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Outline:
e Cherenkov based PID devices
e Threshold
* RICH (new concepts, photon sensors)
e DIRC type PID devices
» Fast TOF detectors
» Tracking PID (TRD,dEdx)
e« SumMmary
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Particle IDentification - PID

* particles are identified by their mass or interaction
e charged particle that live long enough to rich detectors:
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e momentum Is measured by track
curvature in magnetic field
* In addition we can measure velocity:
* Time Of Flight - TOF
» energy loss - dE/dx
e Cherenkov radiation
(threshold, RICH,DIRC ...)
e transition radiation
e or identify by specific interaction:
 electrons — Calorimeters
 muons — Muon detectors -
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Why we need PID: Example: HERA-B

K" K~ invariant mass.

1 without PID

f:zz The ®-»K" K~ decay only

s | becomes visible after the use of
ool the particle identification
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Momentum range for different PID methods

« example from ALICE experiment — they use all methods
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Cherenkov radiation

* threshold - radiation is emitted when charged particle moves through
the medium faster than the speed of light

v 1
g T
B C n
» Cherenkov angle - angle between the
particle and photon directions cos 9 .=
Bn vave m
 number of photons - depends on refractive index — Cherenkov angle
2
N .
d . 370 s1n29c dN 4 hc dN
dEdl eV cm d M 22 dE

— high sensitivity in blue to UV region
e prompt emission — no decay constant as with scintillators
— enables precise time measurements
e light is polarized — E lies in the plane defined by particle and photon
momenta
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Threshold Cherenkov counters

mc
» ACC (Aerogel Cherenkov Counter) @ Belle P o= 2_q
(variable n=1.03,1.01,1.015, 1.02). =
Finemesh PMT PSP A K s n=1.028 Barrel ACC n=1.013 TOF/TSC
/ . —BUToH 60mod.
_ Aerogel - n=1.020 n=1.015 | n=1.010 /../

> Goretex R ' 240mod. 240mod. | /| 360mod. ]
s ' \\\ . A N /
™~ o Finemesh PMT \\\mm“\ S Endcap ACC

...... N ',’J -y RO 1YY 6ol f-» n=1.030
(7 ) | L 3 FMPMT | 228mod.
> = 2.%FM-PMT NE—+
A ‘_ 2"FM-PMT 0
Detector unit: a block of aerogel e NIV A453 (2000] 321C
and two fine-mesh PMTs
 ASHIPH (Aerogel SHlfter
Photomultiplier) @ KEDR (n=1.05),  LCMT WLS
SND(n=1.13): Cherenkov photon
detection with WLS and MCP-PMT
e more by A. Barnyakov today @12:30 and posters S.Kononov @AFAD2013
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NIM A453 (2000) 321C

Belle ACC performance

Yield for 2-3.5 GeV/c: expected and
measured number of Ch. photons.
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RICH detectors

é?ﬁ,_ :
Ring Imaging CHerenkov counter (RICH) — measurement of

Cherenkov angle — particle velocity. Base designs:

Cerenkov angle

velocity lower

proximity focusing detector
— solid or liquid radiator

detector with focusing mirror
— gas radiator
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Early RICH detectors

Detection of photons by gaseous detectors: & “|
» photosensitive substance (TMAE, TEA)
added to gas or deposited on one cathode
(Csl)

« works in magnetic field

e low initial costs )
 only UV transparent materials and high R avelength ().
purity gas (not for aerogel)

40

UV photon
I TPC

} photo-electron
TMAE

v

DELPHI, SLD, OMEGA RICH counters based on TMAE:

* long absorption length — thick wire chamber detector — TPC

(UV photon - photo-electron - detection of a single electron in a TPC)
 slow — low rate

e aging
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Faster wire ch. based RICH detectors

Thin multi-wire proportional chamber with cathode pad readout —

short drift distance — fast detector \

/f UV photon

7 guartz window

CLEO RICH:
« TEA — short absorption length
 sensitive only below 160 nm

e aging

HADES, COMPAS, ALICE RICH:
e thin Csl layer over photocathode pads
* high rate instabilities

N

cathode wires (60micron

anode wires (15micron)

0.5micron Csl
cathode with pads

photpelectron

ol —

40

1] -=— — =
130 140 150 160 170 U180 190 200 210 220
wavelength (nm)
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GEMs and THGEMs with CsI - gaseus detector comeback"

PHENIX HBD (Hadron Blind Detector)

COMPASS RICH-1 upgrade:

e THGEM + Csl — new development in
gaseous photo detectors

 basic aspects have been validated and

«
understood with small size prototypes ‘/Alv |

NIMA 553 (2005) 215,
NIMA 587 (2008) 371.
NIMA 616 (2010) 21,
NIMA 631 (2011) 26

A MWPC's +Csl
Fused silica WinciG-W\ : ‘_,.--" i UV mirror
YWires (protection) L2 i | IE ¥ ! % - wall s
\ = | Fosemnmssmmamsamencze | =]
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= o e—— = 3
Csl \ ___________________________________________________________________ : ' MAPMT’s
—] n.=:| o= +lenses
THGEM 1 . : Lty
| 2.0mm lm. A > = st = L radiator
THGEM 2 QPSSP 85 0 B 5 5 _ ' ; gas:C4F1U
2.0mm [——— .. | e irer—— o= b I
S 1 ) i i . . s R O - eam pipe
THGEM 3 T | Sl < ”
| ., e — — — PD’s: ~6 m
smote (oth pode) |F. Tessarotto et al. @ PISA2012]
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lon back-flow reduction with “Flower THGEMs”

current flow for the standard "Flower THGEM" configuration:
triple THGEM configuration: THGEM 1 has holes of 0.6 mm diameter, 1.2 mm pitch
o THGEM 2 has holes of 0.3 mm diameter, 0.6 mm pitch,
with 1/3 of the holes missing: the ones below the
0% THGEM 1 holes

THGEM 1

N/

This configuration

provides charge — <_;/ \T>
splitting and allows
for ion backflow
minimization

THGEM 2

THGEM 3

anode

current on TOP of THGEM 1 in %
for the "FLOWER" configuration:

20

e 1.2 kV/cminduction fiel
2.0 kV/cminduction fiefd
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8 M3.9: T=0.4mm,R=0.6mm,P=1.2mm Drift dis.  10.6mm
Transfer dis. 2.5mm
B M4.1: T=0.8mm,R=0.3mm,P=0.6mm Induction dis. 2.5mm
i ’l‘ F. Tessarotto et al. @ PISA2012
2
T - - w  more by S. Levorato on Friday @16:05
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Move to vacuum based photon detectors - PMTs

 operation at high rates over longer periods

o sensitivity for visible light — compatible with aerogel radiator
e does not work in magnetic field

HERMES RICH (SELEX, PHENIX):
e dual radiator C.F, (n=1.00137 @ 633nm)+

4710
aerogel (n=1.03 @ 633nm) o
e single channel PMTs (7 inch, Philips e 0 RS
XP1911/UV) Seeeoe

N / Photons i
- K ~._ Particle
- Lucite N
o> am | \/1 _ »
’\;:i\ N SN Al 7 f
Alunmnum':‘ N i
N ] ./ =
g ‘ Mifror
S / \--\ .\\ 5
N /
Csho N
5 \v/
T — b aerogel | NIMA 479 (2002) 511
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MU'?i - Cande PMTS #BE (Photo Cathode) *\

e smaller pad size — better resolution

HERA-B RICH:
e high rate operation (>1MHz/cm?) —
wire chamber prototypes(Csl,TMAE) abandoned
e multi-anode PMTs (Hamamatsu) — —
first use on large scale °°*°°*°7.
« excellent single photoelectron detection |
 low noise (few dark counts/s/ch.)
* low cross-talk (< 1%)
 low active area ration (<50%)
— imaging light concentrators (area ratio 4:1) ~

Field lens, 35 mm x 35 mm
j Condensor lens
diameter 32 mm h
PMT active area
18 mm x 18§ mm

~ Spherical Mirrors

Photon Planar Mirrors

Detectors
150 mm
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 low noise (few hits per event)

[ / 30 ph./ring(saturated)

e good performance even at
high occupancy events ————»

(typical)
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COMPAS RICH upgrade:
 Csl in central (high occupancy) part replaced with
multi-anode PMTs
 similar imaging light concentrator system used
UV extended PMTs and optics (down to 200
nm)
e area demagnification 7:1
e 60 ph./ring, resolution 0.3 mrad ...

NIMA 553 (2005) 215.
NIMA 587 (2008) 371.
NIMA 616 (2010) 21,
NIMA 631 (2011) 26

wg

radiator
gas: C4F4p

* more by F. Tessarotto today @12:05 PD’s:
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HPD - LHCb RICH ST plsel array

(1024 elements)

» 2 RICHs with 3 radiators \ EergHie! BarhieE
(aerogel, C,F.; CF,) '
e Hybrid Photon Detector introduced

Photocathode
(-20kV)

VACUUM

Photoelectron

e electron optics — 5x
demagnification Phictan
g . . Electrode
e sensitive to magneticfield N _ Ssldar
. : bump Binary
> HV ~20kV, galn ~5k \ bonds elhe-c:’rronTcs
chip
= CERN/EP-TA2
« CERN+DEP-Photonis Optical Tnput
window.
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Belle IT Aerogel RICH

Belle Il forward PID - ARICH
Goals and constraints:

* >4 o K/ttseparation @ 1-3.5 GeV/c
 operation in magnetic field 1.5T
e limited available space ~250 mm
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Proximity focusing aerogel RICH

= X'/ ndf 7764 /116 | 3
000 I+ Pl 7701. I e
o f P N  Typical distributions for
6000 - P4 87.84 12 . .
Ps 3223 2cm sample, obtained in the
0 .
s pion beam tests — N_, 9 _
nf=15.62 0.2
2000 nb=0.33
l\ \ o | Cherenkov angle resolution
S e e s e o e '074‘0 per track is optimal at ~ 2cm
| Fdd Ix(rac
theta cerenkov 0 ring in cerenkov space (
* Radiators of different thicknesses and refractive A R —rom——
indices were tested (2001,2003) 2° A indext.049 TML=38mm
_ _ £ 8 @ index1.062 TML=32mm
Single photon resolution g p ™ A
S i glz_— A =38 mm $ 15_ 2 .
£ g b ¢ g °
s 3—10_ & sE
S | -
g
= " Oy
- = — 4
+ o # i3 O frack— ,N
S o n=1.056 — - 1
nz:::gi; """ 2_; ﬂ:IIII|IIII|IIII|IIII|IIII|||||
0 . ! ! ! . i 0 10 20 30 40 50 60
0 10 20 30 40 50 60 o L I B ke 5 0 thickness{mm)
thickness [mm] thickness [mm]
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Multilayer focusing confiquration

How to increase number of photons without degrading the resolution?
Use radiator with gradually increasing refractive index in downstream
direction - “focusing radiator”

normal focusing
n,=n, n,<n,
e

/,

/N\
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Focusing aeroqel radiator

= : ¥/ ndf 2467. / 116 | 3
x : 6000 F Pl 5495. = 04}
e 2cm+2cm single index _ i e | T
. P3 0.2072E-01 s
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nq| No ni=n, 4000 P5 796.0
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2000 -0.2
_ < nb=1.36
e0,_.=6.4 mrad
track
04
0 1 1 : S el iy g
0 0.1 0.2 0.3 0.4 0.5 -0.4 -0.2 0 0.2 0.4
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Z oo b ¥ /ndf 1095. /116 | 3
Pl 7280. | = 04 p
- P2 03074 | = [
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n{| Nao ni<np I
0
e 0. =14 mrad A
single .
B - nf=10.27
— 3 0.2 =
o Gtrack_ 4.6 mrad < 200 | nb= 1.05 L .
04 F
>60 at 3.5GeV/c [\‘ _ J . [ 5
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NIM A548 (2005) 383, NIM A553 (2005) 64
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PID capability - MC results, focusing configuration

« 3cm single radiator (o) compared to 2x1.5cm focusing radiator (n~1.095)
 focusing radiator improves PID for momenta above ~3GeV

o o
(o)) [00] —

Kaon identification efficiency

o
'

Detector configuration

A focusing

0.2 |

O single layer

L1 1 1 | I I | I I | I I | I I | I I | L1 1 1 | I I | I I |
%.5 1 1.5 2 2.5 3 3.5 4 4.5 5
momentum (GeV/c)
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HAPD photon detector for ARICH

Hybrid avalanche photo-detector developed
In cooperation with Hamamatsu

(proximity focusing configuration):

* 144=12x12 channels (~5x5 mm?)

e Size ~ 73mm x 73mm (65% effective area)
e total gain ~ 4.5x10* | -
(bombardment >1500, avalanche >40) Y-
e typical peak QE ~ 28% (>24%)

QE uniformity

300 lph.

» works in magnetic field
(~perpendicular to the entrance window) e
f
Bi-alkali 200 ooh 15
photocathode Ephoton
| \ v 150 | .
~ photoelectron
zommI 1 T E Y R B " '! - *(Pt:m)
31.95
50 1489,
multi-channel APD H 10.96
1760.

67.96

e more about ARICH by Y. Yusa today @14400 0 0 T000 TR0 2000 3300 3000 3300 2000
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Photon detector candidate: SiPM

e immune to magnetic field oo |

 high photon detection efficiency (PDE) |

e good timing properties (< 300ps FWHM) )

* no high voltage 20000 |

 low material budget .

e high noise rate ~ 0.1MHz/mm? : ) -
e radiation damage - increase of dark noise O A A

TDC [100ps]

Possible candidate:  beam test result (1cm,n=1.03)

fululufululslal
Q; . g
ol L LI L G
inls 1L
L fad | L s F L
‘ 03 0
 more about solid state sensorsby Y. Musienko Thursday @Q:Od
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FARICH (Focusing Aerogel RICH) kandidate for :
ALICE, PANDA, Super c-1, (SuperB): ﬂ
» another focusing aerogel development

e SiPM photon detector

e first use of digital SiPMs from Philips
o tested at CERN \

e excellent timing

Center adjusted hit distribution

e still some open questions ... P=6 GeV/c, L=200mm
r Eniries HATIEY = 100
AN _ Madar 01457 =
E G"IH rrow =48 Ps % RUE 01077 i St
- 71 et 5314030 T3 L
,ﬂﬂﬂﬂ a Bko 146+ DA :T afl
B Cansll TE2e-+04 + 15302 -
A - Maa R0+ OnonoT 40
™ e 1 : Sigrnat QU04B1 4 DuDOd
o 500010 :_ ~] Canct? 147a+-03 + e+ .."I'T
| Maar2 033 4 0000
X Sigmaz 086 5 0 n
1090 |-
i -2
30000 |
- -
20000 :— a0
o000 -5
E'-f_ 08 0.6 -04 02 0 02 04 06 08 i R L R T R R TR T xf;i &0 100
- . ; " s 1IN
Hit time w.r.t. fitted event time, ns
* more by S. Kononov Thursday @9:30 S.Kononov @AFAD2013
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DIRC detector @ BaBar

e quartz bar as radiator and light guide
» water filled expansion volume with
PMTs outside magnetic field

=N | 5 T
,,,,,,,
\
N

Supporttube (Al)
) o II o=, Ty PMT + Base
N - QuartzBarbox ~ o - ~11.000
' PMT's
Compensating coil Air
Assembly flange Water
N,
\l‘\
Standoffbox — Light 3\
. mm Ar Catcher \ \
 high background (slow elec.) #(35.00 mm rA0) BMBM s
el e Track +"/ Photon Path Y
BT S L Trajectory F ] Vo
dge “._
Mirror X, )/ PMT Plane/'. |
/r\ ANk - Water | 'ul

- —— _.-
| Quartz. Bars )Z e Stand off B (SOB}/
X ‘..- g an 0 ox
/ [ .
\J ’ ~—91 mm-— 10mm '
L | S 1.17 m "

-

5m

4 x 1.225 m Bars

BN e N glued end-to-end
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DIRC performance

80 T T T T T T T T L I T T T
BABAR
i V-
60 it ¢ Data (di-muon tracks) ]
L — Monte Carlo Simulation -
é\‘& 40 + —
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FDIRC design H8500 | ﬁ-

(SuperB), PANDA -
 additional wedge and expansion volume with mirror
made from quartz — smaller volume less sensitive to
neutrons

%50 T ey e [ e -..?50 %
e flat-panel PMT Hamamatsu H8500 for photon Pl o em o~ EE
detection — better time resolution NS R, ook {
Background suppresion x25 (volume) x10 (timing). S T 0
Ray tracing: Geant 4 model: .- ;# e
g A ) =3 3 ) 24 00 3 2
25 o =(110.5%51) ps
200 g =(219.1 £41.6) ps

175
150
125
100 | A

75 *»o_ _=140ps
50 ;
25

5 55 B &5
time (ns)

Old wedge New wedge FBLOCK SLAC-PUB-13464, 2008
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FDIRC chromatic error correction Expected chromatic correction

FWHNM =~ 150 psim

e correlation between the propagation
time (L/c ) and Cherenkov angle

FWHM
k12 mrad

o
=

(cosd=c/vn) is used to improve the
angular resolution

=410 mn

Red photons Blue photons
ifast) _jp.J (slow)

df [mrad] = 6(3)-0(410 nm)

-

dTOP/Lpath [ns/'m] =TOP/Lpath(2) - TOF/Lpath(410nm)
30, :

L R T = Eniries 126008 |
e . pl
11 RRL Mean y 1.013

AMS % 01001
AMS y 12.04
Integral 11368405

]
=

Chromatic correction with 3mm pixel size

Chromatic correction - only small pixels

=)

[ec’measured o ec,expected] [deg]

150
1'4 1 E:II
12 e Corrected (max. likelihood method) 100
= ® Uncorrected -10
= 10 - ; ;
= 8 "SI s, P : [ .l -20 >0
I R ik B i 3 = il S o i ;
-E ﬁ | . ' ‘ . -‘. 1 ,-, ' - ,. — ‘ mo_l .. . - = r l.
o 4 i . ’ g - 2 o<01s <01 005 0 005 01 015 02 025 03
£ A’I‘()P/I‘path - (TO measured - TOPexpected)/Lpath [nS/m]
3 | SOQ0FF T T T T T T T T T T T T T L I B o e
F 3500 » =
F Position 1 E Position 1 E
ﬂ ¥ 4000 3000 -
Lpath ~10 m E Lpath ~10 m E

2500

2000
1500

1000F-

0 1 2 3 4 5 6 1T 8 9 10 .
Photon path length [m] ; 0 ~5.6 mrad

20000 o ~7.6 mrad

1000

sl b by b o B

500

C I I L LR | I I £ 1 CI I I I
940 760 780 800 820 840 3860 880 900 920 940 940 760 780 800 820 840 860 880 900 920 940

0, [mrad] 6, [mrad]

February 24 - March 1, 2014 i R il >
INSTRr2y014 Conference, Novosibirsk pcent progre-s P RCELectors SOOI T -ﬁ- e /Lo
’ (slide 29) Univ. of Maribor and J. Stefan Institute i .. T

lIniverza v Maribaort



TOP principle - Belle IT barrel PID

Based on a DIRC concept:

Belle II TDR

e instead of 2D imaging — 1D + Time Of Propagation (TOP, path length)

— compact detector

Linear array PMT (~5mm)
Time resolution ¢ ~40ps N ,__,a:~=-f:49.9_*nm
Linear-array type z =" [ _ e N

hoton detector
P . 20mm
Side view of crystal | 1
charged particle —
/ ; K cost . )8
C cherenkovangle
crystal /
/tonsr

backward-going - |_ >

——> 7-component of unit velocity

 measured time is a combination of photon
propagation time and time of flight from the interaction

point to the quartz bar

e/ N O U /T /S T .:'(5 20
x {cm)
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Fast photon detection: MCP-PMT (Hamamatsu SL10

Multiandode MCP-PMT was developed in
cooperation with Hamamatsu:
* bi-alkali photocathode
egain ~1.5x10° @ 1.5 T
e single photon time resolution

~35ps @ 1.5T

 pad size ~5mm x dSmm (4x4 array)
40

Q.E.(%)

30
20

10

= Super Bi-alk:
e Multi-alkali

i

e

Ieesanna,

400

600

A(nm)

800

Y window with

\ photocathode

3000

2500

2000

1500

1000

500

WA/ 1 1 /0000 A

dual MCP -
Chevron config.

il

o

%22 {effecltive areal

‘:,P
o

27.5 mm

0=34.2-

=0.4ps

A L ]
-40 -30 =20 =10 0 10 20 30

40 50

TDC [1count/25ps]
* more on different MCP-PMTs by M. Barnjakov today @15:30
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TOP “"ring” image

Pattern in the coordinate-time space (‘ring’) — different for kaons and pions.
Recorded by the CFD-based read-out.

time time

0 20 40 60 80 100 120 o m e e @ w0 @
coordinate coordinate

Excellent agreement between beam test data and MC simulated patterns.

* more about TOP by K. Suzuki today @14:15
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TOP like TOF disc detector developments

 FTOF (SuperB) Setup readout modules
* Disc DIRC for PANDA — > |

fiber link

B focusing
e TORCH for LHCDb d
or upgrade
_/5° "“‘
x 27
teaco] CB
Thickness: g
Detected photon I Radiator 20 mm L]
L0p6 FEL & prism 16 mm —
1
430 s47
ASIC readout
e.g. TOF-PET
240 segmented
[ H PMT anode
X (e.g. 3x100)
2" MCP-PMT
056
175 | Y| 0.40 rad > 1— 32 | 02 o1
TraCk C (.2)=(18.0,00) ! g - .o —e— K - K (2x10™ cm? ™)
C i - —— e,
| s b ' 2 0.9 meeet i O =l K - K (2310° cm? s°1)
L ' : O - — ——
L : Mirror — = ' LRy 32 a2
/ . Focusing block R=26.0 '%-" 0.8 E"" '----I. —6— 1 K(2x10" cm?s7)
125 | : 777D = el [ - K (2x10™ cm? s7)
C ' 7/ 77N o) —— e ——
10 7/ - 0.7'_;". [ o
y 8 e
Quartz plate S £ 06F ' .
B (6.7,-3.5)— S - beeer Sogie--d
~ C e ——
s 5 F y T 05—
,,,,, P =
Q0 —
2s b S 04F
o C
(] -
o [ o 03 ?
25 0.2 . ——"07]
’ - :....' O——O—
P 01— e =0=
M TIPS U PP PP = _O_I | |
-10 -75 -5 -25 0 25 5 75 10 058 I T N S T
2 14 16 18 20

Track momentum (GeV/c)
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RICH+TOF combination

Make use of fast photon detectors: measure §
time-of-flight with Cherenkov photons from 3 | \ 2GeV/c TVK: At ~ 180ps
PMT window. ¥ oEmomeeeeemeeb e

START Cherenkov photons

4 K: At

i
i i bt 10 i S i O

{ e Lo '\"i"r"l"'i"]"T
0.5 1 1.5 2 2.5 3 3.5 4 4.5
momentum [GeV]

X'/ ndf 3338 / 25
PI

— 98.86
P2 40.49

P3 1.287

Cherenkov photons v s pros

P6 1.448

from PMT window

aerogel MCP-PMT * ~35ps ger track

e Cherenkov photons from the window can be
used to positively identifiy particles below the
threshold in aerogel

""30' == 55 - .6;)
time [1bin=25ps]
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ALICE TOF with MRPCs

Multigap Resistive Plate Chambers:
e 2 X 5 multigaps — 250um

e 80 ps timig resolution

e K/t separation up to ~2.5 GeV
e requires many tracks fort,

’,"\ Signal electrode

-« 11—t m—nCafhode -10 kV
5 . & T
S 1 —
0.9} - | | (-8 kV)
0.8;— / | A ]
E ) d : (-6 kV)
0.7 3
: H,f" 1= 10* /\
06F |/ el | | (-4 kV)
05F E | |
0.4 F Pb-Pb {5y=276TeV | — 103 i (-2 kv)
: 1 /
0,3;— —; E ;— Anode OV
0-25_ Egmz \[ Signal electrode
01 L e 1 o e Ly b b by gy
0 065 1 15 2 25 3 S5 4| 45 b
p (GeVic) Eur.Phys.J.Plus 128(2013)44
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ATLAS and ALICE TRD detectors
* ATLAS TRT in Inner Detector

e tracking + electron ID
» ~15 polypropylene foils -

fibres (barrel) and foils (disk)
« /0% Xe + 27% CO, + 3% O,

o straw tubes type - faster

* ALICE TRD

e tracking + electron ID

» ~100 foils traversed
« 85% Xe + 15% CO,

o drift chamber type — better ID=

= — &g b=
""'j-""“ - - U [v'd
— TR
- T
-y =
L -":-._Et
- '. -
ﬁ'_‘
= -
. .
L B —
=
X e |
—4
- .'

3\ 0_3_ T T T TTTIT |||| ]
5 z
o 0.25 . B
o - ATLAS Preliminary * .
Q C _
T 2 02 TRT barrel R E
..c _Fn L 6 _
» b5y - @ Data2010 Ns=7TeV) e ]
. ejL — 015_ - —
- = - © Monte Carlo © -
* = C 2 ]
K 2 0.1 ® -
¢ T C ¥ ]
g C 5 4 ]
& 0.05]~ Coeeseasaasuanenvess™  © =
. - + v factor
® 0_ |||||| | | IIIIII‘ | | III\II| | \Illl | | III\Il B
10 107 10° 10°  10°
1 10 1 10
Pion momentum [GeV] Electron momentum [GeV]
NIM A 540 (2005) 140
3101: L AL A B B R
S [ ppVs=7TeV Fa
‘O L p=1-2GeV/c A
% - 6layers & &
B LI I UL I L I L | L T C * .
120 [ o e, dE/dx+TR -g_ s *
= | o e, dE/dx . A E w
E. 100} nt, dE/dx s ° H
- 102 | -
g 80 r .
? * '
S 60 .
A2 [ L
Eg | . * A
£ & aof
: 9 i » ¥
< oo 10° | - ¥ A trunc mean 7
E i e LQID
: I ST T T = LQ2D ALICE |
a 0 05 1 15 2 25 v NN DERFORMANCE 1
= Drift time [us] 10/04/2010
: 1 1 I 1 1 1 1 1 1 1 1 1 l 1 1 1 L I L 1 1 1 I 1 1 1 1 l 1 L 1 L
-E 0.7 0.75 0.8 0.85 0.9 0.95 1

NIM A706(2013) 16

electron efﬁciency
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Cluster counting - dN/dx (SuperB)| : e -
 Number of clusters per track follows £ 0al ey N
Poissonian statistics — better PID : i ]
performance A .
» Timing of individual clusters in single cell ~ o.q —=— daxony .
— better traCklng :—0— With Optimized Cluster Counting :

. ; . 0.2 _
» Single cell prototype with gas mixture : With Suboptimal Cluster Counting ]

90%He+10%iC4H10 0-f40 150 60 70 180 %0 200 210

Momentum (MeV/c)

* Beam test with 210 MeV e,p, 1t

> T T T T T T T |
e M= 7
e Combination of dN/dx and dE/dx — g [ T -
. w ool _
improved performance 5 8 \ i
if1 : - ‘g B N - b N ]
 \WWaiting for large scale implementation £ 06l 7 deiaxonly N
— . . . . . . . . . . . . . c — \ —
z: 0s w‘u‘bﬂM‘MV#'V%MW\‘N'/'wwm 1 A T P S A | é - El Cluster counting only \\ \,\ ]
g : V. r f ;:, 4 Mot \ N W L —_ -\. _—
S 045] VALY, 047 |-~ -] Cluster timing only \\ -
04 ¢+ ' ChamberA | (ns) - dE/dx and clusters counting \\ -
0 20 400 600 800 1000 0'2__ \__
rrrrrrrrrrrrrrrr B B dE/dx, clusters counting and timing
% 03 :)rw"""”*"""""w“mvr-ﬂ"w*"‘_‘, u St 4T PR LA e it | —I e v v b v v v b e b b g \—
g 045} f 8.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S Pl | Pion Selection Efficiency
0.4 |
e o EmBETE e J.F.Caron et al. arXiv:1307.8101
0 200 400 600 800 1000 U o . . .
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Many new techniques and photon sensors were introduced/improved during
the development of PID detectors in recent years:

* new photon sensors: HAPD, MCP-PMT, SiPM

 focusing aerogel radiator was introduced to proximity focusing RICH to allow
thicker radiator without the resolution degradation (optional TOF capability with
MCP PMTs)

e DIRC detector evolved in FDIRC, and for the first time the photon
propagation time was used to reduce chromatic error

e TOP counter was developed, which is based on DIRC concept but uses
Time-Of-Propagation of photons in combination with one coordinate for “ring
imaging”

 many TOP type TOF detectors are in development based on Cherenkov light
and fast photon detectors (MCP PMT or SiPM)

« waveform sampling based cluster counting methods are being developed to
improve dEdx PID capability of central tracking devices

* new TRD devices at LHC perform as expected
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Multi-anode PMTs

e smaller pad size — better resolution

HERA-B RICH:

e multi-anode PMTs (Hamamatsu) —

first use on large scale

» excelent single photon detection
 low noise (few dark counts/s/ch.)

 low cross-talk (< 1%)
e high rate (>1MHz/cm?)

JE® (Photo Cathode)

y
\~_ A5t (Input Window)

Photon
Detectoy

Spherical Mirrors

Photon Planar Mirrors

Detectors
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HERA

Light concentration system
i B

Field lens, 35 mm x 35 mm

Light concentration system: = ; Sopcemsor gns.
e imaging type (~ 2x) —»

» adopt the pad size
 eliminate dead space

» limited angular acceptance \

PMT active area

e 18§ mm x 18 mm

! 150 mm
Ti—— - -
g |
% . % 0.3
- ne §
E ¥ [y I
L = b)
ﬁog-_ 500 om - I geiSsaaREEsnEB g
= f & i - lans system
07 b g 06 - .
E § =
C 350 nm iy
0.5_— E‘ »
4
os S .
i i
_ h k
xH 0.4_— -
C | PMT g.2.
sk B0Gom 0z g RECI BN NS b,
[ r o n-::,;,
L | ] i}
o2l 3
L r 4]
r i ETN AT AT EATArE I RTRAr A ATI AT A I A AW AT A A
01 250 XI5 Mo X5 N0 35 400 425 450 475 500
F wavelength fnm}
0_||||||||||||||||||||||||||||||||||||||||
=20 —150 —100 =50 8] 50 100 150 200
X angle, mrad
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HPD: LHCb RICH ©

Increased Peak j’::; :;_ﬁ
_ Increased =", :
A\ over time 4 r :
* Must cover 200-600nm wavelength range 01 PNt B T —
» Multi-alkali S20 (KCsSbNa2) Al / Ndh S
* Improved over production T 01 *a 32
. - . H 2 +25_r
« Resulted in a lQ_dE increased by 27% wrt G 1 s Rl
S e g J Reduced
the original specifications = Dip Reduced IR
5 | Response
Cherenkov rings from 80 GeV/c - through C,F,, ”{53 so  sei /486 8D 655 ;-5 - u |
Wavelength, & / nm

[ Hit

M Adinolfi et al., NIM A 603 (2009) 287
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Particle ID performance

Present Belle PID performance

Physics Requirements « Kaon identification:
Flavor Tagging . |

B s E— ~85% efficiency at
B — DK

T <10% mifake
probabillity.

Detector Line-up

dE/dx (CDC) B AdE/AX~5%
TOF (only Barrel) EESSS——] AT ~100ps (r=125cm)

e No PID for high

Barrel ACC N n - 1010-1028 momentum tracks in
Endcap ACC [ " - 1.030 i
[ Sl Conly ﬂwtagging)] the forward end-cap
| , , , e y (only flavor tagging)
0 1 2 3 4
p (GeV/c)

Belle PID detectors not suitable for higher luminosity/background at
future super B factories.
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BaBar PID

» Detector of Internaly Reflected Cherenkov light - DIRC
« DCH: dE/dx

BaBar spectrometer at PEP-II

EMC
6580 CsI(TI) crystals

e+ (31 Ge\/)

-

DIRC (PID)
144 quartz bars
11000 PMs

e (9GeV)
—

Instrumented Flux Return
iron / RPCs (muon / neutral hadrons)

| Drift Chamber
\’ 40 layers

b

Silicon Vertex Tracker
5 layers, double sided strips
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IIES?I??OM Cor?fgcrence Novosibirsk et progrgs IR tector:s S0 L0 -ﬁ- - s ®
) (slide 44) Univ. of Maribor and J. Stefan Institute SO ORSSSS ... =y




D

O

Belle IT

PID upgrade for Bell IT}.

Into available space:
e Barrel: Time-Of-Propagation (TOP)
» End-cap: focusing aerogel RICH
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Focusing vs. defocusing aerogel combination

8
A : T
aerogel 6 L n, Upstreamradiator
f photon _ . RPELL e
= 1 detector E i . T
_ — 5 5F K. Upstream rad._—"
. i ’j/"' ’ T, Downstream rod.
St
harged 3 - o
. T, — = i - et .
char :L_.E — - - HE : K, Downstream rod
particle = = 7 / -
2 N | I|II
' |
l ! [
S E | :
n 1 n] I:' [ .l. " 1 1 I L 1 1 1 1 1
B 0 05 1 1.5 2 2.5 3 i5 4 4.5 5
1 particle momentum p(Gel)
- —-—
acrogel o - ]
- photon f" "‘-—'\.\‘ ]
detector 5 “\\ ]
& \\,\{\x}
R i
= L
S \ \
charged | _ = \ ]
i -— = P
rarticle e ]
E ”—‘:‘ Configurat ion k\
f':;“j B Focusing 7
E A Defocusing
= 0.5 l': O Single radiaor —
m T, il
= 0.4 | 1 1 1 1 1 1 1
1 1.5 2 25 3 35 4 45
maomentum p(Gelie)
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PID upgrade for SuperB 7'\

Focusing DIRC superB

REV02.1
14-APR-2010
DEWAR 10:59am
MAGNET

UFR IFR BELT |

CABLES| | [ CABLES ]|

DIRC FMT SHIELD |
—,
! S —————
- |
|
! —_—
|
—_————
e

300, p .
e ‘ SUFERCONDJUCTING SOLENOID | 1 a S e I n e
e
T
desi

'BASELINE’ DESIGN
AIVE CENTERLINE

Vv

DESIGN OFTIONS
LTV CENTERLDE

Design
options

N\__ LWR IFR BELT

FLOOR

Sy R e N Y]
N\

dN/dx (cluster countlng) | Forward PID (FARICH
in DCH 7?7 or FTOF) ?7?
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FDIRC . r'O'|'0'|' De 1.631'5 Focal plane

Calibration Fiber SIIIIE rB
 standoff box with spherical mirror to etector 1
focus the rings to the detector plane \_ ,—/"i?//” gl
* box filled with mineral oil for optical Lo b
coupling

e two types of flat panel PMTs
(Hamamatsu) and MCP PMT (Photonis)
were used to prove the principle of
focusing and chromatic error correction

'.'.':: ;'“". o = --t}p

narrow
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D
Focusing TOP SO

Belle IT

Using A dependence of Cherenkov
angle for chromatic error correction:

- u
e Angle information — y position A A
e Use t, x and y for ring image N \/
reconstruction i -
e good color separation due to the
long path

1
| Virtual readout screen
? 5mm x 5mm matrix

Focusing
mirror
7
2z =
Z // =
) 1850mm g
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kb
S
s

e AR

oS
o EE A L
i -

......

e 7

< R

X (cm)
8

. Pattern in the coordinate-
.. | time space (ring') of a pion
B g hitting a quartz bar with
~80 PMT channels.

¥ .'.i"l-'a}.':i‘:'-:!;-iﬁ"‘}m;;_:- Ha

11:,.| : Gk
_.?'-:I'P“'ﬂf- ,-'E_-.-.E.Q-,. =

ﬁ‘l"-.‘-‘;.:;,ifél ot

e
i

Time distribution of

% S signals recorded by
one of the PMT
200 channels: different for

e MA tand K.
|'Lhn...,... :

o 0 10 20 30 40 50
t (ns)

a0t b)

i @ 2%
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TOP prototype beamtest

* "ring image" similar to the simulated one
e average number of photons ~ 16 —

in agreement with the simulation
 measured time distribution on individual
channels also agrees with the simulation

TOP counter Timing counter

Entries 349084 |

0.08

= simulation data

Quartz bar — 10mm? quartz + MCP -PMT
(915 x400 x 20mm) 0y < 15ps 0.06
Trigger 0.04
M|Vﬂ|° Cl leﬂblc 2 counter
EI 0.02
| L] 0
= Data

MCP-PMT (56ch)

e \l

2001

150

100

50

250

100

50

- Simulation

200

»

1St

T e e > 300 '3z‘u“u T R TR
[1count/25ps] [1count/25ps]
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TOP design and performance :
Belle IT

&

« Single bar focusing TOP B3
with expansion volumen &

Focus mirror
MCP-PMT (sphere, r=7000)

= -
Backward Forward

* efficiency and fake rate vs. cos(d) @ 3eV/c

ek vs. cosb ek vs. cosb
L 4 1 ¥ 0.2
L] - E ]

e 8. ) 0.18

&— . BO
NM

5 NEE =075

“ N¥®=75

0.95

" 0.16
£

0.9 0.14

0.12

0.85 B

i)
E'.

e ge
D-T 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 L1 I 1 1 1 I 1 1 1 I L1 1 I 1 1 1 n 1 L L L I L L L | L $ L ? L L1 | L L L I L L L I L L L I L L L
06 -04 -0.2 0 0.2 0.4 0.6 0.8 .{i'?ﬁ 04 0.2 0 0.2 0.4 0.6 0.8

[Belle I TDR] cost cosd
R
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Focusing DIRC - FDIRC

(SuperB), PANDA

Strategy to cope with higher
background at 100x luminosity:
 reduce the size of the standoff
box — focusing and higher
granularity of the photon
detector

e reduce the time window —
photon detector with faster
response

ELEVATION
Cone Pixelated
Projection | Photo Detector
~2 cm

v,

Focusing
Mirror

Faster detector can be used to measure the propagation time of the
Cherenkov photons and use it to correct for chromatic error.
Photon detector is outside the magnetic field — flat panel PMT can be

used.
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TOF with Cherenkov light

oY) 0.4
Using Cherenkov photons emitted in the §§° o E
PMT window (n~1.46) PID can be extended _g :
into the lower momentum region: 2 M

=

S

0.25 |

Kaons and protons can be positively
identified below the Cherenkov threshold in o :
aerogel (n~1.05). :

0.15 F

0.1 F

e e

b1 M s

Cherenkov angle in aerogel (n=1.05) for
pion, kaon and proton.

t(kaon)-t(pion) (2m) [ps]

10

4G‘?W c T_'/_Kﬁ_fAt """"" T4 SI’S”””"”'ﬁﬁﬁﬁﬁ,ﬁﬁ Time-of-flight difference for pions and

0.5 1 ].5 2 23 3 35 4
omentum [Gew ’ kaons from IP to forward PID (2m).

- { 2%
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Aerogel production

_ “new drying method”
e transparency greatly improved t 12071 1
60 — =% = 4 & ¥ F I
Transmission length at A = 400nm T T J—— | PR <R - R N
: 0} : 's 3
50 . = 2 I ™ ws
.E . A x ; 50 } 7.%.-,-7”!. -.-.:..,-,.- b -t
= *e 3 g
840 » A e e 5
= N ¢ ®. or e -
c LS . R I i Gt s G e o Rt Sl
.2 30 — A < ,'-3 - : :
m : M -
» R omeene- oeeeees PDT5 PD15 (ref)
'€ - A . - - a PDR! 0 PDRI (ref)
% 20 — - o : : a PDR2 O PDRZ Cret,
5 30 [eessssscissassenaisessssd @ PDRA a0 PDR4 Cref
= & 2005 - - § | PDRS PDRS (ref
; ; PDRS PDRS (ref
10 LA 2004 RS SISTRUIY: U PDR9 PDRY (ref,
: : PDRM PORI1 Cref
l Before 2003 s L 8 PDR1 (standard)
0 ‘ 104 105 1.06 107 108
1. 02 1. 04 1. 06 1.08 refractive index @405nm

Refracti ve i ndex

| M. Tabata et. al. @ TIPP 2011 |

» Hydrophobic aerogel - alows water jet cuting
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ARICH photon detector: HAPD
Bi-alkali

Hybrid avalanche photo-detector developed photocathode
In cooperation with Hamamatsu (proximity

focusing configuration): ~20mm1
» 12x12 channels (~5x5 mm?)
e size ~ 72mm X 72mm multi-channel APD
» ~ 65% effective area £ S
- total gain ~ 10* — 105 wo | 1ph.2ph. " o
(bombardment~1000, avalanche~40) m 1370
. azd P6 }52]
 detector capacitance ~ 80pF/ch. | | 3ph P 210
o typical peak QE ~ 30% 200 Oph i i 2
. . . Pl 648.5
» works in mag. field (~perpendicular to the P2 23,95
: 4ph. ris o271
entrance window) 07260, 0:0.5 i 9
. — ] as 100 - 1200

PIS 29.41

. PIo 31.95

P20 1489.

50 P21 39.62
H P22 10.96

O71. 450, B

P23 1760.
2 P24 _ 67.96
0 500 1000 1500 2000 2500 3000 3500 4000

|
|
[
|
|
|
|
I
|
|
|
TTITOTTTITOOTTTITOTTTOTITTT
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Beam test results

o test with 2 GeV/c electrons @ KEK
» detected number of photons: ~ 15
e Cherenkov angle resolution: ~ 13 mrad

| ahist | ahistmiki
Entries 64801
= Mean 0.3092
I RMS 0.07419
6000 — %2 / ndf 143.5/ 28 AP <
L constant 6129+ 39.4 1 Hamamatsu HAPD
5000 o e e : Q.E. ~33% (recent good ones)
L sigma 0.01349 = 0.00007
n i e [ RICH Hit Map, w.r.t. track | rich_2d_1
4000— BG slope 1715+ 69.4 Entries 412449
B 1 Mean x -0.09929
i # of tracks : 2700 L e
B 100 RMS x  43.24
3000 # Photons : 41339.7 +- 227.3 - RMSY 42
0 Photon/track: 15.31 +- 0.08 —
2000 :_ BG / track : 2.00 +- 0.03
1000
0 :l | Bl | I L1111 I el i i I il i e
0 .6 0.7 0.8 09 1 2
= -100
Better than 6 G p/K separatlon @ 4 GeVlc 1 1 L1 1 1 | | | i | e i | | | | | | L1
-100 -50 0 50 100

NIM A595 (2008) 180 ring image
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D

Photon detector candidate: Photonis MCP-PMT </

Model 85015/A1: —
» two MCP steps - chevron configuration

« 8x8 anode pads @6.5 mm pitch, gap ~ 0.5mm
« bialkali photocathode

* gain ~ 0.6 x 10° (@2400V)

* 10um pores — operatesupto 1.5 T

e size ~ 059mm

« effective area fraction ~ 80%

« excellent timing < 40ps - single photon
e window thickness 1.5mm

100 120

75
100

50

80
25

60

Beam test result of 25um sample: s

« 0,~13 mrad (single cluster) multi-anode PMT I

« number of clusters per track N ~ 4.5 @
« 0.~ 6 mrad (per track)  BURLE 85011-501
> ~ 4 ¢ TUK separation at 4 GeV/c U wonrurpae

e Tested in combination
NIM A567 (2006) 124 with multi-anode PMTs
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Additional feature: ARICH+TOF :

Belle IT

Make use of fast photon detectors: measure time-of-flight with
Cherenkov photons from PMT window and/or aerogel

8 ¥/ ndf 60.75 / 20
S Constant 525.7
© 500 - Mean -0.2194
- Sigma 1.997
400 [
START Cherenkov photons
_ from aerogel 300 — G~ 50ps
200 |-
100 |-
L | 1 1 1 IJI 1 Iw

.ﬂ 1 1 1
-100 -50 0 50 100
time [1bin=25ps]|

- Beam test:
Cherenkov photons v « 50ps per single photon
from PMT window
(— ~20ps per track)
aerogel MCP-PMT

[NIM A572 (2007) 432
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.1 s D

ARICH TOF capabilit — o
=0 Belle IT
Using Cherenkov photons emitted in the ; 0.35
PMT window (n~1.46) PID can be extended 5 . f
into the lower momentum region: § o
Kaons and protons can be positively Ok
identified below the Cherenkov threshold in “2 T
aerogel (n~1.095). 015 F
0

b1 M s

Cherenkov angle in aerogel (n=1.05) for
pion, kaon and proton.

t(kaon)-t(pion) (2m) [ps]

10

3 SG__QV/ o "/K At 60p's'"::: Time-of-flight difference for pions and

0.5 1 1.5 2 2.5 3 35 4
omentum [Gew ’ kaons from IP to forward PID (2m).
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TOF with window photons = A < />

100 | P2 40.28 Belle I
X P3 1.478
» expected number of detected Cherenkov \ P4 41.22
- c c = P5 48.16
photons emitted in the PMT window(2mm) 1 | pe P
IS ~ 12 and expected resolution ~ 32 ps il
« obtained resolution for window photons G ~ 37ps
Is ~ 35ps
= o E ¥/ ndf 39.19 7/ 12
S f Constant 791.9
S s00 | M;Ev 0.1741 _
5 |E Siga 1.405 " 20 30 10 0T T 0
: time [1bin=25ps]
il | « TOF test with pions and protons at 2 GeV/c
500 | :
E 0~ 35ps » distance between start counter and MCP-
I PMT is 65cm
300 F = |
5 I/ ] SRS S s T S S A
200 F < ¥
g PN ] TSRS R - SR ST— S—— ———
100 F = |
: Y 0.1F
03" 10 0 10 20 30 :
time [ 1bin=25ps] 0
NIM A572 (2007) 432 momentum [GeV/c]
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Photon detector candidate: SiPM D

« immune to magnetic field 10000 | .
 high photon detection efficiency (PDE) ]

» good timing properties (< 300ps FWHM)

* no high voltage 20000 |-

e low material budget .

* high noise rate ~ 1MHz/mm? : . ~

O L | L L ‘ L L ‘ L}l ‘ L L
-600 -400 -200 200 400

TDC [100ps]
e beam test result (1cm,n=1.03)

e radiation damage - increase of dark noise
Possible candidate:

e array of Hamamatsu S10362-
Improve/signal to noise rati
e narrow time window
e use of light concentrators

R\

t g
i . .
J o .
N
N e

B A N ) .

= | |8 3

- e &8

Jﬂflﬁj
XD

L

ahdddda
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W

B iE 3 St

o,
-

E i 4\
J’ e
-
A
SR

-
R
=

-

el N N
F =

NIM A613 (2010) 195
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Neutron damage!

INakamura JPS meetlng Sep. 2008 Belle I

800 Joos - befcre irrad.
; | .
3x108 nicm? ]
it e i e Measured fluence (Belle):
' i 9 2
600 [ty 2Aneml  90/fb — 1-10 10° n/cm?
[ J— '3x10° n/cm?
| e v i | Ay A v v --ar,. rr.»-w
1x10"° n/em¢
umfwwrﬁqﬁi e F“Ex r"Fm_
'*M'*"“"“‘:r,u aﬂﬂf“*"i““"""“'“”‘"‘*-”*,- f*ra-*'”“'ww.«m SMMEE
| ! 1o et Expected fluence at 50/ab
200 gy #Fqn.f?vfr T’ WV .,J,,r WY 1T .
LA LA ; siment i Dackg. x20: 2-20 10" nfem?
-‘hf.-'#' .'"‘1"’ Wy th VY M N "'1 Fr‘ 1'#"1"' W e/ "H .
Al A *f” WYY Y " — worst than the lowest line

09 500 1000 1500 2000

Time (ns)

The monitoring diodes were not at the right place (mounted
behind ECL instead of in front of it). However, n flux is
probably quite similar.

— Very hard to use present G-APDs as single photon detectors
in Belle || because of radiation damage by neutrons
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Barrel EMC

SuperB FARICH
e Radiator: NaF + two layer focusing
aerogel

 Photon detector Photonis MCP
PMT XP85012 (or SiPM?)

227"

/K separation power vs. p

Electronics

w T0E :
I g ; FARICH
= g ;
g - ;
E i e
2 i S s
-5 C = =
I " L
: = =
] =
= é: 2
eE-\\\\ "
3t '
F
d; . DCH dE/dx \
13 = aerogel 1.050
-] 1 :I | 1 1 g
Vs 1 7 1 4 5 678910
p. GeVie
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SuperB FARICH beamtest

4 |layer focusing aerogel radiator

(43 mm attenuation length @400nm)
« CPTA MRS APD, 2.1x2.1 mm?
e 5-10 MHz dark count rate

- 40% PDE @600nm --—

| Layer2 Ny '
* Prove of principle | y 1.041
| --- Density of photoelectrons on radius for SiPM #14
Layer 4 1.030 9.7 Entries 3239
¥, - Prob 0.708
¥ | Npe 135+ 0.4
. - g 0 = i R 22+ 0.0
Channel #14 phase adjusted timing E zg 5 - SigmaR 1,42+ 0.03
C Entries 63780 g = - Bkgr 0.0304 + 0.0009
B % ndf 113.7/ 96 = i
6K B p0 1813+ 14 >: |
= pi 4635+ 14.7 = 4
p2 -24396 + 0.2 - B
p3 6,632+ 0.192 i
o0t F|
|- f| = + +
k] = 1 +
[ *Hﬂ#*
__ G-III|III|III|III|III|III|III|III|IIIIIII|
200 o HHL p 1 L0 12 14 16 18 20 22 24 26 28 30 32
BT [rlulll . R, mm
B | | | I | 1| 11| | | | || | 30 — . | I I . I | I I —

T TR 7 o7 7 A o350 -30
el . T B | Kravchenko@17" SuperB Workshop (2011)
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Belle IT 10 ps TOF :
» Excellent timing can be acheived by —
coupling Cherenkov radiator directly to the

MCP-PMT
 Can be used as dedicated TOF

.\I
400 ,.'
R g /
6.2ps T
7] 300 p 16mm z N,
E " MCP-PMT
o Particle —_- Quartz HPK R3809U-50-25X
> 16mm P.hoio-Cuihode 625mm
lu 200 single-photon TTS ~ 50psec
30cm
100
0=~—%6—""80 120 140 TOF1 TOF?
TDC (ch/0.814ps)
K. Inami @ PD07
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D
Belle IT 10 ps TOF Belle Il Lol /S

I I i Incident angle
e t, - interaction time ?? wa 9 Belle I
- e 7
p ,| PMT
/ Distance
8.0cm A 25.6cm
100mm
-~ 8~26cm
20mm 10cm___ |+

t
20m QPMT
Radiator

T T e — ‘
dent angle = 45 degree E $ gop..pz30GeVie \ 35ps
dent position = 100 mm| T g " |
O [ — 80
= 75] ‘ 5
& £ 70
Q.
EE] | 60
1 @ 50 :
= ! 50
251 ] 40 |
30 AN 20ps
c T gy 5 g Syl 0 Al ¢ ..~..--. 5P 20 10ps 1
I - L 1000 2000 3000 30700780200 250 300
propagate time (ps) propagate time (ps) Distance (mm)
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SuperB FTOF r£°\

» Detector made of 12 quartz sectors \ Y 4
* The quartz used as radiator of Cherenkov photons and as a light

guide (DIRC technique)

« Each sector is readout by 14 MCP — PMT SL10 (TTS~40 ps).

» Thickness of the detectoris 1.5 cm (12 % of X0)

e Located at ~2 m from interaction point (IP)
«R_~30cm,R __~90cm

e Very similar to the TOP counter in Belle Il

45cm

o By

40cm /

1%

V

24cm
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SuperB FTOF beamtest

e Test with two quartz bars attachet to single
MCP PMT

» Resolution of timing difference between two
channels, one from each bar, is ~100 ps —
single bar resolution ~70 ps

Cnarow/SQrt(2) ~ 70 ps per p.e.

2 -1.5 -1 -0.5 0 0.5
Time, ns

L. Burmistrov et. al. @ TIPP 2011

0

compared to dE/dx

L Guwee =409 ps Entries 1208
601-Grarw = 100 ps ch5-ch13 -

ﬁ T
t e 7/l

i &9 ]
40— (%) _

'KQ’(O .:'

i O P 0.8
301 0@9

A\ go.s

e
10 [ :

MW "ﬂ '[ﬂr[rjl * Improvement Of/ef

JI] | I L":: L1 |:"1~ L1 .ll_||_!_|.~‘|l:l|-||-’l|-|‘_|;|ll.‘r 11

K PID efficiency

250

200

150

100

T,y o o R
;o Ky ]

il

§

||4j__}

time_ch1

— All p.e.
— First p.e.

Simulation

25 3
Time, ns

15 2 25
Momentum Ge\l/%

35 4 45
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7\
SuperB
\ v

SuperB dN/dx

 Number of clusters per track
follows Poissonian statistics

Fast Simulation
/K Separation by
dE/dx Method

Garfield Simulation
/K Separation by
Cluster Counting Method

— better PID performance I + ' o o He(80%) | 1b(20%)
e Timing of individual clusters ; | |a$:'f‘“=""’"“":"‘""‘-”’“r‘*"f“f*"’*’ o] e T,
in single cell — better tracking o g N VO e e+ s 1) ' NCA

» Simulation studies show n"'.‘ | i

improved performance in PID $ | oo "““" e o i
and tracking with gas mixture Efﬁ' ------ _ E:“ |
20%He+80%iC, H. &) 8. =
 Waiting for experimental 1' pini ik nink -_-'?; TEr —;_—.:aw-.-n
confirmation hgg;w FIE “m:*::;«;- 3 - I

__ Particle energy [GeV]

D.Asner, G Tat-IShVI|I @1 2" SuperB Workshop (2010)

More on clusters this afternoon — F. Grancagnolo (INFN Lecce):
Historical Review and Perspectives of the Cluster Counting/Timing Technique

-ﬁ- $%
BELLE
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Many new techniques were introduced/upgraded during the
development of PID detectors for super B factories:

‘aa D
SuperB{ &
A\ 4 Beiecll

e focusing was introduced to DIRC detector, and for the first time the
photon propagation time was used to reduce chromatic error

e TOP counter was developed, which is based on DIRC concept but
uses Time-Of-Propagation of photons in combination with one
coordinate for “ring imaging”

 focusing aerogel radiator vas introduced to proximity focusing RICH to
allow thicker radiator without the resolution degradation, it also has
optional TOF capability with MCP PMTs

« prompt Cherenkov light in combination with fast MCP PMTs was
explored in different types of very fast TOF detectors

e cluster counting is reexamined to improve PID capability of central
tracking devices
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FDIRC aberration error

- Valy the beam posﬂ]on (z isa dlsl}nnce ﬁom the bal end):

- St

e distortion of the ring due to the
reflections in the quartz bar

y (mni)

40— '

200 000 100 200
X (mm)
SLAC-PUB-13464, 2008
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PID upgrade motivation

* Improve 1K separation in the forward (high momentum)
region for few-body decays of B's

* Good 17K separationforb - dy,b — sy
« improve purity in fully reconstructed B decays
(‘full reconstruction tag')
* Low momentum (<1GeV/c) e/u/mt separation (B — Kill)
» Keep high the efficiency for tagging kaons
e High rate and background tolerant operation
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Read-out electronics

TOP counter:

o fast amplifier

« waveform sampling chip BLAB3
(8ch. with 32k samples, 4GSal/s)
* FPGA for digital data processing

voitage [mi)

s

(possibly also for RICH)

RICH Counter: Pr'eamp Shaper Comparator ‘ q ik

» ASIC with preamplifier, shaper, g . ; e oom | ©
£ % noisef— [l
comparator: G 8o ‘ Lpies

« 36 channels/chip (one APD)  ¢: |

« low noise ENC~1000e 2
 FPGA for digital data processing 3¢

| ]ﬁ]ﬁﬁﬁﬁ.ﬁﬁ.f{ﬁj]]ﬁﬁf]jﬁ]]]ﬁ]. | 2pe.

20 - I
10 £ A
0 L i .-J L 1 L l
-0.5 0 0.5
Threshold [V]
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GaAsP MCP-PMT performance

Wave form, ADC and TDC distributions for single photons

S
3 TTS~35ps
© 3000}~ S—
400~ Peak 0000k
Single D.e 300 Ga|n~ | | |
- Idiv I 0.64 % 10 .
O. 5ns dlv 200k e .............. R 1000k bbb
20mV/div ool
000120 140 160 T80 %0

ADC /0.25pc

Similar performanc as bi-alkali MCP-PMT-:
e Gain large enough to detect single photons
e Goot time resolutio for single photons ~ 35ps
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Chromatic dispersion

e photon propagation time depends on the

wavelength due to chromatic dispersion

A

<

Vol

AB.~1.2mrad

e peaks in the time distribution are broadened
— reduced separation power

L, te g i ‘ : : I : 1
B 1‘ ! a, ’ . .

(Y A H : : H :
H * , . ' ' 4

B . - M . . . . b

L [ g . . i 1 i ‘ ; : 3 i . ]
.
[ 3 .
-
L 2 §

400 -} A

300 = i %

'

Voo ]
‘*%-3,,-

CN : W

20000

24000

28000

| T QGeV/c G_QOdeg ch= 40
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GaAsP photo-cathode

 possible solution is to use the sensor with GaAsP
photocathode:

 high quantum efficiency

e sensitive at longer wavelengths — lower chromatic error
« first prototype produced and shows similar signal
characteristics as multialkali type
 will probably not be ready for mass production in time

o
N
—

S 40 —giakali /7
G . [ —Multi-alkali/> -\
aAsP /A

35 | \JGEI‘\DF

Light velocity in quartz |-

count

T

200

T

15/ |

Group velocity (m/ns)

0300400 500600 700 00400, 200 (I

photon lambda(nm) Wave length (nm)

%[0 o0 '1fo 20
e filters can also be used to limit the region of wavelengths Time  /25ps
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MCP-PMT agqing

Ageing tests of MCP-PMTs with multi-alkali photo chatode:

Relative Q.E.

0.25 .................... A e

0 100 200 300 400
Integrated Charge (me’cmE}

« MCP-PMT with Al protectiv layer would survive > 13 years of

Belle |l operation
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At KEK-PS

* march 2004 2 (0.5-4 GeV/c)
e june 2004 T1 (0.5-2 GeV/c)

* december 2005 2 (0.5-4 GeV/c)

Photon detector
e 4x4 array Hamamatsu H8500
* 1024 channels
e 52.5 mm pitch (84% eff. area)

Light-shield box

Acrogel  Cherenkov [ ]

» two MWPCs for tracking i mdi“mj__‘_’?f’.‘?." ...... L

track

-
LI
o
'.
.
"
L

Radiator optimization: different T

Flat-panel PMT

aerogel configurations and photon “— 20cm —|  (H8500) array
detectors were tested
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Optimization of radiator parameters NIM A565 (2006) 457

e upstream aerogel: d=11mm, n=1.045

o different downstream aerogels

e measured resolution in good agreement with prediction

e wide minimum allows some tolerance in aerogel production

S 18

— —
L lLF L m! L

—
Qo o
rqJrrrJ]rrr

Single photon resolution (m ra
—
N

L T T L I T T L B e —_———
0 0.002 0.004 0.006 0.008 0.01 . 0.012

refractive index difference
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Dual refractive index confiquration

How to increase number of photons without degrading the resolution?

Use radiator with gradually increasing refractive index in downstream
direction - “focusing radiator”

» all layers with the same refractive e measure overlapped rings -
index - “normal” configuration “focusing” configuration
N{| N2 N{=N» Nq{| N2 N{<ns

N\

/i
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Focusing confiquration @ 3 GeV/c

0

n/K  p=3.0GeV/c  8=0° i
60

=20 .-_ ;
40|

40

6o |

-60 -40 -20 0 20 40 60

20 normal

kaon

e layer thickness 15mm
e n-n =0.005

pion

S
| L] L] l' L] T L] l L] L] Ll l Ll | Ll l Ll L] L] I L] L] | I L] Ll L] l' L] Ll L]

...... n=1,045 — n,=1.050

1 '] [l l ] '] B I ] '] ] I ] 1 ] I [l 1 '] ] 'l ] I '] 1 ] l ] '] [l

-60 -40 -20 0 20 40 60

February 24 - March 1, 2014 Recent progres in PID detectors
INSTR2014 Conference, Novosibirsk (slide 82)

Samo Korpar
Univ. of Maribor and J. Stefan Institute
lIniverza v Maribaort




Focusing configuration - low momentum

e overlapping of rings for low momentum tracks

[ /K p=2.0GeV/c  B,=0° L /K p=1.0GeV/c =0 [ 71 /K p=0.6 GeV/c  ¥,=0°
60 f 60 | 60 |-
0| sl w0
20 — 20 [ 20 [
0 — 0k 0 [
20 - -20 [ -20 [
40 — -40 [ -40 [
60 - -60 |- -60 |
o n1|=1.04|5 — n|,=1.0|50 . [ o n1|=1.04;5 — n'2=1.0|50 .
=50 40 20 0 20 40 60 =60 40 20 0 20 40 60

Good overlapping down to 0.6 GeV/c
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Focusing configuration - momentum scan, data

* number of detected hits as function e« single photon resolution as

of momentum function of momentum
2 1af T2k
= 14 :_ 2% single (upstream) © 24 :_ ¥ single (upstream)
12 ® dual E 29 [ ® dual
E c E &
10 ° - O 20 —
E o» ® a [
8 ° E 18 — °
= = @
6 S A o T 16 X
= C ® ® [
4 = 14 - ¥ ¥
2 12 —
0 - | 1 ] | | | | | ] | | I | 1 ] | | | | 10 o 1 1 ] | 1 | | | ] | | | | 1 ] | | 1 1
0 1 2 3 4 5 0 1 2 3 4 5
Momentum (GeV/c) Momentum (GeV/c)
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Focusing configuration - different incidence angles

e overlapping of rings for inclined tracks
e expected range ~ 17°-34°

Good overlapping up to 30°

L /K p=3.0GeV/c  ¥,=10.° 90 F v /K p=3.0GeV/c  o=20° YT /K p=3.0GeV/c  [9,=30°
60 |- psass i i
[ 60 75 B
or 40 [ 50 |
20 20 f 25 |
o F o f o f
20k -20 25 f
a0 | K -50 |
[ -60 o
wk 75 |
| cosio 1080 fwp cactoss —n-t0s0 |k ocios  — nofoso,
260 280 300 320 340 360 380 400 630 B RG0Be0 00T T 6 10000331030 1075 11001135 11301175300
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Focusing configuration - inclined tracks, data

e angle 20°

e angle 30°

8000

6000

4000

2000

6000

4000

2000

X/ ndf 860.9 / 116
Pl n 8186.
P2 0.3132
P3 0.1496E-01
P4 1257
Py 894.4

nf=7.53

nb= 0.83

rut meruarn PN B BRI B

0.1 0.2 0.3 0.4 0.5

0 (rad)

theta cerenkov
X/ ndf 608.0 / 116
Pl 6002.
P2 0.3134
P3 0.1606E-01
P4 158.6
P3 486.3

nf=6.89

nb=0.74

L FER R NP SR T N T T T P —

0.1 0.2 0.3 04 0.5

0 (rad)
theta cerenkov

ty(rad)

ry(rad)

0.4

-0.4

0.4

-0.4

-0.4 -0.2 [ 0.2 0.4

tx(rad)
ring in cerenkov space

-0.4 -0.2 0 0.2 0.4

tx(rad)
ring in cerenkov space
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PID capability: likelihood calculation

e distribution of Cherenkov photons from both radiators can be

approximated by

(9=9,(m))’
207

(8=8,(m))
20'§

1 1
n (%,pe,m)~ e +

 uniform background is assumed
n,($,p,m)ecs

e likelihood function

L(m)=]] eI (1=e"")

no hiti hiti

1
e
V2T o,
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Multilayer focusing radiator

e natural extension of dual layer configuration
e radiators combined from 5mm and 10mm

samples were tested —= \ >

» obtained Cherenkov angle resolution per track is
around 4.3 mrad

* — K/t separation better than 5o

Number of detected photons " Single photon resolution . Resolution per track
g il g
=“l 2 (5bmm) Eu & (5mm) £l 2 (Smm)
14 25| ® (10mm) £ o (10mm)
e (10mm) s . 8
’ = A A e so A
1w nE A g e E
C e C @
P ® 10— 8 ﬁ_— ﬁ .
i Py 8 I o" ® L
C A 6 -
2:— & 2 1__
'[l:'"'l""I""l""I""I""I""l""l""l"" 'l]:""l""l""l'"'I""l'"'l""l""l""l"" {'_IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 5 10 15 20 25 30 35 40 45 S0 0 5 10 15 20 25 30 35 40 45 50 N T T T T T
thickness(mm) thickness(mm) thickness(mm)
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Background contributions

photocathode

window APD | Cherenkov Angle, accumulated | s o
| N Cherenkov light reflected i =
photon > from APD surface snco. =
photoelectron 00
2508
aerogel e = = = Cherenkov Iight

Photoelectron
backscattering

\

>
- = = = S>3 Cherenkov light .
from window 01 02 03 04 05 06 07 08 09 1

Internal reflections

e amount of window light can be reduced by
thinner window

» effects of photoelectron backscattering
disappears in magnetic field

| » reflected light:

I * higher QE, more absorption at first pass
 anti-reflective coating?

200 mm
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Test in magnetic field 1.5 T

« around 20% of photoelectrons
back-scatter and the maximum

range is twice the distance from

100

20

photocathode to APD ~40mm

20

40

60

80

&0

70

60

S0

40

20 40 60 80

e again in magnetic field these
photoelectrons follow magnetic field
lines ad fall back on the same place
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Test in magnetic field 1.5 T

» distortion of electric field lines at HAPD edge
produces irregular shapes of areas covered by
each channel |
 in magnetic field photoelectrons circulate
along the magnetic field lines and distortion
disappears

magnetic field 1.5 T + Mnommajéneé’;ic ﬁeldw

. ' S o e ATV YT T
M i i

\ | h |
H ‘ ] w v F?' I"']‘rI -'mm‘“* | r'l‘ y
'|r i i
” ' 7 Hl l Hlli H J‘IW }!!_IH/@E_ I""Ua M‘ MI w 1 o |

00 100

Y il D
e’ (¥
® o°
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Photon detector: MCP-PMT

BURLE 85011-501 MCP-PMT:

e multi-anode PMT with two MCP steps
* 25 um pores

e bialkali photocathode

e gain ~ 0.6 x 10°

» collection efficiency ~ 60%

* box dimensions ~ 71mm square

» 64(8x8) anode pads

e pitch ~ 6.45mm, gap ~ 0.5mm

e active area fraction ~ 52%

100

MCP-PMT

NIM A567 (2006) 124

100

75

50

- 80

60

.25
Hao

1] !
multi-anode PMTs

-50

-75 20

-100

-100  -75 -50 -25 0 25 ¢

ring on PMT plane

50 75 100

e Tested in combination with multi-anode PMTs

« 0.~13 mrad (single cluster)

« number of clusters per track N ~ 4.5
» 0.~ 6 mrad (per track)

— ~ 4 g TVK separation at 4 GeV/c

* 10 um pores required for 1.5T

» collection efficiency and active area fraction
should be improved

e aging study should be done
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BURLE MCP-PMT timing properties P
Bench tests with pico-second laser: e o L
« amplifier ORTEC FTA820A 720000
« discriminator PHILIPS 308 oot | i

I N~ 1
« CAMAC TDC Kaizu works KC3781A, 25ps LSB 3000 |
« CAMAC charge sensitive ADC 2000 |

1000 |
i 60 [ 0 7‘ A e o S j
& - -20 20 30 40 50 60
o} B tdc(time walk correction) HbinEops
50 ; .............................................................................................................
= : 1g50000 ID 30
= : : : H : : = i ) Entries i 99382
40 _Q ................. R ressessnennnee freveesssnsne e 8 Mean 0.1561E-01
B : i : : : : RMS 0.7782
i ‘ i i i i I X/ndf 1616 / 7
i : : : i : 40000 - P 0.3582E 405 2282
® i : : : H i ‘ ‘ P2 0.2984E-01 = 0.2246E-02
30 A—— s o — . o o : ‘ ‘ pe e ey e
I - 30000 |- o = 17.5psec
20 T S R @ s e — |
C : : a : 5 . i N~ 120
i H 20000 [
;1] A S SR W N S— - I
i : : 10000
0 L L L i L L L I L L 1 1 L 1 1 I L L 1 I L L L I L
0 20 40 60 80 100 120
number of photons ol AN

: : : 20 10 0 10 20 30 40 30 60
Time resolution as a function of the TDC (time walk correction) "™P25Ps

number of detected photons.
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TOF: Beamtest setur

* MWPC tracking

e trigger counters

 aerogel for ring photons tests

» start counter: Hamamatsu MCP-PMT

R3890 with 1cm quartz (c~10ps)

« BURLE MCP-PMT at beam or ring
position

« same electronics as for the bench tests
(13 channels instrumented)

. MCP PMT
window o e E 85011

S

start counter

MCP PMT Cherenkov photons )
HPK R3890 aerogel from aerogel el -
l radiator s
M e M
— 2’_- t)_earn_ E RN S Iq — _4;’ S g _>
c ‘ Cherenkov photons C
from PMT window
quartz
Trigger counters
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TOF: Ring photons

2 F ¥/ ndf 60.75 / 20
 obtained time resolution for Cherenkov 3 : 525.7
: . S 500 - Mean -0.2194

photons from the aerogel radiator is 50ps, - Sigma 1.997
and agrees well with the value from the 400
bench tests -

300 c ~ 50ps
» resolution for full ring (10 photons) would oo F
be around 20 ps -

100
60 -
50i o_llllllllljlm

. -100 -50 0 50 100
w E time [1bin=25ps]
30 E—
20 | e part of the ring, measured by
0 E MCP-PMT (13 channels were
| instrumented)
0 0 20 40 60
e e LI S S O ] L




Photon detector: SiPM

* immune to magnetic field
 high photon detection efficiency (PDE)
e good timing properties (< 300ps FWHM)

* no high voltage i

 low material budget ! 42_n§ IIIIIIIIIIIIII

» high noise rate ~ 1TMHz/mm? oo e
» radiation damage - increase of dark noise Increase signal to noise ratio

by using narrow time (<10ns)

Possible candidate: window and light guides.

-~ 1 S ==t T :‘.‘.’:a;
Hamamatsu S10362-11-100X Y
S 08 —:"i" Occupancy
% L1 -
o B 1.6% =======-
! I m i U800 e
- ' | 0.4 2 Pad size 4 mm
 Tmm x 1mm (10 x 10 pix.) l -
e PDE ~ 65% ' 02 [
.nOise rate~4OO kHZ 0 IIIIIIIIIIIIIIIIIllIlIIlIIllIllIlllIIIIIIII

momentum (GeV/c)
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Can such a detector work?

MC simulation of the counter response: assume 1mm? — active
area G-APDs with 0.8 MHz ( 1.6 MHz, 3.2 MHz, 6.4 MHz) dark
count rate, 5 ns time window. Vary light collector demagnification

(= pad size).
Kidentification efficiency at 1% 1 missid. probability

----- l -
L f_______._--—:?’ ___________________________
EVS. D ool €atp=4 GeVic
| vs.pad size
0.9
Son missld. prob. | 0.85- Pion missid. prob. 1%
i oy Gs.16,32% Occupancy 0.8, 1.6, 3.2 %

I Photons per ring 20
l""I""l""l"_'"l""l"' {]"8 pagale sl a by byl by sa sy
2 25 3 35 4 45 2 25 3 35 4 45 5 55 ©

momentum (GeV/c) pad size (mm)

— Looks OK!
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Mo
S

8x8 array of SMD-MPPCs

e Detector module with 8x8 B

array of SMD MPPCs at 33& |

2.54 mm pitch NN T EE i
R — Bk
._—_-' o
1.0 P
| e
! o
o [~ /| i | &
| G, |
2.3mm(2.54) |
\
|
|
4. mm
10
|
0.9mm
Light guides were machined from plastic
| ¥ (HERA-B lens material).
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MPPC module

e main board with dividers, bias and signal connectors

e piggy back board with MPPCs (8x8 array of HC100 in Q+73V

SMD package; background ~ 600kHz/MPPC) 1k —20Kk

e light guides T con L

» 16 electronics channels (4x4) - 4 MPPCs
connected to single channel

Trizzer SiPM
100n
_ T L4k
Source
o _—
CH1 —m

Slope

Coupling

DC

<> Holdoff

DC -41. Om¥
1:50.0mY BW 20 100mY 3: 100mY 4220 Om\" BW
ufs 154n¥YEmp ty Emp ty Empty

fi1.32526MHz 2GS 400 points RTC:2008/06/08 12:32:47
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MPPC module - 2
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Beam test setur

« MPPC array w/o or w/ light guide mounted on 3D stag

— effective detector size 3x3 e SRR SRt
. aerogel n=1.03, d=10mm T

(distance 130mm)

e hits detected by multi-hit TDC
» +120 GeV/c pions, beam size ~1cm? Egssses ssussten sessssen
» 2 MWPCs for tracking 33 :
* plastic scintillator for timing
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TDC distributions of MPPC hits for all events

e total noise rate ~ 35MHz (~600kHz/MPPC, ~2.4MHz/ch.)
* hits in the time window of 5ns around the peak are selected for
Cherenkov angle analysis

w/o light guides w/ light guides
50000 |~ 50000 |-
40000 40000
30000 |~ 30000 |-
20000 20000 |-
ons
10000 — -« 10000 |-
- . " - - e J A —
0 | | | ‘ | | | | L | | | O L | | | | L | | | | | | |
-600 -400 -200 0 200 400 -600 -400 -200 0 200 400

TDC [100ps]

TDC [100ps]
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 module was moved to 9 positions to cover the ring area
 these plots show only superposition of 8 positions (central

position is not included)
w/o light guides
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e background from MPPC noise

hits is obtained from sideband in

TDC distribution

0.3 0.4 0.5
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Ring images - background subtracted

w/o light guides w/ light guides
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Cherenkov angle distributions

e background subtracted distributions
e ratio of detected photons w/ and w/o light guides: ~ 2.3
e resolution within expectations (~14mrad)

w/o light guides w/ light guides
X’ /ndf 1146. / 44 - ¥’ /ndf 1093. / 44
! PI 4918. PI 0.1173E+05
5000 fﬂl P2 0.2387 12000 |- ;ﬂ'. P2 0.2407
- .| P3 0.1368E-01 - ' P3 0.1538E-01
P4 464.8 P4 2062.
i P5 -1170. i P5 -5728.
2000 |- |' 10000 | |
- | -
| | B
. | 8000 |-
3000 H . i
- | -
|
| 6000 |-
2000
| 4000
1000 | -
| N 2000 |
O — | L | L 1 | L 1 L I.- | O - L L | L 1 | L L L L in, T, - J L | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Cherenkov angle Cherenkov angle

Feb 24 - March 1, 2014 i R 00 gy’
IIfISr’lL“lligyOM Cor?t{ecrence Novosibirsk pecens progre:s HIERtectors ST LD e -ﬁ- - s ®
) (slide 107) Univ. of Maribor and J. Stefan Institute ST ... =y




Number of photons

Expected number of photons is 2.2/full ring, this includes:

e Hamamatsu PDE

e aerogel: 1cm thickness, n=1.03, 14mm attenuation length
e dead time ~5%

Measured (extrapolated to full ring - acceptance corrected):
ew/o LG~ 1.6
ew/ LG~ 3.7

Estimated numbers for aerogel with n=1.05 and thickness of 4cm
(~5x) and better quality of the surface of light guides (~2x) are
ew/oLG~8

ew/ LG~ 37
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