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e Belle || Experiment ==
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Belle Il Experiment TOP « KEKB / Belle : B factory experiment
: @ KEK (1999-2010)
e v Asymmetric e*-e~ collider
AN | Al | v" World highest luminosity
(2.11x10%cm=2s™),
v" Discovery of CP Violation in B
system.
« Upgrade to SuperKEKB and Belle II.
v 40 times higher luminosity,
aiming at 50 ab™".
v' Search and study of New
Physics.
v" Commissioning starts in 2015.
« Particle identification (K/n separation)
IS a key issue.
v e.g.B — pyv.s. K¥
v" TOP and Aerogel RICH.

Aerogel RICH
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Aerogel RICH )&

m = p\/n2 cos’ 6. -1

Oc(m) — O0c(K) ~ 23 mrad
(@ 4 GeV; n=1.05)

« target: n/K separation up to
~4GeV.

* Replace threshold-type PID

T device at Belle.

Focusing Scheme
Photo- /-2-Iayer (2cm+2cm) )
/ detector]  zerogel tiles.
R * n1<nz: focusing (n1=1.045,
n2=1.055).
* High transmission length
N1 N2

(n1<ny) \ (40-60mm) required. /
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Belle I

Photo-detector
4 ™

« ~5mm pixel size. Large coverage. |
* Immune to 1.5T magnetic field. AL
« Radiation tolerance (neutron, gamma).
. J i
4. 9 [mm]

= HAPD (Hybrid Avalanche Photo-Detector)

» Developed with Hamamatsu Photonics.

bi-alkali photon Pombardment < 144 channels (36-ch APD chip x 4).
photocathode :  gain~0(1000) . Gain 245000.
NG * Peak QE ~28%
HY B Y * Size 73mm X 73mm.

_8KkV I - Effective area 63mm x 63mm (65%).

lew/

300V
as 1 Pi avalanche Total 420 HAPD
bias % Pixel APD gain ~ O(10) ota S
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HAPD ))RES

o | 1ph.2ph. Aging test at IJS
o] === 20 years of Belle Il operation
3ph. & | b, | g 0

200 Wispo ;‘ ::::t_: 1m;f:; : : ::; ; B ’qm .

| e B S omp 7T beforeaging
739 4ph. == 927_" 1000} Sigma_s2 1436e+04 + BAO.E r % .

3 ” i i 5\ g 20 - % after aging
ri7 - sof , / i 2pe. S/N~10 1: 3 p
v w w w Eg]] EEEE “0: !:E:{l 'I{;" R R R - : \k\*
9 0 500 1000 1500 2000 ’i()gl::j 3000 3500 é;i%()ﬂ I GainT EIECtron[E] 1“) :_ x%.
‘ e e i _&

40 QE . d b 0 El gt B g g gef 4 | "'[M‘_l_"
— 35 INCrease Yy 300 400 500 500 700
;.7 30 «-Super Bialkali_| super bialkali A [nm]

«“»Conventional . . .
i, Cakah photocathode . | jfetime test is also performed at
o o .
. (25%— 35%) HPK (70mC [~10y Belle I1] in 1000h)
10 v" No change in QE,
bombardment/avalanche gain.
00 400 500 600 v Minor increase in leakage

wavelength [nm] curre nt
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Belle I

HAPD Front-end Board

ASIC N [- Total 60000 channels. A
FPGA g v 1-bit ON/OFF information

 High-gain, low-noise.
> Only 5 cm available behind HAPD

trigger

" m) ASIC (SA03)

« CMOS 0.35 ym process @ X-FAB.

« 36 ch / chip (i.e. 4 ASIC for one HAPD).
* Pre-amplifier + shaper + comparator.
 Typical peaking time ~100ns

ASIC Front-end Board Merger Board
(SA03) | b

—

BellezLink

200 3050 [mm]
>

- =} space for
electronics

HAPD

'
KEK JAPAN

[~ Aerogel
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<D Aerogel RICH N

Belle I

Aerogel RICH detector consists of charg]?
Planar mirror _parti
420 HAPD L

» 248 Aerogel Tiles

—— = /
i - ---.ggi_i_._-,_-.._____ /
Y i ..""'-.:. F
P T~ = 4 e
1 T i = i P,
y = =l N
~ o

Cherenkov ™§
photons

perogel Photon
radiator ~ detector

.....
T e
01 =

—
.....

pli=ral

HAPD: 8 rings — 7 rings
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D Radiation ))&
Radiation Tolerance was a concern for HAPD Details were discussed at
[ ]: original estimation for 10 years operation of Belle |l NDIP11 K.Hara (ID-161)
_ 12 5 . “Study of 144-channel Hybrid
* Neutron : [10'% n/cm? (1MeV equiv.)] Avalanche Photo Avalanche
v’ lattice defects — leakage current, worse S/N. Photo-Detector for Belle I
e Gamma: [1000 Gy] RICH Counter”

v’ surface effect (charge-up) — breakdown

Irradiation test of the HAPD
Simulation (with 8 HAPD rings) was done up to 1000 Gy

ﬁmg [1Mev equiv. neutron flux | and 2 X 1012 n/0m2.

- Coulomb LER

NEULIrON | mm couems sen
Touschek LER

Y Touschek HER
Bl Ehatbhs LER
I Ehabha HER

|  Radiation dose |

—
-y
=

gamma | s camsen

Touschek LER

Y
—
(8]
[=]

-
=

I Touschek HER
B Bhabha LER
B Ehabha HER

=]

Remove innermost

HAPD layer and replace
» it with neutron shield.

Neutron can be reduced

[~

radiation dose [gray/year]
(48]

[=r}
=

—
Y
=

N &n By En L En 4 N {n
%]
[=]

1MeV equiv. neutrons / cm*2 { year

=

H}:E\F‘D rigg # HTAPD riﬁg # tO
Inner Outer Inner Outer <0.4%10'2 n/cm?2.
< 50 Gy (10years) < 1.3 X10'? n/cm? (10years)
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D Prototype Beam Test )

Belle I

Beam test at DESY (2013) using prototype Aerogel RICH.

« 2 X3 HAPD configurations (part of the actual layout).
 Front-end board with ASIC (close to final).
 During the test, HAPD is replaced with the one
irradiated to neutrons and/or gamma.
v" No degradation of the number of photons
v No significant performance degradation is
expected for the predicted radiation.

gmo [ 6000 1soi— AQC w ., F
5000 ::7 O'_g Np-e g - Std2
o ol S 2 Std1 n(2.1x1012) ®
.1 8o - 4'40. g 10— ° ® o ®
° 3 e g+ n(tixtory  N(O86x10%)
-50 % | {2000 2"3"\ufj\ i s:— Y (1 kGy)
- rong 00103705 04 08 06 07 08 06 1 «- [Detected #(photon)
- ¢ =15.4 mrad 2 normalized by QE]
T ) photon/track: 8.6 of—1 ! L 5 !
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5 HAPD Mass Production ))zss

» 420 HAPDs are used in Aerogel RICH.

* The mass production started in Sep. 2013.

» Measurement (quality assessment) is performed at KEK
v' Leakage current.

v" Noise, S/N.
v' 2D hit map.
v QE.
<Specification>
__—
28% >24%
Leakage Currentq] <1uA per channel
Avalanche Gainf| 40 >30
Electron Bombardment Gain 1800 >1500
Total Gain ~70000 >45000
Number of Bad Channels =10 bad: I not satisfied
S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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HAPD Mass Production ))&

2505— Number of HAPD e A part of measurement system is in
E 200l | = Delivered . trouble. Under recovery.
< - Measured
an 150 » Mass production started in Sep. 2013.
= B * QOriginal plan
8 100F sep v Finish in Sep. 2014.
£ [ 2013 v" 35 HAPDs per month.
Z S0¢ Dec. Mar.  Jun. |« However, the production is delayed.
ot 2018 2014 2074 v Low yield at HPK, especially
0 20 40 around Dec. 2013.
Week from Sep. 2013 v' Tentative plan: 27 HAPDs per
. 3 | i | | month to complete production in
°°°°° ;\\ channel\ : Mar. 2015.
V(threshold)m
S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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S Quantum Efficiency D)

Belle I

« High QE is essential to get high performance. pinhole
* Measure photo-current with light from Xe lamp. |
« Scan over the photo-cathode (spot size < 1mm).
* In general, good agreement btw KEK and HPK.
Some deviation when compared individually.
v' HPK irradiates light to the whole region.

Half mirror

« Some structures are sometimes observed in QE. < *0
* QE is increasing as production proceeds. < oW
v Last year 20-30%; Now 25-35% at HPK. & 35 i ’,?.; .
z® | .:,::.3’?5: )
5 EJ) 30| 1:’,:’-.{}1 -

o5 [, . R

. Py
L __ e eec® -

&0
¥ (mm)

out of specification

Normal Cross Low spot (arrow): ol 0L
reason metal is foundon %0 % 0 - 35 . 40
u(nknown) quartz window QE measured at KEK (%)
S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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2D Hit Distribution )<=

Im » Single photon response.

1800

1600 « Scan by moving the laser position and measure
50 —1400 the hit distribution.
40 :Zzz Effect of the distortion of the electric field.

800 Will disappear under magnetic field.

00 10 20 30 40 50 60 7O
x(mm)

30
20 600
AN :
400 RN _B=0 _
10 — e- 2000
N ——— 200 l c- ,-/ 1800
= :I

60
50

1600
1400

1200

* In around 10% of HAPDs, a region with high noise is
observed (HAPD-dependent, reproduceable)

* It is turned out that the noise is due to instability of
HAPD after the exposure to light.

» Time to stabilize is O(10) min (sometimes > 2h).

. . . . 00 10 20 30 40 50 60 70

* Under investigation, but no problem to use in X(mm)

Aerogel RICH.

1000

800

600

400

200

scan direction
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Belle I

Leakage Current Problem

Super
KeEKB
-

» Several HAPDs show rather large leakage current
(>1uA), even though they passed the pre-
measurement at HPK.

» There is one sample, for which the leakage current
increased more than three months after production.

» According to the investigation at HPK, light emission
IS observed for such a sample, and small object is
sometimes observed in the corresponding location.

 However, the reason is not understood (especially
why the problem happens after production).

* Plan to measure the leakage current for all the
samples again.

Leakage Current (uA)

—
o
&

—
o
TTTIT T

—_
i

(Chip Current)
= | = Dec. 2013 ,-‘"#'
v Apr. 2014 v
_ L] M -l".-.
L
0 100 200 300
Voltage (V)
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B HAPD Mass Production ==

Belle I

Status of Quality Assessment.

Number Mainly large leakage current (~pA)
Qualified 150 / (usable at this stage, but worry in
Low Quality 26 long term operation)
Need Investigation 14 Noisy samples etc.
Investigation at HPK 4 (4 of them are already repaired)
NG (Broken etc.) 0 — Mostly problem in leakage current.

Total 200

» Leakage current is an issue.
v" Improvement in the production at HPK is desired.

|
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Status of Other Components g
Aerogel F m —_ ZE i | - Il‘.lilﬂltil::sl_'
* The production of aerogel tiles (248 %5‘-" i % o ]
+ spare) is completed. ! s
v' Measurement of optical property is in progress. zz
v' Manufacturing (cut by water jet) will be done. = 't 1
Electronics Po  toss ertnsﬂd T0ss 1060
AS'C_/—W% » Mass production of ASIC is done.

FPGA

v Now under test.

/

 Final version of the Front-end board is
in . . . —_—
}1; designed and is being tested.
Boleztnk v' Mass production in autumn.

* Final version of the merger is under test.

Mechanical structure will be ready within this year.

S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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< Summary and Schedule D)

Belle I

« We are constructing Aerogel RICH Counter for the Belle Il forward PID.
v’ 2-layer aerogel (n=1.045 & 1.055).
v 144 channel Hybrid Avalanche Photo-Detector (HAPD).
v" Readout electronics based on the ASIC.
 There had been an issue of the radiation hardness, but it is solved.
v’ Specification determined. More understanding with simulation.

» Mass Production of HAPD started. W | ,
- , £ otBelle Il Schedule Wil reach 50 ab:
v' Leakage current is an issue. F: in 2022
iE’g 405— Physics run
SChedUIG E}g 305_ starts end of 2015
« HAPD mass production will finish around § " sansendonirson
Mar. 2015. o ;;0353;_‘ R PR R |
* Other components mostly within 2014 P S
v' Start constructing the detector from Ef 4 forupgrade
35 o
2015. . § Mo 012 '20114'Y' 016 2018 2020 2022
« Complete the construction around July ear
2015. Installation in summer. more than 6 months delay
S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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Backup

|
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HAPD: operationin 1.5 T B=0 B=1.5T

Tests in 1.5 T magnetic field show ~
improved HAPD performance: ¥
* no photoelectron back-scatterin
cross-talk _
* increase of detection efficiency -
photoelectron energy deposited al a oo 0 * o @
one place

» effect of non-unifor
electric —B=0T
field disappears — B=15T

800
signal chargela.u.)

_—

15000 30000

Decemberber 2 — 6, 2013 144-channel HAFD Tor Aerogel RICH at Belle 11 Samo Korpar ﬁ c=.
RICH 2013 {slide %) Liniv. of Maribor and 1. Stefan Institute . .'




NEU‘I’I"O" dﬂmﬂ e ot Avalanche Amplification

region

Modification of APD structure: —
 Thinner p* layer to increase bombardment gain
« Thinner p layer to reduce increase of the leakage N
current after irradiation — main source of leakage ﬁ"
N -
current are thermally generated electrons in p layer aopmy
due to the lattice defects produced by neutrons \ N
N"’j‘ ® :electron
APD A leakage current (@10n/cm?) : © hole
As expected the s | ThinP |
T 02 A increase of the
[ ETaii] W
£018 1 leakage current is 2“-““”*—‘ s
ims T — [ smaller with thin p /N=12
Thick P *
= 0,14 -esam—
= 0,12 |Wsa _ H‘.‘H.Sk'u'—‘
deas LU
;;.UJI ;:z ¢ Current, | (Gain 40)
8 0,08 o 3 thick N, -
® 006 |osass thin N o 3
ﬁ ’ ' '_* % 4 -t | After
v r ° . ) - S/N=7.1
0,02 #ﬁ. ..v . II S;'"N fDr thll"l p SEITID'E :_ \
0 CAL . — 0P | is better than 7 after - _
0 20 40 60 BU 12 2 e H B.5kY
APD gain fluence 10"n/cm , |
Decemberber 26, 2013 144-channel HAPD ff:;;eir;}m RICH at Belle 11 o Same Korpar ﬁ =E:

21



Gamma irradiation 8Co irradiation facility @ Nagoya U.

» Expected total dose 100-1000 Gy
* |nitial tests indicated fast raise of leakage
current and reduction of breakdown voltage
— not previously observed with similar APDs
» Possible source: APD for HAPD had
additional alkali protection layer to protect
APD during photocathode activation process
 To identify the reason extensive tests were 1chAPD{ Dose vs current@30cm)
done with single channel APDs with different
structure prepared by Hamamatsu: 8 =
« No alkali protection : e carent i %?i
« “Standard” alkali protection . . .
* “New” alkali protection : by

— APD structure was optimized

300 350 400 450 500 550 600
integrated Dose(Gy)

Decemberber 2 — 6, 2013 144-channel HAPD for Aerogel RICH at Belle 11 Samo Korpar “ o:.
RICH 2013 (slide 13) Univ. of Maribor and ). Stefan Institute ® .’
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Beam Test with Prototype ARICH

Super
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Aerogel HAPD
MWPC g/yyl MWPC
o
< >
20cm
Trigger : : Trigger
Counter Light-tight Box Counter

 2-layer aerogel & 2 x 3 HAPD configurations
 Front-end board with ASIC (close to final).
« Study items:
v' System test with the latest electronics.
v Aerogel Study.
v’ Effect of radiation.

Event Display

Event21 | Event10
300 300‘
250(- 250

2001

150

100j

50

L I L

I L

1 L

I P

1
100

.
150

.
200

1
250

300

200

150

100}

50/

50

100

i
150

|
200

|
250

300
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Beam Test with Prototype ARICH ()==

n\l

—

Accumulated hits
160

140 sigma = 15.4 mrad

120 photon/track: 8.6

50

100

Entries / 0.005 rad

80

60

40 I

o

-100

|IIIIII|II|IIIIII|II|III|III)(

20

TR
)
\

n Jll. ]II.JII. ]II. 1L AL JTTTT"L—&._I_LI. 1L lII. ]II.]II.
0 01 0.2 03 04 05 06 0.7 0.8 09 1

Abe /N =440

g9

Naive estimate from accumulate hits.
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Performance with Irradiated HAPDs ()=

One issue of the HAPDs has been the radiation tolerance.

mm) Check the performance using HAPDs after irradiations at the beam test.

Neutron irradiation @ J-PARC MLF Gamma irradiation @ Nagoya Univ.

+ 1-2 x 102 n/cm? * °Co
* ~1000Gy (50Gy/hour)

—

=) =

i Co;Sougsce 1"
B l = f,;:i..;i

o9 = =

e L2 W\ ‘\\,\5
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Performance with Irradiated HAPDs (L)

« Beam test performed using irradiated HAPDs.

43 #1 * Replace one of the HAPDs (#4) to irradiated samples.
#5 v" Neutron 2.1 X 1072 n/cm?.
49 v" Neutron 0.9 X 102 n/cm?2and gamma 1000 Gy.
» Threshold level increased to the irradiated samples.
E * No difference found in the detected number of photons/
_ ~
2 12000 . %;14—
2 [Noise Level] % r (2.1x107) Standard?2
O 12000 @ 12 N(<£.1X
$ .| Neutron irradiated HAPD £ porandardt . °
3 2.1 %102 n/em?) gL e ° °
'<ZS 8000|* (2. ) é B; n(1.1x10"2) n(0.86x10%2)
6000[*" “":'-‘.-"' “_. . -'..."' RS TR a:— Y (1 kGy)
000 et e U i [Detected #(photon)
! Standard HAPD T normalized by QE] |
%20 a0 60 80 * 100 120 10 o 2 3 4 5
channel# HAPD#
S. Nishida (KEK) Development of a 144-channel HAPD NDIP 14
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Performance with Irradiated HAPDs (L)

[ RICH Hit Map, w.r.t. track J [ RICH Hit Map, w.r.t. track
N 2.1x10'2 n/em? i g | n:0.86x102n/cm? | [E %
(QE 21.4%) Tl o | y: 1 kGy =" s000 3
sorg y (QE 31.1%) 50 85000
3 L = 3 ' ¥ 2000
- [ o RN SR -1 = 220112 0 ,
© - i i @© N R ——— 3000
o) 140— r -50 Lo 200 2000
- L o :
o i ] o 180 1000
o 120 : o
D i G000 o 50 100 o 160
Q N x [mm] D - x [mm]
S 100 I 5 140F |
(5 " sigma: 15.2 mrad 0 1200 sigma: 15.7 mrad
30 photon/track: 7.5 100} photon/track: 10.8
60| . . 801 .
§ B Separation cob. Separation
401~ [ . ]
i [ = 4.10 40 I = 4.80
- .~ BG : .
20|~ ,ﬁ - s .
(1"*-.__:- 20 f\‘\__./"!
0 Ll Ly mm Jl,,lj_'"'“‘-q.{.____,_,_ljl” 0 | L TR PEETE Nrw .= ST Faaed i 1
0 01 02 03 04 05 06 0.7 0.8 09 -| 0 01 02 03 04 05 0.6 0.7 0.8 09 1
Cherenkov angle [rad] Cherenkov angle [rad]

No significant performance degradation is expected for the predicted radiation.

|
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Performance D=

o)

Kaon id. Efficiency (at 1% pion fake rate )

g 1
& F 100 1
:
E 0.8 0.9
2 80f-
i 7oF
= 0.6 g
E -ﬁ 60;—
g 0.4 s0F-
< i 405—-

i 30F

0.2}t _ E
il o single layer _ ! | | 20
l_l L1 1 i L 111 i_l 1 11 i LI 51 i L1 1 1 i L1 11 i L1 11 F 1 11 i 111 i 10-_
95 1 15 2 25 3 35 4 45 5

0 20 30 40 SO 60 70 80 90 100 110

momentum (GeV/c) q

* Monte Carlo simulation is performed under Belle2 software framework.
 Excellent PID performance over wide range of momentum.
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