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TOP counter in Belle |l

e TOP (Time Of Propagation) counter
— Developing to upgrade the barrel PID detector

— For Super B factory
. Lpeak“1035”36/cm2/s, 20~100 times higher than prisent
— Need to work with high beam BG

— To improve K/m separation power
* Physics analysis
— B2>nn/Km, py, Kvv etc.
e Flavor tag
e Full reconstruction
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— TOP counter should be compact

Side view of Super Belle detector



TOP counter

e Position+Time of arrival Cherenkov photons

Simulation
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TOP prototype test

Expansion block Quartz bar Focusing mirror
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Beam test result

)

e Sharp ring image as
expected.

Time (n

e Number of observed
photons and time
distributions are OK.

Mirror reflection

e Velocity e
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TOP performance

e Performance dependence

. ATOF + ATOP
Separation power : S = ‘

Gtop
_ 452
Gtop _ Gphotodetector Gradiator
>~ 50ps (Chromatic)
. .
Ophotodetector - 1iMe Transit Spread (TTS) ( Requirements \
— TTS : <50ps
* N, number of detected photons ,
— Gain:1.0x10°
e Single photon detection
MCP_PMT e Enough statistics for TTS
— QE : >20%@A=400nm

\ — Available in B -field J




MCP-PMT

Photo-cgthode MQP plates /}node

\ | /
1 4

e Micro-Channel-Plate
— Tiny electron multipliers
e Diameter ~10um, length ~400um
— High gain Photon
-g ”fOG for two-stage type 1 A=
— Fast time response
Pulse raise time <400ps, TTS < 50ps
— can operate under high magnetic field (~1T)

_Single photon
Channel

. <«— ¢~10pum

S

Input electron — —
NN S —— S /
A, ~400um MCP channel N - -
N " /1 10mVidiv

HVI \ T

I 200psec/div




MCP-PMT output

¢ Hamamatsu R3809U-50 (multi-alkali photo-cathode)
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MCP-PMT

e Timing properties under B=0~1.5T parallel to PMT

BINPS

HPKG6 Burle25
MCP-PMT HPK6 BINP8 HPK10 Burle25
R3809U-50-11X N4428 R3809U-50-25X | 85011-501
PMT size(mm) 45 30.5 52 71x71
Effective size(mm) 11 18 25 50x50
Channel diameter(pm) 6 8 10 25
Length-diameter ratio 40 40 43 40
Max. H.V. (V) 3600 3200 3600 2500
photo-cathode multi-alkali | multi-alkali | multi-alkali bi-alkali
Q.E.(%) (A=408nm) 26 18 26 24




MCP-PMT for single photon (2)

e Setup
— Single photon is generated by laser (408nm).
— B-field is parallel to tube axis.

magnet
HPK PLP- || jght
02 oul
Width 36ps| | PU! S E
optical e 18GHz

attenuator| ;104

1.5GH
e, sge

fiber |/ magnet  \

gate signal |LAX |-

000,25 p6/1ch L0 J——1dliscr.|  Philips 708
TDC=25 ps/lch === Vth=30mV




Pulse response

e Pulse shape (B=0T)
— Fast raise time (~500ps)

— Broad shape for BINP8

e Due to mismatch with H.V.
supply divider

¢ No influence for time
resolution

e @Gainv.s. B-field

— Small channel diameter shows
high stability against B-field.
— Explained by relation btw hole size

and Larmor radius of electron
motion under B-field.
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MCP-PMT in B-field

e ADC spectra with different angles under B=1.5T

Photo-cathode MCP plates  Anode
1 L

— Gain depends on the angle. B "
— Behaviors are slightly different. ¢\\\
e Because of the different bias angle of MCP hole dese s ﬁ%‘
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Time response

e TTSv.s. B-field

— Small channel diameter shows

high stability and good resolution.

e TTSv.s. Gain

— For several HV and B-field
conditions

— 30~40ps resolution was obtained
for gain>10°

e Hole size need <~10um

— to get time resolution of ~30ps
under 1.5T B-field.

TTS (ps)
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Rate dependence

e Gain vs. photon rate
— For high intensity beam
e Gain drop for high rate
— >10° count/cm?/s

— Due to lack of elections inside
MCP holes

— Dep. on RC variables

SL10 | HPK6 | BINP

MCP resistance 96 143 380~1000
(MQ cm?)

MCP capacitance | 16 31 24~39

Relative Gain

(pFlcm ) : ; : : SuperiB-factory
] 1 iel=2x10"/cm/sec
10 ; i ; i i ; ;
MCP channel»H """ | 1 10 10f 10° 10" 10° 10° 10" 10° 10°
_,\'N'\,_ N,..(count/cm?/sec)

Electrode T—— - [SL10: Square-shaped MCP-PMT shown later]



Multi-anode MCP-PMT

__________

Size

275 x 275 x 14.8 mm

l_j'_Jir'r_. Effective area 22 x 22 mm(64%0)
o el o . Photo cathode Multi-alkali
*&‘ﬁf%@ Hi Q.E. ~20%(1=350nm)
. i i E ; i ' MCP Channel diameter 10 um
o 1"-----:----4'_,: Number of MCP stage 2
{22(eﬁ‘ec'ltive area) Al protection layer No
27.5mm Aperture ~60%
Anode 4 channel linear array
Anode size (1ch) 5.3 x22 mm
Anode gaps 0.3 mm

R&D with Hamamatsu for

TOP counter

e Large effective area
e Position information

64% by square shape
4ch linear anode (5mm pitch)



MCP-PMT for TOP counter

";;t;;“;};j;;,g;‘g;‘" Raise time ~400ps
| chsi e -
L ‘ﬁ‘
----------- i 1 20mV/div
122 (effect 1-J i .
e “~ 0.5nsec/div
R&D with Hamamatsu photonics
3000
e Llarge effective area 64% - w
- =34.210.4p|
e Position information 16ch w0 0=3 0.4p3
e Single photon detection 2000,
e Fast raise time: ~400ps 15000
e Gain: >1x10% at B=1.5T ok
e T.T.S.(single photon): ~35ps at B=1.5T
e Position resolution: <5mm o J/K
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MCP-PMT for TOP counter

o Dark box
e Quantum Efficiency (QE) Mono-
— With a reference photodiode.
QEppir = [lpmr / 1opl * QEpp
Iy Photo-current between the p.c. and the @ N I
front surface of the 15t MCP. Halogen
— 2D scan on the PMT window. Pico- lamp
. . t
— Ascan: 350-700 nm is our interest. 2T e
MU|t|'a|ka|| p.C. Averaged QE
— — —— Il
E 25 I14 X igE_ " —a— gggre?rightt
ui E —E£- upper center
i - ¥ C left
>20 12 e “- middle right
10 14 —=— middle center
15 12 —— middle left
- —— lower right
10 —&— lower center
10 — —=— lower left
5 5
s
% 0 2F
5 10 15 20 25 B

1 L1 I L1 L1 I | -} L1 | -} L1 | | | - L1 ..
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Issues under the higher luminosity

e Basic performance meets our requirements.

e Higher the luminosity, higher the background rate gets.
— Experience at Belle + Simulation:
x40 higher luminosity => x20 higher backgrounds
— Need to solve the issues for the long-term operation, e.g. 10 years.

e High photon rate
— ~7x10° photons/cm?/s =>~0.17 C/cm?/year
— Need to check the lifetime.

Belle Belle-ll

Luminosity ( /cm?/s) 1Xx 1034 8 X 103

Num. of detected photons (/cm?/s) 3400 68000
Output charge (mC/cm?/year) ~6 ~170

[Old estimation]



Lifetime of MCP-PMT

e How long can we use MCP-PMT under high hit rate?
(Nucl. Instr. Meth. A564 (2006) 204.)

HPK (x2) Russian (x5) Al protection layer
Al protection @) X @) X
; 05~ electron -E

Correction eff. 37% 65% | 40-60 | 60%0 G
Effective area 11mm? 18mm? —O e
Gain 1.9x106 | 1.5x106 3~4x106
TTS 34ps 29ps 30~40ps e

. . ositive ion
Photo-cathode Multi-alkali (NaKSbCs) erom
Quantum eff. at ggip gnsitjga'
400nm 21% 19% 16-20% - ” d?\/l op
Bias angle 13deg Sdeg Photocathode

e Lightload by LED pulse (1~5kHz)
— 207100 p.e. /pulse (monitored by normal PMT)



Lifetime - Q.E. -

e Relative Q.E. by single

photon laser w | A=400nm
.(q; |
e Without Al protection %
— Drop <50% within 1yr. *
e With Al protection C ik AL

mav Russian w/ Al
O~ Russian w/o Al

— Long life

— Not enough for Russian
PMTs

2:0 30
Integrated irradiation(x1013 photons/cmz)



Lifetime - Q.E. vs wavelangth -

e Q.E. after lifetime test (Ratio of Q.E. btw. before,after)

&
]
g
10f
1 _
’
10 |
2
10 | [@ HPK w/ Al ® BINP w/ Al (#32) .
O HPK w/o Al A BINP w/ Al (#35) s A
Y BINPw/Al (#38) | o A i
—HPK before O BINP wio Al (#6) R *
—BINP before A BINP wio Al (#11) ;
. Bed i

200 300 400 500 600

700 800 900

A(nm)

Relative Q.E.

10 |

10 |

3

® HPK w/ Al @ BINP w/ Al (#32)

O HPK wlo Al A BINP w/ Al (#35)
¥ BINP w/ Al (#38)
O BINP wio Al (#6)
A BINP wio Al (#11)

[ o] 2

6
083

200 300 400 500 600 700 800 900

e Large Q.E. drop at longer wavelength

e Number of Cherenkov photons;only 13% less (HPK with Al)
— Number of generated Cherenkov photon:~1/A?

A(nm)



Lifetime -T.T.S. -

e Time resolution for single photon

— —>No degradation!
e Keep ~35ps

T
o)
o

—~ 100

(7))

m& e HPK w/ Al

F— 80k o HPK w/o Al

= m avRussian w/ Al

O~ Russian w/o Al

10 20 30
Integrated irradia’[ion()<1013 photons/cmz)

Russian w/ Al(#32)

HPK w/ Al

-20 -10 O 10 20 -10 0 10 20

TDC (count/25psec)
-timewalk collected-



Lifetime - Gain -

e Estimate from output

, e HPK w/ Al
charge for single c > HPK w/o Al
. . . © m avRussian w/ Al
photon irradiation O gREM, a « [5 Russian wio Al
> Lk
©
()
e <10Bphotons/cm?  £97°
— Drop fast
P 0.5|
e >103photons/cm?
— Drop slowly 0.25]
% 10 20 30

e Single photon
detection: OK

e Canrecover gain by
increasing HV

Integrated irradiation(x1013 photons/cm2)



Lifetime for square-shape MCP-PMT

e Square-shape MCP-PMT
— With Al layer on MCP

— Al protection layer on 2" MCP

e Recover collection efficiency
(35%—2>60%)
e Expect small effect to lifetime
— Because of 1/103 smaller

number of electrons in 15t
MCP compared to 2" MCP Initial gain ( X 10°) 0.41 1.1

Al protection layer  1stMCP 2" MCP

e Lifetime measurement

— Light load by LED pulse (1~20kHz) NMCE PiT ND fitter
e 20~50 p.e. /pulse - I Laser PLP head
=
— Relative efficiency, gainand TTS  E e
5 D
e By pulse laser at single photon @ \_ Pulse
level =1 calibration PMT Generator
Black Box

e Periodically



Lifetime test for square-shape MCP-PMT

hape

| Life Measurement |
s T = )
e F
g 0.8 C >
L C
] L
& 06— —=— round type (w Al)
C square type 1ch(YJ0006) | 3 | ;
0-4 __ Square type SCh(YJOOOG) [ ......‘:............ .............-r............. ‘E.........................................;..
oal.| —° squaretype fch(vJooth)) N /S ape
C —=— square type 6¢h(YJ0011)
0 C i L1l ‘

1

The aluminum layer is not

enough!

— Ch.1 drops more rapidly
than ch.6?

The QE drop becomes more
significant toward the edges.
— Related to the structure?

PN P e e
8 10 12 14 16 18

PRV AT
6 8 10 12 14

X [mm)]

16 18

X [mm)]



Lifetime study

* |nner structure of round-shape and square-shape MCP-PMTs

Window Window

PC 15t MCP
‘ Anode 2" McP
Ceramic tube ‘ ‘ ‘ ‘
Alfilm Neutral gas

Al-film
Round: separated Square: connected

e Only NEUTRAL gas can pass through gap (due to electric field)

Stainless tube

Poisoning of multi-alkali PC with different gasses
(INFN Milano — LASA, Via F.lli Cervi 201, 20090)

f

N Too much oxidation of Cs

sos) / =»variation of band gap
‘g 0.6 LCarbon Dioxide Carbon Monoxide =»increase of work function
Z 041 /\

0.2 t Oxygen \ We suspected that neutral gas through

0 ; : :
LOOE-11  L.OOE-09 1.00E-07 1.00E-05 1.00E-03 side gap causes QE degradation.

Int. part. press. ( mbar s )




QE drop with mask

MCP-PMT

e Neutral gas vs. ion-feedback
— Photon irradiation with mask
— Check QE degradation
=>» No change with/without mask
This supports that the degradation is due to
residual gas from side gaps, not ions through MCP

QE drop without mask (0.2C/cm?) QE drop with mask (0.16C/cm?)

= | g 0.8¢
241 |
2 o 0.8

'Maske_dl
A L
18

=10.7¢

- 0.7
16
141~ E ~10.6¢

0.5¢

0 12 14 16 18 20 22 24 26 28 6 0 12 14 16 18 20 2 24 26 28 B



Lifetime study

* |nner structure of round-shape and square-shape MCP-PMTs

Window Window
15t MCP

‘ Anode 2" MCP
Ceramic tube ‘ ‘ ‘ ‘
Neutral gas

Al-film Al-film
Round: separated Square: connected

e Only NEUTRAL gas can pass through gap (due to eiectric field)

Stainless tube

Ceramic insulator

 Following modifications are made.
— Blocking the path that connects the p.c. and the anode sides,
— Adopting a low out-gassing type of MCPs.



Lifetime test after modification

1.2

RISt B :
1 ;
0.9F £
E_Ij 08; ..................... P
2 07 -
% 06%’ _____________________ ;
m : =
0.5F E
04-+
0.3[ | |
SEI IR e

0.2

10

102

107! 1

Output charge [C/cm?]

e 2.5 [C/cm?] for relative QE ~80%

— Corresponding to 1 X 10 [photons/cm?] Nucl. Instr. Meth. A629, 117 (2011)



http://dx.doi.org/10.1016/j.nima.2010.10.145�

Lifetime result

e @ain 12 F
— Same as previous £ 10
results O
© 0.8
— Recover by applying &
higher HV ¢ 06
0.4 |-
| L | L | | |
0 1 2 3 4
Output charge (C / cm?)
e Transit Time Spread i
— 41=%4ps 50
e Slightly worsedueto ¢ [
electronics 0 40 -
— Stable as expected © . I
| | | | | | | | |

Output charge (C / cm?)



Photo-cathode improvement

e Super bi-alkali technique
— 28% for bi-alkali and 24% for multi-alkali
— Improve number of detected photons by 20%

QE distributions for recent samples
" C T T —— typacal MultiAlkali

. | —— SBAsample p
.................. N i) ——— SBA sample
: . | —— SBAsample

_____________ __ N

% 2 4 6 8 10 12 14 16 18
{x1.4mm)

-3
n
IIII|IIII|IIII|IIII|IIII|IIII

IIIiIIIIiIIIIiIIIIiI
900 300 400 500 600

1 1 | 1 1 1 1 | 1 1
700 800 900
lambda(nm)



Chromaticity in TOP counter

— Worse time resolution

— Worse ring-image separation
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e =» Propagation velocity depending on A in the quartz bar



Chromatic dispersion

Variation of propagation velocity depending
on the wavelength of Cherenkov photons

7021

o
Y
©

Group velocity (m/n

| Light propagation
| velocity inside quartz

300 400 500 600 700
Wave length (nm)

_—Blalkall
| — Multi-alkali. g : :
e GAASP b N

* GaAsP photo-cathode (< -2 alkali p.c.)

— Hig

her quantum-efficiency

300 400 500 600 700
photon lambda(nm)

— at longer wavelength - less chromatic error

Photon sensitivity at longer wavelength shows the smaller velocity fluctuation.



GaAsP MCP-PMT development

e Square-shape MCP-PMT with GaAsP photo-cathode is

developed with Hamamatsu Photonics.

e Prototype

— GaAsP photo-cathode
e Al protection layer

— 2 MCP layers
] $10um hole
— 4ch anodes

— Slightly large structure
e |ess effective area

e Performance test

— Time resolution

PLP

A =407nm

Target structure

-

Syt DU

1¢h

Yy S |

2¢h

4ch
1

————

{22(eﬂ‘ec'ltive area)
27.5mm

36dB

CAMAC

PMT

ATTN

AMP

DIV

ADC

FILTER

Jitter~10ps

there 100mV

GATEL
25ps/1bi

DISC

there 20mV

r) TDC

BLACK BOX

DISC
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GaAsP MCP-PMT performance

e Wave form, ADC and TDC distributions for single photon

count

pied esétal

: _ : 3000k I TS"‘35DS ,,,,,,,,,,,,,,,

e—single
photon

o PEAK Yo a]o) MU SN || SN S

Sinale p.e. R : |

0.5ns/div
20mV/div

1%
w
o
o

100720 140 160 180 10
ADC /0.25pc

<ol I = 0

20
Time /25ps

to detect single photo-electron
e Good time resolution ( ) for single p.e.

- Need to improve production rate and lifetime




High resolution TOF

Simulation
e Structure

: = Cherenkov light
— Small-size quartz (cm~mm length) 600!
e Cherenkov light (Decay time ~ 0) E Ny~240
extremely reduce time dispersion compared to ;400-
scintillation (t ~ ns)
— MCP-PMT (multi-alkali photo-cathode) 200y
e TTS < 50ps even for single photon
. . . % o7 o2_= 4
gives enough time resolution for smaller ‘ : '
number of detectable photons % * " Scintillation (BC408)
® 401
i £ 30! I Ny~820
0 L
< [k
20} (=
10H =
16mm -

“MCP-PMT 0

| 0 2 4 6
HPK R3809U-50-25X . . .
Paicle e QUM bte s28mm Emission and propagation time (ns)

single-photon TTS ~ 50psec



Beam test

e MCP-PMT (HPK6, R3809U-50-11X)
— TTS: ~30ps
— 6um hole

e Readout electronics

L Gelec.
— Time-correlated Single Photon Counting Modules (SPC-134,
Becker & Hickl GMbH’s)
e CFD, TAC and ADC
e Channel width = 813fs
e Electrical time resolution = 4ps RMS

: 4ps




Beam test setup

e 3GeV/cn beam g

— at KEK-PS 72 line " |
e PMT: R3809U-50-11X
e (Quartz radiator

— 10%x40?’mm with Al evaporation

. Elec. resolution
Trig.1 g D
BN ST RO I Ll 300
Trig.2 = 3GeV/c
ﬁ TOF1 TOF2 9 4.1ps
£200
g
Trig.1 — Divider Discri. Coinc. Discri. w
— \ st secad s 100
— s " ———
TOF2 — / 0
/ 40 80 120
Trig.2 |- Divider Discri. TDC (ch/0.814ps)




Beam test result

e With 10mm quartz radiator
— +3mm quartz window
— Number of photons ~ 180
— Time resolution = 6.2ps

e Without quartz radiator
— 3mm quartz window
— Number of photons ~ 80

e Expectation ~ 20 photo-electrons

— Time resolution = 7.7ps

400

Events

100

300

Events

100

6.2ps

40

80 120 140
TDC (ch/0.814ps)

7.7ps f\

40

80 120 140
TDC (ch/0.814ps)



Beam test result

Ny, G710 V.S. radiator thickness

300
)

S 200
Z

100

@ Counter-1
H Counter-2
O Simulation

O

0 10 20 30 40 50
Quartz thickness (mm)

— Extra photo-electrons

O1or (ps)

H O 0

14

-
o N

N

@)
O @
o o @ © O
P L
@ Beam-test
QO Simulation
0O 10 20 30 40 650

Quartz thickness (mm)

* N, from short distance is larger than that of expected.

— Time-resolution behavior

e Resolution is gradually worse.

e - Extra p.e. would affect the resolution dependence.



Summary

e We have developed square-shape MCP-PMT.
— With Hamamatsu photonics
— Gain~10°6, TTS<40ps for single photon detection
— QE>20% at 400nm, good flatness
- Super bi-alkali technique adopted
QE ~ 28% at 400nm

— Lifetime has been improved.
e >80% for 2.5 C/cm? for multi-alkali, >1 C/cm? for bi-alkali

e By blocking the path, where an out-gas from the anode side can reach to
the photo-cathode.

e By reducing the out-gases of MCPs.
e Neutral gases seem to be the possible cause of the QE degradation.

— Mass production



	Development of MA-MCP-PMT�for Belle-II TOP counter
	TOP counter in Belle II
	TOP counter
	TOP prototype test
	Beam test result
	TOP performance
	MCP-PMT
	MCP-PMT output
	MCP-PMT
	MCP-PMT for single photon (2)
	Pulse response
	MCP-PMT in B-field
	Time response
	Rate dependence
	Multi-anode MCP-PMT
	MCP-PMT for TOP counter
	MCP-PMT for TOP counter
	Issues under the higher luminosity
	Lifetime of MCP-PMT
	Lifetime  - Q.E. -
	Lifetime  - Q.E. vs wavelangth -
	Lifetime  - T.T.S. -
	Lifetime  - Gain -
	Lifetime for square-shape MCP-PMT
	Lifetime test for square-shape MCP-PMT
	Lifetime study
	QE drop with mask 
	Lifetime study
	Lifetime test after modification
	Lifetime result
	Photo-cathode improvement
	Chromaticity in TOP counter
	Chromatic dispersion
	GaAsP MCP-PMT development
	GaAsP MCP-PMT performance
	High resolution TOF
	Beam test
	Beam test setup
	Beam test result
	Beam test result
	Summary
	スライド番号 42
	Lifetime of MCP-PMT

