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LHCb VELO Upgrade

Side View ECAL HCAL NTRVE
M3 -

Tracker RICH2 M2
SciFi

Magnet

LHCb Detector
(Upgrade 2019/2020) \

Luminosity: 2 x 1038 cm=2 s "%

Microchannel back
silicon substrate tiles
RF foil
~ 43 mm
COs in < >
—>
A
VeloPix VeloPix VeloPix g
CO; out .
l

Hybrid
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Nikhef in the VELO upgrade

Sensor VeloPix
Test and characterisation of Development of the VeloPix ASIC.
prototype sensors in combination In particular: design of a new
with Timepix3 ASIC serialiser block

3 Silicon
20um coverlay

T 50um kapton Sensor

- 15 um copper
25-50um adhesive

. bumps

D microchannels
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Sensors

Baseline: n-on-p, 200 pm thick, 450 um guar

dri

ng size

Hamamatsu

e n-on-p (200 um thick)

* implant width: 35 pm, 39 um

e guard ring size: 450 pm, 600 um

Micron

* n-on-p (200 pym thick)

* n-on-n (150 um thick)

* Implant width: 36 upm

e guard ring size: 450 pm, 250 pym, 150 pm

Sensors irradiated both uniformly and non-uniformly at KIT, IRRAD, JSI and
Birmingham at different fluence (4 and 8 x 1015 neg/cm?)
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Timepix3 Telescope

Dedicated telescope to provide particle track position and time at high rate

* pointing resolution ~2 pym for a 180 GeV beam
* up to 5 million tracks/s reconstructed

0 A
i umum” =

4 + 4 Timepix3 planes
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Sensor Characterisation

mean number of particles
we want to maintain the high performance of the ___per bunch crossing

current VELO despite the higher rate and non

uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Micron
Nn-on-n

Requirement HPK vlicron
n-on-p

HV

>1000 V
tolerance
Charge > 6000 e-
Collection
Efficiency  [REAA
uniform
Spatial excellent

Resolution

Edge Effect none

Tested before and after
irradiation!
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Sensor Characterisation

mean number of
. . . articles per event
we want to maintain the high performance of the : p 5 P 5 |

current VELO despite the higher rate and non

uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Requirement HPK Micron Micron
N-0N-p n-on-n

HV

>1000 V (V4 v v
tolerance
Charge NS
Collection
Efficiency > ,99%
uniform
Spatial

excellent );« e

Resolution IN vacuum,

Edge Effect none even after non-uniform

irradiation! |

Tested before and after
irradiation!
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Sensor Characterisation

mean number of

we want to maintain the high performance of the !OartiCl;eS pef event

current VELO despite the higher rate and non
uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Micron
Nn-on-n

HPK Micron

Requirement
n-on-p

HV

>1000 V v v v
tolerance
Charge  IEENIPS v v v
Collection
(o]
Efficiency > ,99 o
uniform

Spatlal exce”ent E 14000: e $22. HPK - JS1Sx10€15 ! 1
HESOIon T e S
o8 " o $4-HPK - KIT 4210615 e .
Edge EffeCt none g 10000 :i:lﬁ(h-.\I».r-xn-JSIn\ll)l».l\ + T e '

© | 2150y - Micron - JSISX10E1S /,.v
2 o0 ;
S C ]
% sooc: va :
_— 4000:— ‘-\.\ //,.'- ) : T
Tested before and after 8 W\ Lo :
o E :ﬁ/ E
: . | O 2000 .

irradiation! | 1

0 500 1000

Bias Voltage [V]
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Sensor Characterisation

mean number of

we want to maintain the high performance of the !OartiCl;eS pef event

current VELO despite the higher rate and non
uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Micron
Nn-on-n

Micron
N-on-p

Requirement

HV

>1000 V (4 v 4
tolerance
>
Q
SRR > 6000 e- v v 4 5
CO”eCtlon .8 T 7 11 I 1 11 l | L I | L I | L L ] LI
o = - _
Efficiency > 99% 4 v (4 M oL -
uniform - :
Sfpstiiel excellent 0.9 = .
Resolution i i
Edge Effect none 0.8 [ _ —
- Preliminary
0.7 = —§— S17: HPK, 39um implant, 8x10" n, []
B —— $29: Micron, pspray, 8x10"n,, 1
’ —f— S15: HPK, 35um implant, 4x10" n,__ []
TeSte d b efo re a n d afte r 0.6 H | —#— S22: HPK, 35um implant, 8x10" n(.,]l i
. " . L1 1 l L1 1 | I I N N N NN NN NN NN NN NN N N NN NN A
irradiation! 100 200 300 400 500 600

Voltage (V)
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Sensor Characterisation

mean number of

we want to maintain the high performance of the !OamCl;eS pef event

current VELO despite the higher rate and non
uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Micron
Nn-on-n

HPK Micron

Requirement
n-on-p

HV

>1000 V v v v
tolerance
Charge NS v v v
Collection
Efficiency > ,99% 4 v 4
uniform
Spatial excellent v v v

Resolution

Resolution [mm)

1111'1111111111"

Edge Effect none

Tested before and after
iIrradiation!

*111]1111111[1-11'111

0 » 2 Angle (Degrees)
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Sensor Characterisation

we want to maintain the high performance of the
current VELO despite the higher rate and non
uniform irradiation (8 x 1015 neg/cm? at the closest
edge after 50 fb-1)

Results from the whole testbeam crew

Micron
Nn-on-n

HPK Micron
N-on-p

Requirement

HV

>1000 V v v v
tolerance
Charge  EEERTTS v 4 V4
Collection
Efficiency > ,99% 4 v 4
uniform
Spatial excellent v v v
Resolution
Edge Effect none ? ? ?

Tested before and after
iIrradiation!

INFIERI 7th Workshop - 14/04/2016

mean number of
particles per event

PJ'xel matrix 14.08 mrg

_ _inactive area
N '155 um

[ X

TimePix3 ASIC

Guard rings

n
N
o
-

4

L

-

'—




Excess in the first column!

this represents a problem
because it leads to

200

s higher occupancy worse resolution
and data rate for first measured
point

0 5 10 15 20 25 30
Column
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Charge Distribution Edge Columns for Different Sensors

o 1000¢
< s — column 0
< 900f—
- = column 1
800f—
- column 2
700
- — column 8
600}
500 =
: HPK 200V
400f—
300f—
200}
100}~
0o 5000 10000 15000 20000 25000 30000 35000 40000 45000 soooo
Cluster charge [e]
2
£ —column 0
pd
— column 1
column 2
— column 8
Micron 200V

N-ON-nN
(250 um guard ring)

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Cluster charge [e]

N hits

N hits

1200
i — column 0
1000 — column 1
- - column 2
800}— i — column 8
600}— lI Micron 200V
. |
- : N-oN-pP
400 !
[ 1
200 :~ 1 3
5 oen_
h . 1l aag (I | 11111. 11 R e
O 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Cluster charge [e ]
800:_ —column 0
700} — column 1
E column 2
600}—
E — column 8
500f— .
: Micron 200V
400}
: Nn-on-n
E (450 um guard ring)
200f—
100}

0

0

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Cluster charge [e]
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Charge Distributions
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Charge Collection Region
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Micron n-on-p
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The angle runs allow to understand that the charge
distribution is due to a tilted collection region
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Charge Collection Region
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Micron n-on-p
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The slope indicates that an excess of
charge occurs at the backplane side



Charge Distributions

Micron 200V
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Charge Collection Region
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distribution is due to a tilted collection region




Charge Collection Region

Micron n-on-n

=0

MPV shift

[mm]
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o ==\ Xtele
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The slope indicates that a loss of
charge occurs at the backplane side
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Future Plans

* Challenging requirements on sensor: high fluence and non
homogeneous irradiation

* The Timepix3 Telescope allowed to test beautitully all the sensor
designs we have, before and after irradiation (of different type
and dose)

* We Iinvestigated many different aspects of the sensors: some
designs show already good results

* New prototypes requested with small change in sensor
dimensions: expected in August

* |In Summer we will test the prototype of final design!
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VeloPix vs Timepix3

Readout Type

Timing Resolution

Power Consumption

Pixel Matrix,
Pixel Size

Radiation Hardness
Peak Hit Rate
Sensor Type

Max Data Rate

Technology

Timepix3 VeloPix
continuous, triggerless, continuous, triggerless,
ToT binary
1.6 ns 25 NS
<1.0Wcm= <1.5Wcm=
256 X 2506, 256 X 2506,
55 x 55 pm? 55 x 55 pm?
400 Mrad,

not specified

various,

130 nm CMOS

| 80 Mhits/s/ASIC

e-andh+ collection
f 5.12 Gbps

planar silicon,

130 nm CMOS

e- collection

""”} $ radiation hardness

900 Mhits/s/ASIC

Increased data rate!
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VeloPix Architecture

VeloPix Matrix Layout

R H ihie b
‘ .!m!lmnnt'm :l i ] J i ” ol |
' LR L LS | R | 1 3 _ = ' |l: . llrl | R 1 L0 | 1N )
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VeloPix Architecture

VeloPix Matrix Layout

< 128 double columns (14.08 mm) >

SP62 llllllllllllll SP62 SP62 ® Super—plxel paCket (2X4 plXGlS)

H & o 30% reduction of the data rate vs
single-pixel

* Analog front-end sets 2 thresholds
(chip-wide and trim DAC) + digital
threshold on hit charge

256 rows (14.08 mm)

 Data gathered column wise in the

-0C logic
 Data from EoC routed to 4 output
_ serialisers
'T‘ EoC EoC EoC EoC EoC
E DACs router PLL
\l, ECS é 'é EE TFEC
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Output Logic

Scrambler 1 Serializer
Packet —
Router

(4x4
crossbar) Scrambler

Scrambler

Scrambler

. 160 40 320 MHz
Readout 128-bit
register :

Non-scrambled 80 128b-to-8b
serialiser

GWT: Gbps data serialiser and Wireline Transmitter

* 5.12 Gbps serialiser in 130 nm technology

* low power consumption: serialiser 15 mW,
wireline driver 45 mW

4 GWT units on each VeloPix contributing only
10% to the chip power budget
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VeloPix Status

* All basic building blocks are ready and where possible already In
execution design rule checks: submission at the end of April
(the goal is one submission only!)

* The engineering run will take 6 weeks
* b wafers back mid-June

* Next tests done in parallel: bench tests will require a couple of
months

* When ready from Advacam (VeloPix bump bonded to the sensor),
the assemblies will be tested in the testbeam: aiming at August

* At the end of the year will start the production
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VeloPix Test Setup

SPIDR based system dedicated for VeloPix testing
« worked very well for Timepix3 testing

* chipboard already sent for production =~ expected soon!

VeloPix Chipboard

- ey -
s ol Hpd
— T ————

T B0 quad 10 GbE
~ chipboard &

"l (vc707) ';jr

- “‘:E:w
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Summary

Sensor:

* very good results so far!
* new prototype sensors expected for the August testbeam

VeloPix:

* submission at the end of the month
* preparation of setup to test the VeloPix in progress
* planned parallel bench tests to save time

Sensor + VeloPix:
* testbeam in August, or at the latest in November
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Back Up




Why closer to the beam?

Tracks originating from secondary vertices with large impact parameters
are the principal signature of beauty and charm hadrons in LHCb

performance of the detector evaluated in terms of impact parameter
resolution

<

. N 2 5
(1:30.0136 GeV/e /& (1 +0.038 1n(io))) + S—n

it scales with the radius ri of the
first measured point on the track
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Sensor Types

N-0Nn-n

* n+* pixel electrodes collect e-

* depletion starts from backplane

e under irradiation: type inversion
~—% the sensor turns to n-on-p

* double sided process, but preferred
when high irradiation

N-0oN-p

* n+* pixel electrodes collect e-

e depletion starts from pixel side

e under irradiation: increase of the p-
type effective doping concentration

* single sided process, therefore easier
to realise

n* pixel
electrode

interpixel isolation

. pitch .
l l l l p* backplane
depletion
starts
from the back = Bl
n* pixel —
electrode interpixel isolation
pitch ohmic_contact
p* backplane
depletion
starts
from
the implants p bulk
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Doping Concentration

Non Irradiated

« HPK: 4.5x 102 cm-3
* Micron n-on-p: < 1.2x 102 cm-3

e Micron n-on-n: <1.4x 102 cm-=3

After Irradiation

« effective doping: Neit ~ 1013 cm3
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In the LHC Upgrade...

VELO
CMS phase | pixel upgrade
NA62 GTK

f

SIZE

2016/2017

VELO surface area:
1243 cm? |, 41M pixels

~ R

COo for CMS \

COOLING

both
for LHCD

microchannels ﬂ
for NAG2

2020
B VELO

N

>

9 100 200 300 400
~ lIrradiation: MRad |

- /

@RADIATION 8 x 1075 neqg cM-2 after 50 fb}

INFIERI 7th Workshop - 14/04/2016




Timepix3

Sensors are tested in combination with
Timepix3 ASIC

VeloPix (based on Timepix3) is still under
development

Timepix3

e matrix 256x256 square pixels

e pixel size 55x55 pm?2

e can measure simultaneously ToA and ToT
(can be converted to charge)

e gives a timestamp with 1.6 ns accuracy

« calibration with test pulse, crossed
checked with radioactive sources

this makes Timepix3 ideal
for sensor testing!
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Charge Collection

we can convert ToT counts In
number of electrons via test
pulses

Timepix3 allows to measure
the ToT

Example of charge collected

before calibration Calibration curve for a single pixel
- =
o _ Planet o RPIT 7.368170
%500 — Entries 382302 | b= 100/—
*E MPV 2.3340+04 = 0.1 5 B PO 3.75120.9399
000 Widtht 0.005108 = 0.000035 g - | Pl 0.005175 1 5.49e-05
- Width2 2924+ 5.2 80 | c 4868 = 3039
2500 :_ Area 3039+7.3 : t 497.7 + 406.1
- GaussWidth 2074 = 25.3 -
2000 aussWwi 60 -
1500 — 40—
1000 — :
- 20— (col,row) =(25,25)
500 — -
: B 1 | 1 1 1 | 1 1 1 | 11 1 I 1| | I 11 1 | | - | 1l 1 | | 11 1 | 11 1
oF. b % 2000 4000 6000 8000 100001200014000160001800020000
ToT charge (*e)
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DuT Hitmap
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Efficiency at the Edge

S26 All Tracks (y normalized) S26 Matched Tracks (y normalized) S26 X Edge Efficiency
€ e = 1
E Ep.012 Ep.o12
2 2 o 0.99995
QI QI QI

0.9999

0.99985

—0.9998

0.99975

0.9997

0.99965

0.9996

08 1 12 14 16 18 2 22
x_tele [mm] x_tele [mm] x_tele [mm]

08 1 12 14 16 18 2 22 08 1 12 14 16 18 2 22
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Angled runs: $26 (n-on-p)

Charge distribution as a function of local X

— 50000 N — bias -380 V
2 - \ "y T N
S 45000 - | angle -12 deg
£ -
5 4000OE~
@ -
= -
S 350001
: AAAA
30000}
250001 1|
: ‘s |‘
20000} ‘t 1
- )
15000} ; - 1
= 1
10000~ \
- ' . | g
5000 . —
= ' |
: 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1. l.l 1"." i " ' '
R0y -0.3 -0.2 -0.1 0 0.1 0.2 0
x_tele [mm]

Tracks
* The point of maximum charge collection moved
« Linear charge deposit still present

« We gain charge from the front part of the sensor
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Angled runs: $26 (n-on-p)

Charge distribution as a function of local X

R
T

bias -380 V
angle +12 deg

35
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Cluster charge [e ]

30000

25000

20000

15000

10000

5000 i
0 L l | 1 L l 1 . l 1 1 | 1 L J.l-. Il

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 Tracks
x_tele [mm]

* The point of maximum charge collection moved, in the opposite direction this time

* Linear charge deposit disappears

« We gain charge from the front part of the sensor
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Angled runs: S33 (n-on-n)

Charge distribution as a function of local X

— 50000 T L. bias -500 V
2‘ ' } cll -u"’. "l |.| "' " 1 :' " Entnds .833654
S 45000 vt -l'ﬁ :""!4..;. : ‘*“".f  Meanix | 0.2298 angle -12 deg
= : : Wy .lI 1Y «'a ) ' ' | IMea".y 1#24e+q4
S ' -1| R H’ i’*-c\*""’ 'f' RMSX ' 0.1229
~ 40000 - it J e 4 S
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5 35000 SRRt s -’L e : o
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x_tele [mm)] T "
racks

* The point of maximum charge collection moved

the last pixel

i

Still some loss in the last pixel, but there is a steep transition within the boundary of

* The loss of charge is due to the back part of the sensor
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Angled runs: S33 (n-on-n)

Charge distribution as a function of local X
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* The point of maximum charge collection moved

* The charge loss extends a bit more

* The loss of charge is due to the back part of the sensor
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