO:Ga, LS, etc).

Sometimes 1t’s better to work with phosphors.

PDE = QE x CE x K

K — probability to detect p.e. (L.Bezrukov, V.Kabikov 1987)

CE.+=CEXK

17



[ nopugHbIC POTOAETEKTOPHI C TFOMUHECIICHTHBIM
SKPAHOM.

CE, ~ 100%!!
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KBA3AP-370

[ nOpuaHBIN (DOTOAETEKTOP A IITyOOKOBOAHBIX
HEUTPUHHBIX SKCIICPUMEHTOB

370 mm

scintillator

375 mm

T gmall PMT

-
time

CosmectHas paspadorka SN PAH u OKb Karoxn, rHoBocnoupck
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XP2600 QUASAR-370

370 mm

3mm
.

scintillator
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Transit time difference ~5ns.  Transit time difference ~0.8ns!
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“...the largest eye ever recorded, by

the way, 1s a colossal 37 cm in diameter.

The leviathan that could afford to carry

such eyes around is a giant squid with
10-metre tentacles.. ”

Richard Dawkins.
Climbing Mount Improbable. 1997
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(KBA3AP-370Y, KBA3AP-370G, KBA3AP-370D, KBA3AP-370LSO, ...
KBA3AP-370LSO

370 mm

3 mm N
\

hotoelectrons iii
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200 400 &0 800 1000 small PMT
Zharge, ADC channels 8

SER ~ 30-35%!
Jitter < 1 ns (fwhm)!




The number of events

4000

3000 F

20000

1000 F

- .,

200

400 &0 g0
Zharge, ADC channels

1000

Single electron resolution ~30-35%

(fwhm)

{ FWHM)

Transit time spread, ns

| T

e Quazar-370YS0O
m Quasar-370YAP and Quasar-3705BO
a Quasar-370LS0O

Accelerating wvoltage, kV

Jitter ~ 1 ns (fwhm)
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QUASAR-370 in the Lake Baikal Neutrino
Experiment (HT-200 & HT- 200+)

To Shore

' -~ calibration laser
. - AN & ~tr '.-..
D acray electronics

module
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226 QUASAR-370 phototubes
operated in Lake Baikal
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Ch.Spiering, talk at PPP2015
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KBazapsl B Deutsches Museum
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OTkpeITHE CBEUCHUS BOAHOM cpenbl o3.batikan!!! (bespyxos u op. 1981)

Ce30HHBIE BapHUallii CBEUYCHUSA, BEPTUKAJIbHBIE TCUEHUSI, KOPPEISILINY, ...
YKkazaHue Ha CyIl€CTBOBAHME MHOTO(DOTOHHBIX BCHBIIIEK!!!

HoBrie jaga4dyu JJisd JIMMHOJIOI'NHN
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KBA3AP-370G

IUI YEPEHKOBCKUX JETEKTOPOB MIMPOKHUX aTMOC(EPHBIX JIMBHEH

be3pykos u op. 1990-1995.
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KBA3AP-370G

JUIs1 YEPEHKOBCKHUX JIETEKTOPOB IIUPOKUX aTMOC(HEPHBIX JTUBHEH

370 mm

1)
N, —r—r—rrr
o S

ik

TTS ~ 2 ns (FWHM)
SER ~ 70-80% (FWHM)
At<1ns

CE ~ 100%



QUASAR-370G
37 cm extended bialkali low resistance hemispherical photocathode
21 acceptance, CE ~ 100%
Y SO+BaF, luminescent screen (phosphor or monocrystal)

Small 6 stages high anode current PMT (200pnA max DC current)

NIMA 2000 V.A442 P.368.

NIMA 2008. V. 595. P.58-61.

IEEE TNS 2008 Vol.55 Issue 3 Part2 P.1333-1337.
NIMA 2009. V. 602. P.201-204 32
NIMA 2009. V. 610. P.68.



Hanenupiin uepeHKOBCKUU AeTekTop HTTAJI
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Events _

X 2/ndf 41.3/31

mean 0.88 + 0.2
sigma 4.26
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TynkuHCcKas nonuHa, Pecnyonuka bypsitus
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YepeHKOBCKUE SKCIIEPUMEHTHI B TYHKMHCKOU JIOJIUHE

1993 - ..........

M Tunka-1

Tunka-25
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DKCIIEpUMEHT TyHKa
(Tynka-4, ..., Tyaka-25, Tynka-133, TAIGA)

. ﬂ".n_»_) I Y : S oy A e - -
. VLW AN A B T S s

Studles of primary cosmic rays energy
i spectrum and chemical composition
around the «knee» region

- The TUNKA experiment has been
operating since 1993
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TUNKA-25

B — QUASAR—370 O -@horn—EMI D668 il v i,
—200  —100 100 200 |

7

25 large sensitive area hybrid phototubes QUASAR-370G (37cm In diameter)
Area ~ 0.1km?, E,, ~ 4x10%4 eV, angular resolution ~0.5°

Studies of cosmic rays energy spectrum and mass composition
In the energy range of 10%-10%7eV

40



TUNKA-25: main results

Cosmic ray energy spectrum and mass composition in the energy
range of 101°-10'7eV

Astroparticle Physics 2013, V.50-52, P.18

Energy spectrum Mass composition

1025
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Tynka-133 (3 xm?, 175 ¢oy)
2010-2012 175 optical detectors

Six outer clusters (EMI 9350) covering
were deployed an area of 3 km?
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TAIGA

(Tunka Advanced Instrument for cosmic ray and Gamma-
Astronomy)

LLlnpokoyronbHan CeTb CeTb MIOOHHbIX

qe.peHKOBCKaﬂ yCTaHOBKa TeecKonos AEeTeKTopoB

(HISCORE , M..Tluzikont et al) M306paskeHNs 102-103m2.
3-5 m?

Mynbsru-TaBHaAss raMma-acTpoHOMHUS U kocmuueckue ayun ¢ E>20 T>B
43



’, (m~#sec™ «ster '*xeV?)
o
3
n

I*ED ¥

s

(]
Mo
I

4—‘; ¢ - Tunka+133 i -
o— Tunka—HiSCORE (PRELIMINARY) * : R e -
1 e @ —-EAS=TOR HiRes2
o— Tunka—135 5 L _ Tibet E—qur
E Y — HEGRA WA
- Q — KASCARPE—Grande
IlrE 1025 =TeE=Ty
yo = EZB5F0.01 = [CII b
Ly
o0 bYL = -4 ™=
{Fhséztﬁ:“::ﬁ"r‘ 4 (1’: .
| ] Py
Gdag‘ ¥ = +3.2340.01 T =
¥, = —2.98+0.01 y
7, = =3.35+0.11 1024
15 16 17 18 15 16 17 18 19 20
lg(E,/eV) logio(Ee/€V)

Ouepretndeckuu criekTp [1KM mo maHHBIM
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JIroO0o# KpynmHOMACIITAOHBIM (PU3UYECKUN IKCIIEPUMEHT —
3TO HE TOJBKO (PU3NYCCKUM SKCIICPUMEHT,
HO YU COLIMAJIbHBINA SKCIICPUMEHT

B.A.Mameees
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OAO KATO/I, rHoBocubupck




C 1988-ro no 1993 roa npeanpusiTHe BHIXH-
BaeT BO MHOTIOM GJ1aroiapsi yY4acTHio B YHHKATb-
HOM npoekTe PoccHilcKoit akajieMHH HayK —
co3nanuu Ha bajikane noasoaHoro aerexKropa
JUISL PErHCTPALIMH HEHTPHUHO, NPHILIEIIINX U3
Nnaekux ranakTuk. «Karoja» paspabarsiBaer M
H3rorasauBaer HoToWIEKTPOHHBIE YMHOXHTE-
M (DY) — ocHOBHBIE MPHOOPHI TOIO JICTEK-
TOPA, YUTO YUEHBIE PA3BOPAUHBAIOT B INTYOMHAX
o3epa. Ha «Karoae» arum ODY naior 3ByuHoe
umsi — «Kpazapei». Karosgosckue «Kpazapni»
M0 OCHOBHBIM XapakKTepHCTHKAM HAMHOIo
npep3ouii  nNpubopsl  SMOHCKOR (QUPMH
Hamamatsu (MupoBoit 1naep B 061aCTH paspa-
0oTKH ¥ npou3soacTea OIY). Ormerum, uTo 1
MO ceit 1eHb HUKOMY He YIaJ1I0Ch NPeBR30HTH
npudop, co3naHHbii HA «Karoje».

«KBazaphbi» CTATH MOCJIEAHUM «HENnpod Wib-
HBIM» JleTHieM cuoupsikoB. OHM nojiepxa-
nu «Karoa» He TonbKO HMHAHCOBO: HEKOTO-
pPhi€ NMPOPLIBHBIEC TEXHHUYECKHE PEILICHUS, PO-
AMBIIHECS B npouecce padorel Haj
«KBazapamu», ObUIH HCIOJIL30BAHB B HOBBIX
S0 [lax.

“Oxcnepm” Ne§, 2004.

OAO KATO/1

Benyiee npeanpustue B Poccuu 1o
IIPOU3BOACTBY MPHUOOPOB HOYHOTO
BUCHUSA

YCIEUIHO KOHKYPUPYET HA MUPOBOM
peiake ¢ ITT, Litton, Photonis u T.x.
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HQE dboroymHoxuTenu

HoBble CHIUHTUILIATOPHL IS THOPUIHBIX (DOTOAECTEKTOPOB

[ nopuaHbie (DOTOAETEKTOPHI OONBIION MIOIIAAN C JABUHHBIMU JUOJAMMU
HPSIPM — rubpugasie GporogerekTopsl ¢ SIPM

®DVY-MKII ¢ 6oabpIIMM BpeMEHEM KU3HU

®OY-MKII 6oab110¥ MI0IAAN

MKII-kaMepbl OOIBIION TIOMAaN

Kpemuuepbie hotoyMHOKUATEN! ! !
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Zn0:Ga
light yield ~ 1200 v/MeV

550 600
Time, TDC channels
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[TnnoTHBIN oOpasen rudpugHoro doroaerekropa ¢ ZnO:Ga

GaN on HPD
Sapphlre wafer Ao apsuuan;san;nupntur:||\.|||l'.||I'i||q||n|lnlmu'pN\lnlplluu!]mqmqlmwwllm\ﬂw o il
6! a 3 l 5 6 7.8 »40n 2 W urisu}r‘:‘;&n-

) /n0:Ga

bespykos, JIybcanooporcues, [loneuyk
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“Barrel”-like hybrid phototube. D.Winn&C.Rubbia, 1981

Ciuss oulrr gylinded

Slondprd
.I-, 2"

Glﬂ-!i iwner Cylingdes

Glass end anaplus

“Old 1dea” Not implemented ...

o1



Hybrid Cylindrical OM (HyCOM)

SIPMT i

|dea (stolen from Abalone) —

mphotocathode in pressure vessel

scintillator

photo-

mphoton amplification cathode
mG-APD readout

uv

photon AVAVAV A T e =

electron

POV

Issues

=how to get the photocathode? / j
m(re-)absorption in scintillator? i 'l_ = coating

HV N/
SiPMT

@ PRISMA Light sensors for IceCube — 27 ]G‘U

Idea (stolen from Abalone)???




“New” 1dea

D.Ferenc, Abalone hybrid photitube

y/4

I feegtRof A\

SCINTILLATOR

“New 1dea”
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“Old idea” Camera hybrid phototube.

Bezrukov et al. 1992

Optical preamp readout by a matrix of APDs
Spatial resolution - < 1mm
Time resoltion - ~ 1 ns
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Esso Flyckt:
“New” & “Old” idea of multi PMTs OM
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“New idea” — photodetector for PINGU

M.Kowalski, S.Boser et al.

PMT & Electronics

adiabatic
light guide

WLS paint

wavelength shifter
coated glass tube

<€¢— pressure housing




DOTOAETEKTOP C MPOYHBIM KOPITYCOM JIJISI ITTYOOKOBOAHBIX HEUTPUHHBIX
TEJIECKOIIOB. bespykos u op. 1986.

lunyrapaqeckud

Kf’/oﬁyc.
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“Old” & “New” idea of MCP-PMT. Sen Qien et al. 2011

8” ellipse MCP-PMT

--Electron Multiplier:

small size MCP ( & =18mm)

prototype | _photocathode area:
transmission !

transmission + reflection
photocathode

The photoelectron collected by the
electron mulitiplier MCP

| Dy 200mm

The overview

The hit position of the photoelectron in MCP was affected by the distanc: .
and the center of the ellipse. Whit is the best position for the better collectior




Diccector Zifle p\ng{o‘mge_
Bezrukov 1990.

m
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High QE PMTs (Photonis 3”)

20

101
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HAMAMATSU
PHOTON IS OUN RUSINTES

R12860 High QE Trial

QUANTUM EFFICIENCY [%]

400 500
WAVELENGTH [nm]




HAMAMATSL
PHGTOH IE GUN BUTIHIE

R3600 vs R12860 (New)

R12860 R3600
New 20 inch PMT  Current 20 inch PMT

Diameter 508 mm 508 mm
Effective Area 460 mm min. 460 mm min.
Tube Length 610 mm 610 mm
Collection Efficiency 90% 80%
Dynodes LF/10-stage VB/11-stage
GAIN 2t 2000 v 2t 2000 v
T.T.S. (FWHM) 2.7 ns 5.5ns
P/V Ratio >2.5 1.7
Pressure Resistance Approx. 0.9 MPa 0.6 MPa




HPD Oomb1110#1 4yBCTBUTEIILHOMN MIOIIAAN

KBA3ABP-370D (1996)
HPD nms H-K (2013)

The prototype of 20cmd HPD

| Prototype of 20cmd HPD soms

30cm

Avalanche
Diode
smmeo

: BV Module”” Tty No HV in water
| .
\ - Water—-proof Housing/
~Z0cm°
|| Gain: Dark Rate L 1pe: TIS -
| [P5xan? | ~ i | o= =
L @350V AD Bias \ 3kHz@o05pe, o } i o=1.2n8 "
T " F ook
o3 P/V /4 \ A I g.‘
%H 1pe peak H- g, . F ;j E‘_]"‘, =
jol  mweeess Naoe e O v
12\ AN y_alley Tl hold regior ‘ ‘-:
05 e
S

N3® 6ps

- - |
0 1O 2000 3000
AMIVIITYVIA, HOMEP KaHAMa




Pa3paboTku (hOTOAECTEKTOPOB KMEECT MHOT'O BBIXOOB:

(yHIaMEHTallbHas HayKa, IpUKJIagHas, COLMaIbHAas
chepa, .........

doToaeTekTOophl OYpHO Pa3BUBAIOIIASACS 00IACTh

MBI Ha MOPOre HOBBIX TOCTUKEHUM B pa3padOTKax
(POTOAETEKTOPOB ........

HoBbIE BOBMOXKHOCTH 11 SKCIIEPUMEHTOB . .......
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‘i Jleonna bopucosuu!

S0\ CIOBWIEEM!!

65



