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Belle II Aerogel RICH
We are developing a proximity focusing Ring Imaging Cherenkov (RICH) 
counter with aerogel radiator for the upgrade of the forward endcap PID 
in the Belle II detector.

To achieve 4 σ K/π separation, we need a brand new 
photodetector with, 

(1)Large effective area  (2) High sensitivity to single photon 
(3)Position resolution(5×5mm2 )  (4)Immunity to magnetic field(1.5Tesla)
(5) Immunity to radiation

Endcap PID

Belle II detector
Concept of Aerogel RICH

B=1.5T
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We are developing a proximity focusing Ring Imaging Cherenkov (RICH) counter with aerogel radiator for the upgrade of the forward endcap PID in the Belle II detector.
This is the concept of Aerogel RICH. RICH is composed of silica earogel and photn detector. Aerogel RICH distinguish K and p by observing Cherenkov ring. To achieve 4 s K/p separation, we need a brand new photodetector with, 
(1)Large effective area
(2) High sensitivity to single photon 
(3)Position resolution(5×5mm2 )  
(4)Immunity to magnetic field(1.5Tesla)  
(5) Immunity to radiation




New 144ch multi-pixel HAPD
We have been developing 

a new 144ch Hybrid Avalanche Photo Detector (HAPD)
with Hamamatsu Photonics since 2002.
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Capacitance 80pF

Bombarding gain 1300 ~ 1800

Avalanche gain ~50
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Required numbers 540 HAPDs

e-

2/18/2010

To meet the requirement, We have been developing a new 144ch hybrid avalanche photo detector with Hamamatsu Photonics since 2002. HAPD is composed of vacuumed tube and Avalanche diode. HAPD accommodates 4 chips, each with 6 times 6 pads of 5 times 5 square mm. Peak quantum efficiency is 25%. The second generation of new HAPDs have peak QE about 30%. The HAPD have very large effective area of 64%. The detector capacitance is 80pF. HAPD has high gain by using APD. Total gain is 104 to 105. We use 540 HAPDs for Aerogel RICH.




Single photon response

Pedestal

1p.e.

2p.e.

Electron[e]

Ev
en

ts

Pulse height distribution for 
Single photon irradiation 

Single photon signal 

σpedestal

Gain

==
pedestal

Gain
NS

σ
/ 16

The 144ch HAPD has excellent single photon 
detection performance

1 μsec shaping time
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Preamp:
CLEAR PULSE
580K

Shaper:
CLEAR PULSE
4417

I talk about single photon response. This graph shows pulse height distribution of HAPD. We can confirm good separation between pedestal and 1 photoeletorn signal. Using this formula, S/N ratio is evaluated to be 16. 
This is waveform of HAPD. We can confirm multi photoelectron signal clearly. We use 1 micro second peaking time. HAPD has excellent single photon detection performance.
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Quantum efficiency
We are developing HAPD with super bialkali photo cathode to 
detect more photons.

We achieved Peak QE ~32%. (bialkali average : 25%)

Wavelength dependence Uniformity

25%  
360nm

32% 360nm
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Good uniformity!

Change of quantum efficiency

Next I talk about photo cathode development . We are developing the HAPD with super bialkli photo cathode to detect more photons. Previously, We used conventional bialakili photo cathode with peak quantum efficiency about 25%. Super bialkali has more than 30% peak quantum efficiency. We measured wavelength dependence and photo cathode uniformity for super bialkali. We confirm Peak quantum efficiency reaches 32% for the best sample. In addition, super bialakali is better than conventional bialkali at every wave length. This graph shows photo cathode uniformity. Super bialkali has good uniformity, and archive more than 30% on all surface at 380nm.
This is change of quantum efficiency for recent HAPDs. You can see improvement in quantum efficiency for recent samples.




ASIC for readout of 144ch HAPD
We need high density front-end electronics including high-gain and low-noise 
amplifier for A-RICH.
→ We have been developing ASICs for front-end electronics.    

We planed to readout output of ASIC with FPGA.      

Circuit configuration

Preamp Shaper Comparator

input DOUT

•4 step variable gain preamplifier.
•4 step variable shaping time shaper.
•Comparator for the digitization of analog-signals.
(We need only on/off hit information)

•We have developed new ASIC SA01 and SA02.

to back-end

Shift register hit info. ・・・ trigger

FPGA

ASIC

12ch
or
36ch・・・ASIC FPGA
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I talk about ASIC. Because We have to detect single photons and the gain of HAPD is lower than conventional photo-multiplier, a high gain and low noise electronics is necessary. In order to cope with a large number of channels, we have developing ASIC chips for the readout of HAPD. Since we need only on/off hit information, the ASIC consist of a preamplifier and a shaper, followed by a comparator for the digitization of analog-signal. And the output signals are readout with FPGA for flexible readout.
We produced test board(?????)and checked the performance of this system.




Readout test of HAPD with ASIC
Threshold scan

2p.e

1p.e

•Distribution of output ASIC for 100 LED light 
irradiations at each threshold voltage.

•Clear separation between 1p.e and 2p.e!
•Very high S/N ratio (target > 7)! 

Good performance of readout system with ASIC + FPGA is confirmed!

HAPD(HV:8kV, Bias:290V)

Total gain : ~32,000

Ch21

Ch5(ASIC)

Ch24

Result
•Noise : ~2,000e-

•Pulse height
1p.e signal : 32,700e-

2p.e signal : 66,200e-

S/N : ~17
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 This histogram shows hit counts when we irradiate a LED light to a single HAPD channel, with changing threshold level of ASIC. And upper right picture shows analog signal in ASIC at this measurement. We found the distribution clearly separated between pedestal, single photo-electron and two photo-electron and the estimated noise level is 2000 electron and S/N ratio 17. 
 This result show successful readout of HAPD signal using the developed ASIC chip and FPGA chip and very good performance of the readout system.



Test in magnetic field 

•We measured HAPD in the 1.5T magnetic field
•using a special equipment to scan the HAPD surface
with pulse laser(controlled by a 2D stage outside the magnet).

Ushiwaka magnet (KEK)

HAPD
2D stage

G-10 bar

PLP
optical fiber

Lens：spot size～100μm

Black box

x
y

ASIC

Magnet

Magnet

B
1.5T
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1.8 m

We measured HAPD 1.5T magnetic field. We used “ushiwaka” magnet in KEK. We used a special equipment to scan the HAPD surface in the magnetic field with pulse laser. We placed HAPD perpendicular to the magnet field. We evaluated immunity to1.5T magnetic field.




Effect of magnetic field 
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In magnetic field, we expect improved performance.

•Distorted electric field near the side wall 
carries photoelectrons to the neighboring 
AD pixel.

•The photoelectrons hitting the AD 
are backscattered and spread within
40mm.

We confirm these behaviors in the magnetic field of 1.5T
10

We study mainly two subjects, image distortion effect by side tube and photoelectron back scattering. Because glass and side wall metal are at the same electric potential, distorted electro field near the side wall carries photoelectrons to the neighboring AD pixel. Position resolution get worse by this effect. About photoelectron backscattering, the photoelectrons hitting the AD are backscattered and spread within 40mm. Because photoelectrons follow a spiral path in the magnetic field, we expect performance is improved in these two points. We confirm behavior of HAPD in the magnetic field of 1.5T



Image distortion effect
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・As expected, the distortion near the side wall is removed in the magnetic 
field of 1.5T.  

We have achieved 5mm position resolution 
all over the HAPD surface in 1.5T.
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5mm

chipAchipB

chipC chipD

I talk about image distortion effect. This picture shows configuration of APD. We measured HAPD along this line with pulse laser. This graph is result of 1D scan. I plot 12 pixels distribution. Blue vertical lines mean boundary of pixels. Under 0T, distributions near the side wall are distorted. However in the magnetic field of 1.5T, the distortion near the side wall is removed. We have achieved 5mm position resolution all over the HAPD surface in 1.5T. 




Photoelectron Backscattering Effect
Photoelectron 
backscattering0T 1.5T

We confirm reduction of photoelectron 
backscattering effect.

40mm
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B

Residual effect is due to reflection of light on the AD surface.
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These are results of photoelectron back scattering effect. in 0T, there are photoelectrons backscattering distribution spreading within 40mm. In 1.5T, we confirmed reduction of photoelectron backscattering effect. However, distribution spreading within 15mm remains in the magnetic field. Because it is not affected by the magnetic field, residual effect  is due to reflection of light on the AD surface. 



Performance of HAPD

• Large effective area.
• High sensitivity to single photon
• High quantum efficiency 

• Position resolution(5×5mm2 ) 
• Immunity to magnetic field
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The remaining  issue is neutron radiation tolerance.

We confirmed these performances of a new 144ch multi-pixel HAPD. HAPD has very good performance for Aerogel RICH. The remaining issue is neutron radiation tolerance. 




•0.5x1011 neutron/cm2 (Belle II 0.5 years)
• 1x1011 neutron/cm2 (1 years)
• 2x1011 neutron/cm2 (2 years)
• 5x1011 neutron/cm2 (5 years)

Irradiation level

Neutron irradiation test

Reactor  “Yayoi”・Neutron energy spectrum

•Concern influence on APD (lattice defects)
•Estimated neutron dose = 1x1012 neutron/cm2

for 10 years in Belle II detector
•We carried out neutron irradiation test in October  2009.

•Used nuclear reactor “Yayoi” , Tokyo university
•Flux : 2x108 neutron/cm2・sec
•Source size : φ=100mm
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Next I talk about neutron irradiation test. We concern influence on APD. Neutrons irradiation makes lattice defects. We expect 10^12 neutron/cm^2 irradiation for 10 years in Belle II detector. We carried out neutron irradiation test in last October. We used Nuclear reactor “Yayoi”, Tokyo University. Flux is 2 x 10^8 neutron/cm^2. Source size is f = 100mm. This is neutron energy spectrum. Peak energy is 100 keV to 1 MeV. In this measurement, we irradiated neutrons at these levels.




Influence of irradiation

Quantum efficiency is not affected.
Neutron irradiation causes increase in leak currents. 
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I talk about influence of irradiation. This graph shows quantum efficiency before and after 5 x 10^11 neutron/cm^2 irradiation. Quantum efficiency was not deferent between before and after irradiation. This graph shows relation of dose and leak current. Neutron irradiation caused increase in leak current. Leak current is proportional to the irradiation. Increase in leak current cause increase in noise. 
 



Single photon response after irradiation

Before irradiation
1μsec, -7,000V

250nsec, -8,500V

S/N=7

Measured S/N ratio by using the ASIC (S/N Target>7)

We can achieve S/N = 7 by optimizing the shaping time and HV 
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We can use the HAPD for 5 years in Belle II  detector. 
(Irradiation test up to 1x1012 neutron/cm2 is underway.)

5x1011 neutron/cm2

1μsec, -7,000V

2p.e

1p.e

S/N=17 S/N=3

Next I talk about single photon response after irradiation. We measured S/N ratio by using ASIC. S/N target is more than 7. Firstly, we measured HAPD with 1µsec shaping time and -7,000V before irradiation. We got S/N ratio = 17. Next after 5 x 10^11 neutron/cm^2, we measured HAPD with same parameters. S/N ration got worse. S/N is 3. This is analog signal,   we can not separated between single photon signal and noise. However using 250 nsec shaping time and -8.500V, S/N is improved,  S/N = 7 and we can distinguish single photon signal and noise clearly. We archived S/N ratio = 7 by by optimizing the shaping time and HV 
 We can use the HAPD for 5 years in Belle II detector. Irradiation test up to 1x1012 neutron/cm2 is underway.




ASIC

Beam test of Aerogel RICH with HAPD

Black box

Aerogel
HAPD

ASIC

MWPC MWPC
SCSC

200mm

e-

• At Fuji test beam line in KEK November 
2009.

• Electron beam with 2 GeV/c

• 6 HAPDs from recent batches
• Aerogel with improved transmission

・・・・Track parameters determined by two MWPCs

Aerogel HAPD

Prototype Aerogel RICH
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I talk about beam test of Aerogel RICH with HAPD. We evaluated aerogel RICH counter performance with HAPD. We constructed prototype Aerogel RICH with 6 HAPDs from recent batches and two aerogels with improved transmission. For the read out, we used ASIC. We carried out beam test at fuji beam line in KEK, last November. We used electron beam with 2 GeV/c. This is set up of beam test. Track parameters determined by two MWPC. 




Ring image
Focusing Type Aerogel

n=1.0536

n=1.0646

Event display
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200mm

QE(400nm) 
20.5%

QE(400nm)
22%

QE(400nm)
25%

QE(400nm)
21.1% QE(400nm)

30.1%
QE(400nm)
27.4%

See poster:M.Tabata “Status of Aerogel
Radiator with High Refractive Indices” ID:263

A
B

Refractive
index

thickness Transmission
length

A 1.0536 20mm 47.8mm

B 1.0646 20mm 55.4mm

This is event display of beam test for one track. We can get ring image clearly. We arranged 6HAPDs into 2 times 3 layouts. This alignment is a part of Aeogel RICH alignment in Belle II detector. We used good quantum efficiency HAPDs. We used focusing type Aerogel to get more photon without deterioration of angle resolution. This is aerogel parameters. About detail of aerogel, please see Tabata’s poster ID 263.




Beam test result

Cherenkov angle (rad)

En
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Angler resolution=σ0 13.5mrad
Number of photons/track=Npe 15.3p.e.

Angle resolution/track=σθ 3.5mrad

K/π separation performance

6.6 σ at 4GeV/c

Aerogel RICH with HAPD has 
excellent K/π separation.
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This is beam test result. These graphs shows Cherenkov ring and Cherenkov angle distribution. We could get Cherenkov ring image clearly. From Cherenkov angle distribution, we calculated angle resolution and number of photon. The single photon angle resolution is 13.5mrad, and the average number of photons/track is 15.3.  sigma theta is deduced to be 3.5 mrad if we use this formula. This corresponds to K/pi separation performance  of 6.6 sigma at 4 GeV/c. Aerogel RICH counter has excellent K/pi separation performance. 
 




Summary

20

• We have  developed a new 144ch multi-pixel HAPD
+  ASIC for the Belle II Aerogel-RICH

• The HAPD has 
• Good  single photon sensitivity

• High quantum efficiency(～30%)
• Position resolution (5x5mm2)
• Immunity to magnetic field(1.5T)

• Neutron radiation damage is controllable(5x1011).
• We have achieved Npe=15 σ0 =13.5mrad with HAPD.

We have selected the new HAPD as the baseline 
photodetector for the Belle II Aerogel-RICH.
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Thank You!Thank You!
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Back Up
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Aging tests
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•comparison of initial Photon Detection Efficiency(PDE) 
and PDE after light irradiation(8years) show practically 
no change in performance

Initial

After 



Improvement of leak current

Structure of  APD

•Leak current from P layer contribute to increasing noise.
•We need reducing the thickness of P layer to decrease leak 
current.

For n- layer, Effect of  holes making
electron-hole pairs in the depletion 
layer is less than 1%, compare to 
electrons.

24

N N-P
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Avalanche amplification region

Using thin APD reduce leak current.
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Surface scan
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The HAPD response to surface scan shows the clear pixel 
shape and proves the good position detection performance.



Beam test with irradiated HAPDs
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Irradiated HAPDs
Reference

We could detect ring image with 2 x 1011

neutron/cm2 irradiated HAPD.



Alignment of Aerogel RICH
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Use beam test setup

•Sixth part of alignment



ADC distribution
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Leak curret
1.2μA

Leak current
2μA

Leak current
5μA

Leak current
13μAnoise

For 0.5 years For 1 year

For 2 years
For 5 years

1p.e.

noise

Deterioration of sensitivity to single photon by 
irradiation damage


