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Measuring Cherenkov angle 3:.
g ] Idea: transform the direction
Cherenkov photﬂr}gx’; Into a Coordlnate ?
e ring on the detection plane
| particle - Ring Imaging CHerenkov

Cerenkov angle

e -
“*- -
“ -
a
s
i
|

2 cm 20 cm photon detector

Proximity focusing RICH

RICH with a
focusing mirror

velocity



Photon detection in RICH counters e

RICH counter: measure photon impact point on the
photon detector surface

- detection of single photons with

o sufficient spatial resolution

e high efficiency and good signal-to-noise ratio
e over a large area (square meters)

50 p

“f Special requirements:

S e Operation in magnetic field

e High rate capability

- e Very high spatial resolution
- e Excellent timing (time-of-arrival
information)

-50
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[O : . o0
Belle upgrade — side view g
" | ®

Two new particle ID devices, both’ RICHes:
Barrel: Time Of Propagation (TOP) counter or focusing DIRC
Endcap: proximity focusing RICH

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana



I
Endcap: Proximity focusing RICH

aerogel

photon detector

Cherenkov photons _-“ﬂ—
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TPL

K/m separation at 4 GeV/c:
0.(r) ~ 308 mrad (n = 1.05)
0.(n)— 6.(K) ~ 23 mrad

For single photons: 86.(meas.)=c,
~ 14 mrad,

typical value for a 20mm thick
radiator and 6mm PMT pad size
O

O
track ~—

N

pe

Per track:

Separation: [0(n)—0.(K)]/Girack

~ 5o separation with N,.~10
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<> Beam tests

Photon detector: array of
16 H8500 (‘flat pannel’)
PMTs

June 4, 2008 TPDPP(
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Needs:

e Operation in high magnetic field (1.5T)
e High efficiency at A>350nm |

e Pad size ~5-6mm

Candidates:

miidi Photon detectors for the aerogel RICH

g
=

cerogel tronsmission

Q.E. PMT
Q.E.»T

e MCP PMT (Burle 85011)
e large area HAPD of the proximity focusing type (R+D)

e SiPM?

June 4, 2008

TPDPPCO08, Trieste
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W¥=4 Photon detector candidate: Large 8¢
=== active area HAPD “ .0
Multialkali 07240, 2 3040, 5
photocathode : MAOL2 .6 ‘ 35

lo.2

O71.450, 6

TTTTITTITOO I TITOTITO oI

-10kV
15~25mm

Pixel APD

R&D project in collaboration with
Hamamatsu.

Long development time, now working
test samples.

First beam test results =

—>NIMA, RICHO7Y proc. TPDPPCO8, Trieste




o =4 Photon detector candidate:

/[O

OHELLE

BURLE 85011 microchannel
plate (MCP) PMT:. multi-anode
PMT with two MCP steps

% photon

photoelectron

Dual MCP

Anode

—>good performance in beam and
bench tests, NIMA567 (2006) 124
- very fast 2

- R+D: ageing

rieste

BURLE/Photonis MCP-PMTw
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,:'B Photon detector candidate:
ezl BURLE/Photonis MCP-PMT @

BURLE 85011 microchannel plate (MCP) PMT: time
resolution after time walk correction

‘g f.f/w 4357, g fflﬂl ﬁ?
Sl | CE L] - | Tails can be
_ | | | significantly
| o = 40ps o ||| o=37ps reduced by:
JL\E e LN . | edecreased
0 1000 2000 Tb(g(}[pﬂ 0 1000 2000 Tgﬁé}ﬁ[ps] pho toca tho de—
] MCP distance and
el I e
- n . 1| eincreased
- | - “ voltage difference
000 | c = 39ps .l c = 38ps
L JL\, e ) JL\E e
0 1000 2000 3000 0 1000 2000 3000

TDC [ps] ' TbC[ps] eNIMAl RICHO7 prOC.




e SiPM as photon detector?

Can we use SiPM (Geiger mode APD) as the photon
detector in @ RICH counter?

+immune to magnetic field

+high photon detection efficiency, single photon sensitivity
+easy to handle (thin, can be mounted on a PCB)
+potentially cheap (not yet...) silicon technology

+no high voltage

-very high dark count rate (100kHz — 1MHz) with single
photon pulse height

-radiation hardness

June 4, 2008 TPDPPCOS8, Trieste Peter Krizan, Ljubljana



Can such a detector work? oo
“
t

Experience from HERA-B RICH: HERA-B RICH even
successfully operated in a high B Tk i
occupancy environment (up to R SR e,
10%). AR A

Need >20 photons per ring (had
~30) for a reliable PID.

P (GeVic)

Peter Krizan, Ljubljana



L K
Can such a detector work? -
®
MC simulation of the counter response: assume 1mm? active
area SiPMs with 0.8 MHz (1.6 MHz, 3.2 MHz) dark count rate,
10ns time window
K identification efficiency at 1% = missid. probability
i oos. .~ eat 4 GeV/cvs.
06} pad size
09}
04f p
02l @Egﬁ?g:{"%i 1.6, 3.2% 0.85}- Pion missid. prob. 1%
I Occupancy 0.8, 1.6, 3.2 %
T T e e I Photons per ring 20
05 1 15 2 25 3 35 4 45 L e

2 25 3 35 4 45 5 55 6
pad size (mm)

momentum (GeV/c)
For different background levels

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana



SiPMs as photon detectors?

SiPM is an array of APDs operating in Geiger
mode. Characteristics:
. low operation voltage ~ 10-100 V
o gain ~ 10°
« peak PDE up to 65%(@400nm)
PDE = QEXx ¢ X € (Ta=25C)

geiger geo 70
« £ — dead space between the cells .
TR oo

geo
40 \ 050U
L N
X

o time resolution ~ 100 ps
« works in high magnetic field
20 ,/‘
10 Z// \\E\
; —

. dark counts ~ few 100 kHz/mm?
200 300 400 500 600 700 800 900 1000

« radiation damage (p,n)

PHOTON DETECTION EFFICIENCY (%)

WAVELENGTH (nm)

Hamamatsu MPPC: S10362-11

TPDPPCO8, Trieste rcuci nizaii, Ljuvijaiia




e Surface sensitivity for single photongfz

e 2d scan in the focal plane of the laser beam (o ~ 5 um)
e intensity: on average << 1 photon = single photons
e Selection: single pixel pulse height, in 10 ns TDC window

S137 (CPTA/Photonique)

size Close up: 1 um step size

5 um ste
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Surface sensitivity for single photons 2 294
“

E407 (Pulsar/MEPHI)
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Surface sensitivity for single photons 3 294
“

Hamamatsu MPPCs

HO50C HO025C
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Hamamatsu MPPCs

H100C

250
g ™~ -
Ei 1400 Ei
- N
= 1200 = 200
1000
150
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600 100
400
50
200
) 0
200 400 600 800 1000 1200 1400
 (um)
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1500

1000

500

. . . . 7
ime resolution: time walk correctionge
+

<< 1 photon uncorrected TDC
— ADC window
7 900N F
107 ¢ Hli < s000 F
q\ 7000 |
o | 6000 T
5000
4000 ¢
10° 3000 F
2000 t
1000t
10 . ; L . - 0 . . . -
0 20 40 60 80 100 120 140 0 1000 2000 3000 4000 5000
ADC kanali S
time(ps)
corrected TDC
el B 1800 D 28
1050 »3 _‘z 1600 & ir‘:xriw 4;;"?‘;5
1025 | :
N 1400 ¢ P2 1375.
hoog: 1200 P3 100.6
000t
zjtj’ i 800t
o 3 600 |
s s 400 |
32 33 34 35 200 L
20 4f) o0 8 100 {} L | |
ADC 0 1000 2000 3000 4000 5000
time(ps)
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200

150

100

30

e o~ 100 ps
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® Gred ~ Oplue

TPDPPCO08, Trieste

Time resolution: blue vs red g®
T »
} } ’
_ D 28 D 28
Entries 14181 Entries 3474
_' Pl 250.0 Pl 1096.
I P2 1373 P2 1372
_ F3 1265 3 9n .86
l E407 J
0000 000 3000 4000 5000 0 1000 20003000 4000 5000
time(ps) time(ps)
E407 S137 | H100C | HO50C | HO25C
os (pS) | 127 | 182 | 145 | 212 | 154
owe (PS) | 97 | 151 | 136 | 358 | 135

Peter Krizan, Ljubljana



Expected number of photons for aerogel RICH = o

with multianode PMTs or SiPMs(100U), and
aerogel radiator: thickness 2.5 cm, n = 1.045
and transmission length (@400nm) 4 cm.

£
=
=
Ngipm/Npmr™2 AR incident photons/10nm
@)
Assuming 100% detector 2,
. o
active area SiPM photons

Never before tested in a RICH

where we have to detect single
photons. < Dark counts have - N=15 e
single photon pulse heights 0 w0 0 w0 ]
(rate 0.1-1 MHz)

by

, Trieste Peter Krizan, Ljubljana



scintillation) counter

2.5cm aerogel

MWPC
telescope

multianode PMTs

array 2x6

June 4, 2008

« 6 Hamamatsu SiPMs (=MPPC) of type
100U (10x10 pixels with 100um pitch),
background ~400kHz

« signals amplified (ORTEC FTA820),

« discriminated (EG&G CF8000) and

. read by multihit TDC (CAEN V673A)
with 1 ns / channel

tpoppcol 10 be published in NIM A in ~3 weeks




SiPM: Cherenkov angle distributions for
1ns time windows

Cherenkov photons appear in the expected time windows >
First Cherenkov photons observed with SiPMs!



hthco

Entries 42672
2200 Mean 0.3142
= RMS 0.1791
e po 1837+ 17.9
1800 p1 0.2994 + 0.0004
= p2 0.04765 + 0.00044
1600 - p3 318.1+ 14.4
= pa .98.15+ 96.15
e p5 .480.8 + 184.9
1200 p6 296+ 104.6
1000~
PMTs
600 |
400F

200

f

| | 1 | 1 ey

1000
800
600

% SiPM Cherenkov angle distribution ___ae

Entries 168717

2400
2200
2000
1800
1600
1400
1200

400
200

Mean 0.5418 .

RMS 0.2342
po 7440+ 49.2 ||
p1 11.1£0.0
P2 0.003616+0.000336

SiPMs background
_(off-time signals)

0

Fit function is a combination of
« a background (quadratic) and
. a signal (Gaussian).

Only scale parameters are free

— SiPMs give 5 x more
photons than PMTs per
photon detector area — In
agreement with expectations

To be published in NIM A in ~3 weeks ‘

il IFEPETEE EPSTETET PR IFRPRII R SRS W
0 0.1 0. 03 04 05 06 07 08 09 1 |hthc1tdc I

0.1 02 03 04 05 06 07 08 0.9 1

1 hthcitdc

Entries 571
Mean 0.4729
RMS 0.2309
Background 19.48+ 1.14
Gaus 11.15+ 1.32

SiPMs signal




SIPMs: improving signal/noise e

Improve the signal to noise ratio:
eReduce the noise by a narrow (few ns) time window

eIncrease the number of signal hits per single sensor by using
light collectors and by adjusting the pad size to the ring
thickness

PCB or combine a lens
June 4, 2008 TPDPPCO8, Trieste and mirror walls



Machined from a plastic plate
(HERA-B RICH lens material).

_ TPDPPCO8, Trieste

Light collection: improve signal to noise ratig® o
“

Light guide should be as close as
possible to the SiPM surface |
(now: air gap + epoxy layer)

1mm gap

A
PHOTOSENSITIVE )"; | ﬂ

SURFACE

0.6

Light guide transmission
\ 0.20 @ 0.7 mm

,

04 ® 014@1 mm
0.3 .

0 | ] ] | 1

0025 05 075 1 125 15 175 2
. Gap size (mm)
Gap size (mm)

0.5

Peter Krizan, Ljubljana



P
Cherenkov photons with light collectors 90

i ___hthcitde
First attempt: use the top o Moan 04445
of a blue LED F Background 51,49+ 180
50— Gaus 42.82+ 2.40
403
305
20F
light concentrator —
10
0.35mm glass window—f—— 7] 00:---- e e L L
0.35mm air gap——— . 0.5
sensiﬁvevolume#/ﬂ neo oa s o %ia oaa aal
1.0mm 04k " sGeascpioonoaca  oas o
03k o. seeoooddneo0ogen o
MPPC $10362-11-100U 02f = aa EEE%EEEEEESE%‘E%EE a aa
o | . oifEog3e0850 208t a0stOB0 0
* Yield increase in agreement with the ssa00sn os[][OosoOeHo = o
) OfoooOOO0 oOe Joee0Od] oea
expectations o1f 2880z sa"mson-"Ogoos
- ooQd oQd oOano oo oo o o
* Further improvements possible by 0.2 ”EQDD;DEDSDE‘.;D - -
. Using SiPMs with a reduced epoxy 3" «’:oc:gooobecas =o - -
. -0.4 [m] o o Ooan oo
protective layer 2 22" Bossg s -=

_0'-%.5 -0.4 -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 04 05

« Using a better light collector
June 4, 2008 TPDPPCOS, Trieste  (111S 1N Cherenkov space



Detector module design

2.5mm

SiPM array with light guides

Aim: build a multi- channel module with light | #.-—
collectors and SiPMs on a printed board



Light guide geometry optimisation ==

Light Guide Acceptance / (d and out)

rays in = random isotropic 0-30°
N=10°
2.54mm

v .

\ Out Ollt:2»541n1n—2$d*tan(100)
___Y_ _> W !
0o3mm " L

= Jf"j> "-\ —
(n=1.5) f*fx,}qa\“x\ SiPM (1x1mm)

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana




Light guide geometry optimisation ng

d=4.0mm \ d=5.0mm
_ ) N SiPM=08,M=33,d=50]| gap(!.z} = (0.0, 0.0) |6 = 30.0 j [ ThumMay 5140215008 |
d (mm) out (mm) | accept. (%)
3.0 ‘ 148 | 516
3.1 145 | 540 S -
3.2 141 557 k) .
33 | 138 578 g 065 ™
34 13 592 L Ve S
35 | 131 | 610 - - L
3.6 127 62.6 : - Na
3.7 124 | 631 0.6 o \
3.8 120 | 644 . e N
39 1.16 64.4 - yd ‘a
40 | 113 | 649 | os55— " e
4.1 ' 1.09 | 643 W N\
4.2 106 = 638 ¥ .
43 | 102 | 628 0.5 AN
4.4 0.99 61.8 -
45 0.95 60.5 -
46 . 092 | 885 | T
4.7 0.88 56.4 0453 3.5 4 45 5
438 0.85 546 | d

June 49 081 | 519




Detector module — final version for beam tests

this week at KEK

SiPMs: array of 8x8 SMD mount
Hamamatsu S10362-11-100P
with 0.3mm protective layer

------
------
------
-----
g omum sy

e E
S ICACACACACAC T
ICACACACACACA Y
CACACACACATAT AT

CICICACICACACaC
T  w
CICICACACACAC

=T [

2Cm

I SiPMs + light guides

June 4, 2008
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Open question: sensitivity to neutrons =o

However: SiPMs are sensitive to neutron irradiation (dark
count rate starts increasing drastically after ~1010
neutrons/cm?)

- We have to measure the neutron flux in the relevant
detector region: calibrated Si diodes mounted in the
spectrometer since January, leave it there for ~1 year,
extract and determine the integrated flux (fluence)

—->We will also mount a few SiPMs in the proper place in
the spectrometer, register their performance during
running.

June 4, 2008 TPDPPCOS8, Trieste Peter Krizan, Ljubljana



Summary

Single Cherenkov photons were observed for the first
time with SiPM in a RICH counter using cosmic rays

Small size light guides were designed, machined and
attached to the SiPMs.

SiPMs are a promising candidate for photon detection in
future RICH counters

Plan:

Further study of different light collection systems

Test a larger array

Open issue: influence of neutrons on the counter
performance

Explore other applications of the device > PET

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana



mg We also work on a PET module... ®®4

Test a PET module with:
4x4 array of LYSO crystals (4.5 x 4.5 x 20(30) mm?)
SiPMs: Photonique 2.1x2.1 mm?

SiPMs: Photonique
2.1x2.1 mm?

LYSO crystals
4.5mmx4.5mm

June 4, 2008 TPDPPCOS8, Trieste Peter Krizan, Ljubljana



L K
mizs \We also work on a PET module 2 ::.
Some tests with Na22 in coincidence with a 4x4
LYSO+MAPMT module
Best: ~9% (rms) energy resolution
Shown: one of the early results.
: Y Y 16 ch.
SiPMI «------- @ ------ > PMT

Sig ma'Mean = 0.1243

Jui 2500 . {rizan, Ljubljana



Next step...

Test a PET module with:
4x4 array of LYSO crystals (4.5 x 4.5 x 20(30) mm?)
16 SiPMs (Photonique 2.1x2.1 mm?)

16 SiPMs 4___'!____'___'Y____>

4x4 LYSO crystals 4x4 channel PMT
4.5mmx4.5mm R5900-M16

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana
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Next step...

Reading out a
4x4 array of
LYSO crystals

Module under test...

TPDPPCO8, Trieste

Peter Krizan, Ljubljana
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Back-up slides

TPDPPCO08, Trieste

Peter Krizan, Ljubljana



)_—f*\—\ﬁ : -
i Planar entry window Spherical entry window Spherical e!1try _window,
reflective sides -
¥ ¥ -
. . »
e e RS
o ; 7,2 \\\\\\
Efficieny vs. angle of incidence a.
1.0 e 1.0 listek 1.0 ristek
0.5 0.5 0.5 )
0.0 e, .00 . 00 e
0 30 60 0 30 60 0 30 60
Light guide d/a R/a Ormin 7 Omax I(-60°, 60°)
Planar entry 3.4 - -24°, 24° 64%
Sph. entry 1.6 2.0 -35°, 35° 66%
Reflective sides 2.4 2.6 -44°, 44° 69%

June 4, 2008

TPDPPCO08, Trieste

Peter Krizan, Ljubljana



D>

/[O

OHELLE

TOF capability of a RICH

With a fast photon detector (MCP
PMT), a proximity focusing RICH
counter can be used also as a time-of-
flight counter.

Time difference between n and K =

Cherenkov photons
from aerogel

Y

track

Cherenkov photons_1¥
from PMT window

aerogel MCP-PMT

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

4GeV/c7c/KAt~45ps
R }{érfé 8 S CHTITES S SIS Hene

e 1 }f L

2.5 3 3.5 4
momentum [GeV]

05 1

For time of flight: use
Cherenkov photons
photons emitted in the
PMT window

Peter Krizan, Ljubljana



=4  TOF capability: .
=T window photons .

Expected number of detected Cherenkov photons emitted Iin
the PMT window (2mm) is ~15

- Expected resolution ~35 ps

§ 200 ;Ig/ndt 117.0 /]656§
S P2 40.1:8 . .
175 rs s TOF test with pions and
150 P «s]  protons at 2 GeV/c.
125 b= 2GeV/e Distance betwegn start counter
100fF o~ 38ps \. and MCP-PMT is 65cm
75
50 - In the real detector ~2m
25 - 3X better separation
n \ p
030 30 T

time [1bin=25ps]

June 4, 2008 TPDPPCO8, Trieste NIM A572 (2007) 432



Time-of-flight with photons from the o°,
PMT window 'o.

Benefits: Cerenkov threshold in glass (or quartz) is much
lower than in aerogel.

:

"% Cherenkov angle
Aerogel: kaons Sod g . agrogel. n=l0o.
(protons) have no g S e
signal below 1.6 GeV Sod S K o
(3.1 GeV): identification p.
in the veto mode. o]
>
: T ﬁ
0 II}F F 1.5 2 25 3 E‘I:S H,.r.4
Threshold in the window: = K p PIGEYE)

Window: threshold for kaons (protons) is
at ~0.5 GeV (~0.9 GeV): = positive identification possible.



Photon detector candidate: | MCP-PMT

- N
Vi LN

MCP-PMT

BURLE 85011 MCP-PMT:

. multi-anode PMT with two MCP steps
. 25 um pores ' Y
. bialkali photocathode " ifielsanofC R 18
. gain ~ 0.6 x 108
. collection efficiency ~ 60% e R T S
. box dimensions ~ 71mm square

. 64(8x8) anode pads

. pitch ~ 6.45mm, gap ~ 0.5mm . 54~13 mrad (single cluster)

. active area fraction ~ 52% . number of clusters per track N~ 4.5
. 64~ 6 mrad (per track)

>~ 4 ¢ /K separation at 4 GeV/c

. Tested in combination with multi-anode PMTs

. 10 um pores required for 1.5T

. collection eff. and active area fraction should
be improved

. aging study should be carried out

S TPDPPCO08, Trieste Peter Krizan, Ljubljana



e
Light collection: single vs multi channg®e
®

Multichannel device+imaging

light collection system: Has a

very limited angular acceptance Single channel: combine
a lens and mirror walls

Peter Krizan, Ljubljana



= Beam test: Cherenkov angle o2
®

== resolution and number of photons ©_®
NIM A521(2004)367; NIM A553(2005)58

Beam test results with 2cm thick aerogel tiles:
>4 K/t separation

(a) Cherenkov angle (b) Number of hits

800 B - = 0.322 rad
800 p=o,=14.8 mmd nGON
700 15mrad

-:Np&} =6.2

Entries

0 0.2 0.4 0.6
8 (rad) N

- Number of photons has to be increased.

June 4, 2008 TPDPPCO08, Trieste Peter Krizan, Ljubljana



= Radiator with multiple

GELLE refractive indices

How to increase the number of photons
without degrading the resolution?

- stack two tiles with different refractive

normal iIndices: “focusing” configuration
n,;=n, n;< n,
I i
<\ > ) << >
N N

June 4, 2008 TPDPPCOS, Trieste > focusing radiator
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<[> Focusing configuration — data

& ! X/ ndf 2467. / 16| §
6000 | PI 5495. =
P2 0.2965
] . . P3 0.2072E-01
4cm aerogel single index | P4 85,12
4000 + Fo 796.0
ny| Nz ny=nNz
/ nf=7.69
2000
|
N
\ 0 st EF G I IR | AN
0 0.1 0.2 0.3 0.4 0.5 0.4 0.2 0 0.2 04
0 (rad) tx(rad)
theta cerenkov ring in cerenkov space
= X'/ ndf 1095. /116 | 3
- PI ﬂ 7289 | %
I P2 0.3074
2+2cm aerogel | P3 0.1428E-01
T P4 74.49
L P5 884 .4
Ny | Nz Ny<Ng
4000 |
| - nf=7.46
N oo L mb=0.83 '
0[.\. ..... lllLl\N i [
0 0.1 0.2 0.3 04 0.5 0.4 0.2 0 0.2 04

June 4, 2008 troppcos, Trieste 2 NIM A548 (2005) 383



