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Overview THED

LHCDb detector / VELO Upgrade / Module design and construction / Detector installation and commissioning

Operated 2010 - 2018
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http://iopscience.iop.org/article/10.1088/1748-0221/9/09/P09007/meta

LLHCb / VELO s

LLHCD is a single-arm forward spectrometer dedicated to the study of b- and c-physics.
P Increase luminosity to boost statistics: 4x1032cm=s! = 2x10335cm-=2s!
B 50 fb-l expected after LS2

VErtex LLOcator is a silicon detector surrounding the collision region, providing excellent
P impact parameter resolution / identification of secondary vertices
P Remove hardware trigger: 1 MHz - 40 MHz readout rate

Removal of M1, RS{SPD

New scintillating ) i
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VELO Upgrade

B To be operated @ and cm-Rs-1

and at from the beams
2.8 Tb/s data rates
8 x 1015 1MeV n,, cm-= max fluence

sensors to be kept <-20 oC

P Improve detector performance
track reconstruction
resolution

B The plan:
new
no ghost tracks
faster reco algorithm
electronics
RF-foil

more interface

CERN Detector Seminar

[P, resolution [um

A U0 QN J 0 O
QD @ DRSO

D W
G

10

LﬁCl\?

[CERN-LHCC-2013-021]

[LHCb simulation

original VELO

upgraded VELO

lllllllllllllllllllllll

1 ) e
l/pT [GeV !¢

February 10th, 2023


https://cds.cern.ch/record/1624070/?ln=en
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VELO Upgrade
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VELO Module design

Different materials brought together into a module

VELO station

Tiles (Silicon sensors front view
bump-bonded to 3 ASICs)

.beam

Silicon micro-channel
substrate

Front-end and Control

hybrids
Hybrid interconnect CF mid-plate
cables
Hybrid data
cables
LV transition board
CF legs HYV tapes
back view
Cooling clamp l
il Cooling pipes
LV cables Aluminium foot
= ]l
LV foot connector 4
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Feature Upgrade

Sensors

# of modules

Max fluence

HYV tolerance
ASIC readout rate

Total data rate

Power consumption

CERN Detector Seminar

Pixels
0.12 m=
41 M pixels
electron collecting
200 um thick
995 um pitch

52
el Bs Ve Vim® SeIm e
1000V
40 MHz
2.8 Th/s
1.6 KW (30 W/module)

v

* From the module assembly
perspective. Not mentioning
R&D on sensors, ASICs,
off-chip electronics, DAQ), ...
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Module evolution

2014 2016
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Cooling alternatives

Silicon micro-channel substrate

Ceramic (AIN) substrate
with embedded pipes

cooling pipe 11_1 TPG blocks
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Micro-channel cooling interface e

[NIMA-1039-166874]

P 500 um thick silicon substrate with integrated
micro channels.

B same CTE as sensors + low material budget
P high thermal efficiency

P routing of channels customisable .
120 x 200 nm micro-channels (19x) = TT==al S
60 x 60 ym high impedance restrictions
cooling power ~50 W

1 Flow t

direction

P pressure: 14 bar @ -30 °C, 60 bar @ 22 °C

DRIE etching of channels

240 um

Si cover bonding

HHEEEREEEREENE gt

500 um

Thinning Hicon 140 pm

Plasma etching of fluidic inlets

Metallization for soldering connectors
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https://www.sciencedirect.com/science/article/pii/S0168900222003394

Micro-channel cooling interface

[NIMA-1039-166874]

<

1. connector pre-tinning 2. silicon pre-tinning

P high quality soldering is essential
leak tightness
planarity
minimum voids in the solder layer
no flux
metallization with Ti+Ni+Au
high pressure qualification: 186 bar

4. soldering

September 2017
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https://www.sciencedirect.com/science/article/pii/S0168900222003394

Module construction flow

Bare module

Metrology Metrology

Tiles attachment o

Hybrids attachment

Installation in vacuum tank ~ Cables attachment

eres pull-test Wire-bonding

Metrology

ywar r‘mmum_-_
=

Mechanical tests Electrical & Thermal tests Thermal cycling Electrical & Thermal tests Tra.nsport to L1verpool
Displacement vs Time (measured on 2019-07-26) > 5 — Temperature vs Time (measured on 2019-08-29) . €so
/ A ] s s
/ f‘/ ST —>
: |7
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Bare module assembly

P Assembly of a micro-channel substrate
(with cooling connector, capillaries and VCR fittings)
with a CF mid-plate, 2 CF legs, a cooling clamp and an Al foot.

P Jig used for alisnment and glueing.

P Flatness measured with 3D optical system (cameratlaser).
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Tiles alisnment and glueing

B Aim to position with +30um precision

P Alignment done with stages (Manchester) or pick-
and-place machine (Nikhef)

P Camera to find fiducials on ASICs and set target
position

P Transfer plates to take tiles from stages and bring
them to the glue dispenser
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Tiles aliSsnement and glueing

P Module in vacuum, glue layer only path for heat

P Glue needs to be thermally conductive, rad-hard,
good CTE match with silicon

P Maximum glue coverage
B No glue in-between ASICs and no air trapped

P Minimum thickness
P Mechanically/thermally reliable

B Stycast 850FT with catalyst 3LV
B Hourglass star pattern

B Most stressful step in the whole module
assembly!

infrared image
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Tiles attachment

P Module held in turnplate jig
2 Both front and back tiles attached in one go
P Small openings in transfer plate for final confirmation

CERN Detector Seminar 6 February 10th, 2023
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https://cds.cern.ch/record/2806219/files/CERN-THESIS-2021-309.pdf
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https://cds.cern.ch/record/2806219/files/CERN-THESIS-2021-309.pdf

Front-end and control hybrids attachment

B Loctite SI 5145
P Flexible silicone glue

P Absorbs stresses due to CTE mismatch with silicon

CERN Detector Seminar 9 February 10th, 2023
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PUll‘te Stlng a,nd_ Ca,bllng P> 4 sacrificial wire-bonds per chip

B Aim at a breaking force of 88
P Require breaking force larger than 58

15

000 100 200 300 400 500 600 700 800 900 1000 11.00 12.00

Breaking Force [g]

CERN Detector Seminar 21 February 10th, 2023



Complete module
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Installation in vacuum tank

e / m |

P Installation of displacement sensors

P Connection to cooling plant

P Connection to data tapes

P First mechanical and electrical checks in air
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Quality assurance

2D noise maps (at tile and ASIC level)

module Noise (MOD_62, CLI)
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Leakage current

Summary
0 Trim:
1326 +/- 42

F Trim:
1534 +/- 36

Equalised to:
0 sigma

Target:
1430.2

Predicted:
1430.2 +/- 3.8

Masked: 62

Noise Width:
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2020-10-09 1- IV curve in Manchester test setup at -2.0 C under 0.000 mbar
W 2018-12-03 2- |V Curve CERN QA Vacuum hood at 23.0 C under 0.048 mbar
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Cooling performance

8 - -
] |
{ @ NTC Cooling performance 1
74 @ ASIC_O at Q6W I
® ASIC_1 1
" ASIC_2 :
) 1
4 |
5 1 ]
|
G 1
iy 1
o 1
4
|
2] =
1 |
b 1
1 - 1
|
| [ ]
0 ! T U L L= o | Ir T 1
0 13 10 16 0
Module Power [W]
3
20 5
&)
0 H
8 4+ VPO + LHCb VELO
+ VP1  Average for a tile
+ VP2 ~ «t __+—
+ VP3 ﬂ”L '
o —= il = !
——— T 1
T I
I =
40 60 80 100 120
#counts glue thickness [um]
CERN Detector Seminar

TFM [Kcm?W™1]

Module with glueing issue

® NTC

® ASIC O

® ASIC_1
ASIC_2

25 50 75 100
glue thickness [um]

Thermal Figure of Merit

AT(coolant - heat source)

Power Density

~&0 for classical systems

~12-13 for integrated pipe

~5-6 for single phase
micro-channels

24 "
04 :
-2 LN I LB [ INRLIOL R N L L L L L ST : o r

0 o 10 15 20 25 30

Module Power [W]
TFM =
+ + + + + + +-+- systems
*+++++

February 10th, 2023



Tile detachment

M76
- VPO-CLI
'G' 71 2R ......... AN i 'G'
0‘_‘6_ .................. ............................. o‘_‘
[ 5_ .................. ............................ Al [
] SR R RS EERERRREE S35 . <
=7 AR A, L e
2_ .....................
| S R R
0 | | | |
0 5 10 15 20 25
Module Power [W]
VP2-NSI
U ......... ........ i 'G'
MRS A Sl S
e = L TR i LR
5 10 15 20 25
Module Power [W]
CERN Detector Seminar

O NWRALUIO YO

Module Power [W]

- VP3-CSO
7-ONTC ......... .........
G—QASICO ......... . .........
Z—iASIC]. .................. .........
3_(1)'1\5'(:2 ......... =
p kSRR 2 I e
oIy RS s O R e
O 1 1 ] ]

0 5 e ol Y 20 25

Module Power [W]

26

Glue discolouration

February 10th, 2023



Glue adhesion issue

Direct

No heat
treatment

CERN Detector Seminar

Dry Environment Wet Environment
i B -

20 s heat
treatment

i

60 s heat
treatment

2l

Hypothesis

Bad adhesion is due to a water layer forming
on the surface of the glue patterns, because
of the hygroscopic nature of the catalyst.

Tests

P Environmental samples I: glass on glass
samples, left exposed to different
environments with different levels of
moisture.

P Heated samples: glass on glass samples,
left exposed to air for different amounts
of time and then heated to remove the
water layer.

P All samples visually inspected before and
after ageing them in the oven at 70 °C.

P All samples pull-tested to evaluate joint
strength.

Solution
P Change glue catalyst (cat9 — 23LV).

B Heat glue layers to 60 °C for 1 minute and
attach straight away.
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Production milestones

September 2018 | November 2021
K 1st electrical modules _o JIRHNEY. B1st and 5Qnd
= “ (testbeam) e production modules
0 ® @ menoICriion
May 2018 e T August 2019 August 2020

1st full mechanical
module

“new” 1st production
module (catl3LV)

1st production
module (cat9)

No access to
labs for months
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summary of production

60

P First 52 modules produced
in 16 months
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Installation on VELO base

February 2021

On time
ol L St

East Higiands
bel [
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Production of VELO mechanics

feed-through flanges
(LV, HV, data)

Transport frames
—
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Commissioning at Liverp

CERN Detector Seminar

ool

CLI-ONVPO-0 -

Manchester

TrimF - 5.27 +/- 0.75 : CLI-1INVPO-1 - TrimF - 5.13 +/- 0.77 CLI-2/VPO-2 - TrimF - 4.84 +/- 1.21
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P Machined to high precision
P Tested in vacuum and cold

B Complete electrical tests in agreement with
production sites

P Metrology at cold temperature
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VELO transport to CERN

P First half transported to CERN in January 2022
B Second half transported in April 2022

~ |
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VELO: the many metrologies

Foil . .
Metrology module % e ® ., & base metrology
@Nikhef metrology ‘

7’7

Movable stages

foil metrology in 51tu Laser metrology, 1 module

C-side

o

‘Mluu'v"“wll‘muuuwhhuu - ‘
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Installation at P8

B DY % e
o ]|
¥y . " .
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Commissioning

M42, Manchester, before

M42, Manchester, after thermal

thermal cycling cycling
NLO NLO
3 ® NTC o |
® ASIC 0 |+ : :;::C,O
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ASIC_2 : | (0}% ASIC 2

Temperature monitorin
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g} BCM

Vacuum

e

system

4 ¥
Tertiary vacuum J

|2 control

VSS |

CIBU

Cooling
system

AT T
Motion

Base heaters
control

systeml ‘

Lv HV

system

|
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system

Infrastructure
& DSS

M42, Liverpool, after assembly

NLO

® NTC

6 - ® ASIC O

® ASIC 1
ASIC_2
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Module Power [W]

M42, CERN, after installation

VP1-NLO

Opened VELO

Partially closed VELO

Closed VELO
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Commissioning: time alisnment

Phase delay. Used for

P Time-align the response from all ASICs synchronzs 320 and 40 g;g»;k Testouse

MHz CLK. Step of 195 ps.

P Differences in cable lengths, Front-End ST e . 1 » _.|_ = gL
configuration, thresholds, etc. a1 ﬁ | Courer ’E
B Multiple interconnected latencies/delays e |, i =| o KRR .5 g - i PL et o
B Iterative process e 20 : »T =
(e s SRR Y B i

B Currently 2.7% of misaligsned ASICs — V I

(80 MHz) | ECS\piaster| e cync with the 40 MHz cik. GWT  Serjal
- Could be sync with the pos or neg
IBX'd delay. Step of 25ns. l edge. Could create 1 bxid offset.

L) L] L} L L L] L] L} L) L] LI} L) L] L) L)

e 255161: first calc
1t e 255741:re-calc -
°e e 255926: result

bx10-bxI10.
=)

0 100 200 300 400 500 €00
ASICID

o0 2 4 & @& U 12 14 3% 18 20 2 M 26 B/ 0 32 N % 3H H 42 & 44& 48 5o
Madule
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Commissioning: closing procedure

P VELO is in open position during beam injection to
protect the detector

P For each fill, the VELO is closed around the beam
line
P Nominal clearance only 3.5 mm

P The two halves move independently in X
(horizontal) and together in Y (vertical)

P The closing is carried out in a few steps
P Safety criteria to allow/forbid movement
P> Vertices reconstructed to determine beam {

Vertex Locator - Motion Graphic

version 4.6
4
______ -0.13 [Y potm]
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X-Apotm 27.27 -27.
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|
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| rm— e [
ExpertPaneI“ ! } ' S—
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\No permission to move ! ‘
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Reference
BPM: last update on 23-Jul-2022 at 14:44:52
BPV: waiting for Velo fully closed...

Plots and Trends

’( SELECTION v

# Quantity

1 BCM: S0.RS02

2 BCM: S0.RS32

3 BCM: S1.RS02

4 BCM: S1.RS32

5 BPM: D(B1L8H)

6 BPM: D(B1L8V)

7 BPM: D(B2L8H)

8 BPM: D(B2L8V)

9 BPM: D(B1R8H)
10 BPM: D(B1R8V)
11 BPM: D(B2R8H)
12 BPM: D(B2R8V)
13 BPM: |B1 Xav|
14 BPM: |[B1 Yav|
15 BPM: |B2 Xav|
16 BPM: |B2 Yav|
17 BPM: |R1 Xdr|
18 BPM: |B1 Ydr]|
19 BPM: |[B2 Xdr|
20 BPM: |B2 Ydr|
21 VTX: [XVA + XVC|
22 VTX: | XA+XVA-XC-XVC| -
23 VTX: SXVA
24 VTX: SYVA
25 VTX: SXVC
26 VTX: SYVC
27 VTX: D(XVA)

28 VTX: D(YVA)
29 VTX: D(XVC)
30 VTX: D(YVC)
31 HV: bias current (A-side)
32 HV: bias current (C-side)
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Criterion

< 5.000 %
< 5.000 %
< 5.000 %

0.014% = <5.000%
< 0.200 mm

ActualValue

< 0.200 mm
< 0.200 mm
_ <0.200 mm
0.063mm = <0.200 mm
0.107mm < 0.200 mm
0.006mm  <0.200 mm
= 0.200 mm
< 4.000 mm
< 4.000 mm
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Commissioning: temperature monitoring
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2 | Tile HV State
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P 6 NTC probes per module

P 3 PT100 probes on cooling capillaries

P Temperature probes on OPB’s, tertiary vacuum, RF Foil, VELO base,

P LV/HV state, cooling plant info, vacuum state, trending functionalities,
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Commissioning: vertex reconstruction
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P Vertex reconstruction is a powerful tool to
precisely measure the modules and foil position

p Material scans by hadronic interactions provide
a tomography of the VELO

P Currently spacers keep the modules 1 mm
further away from the foil

P Used during first closing to measure aperture

2 Allows to measure relative position of modules to
foil, relative z position of modules
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RF Foil: design

P accommodate modules (~1 m long)

B separate primary/secondary vacua

P shield against RF pick-up from the LHC beams
P light 250 ym (150 ym inner region)
B withstand AP = 10 mbar

P corrugated, thermally stable, vacuum tight, rad-hard
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RF Foil: Vacuum Safety System

The LHC vacuum control system protects
against pressure differentials, both during
vacuum operation and during technical stops,
when all volumes are sometimes filled with
neon.

P On 10th January 2023, during a VELO warm up in neon, there was a, loss of control of the
protection system.

P A relay failed and damaged a power supply, leading to multiple equipment failures and a pumping
action on the primary volume.

P A pressure differential of 200 mbar built up between the two volumes.

P The system has been returned to safe conditions and initial investigations show no damage to the

VELO modules.

P More details available in Machine Committee and VELO internal meetings.
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RF Foil: aftermath

B RF foil has suffered a plastic deformation

P Intensive programme of measurements and simulations to assess size of deformation

Test at Nikhef on RF half-box prototype Simulation of full RF box
AP = O mbar = 200 mbar — O mbar AP = O mbar = 200 mbar — O mbar

Max residual displacement D ~ 12 mm Max residual displacement D ~ 14 mm

max displacement ~17mm

max displacement ~14 mm

Dsim = Dmeas
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RF Foil: recovery

Actions 11th - 16th of January:
P Pressure difference reduced to 100 mbar in two 50 mbar steps, then to 20 mbar
P Faulty parts replaced and system made more robust against hardware failure
P Now back within the safety range (-5, +& mbar) and safety system reactivated
P Pumping/venting up
p Further checks of detector functionalities
P LHCDb wish to thank TE-VSC for their full commitment in the recovery process and EN-MME for

their support and advices

P Detector is unharmed as far as we can test (znicro-channels, sensors)

P RF foil has suffered a plastic deformation

The RF foil will require replacement. After discussions with the EP-DH and RD, the recommendation
is to schedule the replacement in autumn 2023, and this advice has been endorsed by the machine,
although a few more checks are required. This would imply running the VELO partially open, with a

significant impact on the 2023 physics programme.
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Conclusion

P Huge amount of work behind us
» Moduls production 2023 will be as busy as all previous years!
P Mechanics, cooling, safety system, ...

P Installation, integration, commissioning

B Quite a lot of work ahead of us
P Detector optimisation

P RF Foil replacement

o

___________
1 1]

LHCb Experiment at CERN

(‘«% Run [ Event: 251995 / 2720178335

Data recorded: 2022-11-01 20:31:20 GMT
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Thanks for listening !
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VELO Vs. VELO Upgrade

CERN Detector Seminar

Feature

Sensors

# of modules

Max fluence

HYV tolerance

ASIC readout rate

Total data rate

Total Power
consumption

R & o strips
0.22 m-~
172,032 strips
electron collecting
300 ym thick
40-100 pm pitch

42

4.3 x 1014 MeV n, cm=

500V

1 MHz

analog
(eq. to 150 Gb/s)

1 kW

47

Upgrade

Pixels
0.12 m=?

electron collecting

55 um pitch

5:

1 MeV n,, cm=

40 MHz

2.8 Tb/s

(30 W/module)
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@ Oxygen Q’ Hz0 — Covalent bond

« Hydrogen - Silicon . Hydrogen bond
@- -OH group SiOz

Hydrophilic Bonding Process

P A wet chemical treatment
decontaminates the surfaces and
promotes the formation of silanol groups
(Si-OH), covered with a few monolayers
of water.

P As two wafers are pressed together they
spontaneously bind to each other via
hydrogen bonds, capillarity and van der
Waals forces.

Grade A — bonding, no defects P The final bonding is achieved by
Grade B - bonding, defects close to input/output condensation of silanol groups to give
Grade C - bonding, defects near channels strong covalent Si-O-Si siloxane bonds

Grade D — dummy
Grade P - dicing defects “ponts”/surface
Grade X — broken
Grade Z — not graded
Connector

gg {!/ e

Ti 200 nm ‘

Si substrate ]

Wiktor Byczynski
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Pressure tests

600 ‘
- ' A cover, , =320 um, cover = 200 um
500 - cover, , = 140 um, cover, = 240 um
iI ® cover, , = 140 um, cover = 240 um
E 4 unbroken

covereap thickness I silicon

L 4 2 2 .—P‘_

Pressure at Fracture [bar]
N
-]
&

‘ A 200 / 240 pm
300
5 coveretch thickness I """""" «—>
[ A 140/ 320 uym silicon
@
200
2 A
100 __ \"‘“\ 1=
2 A L (T
O S 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

0O 200 400 600 800 1000 1200 1400 1600 1800
Channel width [pum]

None of the LHCb samples with nominal channel width broke.
Max testing pressure: 450 bar.
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Glue candidates

Stycast 2850FT

R

KTTE. === @iz
STYCAST 2850 FT

1.000KG

Storage temp: 18C 10 26C

it by TR G Moo L Tl w04 (8 1730 B0 0

O Current solution: tiles glueing
jigs designed around it.

O Excellent thermal
conductivity.

O Reasonable working time.

O Reasonable curing time.

O Good viscosity (ease of
deposition).

O Two catalyst to choose from:
catalyst 9 and 23LV *.

O Glue preparation might
become very complicated to
ensure good adhesion.

* 23LV:

Araldite 2011

O Well known epoxy in our
community.

O Fair thermal conductivity.

O Reasonable working time.

O Reasonable curing time.

O Low viscosity (less easy to
deposit).

O No glue preparation.

O Comes in cartridges that can
be mixed manually with
dedicated gun.

O Might require jigs redesign.

v longer working time, larger ratio to main part, less brittle, stronger adhesion
X lower thermal conductivity, less viscous, no rad-hard data, less experience

CERN Detector Seminar
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Polytec TC 418

O Advised by CERN DT.

O Excellent thermal
performance.

O Excellent working time.

O Good viscosity.

O Long curing time.

O No internal (VELO)
experience.

O Discontinued - buy all glue
needed in 1 batch.
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Adhesion properties

P
Peel tests f -’ LVDT

Pulley for
R calibration
/ B?F s i 7|< 6 W|th weights
J‘l g NN Ny
Metallic hinge—/ Sample\\ \\
‘ compartment N N
P Load cell

Double-cantilever beam setup at CERN

Shear force setup in Manchester

measiring”
the™force

‘ Local DCB setup Deliés! for

Table is
moved
down with
S5 pm
precision

18 February 2020 VELO Module production Meeting 19

T —————— T ——
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RF Foil

[LHCDb simulation

cooling RE box

conn.

other hybrids
ASICs
Sensors
RF foil .
cooling
substrate
total material: 21.3%X ,
e o o pmmaller Mill inside of box Mill outside of box Half box prototype

than box

(BN ENRNY
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Sensors & ASICs: speci

P ASIC derived from TimePix3 (VeloPix)
P 130 nm CMOS technology (TSMC)

B 256 x 256 pixels, 55

X 55 um pixel size

P Sensor is bump-bonded to 3 VeloPix ASICs
P Hamamatsu n-on-p 200 ym thickness

P Elongated pixels (137.5 ym) in the region between ASICs

B 450 ym wide guard ring

P DRIE-etched round ¢

P Triggerless, binary readout (data-driven readout)

orners (foil clearance)

B Up to 800 Mhits/s/ASIC
P Highly non-uniform irradiation

For more info, see

Efficiency
S

0.98

0.96

0.94

0.92

0.90

llllllllllllllllllllll_

§ S17: HPK, 39um implant, 8x10" Mgy
I S29: Micron, pspray, 8x10'n,,

IllIIIllllllllllllllll

# S22: HPK, 35um implant, 8x10'° ey

b T ] T (S et e ] (S S M e e e B )

400 500
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Voltage (V)

ications

Sensor

ASIC

(VeloPix)

ASIC

(VeloPix)

ASIC

(VeloPix)

~ 43 mm

y [mm]

-20

Number of hits (a.u.)

53

X [mm]
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https://indico.cern.ch/event/580516/

oensors qualification

P Sensors irradiated (2-8 x 1015 MeV n,, cm-) in 5 different facilities

with neutrons (uniform) and protons (non uniform).

P> Rigorous series of testbeams to qualify the sensors, using TimePix3
telescope at SPS.

P> Velo Sensors must collect at least 6000 e/MIP @ 99% efficiency.

T e .

9000 ——%—— §22- HPK- JSI 8 x 10" I MeV n, fcm’
—————  86- HPK- JSI8 x 10" 1 MeV n,,/cm’ T
8000

d {// P
7000 |

8§27(150) - Micron - JSI 8 x 10 I MeV n, fem’

i §29(150) - Micron - JSI 8 x 10"° I MeV n,,/cm’
6000—________—- ___Iuraent
5000

4000 :
3000 e LHCb VELO
2000 7// Preliminary

1000 Gl T . . |

0 500 1000
Bias Voltage [V]

TTTTTTTT

L
|

IIII|IIII

HPK, 39 pm implant : i HPK, 35 pm implant

S17,500 V : S22,500 V

Collected Charge (MPV) [e]

I|IIII|IIII lIII|IIII|IIII|IIII|IIII LI LLll

I IIII|IIII Illlllllllllll

M Results after full fluence irradiation M Results after full fluence irradiation.

M Efficiencies reach 99% at 1000V,

M Collected charge reaches 6000 e- target also in the corners.

with bias voltage < 1000V.

4 Production choice: 39 ym implants.
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