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I
<> Belle Experiment (S

kekb.jp

KEK, Ibaraki, Japan

Belle Detector

In 2001, KEKB/Belle observed the first evidence for
CP-violation in the B meson system.

As a result, the 2008 Nobel Prize in Physics was awarded
to M. Kobayashi and T. Maskawa.
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D = Super
<> Belle 1I Experiment (),

KEK, Ibaraki, Japan

R e

SuperKEKB accelerator

2= s

R
S R

Belle II detector

The Belle stopped operation in 2010,
and 1s being upgraded to the Belle II experiment.
C> 2014 start!
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Belle 11 Particle ID upgrade

The K/n identification (PID) device plays an important role in Belle II experiment.

B — pyor B— K*y

Efficient identification of these mode
1s essential for precision measurement.

Need up to 4 GeV/c

: ‘ for endcap K/n separation

\‘\*Eéz\:& /
£ ===
e & 4 e
/(/' ‘. }

Belle endcap PID : <2 GeV/c

Belle II det by threshold-type Cherenkov counter (ACC)

(3D model)
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Conditions for endcap PID

Belle II detector in cross section
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| cDC Endcap
L. | SvD PXD(2 layers) PID :
310 570 . - —
| . B-ﬁeld @l1.5 T o
’ B | I N ==y 8 280 mm

v Structure of the detector must be carefully designed
¢ Suitable photon detectors must be chosen.
v A whole structure cannot be larger.

>

D)

» Immunity B-field
» Limited space

CAR)

)

L)

10. June 2011,

@Chicago Technology and Instrumentation in Particle Physics 2011 7



E
1CAdL
— R ——— 3 ‘ ' ) '
ANy
k)};" ST VUL ] 2400 ] [ [T 777753993
N e (L[ T[TERL/ /7778 /77
" \"‘l\]."-: ALY T T ILLLLL £ ALL
! CDC
N SVD PXD(2 layers) i
B =y ° 310 570 .
| B-field @1.5.T ..,
& —\\ — -
: _ N Ty R
< Immunity B-field v/ Strpcture of the detector
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We decided to use Proximity-Focusing Aerogel RICH for endcap.
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Aerogel RICH counter

Proximity-Focusing "ing 'maging (herenkov counter

using

as radiator

Target : more than 4 0 K/ separation @ 4 GeV/c

Concept of Aerogel RICH counter

.
A
DR

aaatn

Charged patrticle

Radiato

Silica aerogel ]

*Refractive index : ~1.05
*High transparency | ora talk by M. Tabata (ID 221)

144-ch Hybrid Avalanche Photo Detector \
*High sensitivity to single photon

*Pixel size : 5x5mm?

*Immunity to high magnetic field (~1.5 Tesla)
*Large sensitive area

AQC = 90(7‘(‘) — ec(K) ~ 23 mrad
angular resolution : 0y/1/Np. < 6 mrad
(0e : angular resolution/track)

Readout electronics
*Necessary to read out ~10° channels at once

*Develop new ASICs [ pogier by 5. Nishida (ID 65)

10. June 2011,
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Dual-layer Focusing scheme

Single layer Dual layers

/ > _
T

-—> o \4
d -¢ ’ n, < n, A
Focusingj
angular - d
resolution N, .. Increase detected photons

without degrading the angular resolution.

=> angular resolution g, degrades.
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144-ch HAPD
PERFORMANCE




Photon detector : HAPD

We have been developing 144-ch multi anode Hybrid Avalanche Photo-detectors with
Hamamatsu Photonics K.K.

photo cathode
(Bi alkali)

*—-\

0.2

! 73 mm #!“
. . R 4.9 mm = # of channel 12x12=144

IES

photon 36-ch APD chip x 4

\ é cathode

Vacuum tube

Bias voltage

200~400V |
10. June 2011, ~
@Chicago

@photo-electron - voltage
-7~-8kV

pixelated APD

tube size 73 x 73 mm?
effective area ~65%
pixel size 4.9 x 4.9 mm?
APD capacitance 80 pF
peak QE 32%
S/N ~15
# of required ~450 HAPDs

Hybrid amplification

Electron bombardment gain : ~ 104

X

Avalanche gain : ~ 40
b

Total gain : ~ 10°

Technology and Instrumentation in Particle Physics 2011 12




HAPD performance

Single photon detection 2D scan response
éj:z* —pedestal | S/N ~12.2 |
C 400f-

350 E

Large effective area
Good pixel response

300f
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100f

s0f

%" R 1 T L L ) Dead of HAPD/ASIC
ADC ch (mm)
HV:8.5 kV (bombarded gain ~ 1,700)
Bias:270 V lanche gain~ 40 . .
Total gain =(ag§ 00 ) Operation under B-field Efficiency unchanged
QE~~22%(400 nm) oT| L 15T Cross-talk lower
- ] |
E Light scan”} Colored lines show
BT i | detection efficiency
F b \‘ ki '
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I lk wal it
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?Cfﬁ?aegf Results from HAPD bench test indicated remarkable performance 13




Performance of
Prototype Aerogel RICH




Prototype configuration

We constructed a prototype Aerogel RICH
*Using 6 HAPDs (2x3 array)
*Focusing radiator scheme : 2 layers

*Prototype readout electronics

8GeV /e electron

— o m— s e

secondary
electron beam RN
: 2GeV/c

Fuji test beam line @ KEK

10. June 2011,
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Beam test results 1

HAPD Condition
HV: -7kV
Bias: —350V(gain40)

n,=1.054, n,=1.065

° 3 . histmiki
(20 mm thick each) Angular distribution ,7::::;
@ 6000 | R
E ook 1o m" wrosn ||| Cherenkov angle resolution :
ook e ||| g = 13.5 mrad/photon
g g # of photo-electrons :
ey “onoommecie 53100 || | 15.3/track
2000; BG / track : 2. - 7
w3045
T B K B X BT R

Cherenkov angle [rad]
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Beam test results 1

Clear ring image was observed!

rich_2d_1
Accumulated image | |5 s
e i

RMS y 42

HAPD Condition
HV: -7kV
Bias: —350V(gain40)

n,=1.054, n,=1.065 — SRS I T
(20 mm thick each) Angular distribution ':u x [mm]
. ) @ 6000 | T e
Ability of K/n separation E ool 116 = e | | Cherenkov angle resolution :
A N Abc ~ 23 mrad - o ;e =f liSt mrladt/ photon
+C. - # of tracks : 2700 O O O'e eC ronS :
o 0 b-€ @4 GeV/ C 3000~ # Photons : 41339.7 +- 227.3 b
a Photon/track: 15.31 + 0.08 15.3/track
. 2000; BG / track : 2. — —
Corresponding to 6.6 o . 30 o
K/ separation at 4 GeV/c S et
00 0.1 0.2 03 04 05 0.6 0.7 08 09 1
10. June 2011, Cherenkov angle [rad]
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Performance for inclined tracks

or Belle 11 forward endcap device, incident angles of tracks are 17~30 degrees.

~We tested performance of prototype Aerogel RICH for inclined tracks.

RICH Hit Map, w.r.t. track |
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>
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Aerogel RICH can still keep good PID capability for the realistic environment

10. June 2011,
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Summary of HAPD performance

Aerogel RICH with the HAPDs demonstrated notable performance,

* single photon detection => S/N~12
* position resolution is 5x5 mm? => OK
* operation in high B-field => OK under 1.5 T
* prototyping test of 6 HAPDs
* real arrangement
* inclined 1njection angle

=> Excellent performance!

10. June 2011, .. . .
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RADIATION HARDNESS
OF HAPD




Neutron radiation hardness

<> 7 We estimate irradiation dose
A for 10-year Belle II operation.

= i
 Aerogel

neutron

[ Neutron : 102 /cm? J

, Z
N Neutron radiation damage in APD
=> Increase leakage current => shot noise

Oshot X I leak
As the result, single photon separation
will be worse.

We studied the neutron radiation hardness of HAPDs.

10. June 2011,
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Irradiation test result 1

Neutron dose vs. increase of leakage current with HAPD

. \

12
S 10 i}—
O
2 s
< .
E Increases noise level
x .
9 4
|
2
o1
S 0
2 [ Yayoi 0 1 2 3 4 5 6

2

" Energy Spectrum neutron dose [x10!! neutrons/cm? ]

Increase of leakage current is
proportional to neutron dose.

2 L L N L L L L L L L
107%07 %0 0 %0 %0 40 040 10% 10t 102

10. June 2011, TR ST (Mev)
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Noises depend on leakage current

12 oo ——— ot _ iati
‘\::‘ 5x10'! irradiation
10
|

=
Q
S
8 “ L
< g ™ 1p.e. cannot be separated
%‘ 6 ‘ 8 400 1
2 4 200 [~
<

0o 500 1000

0 M T\ Pulse Height
1 2 4 5 6 ﬁ

0
neutron dose [x10% utrons/cm2 ]

1000 1x10!! irradiation

150 Before irradiation

o, 800
b, 100 1p.e. S 1p.e. separation
ia 400 ]
I | D 200 gets worse | In order to suppress noises,
o) - -, | we need to reduce
0 5 600 Pulse Height a increase of leakage current.
Pulse Height
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How to reduce the noise 1

¢ Shortening the shaping time
Shot noise 1s dependent on shaping time.

Shorter shaping time of the amplifier can reduce the shot noise.

— Description of noise in APD

2\ A : APD capacitance/ch

1 2 Ji C,e : Capacitance depends on amplifier design
> leak

2 . t : Peaking time of shaping amplifier
O noise — (Acdet \/; TFG L.k : Leakage current in APD

e : Elementary charge
\_ Amplifier noise shot noise from I,.,, in APD )

€

F : Excess noise factor (—2)
G : Avalanche gain

10. June 2011, .. . .
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ASIC & HV Optimization

We verified whether the noise can be reduced
by shortening the shaping time of amplifiers in the ASIC chips and higher HV.

Shaping time : 1 usec, Neutron dose

Shaping time : 250 nsec,
HV =-7,000 V 5x1011 n/cm?

HV =-8,500 V

Mittm A I J T

| Better separation! g

Further noise reduction may be possible with shorter shaping time.

> Next version of ASIC is designed to enable shaping time of ~100 ns.

10. June 2011,
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How to reduce the noise 2

¢ Improvement of APD structure

AvalanChe amphﬁcatlon reglon Avalanche amplification region

¢ Source of noise : lattice defects in APD P
¢ Contribution of electrons in P-layer is about ~oum T||P re'eCtm“
: : B

100 times of that of holes in N-layer. N o Jb

¢ We expect that APD with a thin-P layer positive
) ) ~40um hole
yields lower noise.
\-
APDs with Thin-P layer were developed and M=
tested at Yayoi reactor in 2010. N APD structure
10. June 2011, Technology and Instrumentation in Particle Physics 2011 26
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Irradiation test result 2

Irradiated Dose

(Correspond to 10-year Belle II operation)

Increase of leakage current

—— e
144-ch APD 144-ch HAPD
55 Standard 30 + MKAO03_chipB
- = AKA03_chipD
- L .
, w - 1 X
— 20 i,) y _S 25 KAO6_ch¥pA
.S R S| X O XKA06_chipC
9z \-- X - m .
o f- %“_ X = 5 20 - ®KA06_chipD |
; 15 <
X . . =
= v Thin-P | ¢5977_chipC 15
4
% 10 24 * —5977_chipB 3
=y e ¥ X 5958_chipA g 10
< o o K 5958_chipB
5 - X :
x X —5958_chipD 5 -
X5977_chipA
0 T 1 O !
0 20 40 60 80 100 120 140 0 o 20 30 40 50 e 0 80

Avalanche Gain Avalanche Gain

We confirmed reduction of leakage current by APDs with thin-P.

10. June 2011, .. . .
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Irradiation test result 3

Pulse height distribution

| standard |

=)

504 e

. Before £ Before

350, =

0 S/N=12.2 =t S/N=12.1

250 =L

200 .;_

b HV 8.5kV -: HV 8.5kV

E - Bias 270V ik . .| Bias 390V
50 700 150 o0 750 ] (Gain 40) ) ] ) E] = (Gain 32)

r.m_«l )

450 -] ==

w After “ After

350, =

e S/N=7.1 o S/N=6.1

250 nE

200, =

150) wE-

100 =

: HV 8.5kV 13 HV 8.5kV
. A Bias 270V - 4= Bias 390V

APD with thin-P shows better S/N than standard.
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Conclusions

¢ We have been developing Aerogel RICH counter for the Belle II endcap PID.

¢ We use 144-ch HAPDs as the photon detector.
High single photon sensitivity

5x5 mm? position resolution
Large effective area

Operation under high B-field

¢ Prototype Aerogel RICH with 6 HAPDs achieved 6.6 0 K/n separation
at4 GeV/c.

We succeeded in producing HAPDs with excellent performance for Belle I1.

é Present concern is neutron radiation hardness of HAPDs.

¢ Improved HAPDs + electronics show better performance with 10!? neutrons/cm?.

10. June 2011, .. . .
@Chicago Technology and Instrumentation in Particle Physics 2011 29



Further Works

¢ More studies of HAPDs for radiation hardness
¢ Prototype Aerogel RICH test with proton beam 1is scheduled
in September, 2011 @CERN (SPS)

¢ Prepare for HAPD mass production

10. June 2011, .. . .
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Back-scattering Effect

% photoelectrons back-scattered onto the APD surface :
significantly reduced when B-field turned on

photoelectron

‘Q .
R — Re31c.1ua1 spread can be
APD pixel considered as other effect

32

such as light reflection

xych. 57 xych. 57



Expected noise for HAPD at 10!° n/cm?

20000 \ —thn N
- t
é) 18000 cu'rren
o \ ===thin P (5741)
& 16000 \ ——thin P2 (5278)
=
S,14000
% 12000 \
Z 10000
8000 —
6000 - e
4000
2000
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 01 02 0304052060708 09 1 111213 14 15

Peaking time (us)
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Neutron irradiation test
Jan. & June 2010 @Yayoi reactor

leakage current.

Test sample :
Single pixel APD

1 mm?2

10 2(
[, Moo
ETERRERTY R

Variety of APD A\ Thick-N

_|I_5266

Current
Thin- P&l == > Thick-P

5289 E 5257

5252 5258
5288 5256

V Thin-N

10. June 2011,

Increase leakage current [MA/mm?2]

. 11 2
Increase of leakage current Dose : 10x10"" n/cm
(equivalent to 10 years Belle II operation)
0.18 +— ®5280
+5266
016 1 4o, O
0.14 +— ©5256 ; &
w578 Thick-P
012 7= As741
01 - M5289 jm O
° [AY
A5288
0.08 +— 05258 pu .Curren.t -
A5257 O Thick/Thin-N
0.06
O m [
0.04 - o
o N
0.02 - - A -
A Thm-a
0 ! ! T T 1
40 50 60 70 80

Avalanche Gain

Thin-P gave the smallest leakage current
after irradiation.
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Thin-P 144-ch APD

(5977 chipA)

Bias vs leakage current
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Neutron irradiation test

Nov. 2010 @Yayoi reactor

Before
S/N=12.2
Measuring setup
HV 8.5kV
Multi - : | Bias 270V
IJ Pre-Amp : Channel %W %24 (Gain 40)
LED HAP Ortec 142A Analyzer ;
— D> :
%} ._ L e After
Shaper Amp : = S/IN=7.1
ClearPulse 4467A ::
(shaping time 100ns) 150

HV 8.5kV
Bias 270V
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