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Measuring Cherenkov angle
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Forward PID for Belle IT

Requirements and constraints:

* ~ 5 0 K/ttseparation @ 1-4 GeV/c

e limited available space ~ 250 mm
 operation in magnetic field 1.5T

» photon detector candidates: HAPD,

MCP-PMT,

G-APD

Selected type: proximity focusing aerogel RICH

aerogel
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e <n> ~ 1.05 (focusing configuration)
« ¥ () = 308 mrad @ 4 GeV/c

¥ (1) - ¥ _(K) =23 mrad @ 4 GeV/c

e pion threshold 0.44 GeV/c, kaon
threshold 1.54 GeV/c
e time-of-flight difference (2m from IP):

t(1) - t(K) = 180(45) ps @ 2(4) GeV/c
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Beam test with flat-panel PMT arra - |NIM A548 (2005) 383

Study of aerogel radiator with flat-panel
PMT array - standard configuration:
2cm(1.045)+2cm(1.055) focusing aerogel:

eN ~10
ph.
e0. =14 mrad

single

0, _=4.6 mrad
50 @ 4GeV/c
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G-APD characteristics

e works in magnetic field
 low operation voltage ~ (10-100)V
« peak PDE (= QE x ¢ X€E Jupto

geiger geo )
65% (@400nm - Hamamatsu data sheet),
Hamamatsu: HC100, HC050, HQTJ()252§

e gain ~ 10° 10
e time resolution ~ 100-200 ps ( \

- /\ \ S10362-11-100U
IZARN

o dark counts ~ few 100kHz/mm? (
) // ‘\\ $10362-11-050U
Y

—
e

e radiation damage (p,n)
o \C\ $10362-11-025U

|
10 {// \E\‘

PHOTON DETECTION EFFICIENCY (%)

Can such a device be used for detection
Of S|ng|e phOtOﬂS |n a RlCH Counter’) 200 300 400 500 600 700 800 900 1000

v (um)

e linearity is not needed — HC100 is
preferred due to higher efficiency

0 1200 1400
X (pm)
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G-APD characteristics - 2

Typical pulse height distribution:

e signal is well separated from pedestal
level

e single photon pulses are the same as
dark current pulses

A

150 100 150 200 250 300 350 400

ADC channels
Typical timing distribution: 3000 - 28
* narrow time window can be used to 2500 | Bies 52?;;
P2 1356.
(sjep;rate Crt]erelnkov photons from — i 1336,
ark current pulses 2303
1000 | o~1 50pS
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Expected number of photons

Expected number of photons for aerogel RICH (beam test prototype):
e multianode PMTs (peak QE ~ 25%, collection eff. ~ 70%) or MPPCs (HC100)
e aerogel radiator: thickness 1 cm, n = 1.03 and transmission length 1.4 cm
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Signal to noise

Expected number of background hits
depends on:

* ring area ~ 2000 mm? (x30)

e dark count rate ~ 600kHz/mm?

e coincidence window ~ 5ns

e

e e e e
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. £ 100F in|
Ndark 6 — Nph/Ndark 3 - .
f
Ratio can be increased by: =OH AT uii
 smaller ring image area — high j _“ EEh
. EE EE [} X
Cherenkov photon density . i e e
* narrower time window i Lk Jiaiee e
 use of light collection system (light \: #
guides) to increase effective area of o0 E AR
the sensor Sisinasi
? -100 " :
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Can such a detector work?

HERA-B RICH experience:
Little noise,
~30 photons per ring

Typical event mmm)

Worked very well!

s At R - ——— | {TN,. R A ——————— N S ——
||||||||||||||||
mssssassazasasaTNsasasasaRARIRIIAMAIIIIAIII AR

Kaon efficiency
and pion, proton
fake probability

et e e

S S ——————

Need > 20 photons per ring for reliable PID

p (GeV/c)
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Light quide 3.5x3.5mm? to 1x1mm? W L

First attempt to attach light guides | :iyyfusﬁ
to MPPCs. ,

e area ratio ~ 12 6.0mm
» average efficiency ~ 0.5

(entrance to exit surface) ,?Jﬁﬁ;j;w\

« light guide test with pencil beam namm I~ Jimm
(400nm, 900) frgrusr:ge i air gap

1.0mm

PMT MPPC

MPPC 510362-11-100U
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. . |
Test with cosmic rays MLl et P Tl

hthetde
Entries 904
. / . 24 Mean 0.4825
First successful tests with cosmic rays: 2 S B
& Gaus :Iz.z_i 1-.5

_ . R > L
No light guides: o
e 43600 tracks -

» Cherenkov photons ~ 146 ;
e 0.0033 photons per track 3

| PR | Kraar PR - R ST e
0 0.1 0.2 0.3 0.4 0.5 0.6

With light guides: e
g g Entries L 1902
« 38100 tracks wof- RMS o249

Background 51.49 + 1.80

cim ) ] | b |
0.7 0.8 0.9 1

» Cherenkov photons ~ 285 sof- Gaus 2o i 24
« 0.0072 photons per track

N /N ~22
Light guide should be as close as I M A S
possible to the MPPC surface. Cherenkov angle [rad]
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Hemispharical light quides

e Spherical light guides give
better results with metal package:

N, /N _~3.6

0.2mm glass window —|——» |

0.8mm alrgap———— .

sensitive volume — ”'/’:tma—

1.0mm

i
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8x8 array of SMD-MPPCs W

* Detector module with 8x3 T Sl
array of SMD MPPCs at N 7
. - = i e S5 o B 1 & —
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Light guides were machined from plastic

(HERA-B lens material).
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Light quide simulation d=4.0
s
. c - ““———E_,___hi
Simulation includes: in=23 L SiPM=1.0
e refraction at LG entrance - =
e total reflection out=0.9
« gap between LG exit and MPPC surface
Not included:
 absorption
« imperfect light guide surface
6 i 180 SIPM =00, M =25, d=4.0] gaply.2) = (0.0, 0.0) | {8, 4) = (18.0, 45.0) | [oramrimse | t=18.p=45
@ = 45° R T gap w w/o
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07F T _ 0.15 89.68
0.6) - 0.20 85.99
0.5?—
0.4 0.30 76.12
03f 0.35 71.49
i 0.40 66.85
= ) 0.45 62.44
0.1 0.50 58.39
Oy B S Y Sy S—Y
X_gap
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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 —20k

e light guides T

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

20ns -38. 400ns
e = Trigger .
SiPM
100n
24k
Source
n —m
CH1 —m

Slone

Coupl ing
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@ oc  dtow
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T11.32526MHz 2G5 400 points RTG:52008/06/08 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 stage
— effective detector size 3x3

e hits detected by multi-hit TDC

e +120 GeV/c pions, beam size ~1cm?
e 2 MWPCs for tracking

e plastic scintillator for timing

rhdddda

Luul-!u.!ul‘! - uuuujt-;i‘! - uuou._Z_q -

uyH&i&i\—:‘«;; pHHJ,LI»-:‘«;; CE®,

May 24 — 30, 2009 A RICH Photon Detector Module with G-APD's Samo Korpar
XI Pisa Meeting on Advanced Detectors, La Biodola (slide 18) University of Maribor and Jozef Stefan Institute




TDC distributions of MPPC hits for all events

e total noise rate ~ 35MHz (~600kHz/MPPC, ~2.4MHz/ch.)
e 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 |-
5ns
10000 |- — |- 10000 |-
i — -~ S S i — e e —— A k\_ i
0 I | | | | | | | | | | | | | 0 I | | | | | | | | | | | | |
-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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Cherenkov angle distributions
20000 _—
e background from MPPC noise
hits is obtained from sideband in e 5
TDC distribution T A
600 400 200 0 200 400
— TDC [100ps]
400 ‘4//// [ [ 2
550 | off time 2000 T on time
- 1750
300
& 1500
250 |- [
il 1250 |
200 _ S B |
150 i s550 |
100 |— 500 I
50 250 |-
[’} i 11 | | U J | 1 1 |1 | l L1 | o I | Ll
1] 0.1 0.2 .3 .4 0.5 0 0.1 0.2 0.3 .4 0.5
Cherenkov angle Cherenkov angle
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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
- Pl 4918. Pl 0.1173E+05
| f f
5000 II| II P2 0.2387 ]2000 - |'I 'III P2 02407
| | P3 0.1368E-01 - ' P3 0.1538E-01
P4 464.8 P4 2062.
i | P5 -1170. P5 -5728.
= | =
| i
! L 8000 |-
3000 u -
- | -
|
| 6000 |-
2000
! 4000
1000 |- -
! \ 2000 - |
0 — | ] | ] 1 | ] 1 ] I.- ] O - ] ] | ] 1 | ] | | | in. | L L 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
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Number of photons

Expected number of photons is 2.5/full ring, this includes:

« Hamamatsu PDE

e aerogel: 1cm thickness, n=1.03, 14mm attenuation length
» dead time and double hit loss ~10%

Measured (extrapolated to full ring - acceptance corrected):
sw/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

w/ LG~ 37
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* A photon detector module was constructed using 8x8 array of
MPPCs (SMD package, 4x4 electronic channels) and a light guide
array

A proximity focusing RICH with 1cm aerogel radiator (n=1.03) and
the detector module was successfully tested in a test beam at CERN
* The number of detected photons per ring is about 60% of the
expected number

« Efficiency increase with light guides ~ 2.3 (area ratio ~ 5.5)

 Geiger-mode APD can be used as a detector of single photons
in RICH counters.
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Photon detector candidate: HAPD

72+, 2 30ED. S
Hybrid avalanche photo-detector ] as
(proximity focusing configuration) i g :
» 12x12 channels (~5x5 mm?) ’ 5 X
* Size ~ 72mm X 72mm \FEHEHE | E2
» ~ 65% effective area }
e total gain ~ 10* — 10° ' _
¥/ ndf 2549 s 1836
(bombardment~1000, avalanche~40) ., | 1ph.2ph. = a0
« detector capacitance ~ 80pF/ch. Z i
. P5 98 88
o typical peak QE ~ 25% = oh rs 1621
. . ‘ ph. 20
 works in mag. field (~perpendicular | | 2 7
to the entrance window) Oph. i b o
PI2 23.99
150 4ph P::S 242!67;
: Pig Q27.:
Bi-alkali : PIs 25.02
photocathode SO oo L i i
TN o e
P20 1489,
~20mm1 lphotoelectron 50 w “ iﬁ; if;'f,i
[N ) R H P23 I?;SO.
5 | P24 . 67.96
0 500 1000 1500 2000 2500 3000 3500 4000

multi-channel APD
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Beam test results 77//m\N -”»\f“'\""r’

electronics

e test with 2 GeV/c electrons @ KEK

» detected number of photons: ~ 6

» Cherenkov angle resolution: ~ 13mrad
e large background due to the Cherenkov
photons produced in the HAPD window

« second ring due to reflection on APD

ahistz2

16000— i Entrles 265954
B Mean n.zzey
14000— RMS 0.1318
- 52 ! nal BO1.8 f 2T
12000 . conatant 1.487e+0d + 66
N medn 0.3134 + DHMH
10000 algma 0.01327 + 004005
B Bt const 426.4 + 42.7
8000 [ EC alape XM+ 1355
N # of tracks : 17918
GOO0 - Photon yield: $9405.08
i Photon/track: 5.67
40007~ BG/track : 1.08
2000

% 041 0.z 0.3 04 05 06 0.7 0.8 09 1

Better than 4 s p/K separation @ 4 GeV/c ring image
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Background contributions

photocathode

window APD

| Cherenkov Angle, accumulated

Cherenkov light reflected

555555

photon YR T T 77 from APD surface o =
_p_h;tz)c_alectron © @ -
¥
aerogel e Cherenkov light
Photoelectron
backscattering
/ S .
— === Cherenkov light . e e
from window 01 02 03 04 05 06 07 08 09 |
Internal reflections
e amount of window light can be reduced by
thinner window
» effects of photoelectron backscattering
disappears in magnetic field
< 200 mm e reflected light:
AUl » higher QE, more absorption at first pass
 anti-reflective coating?
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Test in magnetic field 1.5 T

e around 20% of photoelectrons 100
back-scatter and the maximum 90
range is twice the distance from
photocathode to APD ~40mm

&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

20 40 60 80
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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 v

30 40 50

60 70 30

no magnetic field

RRAR

10 ' B r“ﬁr‘w-]rw—lmm 10
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BACKUP SLIDES
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External secondary photon cross talk

Scan a SiPM in front of a second

one, observe coincidence rate =l1 [l= X=+3 mm
[[;-- X=-3 mm

Coincidence hits

SiPM A and B: Hamamatsu
— MPPCs

M [kHz]
e

[ a [ P
4] ka E [ ] d
! 1 1 1

-1 1

3 5
SiPM A Position [mm] X(m m)
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External secondary photon cross talk

Coincidence hits

] ] w
L) (] e =]
1 1 1

L)

M [kHz]

] ] ra ]
P ka3 e =] o
1 1 1 1

L

*single detector dark rate ~ 200 kHz ¢ ; : :

SiPM A Position [mm]

scoincidence background ~ 2.4 kHz

*when SiPMs overlap, coincidence rate increases by ~1 kHz
*1mm active area 1Tmm away ~ 15% of 2 11 solid angle

full (217) solid angle: 1kHz/(2 x 200kHz) /15% ~ 2%

- OK (even with an assumption of a 100% reflectivity of the
radiator surface - gets reduced by two further orders of
magnitude)
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Neutron damage

INakamura JPS meetlng Sep. 2008
before irrad.

L

.. ] Measured fluence:
L ewend 90/fb > 1-10 10° n cm2
600 r ! 7 ! 7
- 3x10° n/cm?
T
40“?””5&’"&"?’ - 3 o ;1}(101113' ﬂ{crp!

T

[ ; |
3x101° n/em

e | Expected fluence at 50/ab

1x10™" n/iem

200 W’“’f”*"‘ ff‘%'*l?*f'”“ﬂ’“ e ey i bckg x20: 2-20 1011 n cm™
frrL rr*'W Wy r(f‘w'”h"]‘-“"'f'”h ‘V‘M’wﬂrﬂm 1"3;1 Rﬁ-’f .
! | - Worst than the lowest line

0 500 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 — check with new data.

P

m.-

0

—2>Very hard to use present SiPMs as single photon detectors in
Belle because of radiation damage by neutrons
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RICH with SiPM - expected hit distribution

* Ring on a uniform background
clun 7 e P
S A
=t EaELE bl e e
= 2 u REEEAREEEie H *ﬂ;‘ .
= m " d' = &
J - { | EEEEa IH Y H 4 H ! E
* E ' L. : .’] # -ZI--. - f::i J_
. : : i T : HHH Y
: i AL
e ;:q_ oS .-jzmz T =
it | ™ . . : tj::;i_ = _?"EZ
o u | 35w ﬁlﬂ (EiEEEE :ﬁ

Can such a detector work?
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RICH with SiPM - expected hit distribution

* Ring on a uniform background
S — —

g .
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e
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Can such a
detector work?
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Can such a detector work?

MC simulation of the counter response: assume 1mm 2 active
area SiPMs with 0.8 MHz (1.6 MHz, 3.2 MHz) dark count rate,
10ns time window. Vary light collector demagnification (=pad
Size).

K identification efficiency at 1% 1t missid. probability

1 A L= ""'-."‘ """ o l ’—r_______...--""'_-_.-_-_ ___________________________
i £VS. D ) E : ~€at 4 GeV/c vs.
* -D-*S .": ] ll_-"J .
095- .~  pad size
0.6 wi
5 .9
0.4k
[ Pion misaid. prob | 0.851 Pion missid. prob. 1%
025 Qe paney 04 65,1, 327 Occupancy 0.8, 1.6, 3.2 %
[ I Photons per ring 20
{]""I""I""l""I""l""l""l""l"' {]-'_8 poaale s ey a e by ley s bla s g lesay
05 1 15 2 25 3 35 4 45 2 25 3 35 4 45 5 55 o6
momentum (GeV/c) pad size (mm)

- Looks OK!
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Test with cosmic rays

First successful tests with cosmic rays:

No light guides: ————— ~

« 43600 tracks
* Cherenkov photons ~ 146

* 0.0033 photons per track

With light guides:
e 38100 tracks

* Cherenkov photons ~ 285
* 0.0072 photons per track

R

[NIM A594 (2008) 13

hthetde
Entries 904
24 Mean 0.4825
29 RMS 0.2344
Background 33.79 + 1.51
20 Gaus 1221 1.5

M PR e o A P s S .
0 0.1 02 03 04 05 056

07 08 09

| e

1

htheitde hthc1tdc
Entries 1902
60— Mean 0.4449
- RMS 0.249
C Background 51.49+ 1.80
50 |- Gaus 42.82+ 2.40

N /N ~22 ~lmmgap wof
w/ w/o -
PHOTOSENSITIVE
SURFACE : T . :
i 10
Light guide should be as close as R .
possible to the SiPM surface. Cherenkov angle [rad]
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30

Beam area T4-H6-B @ CERN

20

* +120 GeV/c pions
e spills every 42s for ~5s
* beam size ~1cm?

20

{0

-2

-2f)

-3f)
- 2 20 -20 /] 20

track (x,y) at T1 track (x,y) at T

e beam profile (scale in mm)

110 CERN SL 15-09-08 |61:3
SPS-Protons updated: 15-09-08 o&:g
User: SFTILONG2 408 GeV/c e
top: nullms SC length:
E18:

2819 2788

=py FrOP
END ey it

9 99%a
37a

Qgadrupole \&
y, heam foro
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Beam area T4-H6-B
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Cosmic test setug

%
Two configurations of 6 Hamamatsu %
MPPCs were used: 3
» (HC100, HC050, HC025)x(metal, ceramic) T
* 6 x HC100, metal

> scintillation counter

+

All six MPPCs were connected to same
supply line using additional dividers:

2—73V

1k —20k aerogel radiator
= d=2.5cm
n=1.045
24k L
100n [——ysiPM MAPMT i
2x6 array
100N
- 1
[
| light tight box
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Cherenkov ang

le distributions for 1ns time windows
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Spherical entry window,
rgflective sides

Spherical entry window

Planar entry window

Efficieny vs. angle of incidence a

Izkoristek

Izkoristek

Izkoristek

1g s 2448400
1g ¢ 068 006 00 00 00, 1 .
[ I
- 000.....
0.8 * f N * .
+
+
0. 0. . 0
0.4 . 0.4 0.4
*
0.2 * 0. " 0.
- .
|' oY "' Y

50 (4] = 10

Light guide

d/a

R/a

amin / amax

1(-60°, 60°)

Planar entry

3.4

-24°, 24°

649%

Sph. entry

1.6

2.0

-35°, 35°

66%

Reflective sides

2.4

2.6

-44°, 44°

69%
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Light collection: required anqular range

For our application only a v Gerenkov
limited angular range of particle
incident has to be covered at a %

given position on the detector \

A

— ~34°+/- 20°

)| - -3°... 54°

- Take this asymmetry into
account when designing the
o light collection system.

— ~17°+/- 20°
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Planar entry window Spherical entry window Spherical entry window,
reflective sides

7
/ ﬁ

Efficieny vs. angle of incidence o

Izkoristek

Izkoristek Izkoristek
1
s B L bL g * 4+ 2 e 1 . e
> " LY
. . S I il L
0.8 *
-H o e o Jo.2
* »
.
3.6 > a 1]
o] o
. ] *
* * *
0.4 v ofs 0.4
0.2 * olz 0.2
2 *
o 2 L - o o * o o
-20 20 40 60 B0 =20 20 40 &0 g0 U -20 20 40 &0 &0

Light guide D R A min 7 Omax I(-3°, 54°)

Planar entry 3.4 - -6°, 41° 959%
Sph. entry 1.6 2.0 -6°, 58° 100%

Reflective sides 2.4 2.6 -19°, 71° 939%
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Light collection: efficienc

Design with a single Design with a two
light guide type light guide types
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