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LHCb: Why Upgrade?
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LHCb (Reminder)

2 / 19• Increase in precision on key parameters 

• Increase hadronic yield by factor ~10 

• Limited to 1 MHz readout by hardware 
trigger

more statistics needed 

increase luminosity to 2 x 
1033 cm-2 s-1 

triggerless readout at 40 
MHz

• Luminosity of 4 x 1032 cm-2 s-1 

• Integrated luminosity expected 
to increase to 8 fb-1 at the end 
of Run II (2018)

Dedicated to the search for New 
Physics studying beauty and 
charm mesons decaysVELO

Upgrade of the whole detector planned during LS2 (2019/2020)



VELO Upgrade
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Challenges 
• Maintain or improve performance of 

current VELO 
• Increased data rate and fluence 
• Non uniform radiation exposure:  

- 8 x 1015 neq/cm2 at the close edge 
- 0.2 x 1015 neq/cm2 at the outer edge 

• Minimise material in the acceptance

VELO	Upgrade	Overview	

10	

(One	half	of	
VELO	upgrade)	

52	modules	in	total	(26	per	half),	
z	posi4ons	op4mised	to	give	
maximum	tracking	efficiency	 beam	line	

Upgrade	of	the	LHCb	VELO	detector									Mark	Williams														IPRD	Conference,		4th	October	2016	

Radia4on	hard:	must	tolerate	
8	×	1015	neq	cm−2	over	life4me	
(10×	current	VELO)	

Highly	non-uniform	dose	–		
factor	80-100	difference	between	
inner	and	outer	edge	of	single	sensor		

Dose	(neq	cm−2	)	per	X−1	

Changes 
• From strip sensors to hybrid pixel 

detectors 
• Closer to the beam (from 8.2 mm to 5.1 

mm) 
• CO2 cooling in micro-channel  substrate 
• New RF box 
• All data to CPU farm



VELO Upgrade
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• 52 modules in total (26 per half)

Velo Upgrade Sensor EDR1-2 June 2015

The Upgraded VELO is…

4

VELO halves closed

front view projected view of sensors

52 modules 
Module pitch: 
N*25 mm

2

LHCb VELO Upgrade
LHCb Upgrade
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Introduction Upgraded Vertex Locator Testbeams Epilogue

Module

Module description

All module components made of silicon
) minimal mismatch in thermal expansion coefficient

2 tiles mounted on each side
3 chips in a row bump-bonded to a single sensor form a tile

Layout

Module
Basic building blocks are 14� 14 mm2 pixel chips.
Three chips in a row are flip-chipped to a common silicon sensor.
Each module contains four sensor “tiles” arranged in an L shape.
Two tiles glued to back, two tiles to front of microchannel cooling substrate (400µm Si).

x 

y 

28 August 2014 Eddy Jans                          2 VELO Upgrade meeting 

What needs to be defined ? 
• The naming of the tiles, since there LVQ·W a real long and short side  
     anymore. 
 
• What defines the z-position of a module ? 
     The center of the substrate ? 
 
• What defines the position of a pixel ? 
     The center of the pixel, as this is  
     unambiguous ? 
 
• Dimensions of the substrate ?  
     When will the decision about the  
     size of the wafer be taken ? 
 
• Dimensions of the hybrid ? 
     Especially in the y-direction. 
 
• Overlap between tiles on either side of the module.  

Conceptual module design.
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CO2  in

CO2  out

Microchannel
silicon substrate

RF foil

front 
tiles

back 
tiles

Hybrid

beam
vacuum

Monday, 10 November, 14

Panagiotis Tsopelas The LHCb Vertex Locator upgrade 4
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LHCb Detector 
(Upgrade 2019/2020)

Luminosity: 2 x 1033 cm-2 s-1

INFIERI 7th Workshop - 14/04/2016

The Upgraded VELO silicon vertex detector will be a
lightweight hybrid pixel detector.  

• The detector contains 41 million 55 μm  x 55 μm
pixels readout by an array of 52 modules equipped 
with custom developed VeloPix front end ASICs
• The square pixel size results in equal spatial 
precision in both directions, removing the need for a 
double sided modules and saving a factor 2 in 
material

• In order to get the best possible impact parameter 
resolution the material must be minimised and the 
first pixel brought as close as posible to the 
interaction vertex.  The new pixels will approach to 
within 5.1 mm of the collision point, and the ASICs 
and sensors will be thinned to 200 μm.

LHCb Upgrade Motivation
After collecting ~10 fb-1 at the standard luminosity of 2*1032/cm2/s, the time-to-double-
statistics will be 3 years. LHCb wants to increase the b-event yield by a factor >10 to 
efficiently address remaining open physics questions and aims to collect 
50 fb-1 in 5 years. Increasing the luminosity is rather ‘easy’ for LHCb (enhanced beam 
focusing can be introduced at  ‘any’ time and does not require an LHC-upgrade).

But :  many b-event yields do not increase with luminosity, rather saturate ...! 
LHCb currently has a (single !) hardware trigger level (L0), necessary to reduce the 
event-rate to 1 MHz, which is a built-in limitation of the front-end electronics readout.
To handle an increased collision rate, but constant output rate, the L0-rejection can 
only be increased by raising the thresholds, leading to less signal efficiency.

VeloPix ASIC for the 
LHCb VELO Upgrade

VELO Upgrade concept

VeloPix ASIC

The upgraded detector is scheduled for installation in 2019/2020. 

Note: the increase in luminosity gives a factor 5 in b-event yield, while at least another factor 2 comes 
from the increase in effciency of the (software) trigger because the impact parameter and pt information 
are available at the lowest trigger level. 

Solution: Only a more sophisticated trigger can maintain good 
efficiencies at higher luminosities. LHCb decided not to rebuild new & 
more complex L0-trigger electronics, but execute the trigger algorithms 
on all data in software. 

A new DAQ system must transfer all, zero-suppressed front-end data 
straight into a large computer farm, through a huge optical network & 
router.

All front-end electronics must be adapted or rebuilt to digitize, zero-
suppress and transmit event data at 40 MHz. Since the FE-electronics 
of the trackers (IT,OT,TT and VELO) and of the RICH is integrated on 
detectors, this requires new, enhanced detectors. Calorimeters and 
muon detectors can be retro-fitted with new FE electronics. 

Front-end

router

CPU-farm

40 MHz

upgrade DAQ

L0-trigger L0-buffer

1MHz

current DAQ

Front-end

router

CPU-farm

Tell40Tell1

The VeloPix ASIC

• Dedicated chip for LHCb VELO
• A development building on the Timepix series, with a close relationship 

to Timepix3
• Radiation resistant (TID 400 Mrad,  NIEL 0.8x1016 1 Mev neq / cm2)
• Single event upset (SEU) robust
• Enhanced data rate to cope with the upgrade levels

hadronic channels

Martin van Beuzekom for the VELO Upgrade group Pixel 2016, Sestri Levante 8th September 2016

Required datarates
in Gbits/s

Output stage and R/O
GWT: Gigabit Wireline Transmitter

• Low Power 5.12 Gbps serialiser / transmitter 
• Serialiser < 10 mW, wireline transmitter < 15 mW
• Delay locked loop (DLL) based topology

• lower phase noise (no jitter accumulation)
• 4 GWTs integrated in VeloPix

Prototype cable tests (cable only)
Eye diagrams at 5.12 Gbit/s
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Each of the 52 modules
• Is equipped with 4 sensor tiles, each with 3 VeloPix
• For a total of 624 VeloPix ASICs in the whole detector
• The ASIC is designed in 130 nm TSMC CMOS technology
• Readout is data driven
• Cooling is provided by evaporative CO2 circulating in  
microchannels in a silicon cooling plate
• Operational temperature -25C

VeloPix Module
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Status and Outlook

placement sites for VeloPix chip
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14.14 mm

• ASIC extensively verified and simulated
• SystemVerilog & Universal Verification Methodology

• VeloPix submitted on May 26th after 3 year design
• Wafers received August 31th

• One wafer being thinned and diced now
• ASIC verification time is very limited
• Two different test setups ready

ASIC features

• 256 x 256 pixels, 55 mm pitch
• 130 nm CMOS TSMC

• Binary readout at full data-rate and Time-over-Threshold 
data at low rate.

• Grouping of hit data of  4x2 pixel region into super-pixel 
data packets

• Sharing bunch crossing ID and superpixel ID
-> 30% data rate reduction w.r.t. single pixel readout

• Buffering in super-pixel

• Zero suppressed, data-driven readout
• 800 Mhits/s/ASIC
• Output electrical link: 4 x 5.12 Gbit/s

Analog Front-End 

• Using Krummenacher feedback like Medipix family of chips
• Sensor leakage current compensation of up to 20 nA / pixel
• Control of discharge rate

• Optimised for radiation hardness
• Enclosed Layout (ELT) for critical transistors

• Power ~ 7 mW / pixel @1.2 V
• Noise  ~70 e- RMS, Typical threshold 1000 e-
• Minimal timewalk
• Pile-up losses at tip < 1.6%

Total estimated power  
2- 2.5 Watts / ASIC

(depends on settings)  

FIFO Node
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NodeFIFO
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• Data ‘trickles’ down the column
• Hottest pixels are on top of column 
->  hence latency peaks at 64 clock cycles corresponding to 64 superpixels
• Time stamp is 9 bits (512 clock cycles): is sufficient
• Efficiency > 99.99%, no loss of data due to readout
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Data Flow

• Demonstrator chip 1x2 mm2

• 130 CMOS IBM
• SEU rate confirmed acceptable
• VeloPix uses improved version

• lower jitter
• output driver CMOS
• better power supply decoupling

Readout challenges

• Fast electrical transmission in vacuum
over low mass data tapes

• Time reordering of data
• The zero-suppressed data rate from 

the entire VELO will reach 2.7 Tbit/s

Prototype of official readout chain Additional (simplified) readout system (SPIDR)

• Large numbers of tests planned
• bench test, X-ray irradiation, SEU qualification, beamtest with sensors

• Preparation for wafer scale production test
• challenge of high frequency probing

• 2 sensor tiles on the front and 2 on the back 
• mounted on silicon substrate etched with CO2 

cooling micro channels

• each sensor bonded to 3 
VeloPix ASICs 

• 256 x 256 pixels per ASIC

elongated pixels 
between ASICs to give 
complete coverage



Hybrid Pixel Detector
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Sensor VeloPix
Test and characterisation of 

prototype sensors from 2 different 
manufacturers in combination with 

Timepix3 ASIC

Custom developed ASIC based on 
Timepix/Medipix family



Hybrid Pixel Detector
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Sensor VeloPix
Test and characterisation of 

prototype sensors from 2 different 
manufacturers in combination with 

Timepix3 ASIC

Custom developed ASIC based on 
Timepix/Medipix family



Sensors
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𝑚 with 450 𝜇𝑚 inactive
Sensor types used in testbeam:Baseline: n-on-p, 200 µm thick, 450 µm guard ring size 

Baseline: n-in-p  200𝜇𝑚 with 45
Sensor types used in testbeam:

Hamamatsu 
• n-on-p (200 µm thick) 
• implant width: 35 µm, 39 µm 
• guard ring size: 450 µm, 600 µm

Micron 
• n-on-p (200 µm thick) 
• n-on-n (150 µm thick) 
• implant width: 36 µm 
• guard ring size: 

 450 µm, 250 µm, 150 µm



Radiation

8INFIERI 8th Workshop Elena Dall’Occo

The behaviour after irradiation is a key factor in our R&D: 
• prototype sensors irradiated at full and half fluence 
• uniformly and non-uniformly irradiated to better simulate conditions of the 

upgraded detector 
• neutron and proton irradiated 
• Facilities: KIT, IRRAD, JSI, Birmingham 

Column
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1
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IRRAD

Irradiation profile obtained from 
activity of the assembly itself!

Sensor non-uniformly proton 
irradiated with the full dose of 8 
x 1015 neq/cm2



Timepix3
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Sensors have been tested so far in 
combination with Timepix3 ASIC 

Velo Upgrade Sensor EDR1-2 June 2015

Sensor Prototyping

1818

ASIC

~42 mm

Sensor tile 

ASIC ASIC

elongated  
pixels

~14 mm
Basic Unit: Triple Sensor 
4.3 x 1.5 cm 
Both triples and singles produced 
Bonded to dedicated Tpx3 hybrid 

Timepix3  
• matrix 256x256 square pixels 
• pixel size 55x55 µm2 
• can measure simultaneously ToA and 

ToT (can be converted to charge) 
• gives a timestamp with 1.6 ns accuracy 
• calibration with test pulse, crossed 

checked with radioactive sources

this makes Timepix3 
ideal for sensor testing!

INFIERI 7th Workshop - 14/04/2016



Timepix3 Telescope
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Test$beam$$
•  Commissioned$the$TimePix3$telescope$in$July/August$2014$at$CERN$PS$

•  Successful$test$beam$campaign$at$CERN$SPS$in$November/October$2014$and$May$
2015$$

–  CharacterizaIon$of$prototype$assemblies$

–  High$rate$test$of$TimePix3$

–  Irradiated$sensors$were$also$tested$

01/06/2015$ S.Richards$VERTEX$2015$ 16$

dedicated telescope to provide particle tracking position and timestamp at high rate  
• pointing resolution ~2 µm for a 180 GeV beam 
• time resolution ~1 ns 
• up to 5 million tracks/s reconstructed

4 + 4 Timepix3 planes

Device Under Test



Sensor Requirements
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Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV tolerance >1000 V

Charge 
Collection > 6000 e-

Efficiency > 99% 
uniform

Spatial 
Resolution excellent

Edge Effect none



HV Tolerance & Charge Collection

12INFIERI 8th Workshop Elena Dall’Occo

Test	Beam	Results	(1):	Collec6ng	Charge	

23	

Sensors	must	tolerate	
1000V	bias	aier	irradia4on	

Requirement:	

Sensors	must	collect	>6000e−	at	1000V	
aier	full	irradia4on	

Majority	of	prototype	sensors	meet	bias	and	
charge	collec6on	requirements.	

Upgrade	of	the	LHCb	VELO	detector									Mark	Williams														IPRD	Conference,		4th	October	2016	

Requirement:	

Aeer	full	irradia6on	

Sensors must withstand 
-1000 V after full irradiation

Sensors must collect >6000 e- at 
-1000 V after full irradiation
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Requirement:	

Aeer	full	irradia6on	

Sensors must withstand 
-1000 V after full irradiation

Sensors must collect >6000 e- at 
-1000 V after full irradiation

Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform

Spatial 
Resolution excellent

Edge Effect none



Efficiency
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Cluster finding efficiency must be 
>99% and uniform among the 
sensor 

daniel.saunders@cern.ch /19Sensor EDR - 31/05/2015 14

Irradiated Results - Voltage scan

• Comparison of different 
uniformly irradiated 
assemblies. 

!
• S15, best efficiency (half 

radiation dose cf others). 
!
• Larger implant (S17, blue) 

helps efficiency (cf S22, 
black).

Preliminary

Fig: Efficiency as a function of bias voltage for 
different uniformly irradiated assemblies.

/19daniel.saunders@cern.chSensor EDR - 31/05/2015

Non-irradiated interpixel efficiency at depletion voltage:

Results - Non-irradiated

12

• Efficiency over whole chip: e = (99.857 ± 0.003)% 
• Inter-pixel scan shows no structure within errors.

Preliminary

Fig: (left) Efficiency as a function of interpixel position, non-irradiated S18. 
Fig: (right) distribution of interpixel efficiency bin heights.

Non irradiated at depletion V

Test	Beam	Results	(2):	Hit	Efficiency		

24	

Single-hit	efficiency	must	exceed	
99%	and	be	uniform	across	pixel	
aier	full	irradia4on	

Requirement:	

Aeer	irradia6on,	start	to	lose	efficiency	at	
corners	
�	Effect	reduced	with	larger	implant	

Upgrade	of	the	LHCb	VELO	detector									Mark	Williams														IPRD	Conference,		4th	October	2016	

05/09/2016 Emma Buchanan PIXEL 2016

Testbeam Results - Efficiency 
Require a uniform efficiency > 99% pre and post irradiation 

e = nDUT_Associated_Clusters / nTracks

Average efficiency is (99.857 ± 0.003)% over full sensor

In-pixel efficiency for non irradiated sensor Distribution of In-pixel efficiencies to determine average 

Efficiency as a function of in-pixel position for non-irradiated sensor

17

Sensor:  200 μm n-on-p sensor from Hamamatsu, 450 μm inactive edge, 39 μm implant width.

Non-irradiated	
sensor:	average	
efficiency	>99.8%	
Uniform	across	
pixel-unit	

⟵	x	(55μm)	⟶	

⟵
	y
	(5

5μ
m
)	⟶
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05/09/2016 Emma Buchanan PIXEL 2016 18

Testbeam Results - Efficiency 
Efficiency as a function of in-pixel position for irradiated sensors

Efficiency improves with bias voltage Larger implant improves efficiency in corners

Notice half fluence

Average efficiency is reduced but still close to 99% at high bias voltage

Inefficiencies are caused by decreased charge collection at the corners.

In-pixel efficiency for irradiated sensor for two different implant widths, uniform efficiency is seen 
in the corners when voltage is increased 

Efficiency as a function of voltage for a range of sensors 

S17, S15 & S22: 200µm HPK, n-on-p, 450 µm inactive edge 
S29: 150µm Micron, n-on-n, 450 µm inactive edge 

�Effect	removed	at	large	bias	voltage	

(half	fluence)	

Uniformly irradiated
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black).

Preliminary

Fig: Efficiency as a function of bias voltage for 
different uniformly irradiated assemblies.

/19daniel.saunders@cern.chSensor EDR - 31/05/2015

Non-irradiated interpixel efficiency at depletion voltage:

Results - Non-irradiated

12

• Efficiency over whole chip: e = (99.857 ± 0.003)% 
• Inter-pixel scan shows no structure within errors.

Preliminary

Fig: (left) Efficiency as a function of interpixel position, non-irradiated S18. 
Fig: (right) distribution of interpixel efficiency bin heights.

Non irradiated at depletion V

Test	Beam	Results	(2):	Hit	Efficiency		

24	

Single-hit	efficiency	must	exceed	
99%	and	be	uniform	across	pixel	
aier	full	irradia4on	

Requirement:	

Aeer	irradia6on,	start	to	lose	efficiency	at	
corners	
�	Effect	reduced	with	larger	implant	

Upgrade	of	the	LHCb	VELO	detector									Mark	Williams														IPRD	Conference,		4th	October	2016	

05/09/2016 Emma Buchanan PIXEL 2016

Testbeam Results - Efficiency 
Require a uniform efficiency > 99% pre and post irradiation 
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Testbeam Results - Efficiency 
Efficiency as a function of in-pixel position for irradiated sensors

Efficiency improves with bias voltage Larger implant improves efficiency in corners

Notice half fluence

Average efficiency is reduced but still close to 99% at high bias voltage

Inefficiencies are caused by decreased charge collection at the corners.

In-pixel efficiency for irradiated sensor for two different implant widths, uniform efficiency is seen 
in the corners when voltage is increased 

Efficiency as a function of voltage for a range of sensors 

S17, S15 & S22: 200µm HPK, n-on-p, 450 µm inactive edge 
S29: 150µm Micron, n-on-n, 450 µm inactive edge 

�Effect	removed	at	large	bias	voltage	

(half	fluence)	

Uniformly irradiated

Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform ✔ ✔ ✔

Spatial 
Resolution excellent

Edge Effect none



Resolution
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The spatial resolution must be excellent even after full irradiation

Preliminary
irradiated

not irradiated



Resolution
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The spatial resolution must be excellent even after full irradiation

Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform ✔ ✔ ✔

Spatial 
Resolution excellent ✔ ✔ ✔

Edge Effect none



Edge Effect
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Preliminary 
-200 V bias

Excess of hits in the first column!

…leading to: 
• higher occupancy and data 

rate issue  
• worse resolution for the first 

measured point

TimePix3 ASIC

Pixel matrix 14.08 mm

inactive area
55 μm

Th
ic

kn
es

s

Guard rings

The sensors must be fully efficient up to the 
edge  

distortions of the electric field that would 
lead to a worse spatial resolution should be 
avoided

Micron n-on-p



Edge Effect
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Micron n-on-pHPK Micron n-on-n

Preliminary 
-200 V bias

Preliminary 
-200 V bias

Preliminary 
-200 V bias

Expected behaviour First column collects charge 
from tracks going through 

the guard ring area

Loss of efficiency in the first 
column: charge is drained 

by the guard rings 

The angle runs allow to understand that the charge 
distribution is due to a tilted collection region

See poster for the 
detailed study!!



Edge Effect
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Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform ✔ ✔ ✔

Spatial 
Resolution excellent ✔ ✔ ✔

Edge Effect none ✔ X X

For the next round of prototype testing Micron will provide a 
new design: 
2 extra rows and columns of floating pixels to drain the charge



Grazing Angles
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ASIC

beam

sensor

θ

The grazing angle technique consists in 
rotating the sensor a very large angle with 
respect to the beam to study: 
• Charge collection as a function of 

depth 
• Time required to cross the threshold as a 

function of depth

05/09/2016 Emma Buchanan PIXEL 2016 22

Testbeam Results - Sensor Depth Properties 

8.7 GRAZING ANGLE SETUP
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(b) Hamamatsu S6

Figure 8.25: Time to threshold versus depth for the 200 µm thick non-irradiated
Micron (a) and Hamamatsu (b) sensor.
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Figure 8.26: Simulation of the time-to-threshold profile of the non-irradiated 200 µm
thick n-on-p sensors: (a) operated at 120 V superimposed on data from Micron S23
operated at the same bias voltage. (b) operated at 160 V superimposed on data from
Hamamatsu S6 operated at the same bias voltage.
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CHAPTER 8 RESULTS WITH IRRADIATED SENSORS
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(b) Hamamatsu S6

Figure 8.12: Collected charge profile of the 200 µm thick non-irradiated Micron (a)
and Hamamatsu (b) sensor .

When a non-irradiated sensor is operated at voltages above the full depletion
voltage, all the deposited charge will be collected. This explains the constant1770

amount of charge collected when the sensors are fully depleted (V
bias

>40 V for
S23 and V

bias

>140 V for S6). The path traversed by the particle in each pixel
when the sensor is tilted at 85� with respect to the beam is 55.2 µm, which is
almost equal to the pixel pitch. A minimum ionizing particle is expected to
create about 72 e�/hole pairs per µm [39], therefore the most probable charge1775

deposited in each pixel is 3960 e�. When the sensors are fully depleted, the
amount of measure charge is 3850±100 e�. The amount of charge collected
from the first and the last pixel is lower because the path traversed by the
particle in those edge pixels is smaller compared to a center pixel.

In case of the Micron sensor (Figure 8.12(a)) the amount of charge collected1780

at 20 V bias is constant up to about 140 µm. Beyond that depth the amount
of charge collected drops almost linearly. The same effect occurs in the case
of the Hamamatsu sensor (Figure 8.12(b)) but at a higher voltage. At bias
voltages lower than the full depletion voltage, the amount of charge collected
decreases up to a point where the charge is equal to about 1500 e�. Although1785

the threshold is set at 1000 e�, the collected charge does not reach that value.
This is due to the timewalk effect as will be discussed in Section 8.7.4.

The amount of charge collected saturates for about 10 µm when it reaches
the minimum. The fit and the threshold value of 1000 e� at those depth
bins is biased due to the low number of statistics. As can be seen in the1790

statistics plot of S6 at 20 V in Figure 8.13, for depths beyond 100 µm (where
the saturation occurs) the number of events is less than half compared to the
maximum number of events. This low number of statistics will pull the Landau

104

S6: 200µm HPK, n-on-p, 450 µm inactive edge, non irradiated  

At depletion all charge is collected 
✦ Below depletion the charge diffuses 

between the depletion edge and 
sensor backplane 

At depletion the time walk is < 4ns
✦ Below depletion charge needs more time  
✦ > 10ns  
✦ Again due to diffusion 

Collected charge profilr as a function of depth Time to threshold  as function of depth 

HPK non-irradiated HV -200V

PreliminaryPreliminary
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We can also see the irradiation profile at different depths due to 
the effect of the effective depletion region! 



Hybrid Pixel Detector
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Sensor VeloPix
Test and characterisation of 

prototype sensors from 2 different 
manufacturers in combination with 

Timepix3 ASIC

Custom developed ASIC based on 
Timepix/Medipix family



VeloPix vs Timepix3
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Timepix3 VeloPix

Readout Type continuous, triggerless, 
ToT

continuous, triggerless, 
binary

Timing Resolution 1.6 ns 25 ns

Power Consumption < 1.0 W cm-2 < 1.5 W cm-2

Pixel Matrix, 
Pixel Size

256 x 256, 
55 x 55 µm2

256 x 256, 
55 x 55 µm2

Radiation Hardness not specified 400 Mrad,  
SEU tolerant

Peak Hit Rate 80 Mhits/s/ASIC 900 Mhits/s/ASIC

Sensor Type various,  
e- and h+ collection

planar silicon, 
e- collection

Max Data Rate 5.12 Gbps 20.48 Gbps

Technology 130 nm CMOS 130 nm CMOS

increased data rate!

radiation hardness

Elena Dall’Occo
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VeloPix Matrix Layout
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VeloPix Matrix Layout
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Figure 51: Block diagram of the VeloPix ASIC. Groups of 8 pixels are combined in super-pixels,
which are the basic readout units.

pixel to less than 200 ns even for large signals. Signals close to threshold will su↵er from
time-walk and risk being tagged with the wrong timestamp. Therefore, the pixel features a
digital threshold in addition to the (analog) comparator threshold. This digital threshold
removes hits which have a small charge and hence large timewalk, and thereby assures
that each hit is assigned to the correct bunch crossing. The use of a second threshold
raises the e↵ective threshold by several hundred electrons. This is not expected to have a
large impact on the e�ciency and minimises the contamination of data with out-of-time
hits.
Although the pixels are read out in binary mode, the front-end is capable of performing
a charge measurement via a constant discharge current and Time over Threshold (ToT)
counting. This feature is useful for calibration and monitoring of the detectors, but the
readout of ToT information is only foreseen for at a low rate via the slow control interface.

64

• Super-pixel packet (2x4 pixels): 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  

• Data gathered column wise in the 
EoC logic 

• Data from EoC routed to 4 output 
serialisers

INFIERI 8th Workshop Elena Dall’Occo
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• Design started in June 2013 
• VeloPix submitted on May 26th after 3 

year design 
• Wafers back August 31st 
• Fabricated and diced chips back at 

CERN on September 7th 
• Irradiation campaign in the future bump 

bonded to sensors

INFIERI 8th Workshop Elena Dall’Occo

Large number of tests planned:    

• bench test 
• X-ray irradiation 
• SEU qualification 
• beamtest with sensor

30.9.2016 VeloPix TWEPP 2016 6

Project overview
● Design started in June 2013 (after 

Timepix3 submission)

● Change of technology (130nm  → 130nm)

● The chip was submitted May 26th 2016, 
wafers received on 31st August

● Fabricated (and diced) chips back at 
CERN on 7th September

● Production testing later this year (624 
chips)

● Irradiation campaign in the future with 
sensors bonded

VeloPix wafers



VeloPix Test Setup
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The Upgraded VELO silicon vertex detector will be a
lightweight hybrid pixel detector.  

• The detector contains 41 million 55 μm  x 55 μm
pixels readout by an array of 52 modules equipped 
with custom developed VeloPix front end ASICs
• The square pixel size results in equal spatial 
precision in both directions, removing the need for a 
double sided modules and saving a factor 2 in 
material

• In order to get the best possible impact parameter 
resolution the material must be minimised and the 
first pixel brought as close as posible to the 
interaction vertex.  The new pixels will approach to 
within 5.1 mm of the collision point, and the ASICs 
and sensors will be thinned to 200 μm.

LHCb Upgrade Motivation
After collecting ~10 fb-1 at the standard luminosity of 2*1032/cm2/s, the time-to-double-
statistics will be 3 years. LHCb wants to increase the b-event yield by a factor >10 to 
efficiently address remaining open physics questions and aims to collect 
50 fb-1 in 5 years. Increasing the luminosity is rather ‘easy’ for LHCb (enhanced beam 
focusing can be introduced at  ‘any’ time and does not require an LHC-upgrade).

But :  many b-event yields do not increase with luminosity, rather saturate ...! 
LHCb currently has a (single !) hardware trigger level (L0), necessary to reduce the 
event-rate to 1 MHz, which is a built-in limitation of the front-end electronics readout.
To handle an increased collision rate, but constant output rate, the L0-rejection can 
only be increased by raising the thresholds, leading to less signal efficiency.

VeloPix ASIC for the 
LHCb VELO Upgrade

VELO Upgrade concept

VeloPix ASIC

The upgraded detector is scheduled for installation in 2019/2020. 

Note: the increase in luminosity gives a factor 5 in b-event yield, while at least another factor 2 comes 
from the increase in effciency of the (software) trigger because the impact parameter and pt information 
are available at the lowest trigger level. 

Solution: Only a more sophisticated trigger can maintain good 
efficiencies at higher luminosities. LHCb decided not to rebuild new & 
more complex L0-trigger electronics, but execute the trigger algorithms 
on all data in software. 

A new DAQ system must transfer all, zero-suppressed front-end data 
straight into a large computer farm, through a huge optical network & 
router.

All front-end electronics must be adapted or rebuilt to digitize, zero-
suppress and transmit event data at 40 MHz. Since the FE-electronics 
of the trackers (IT,OT,TT and VELO) and of the RICH is integrated on 
detectors, this requires new, enhanced detectors. Calorimeters and 
muon detectors can be retro-fitted with new FE electronics. 

Front-end

router

CPU-farm

40 MHz

upgrade DAQ

L0-trigger L0-buffer

1MHz

current DAQ

Front-end

router

CPU-farm

Tell40Tell1

The VeloPix ASIC

• Dedicated chip for LHCb VELO
• A development building on the Timepix series, with a close relationship 

to Timepix3
• Radiation resistant (TID 400 Mrad,  NIEL 0.8x1016 1 Mev neq / cm2)
• Single event upset (SEU) robust
• Enhanced data rate to cope with the upgrade levels

hadronic channels

Martin van Beuzekom for the VELO Upgrade group Pixel 2016, Sestri Levante 8th September 2016

Required datarates
in Gbits/s

Output stage and R/O
GWT: Gigabit Wireline Transmitter

• Low Power 5.12 Gbps serialiser / transmitter 
• Serialiser < 10 mW, wireline transmitter < 15 mW
• Delay locked loop (DLL) based topology

• lower phase noise (no jitter accumulation)
• 4 GWTs integrated in VeloPix

Prototype cable tests (cable only)
Eye diagrams at 5.12 Gbit/s

20

20

20

20

Each of the 52 modules
• Is equipped with 4 sensor tiles, each with 3 VeloPix
• For a total of 624 VeloPix ASICs in the whole detector
• The ASIC is designed in 130 nm TSMC CMOS technology
• Readout is data driven
• Cooling is provided by evaporative CO2 circulating in  
microchannels in a silicon cooling plate
• Operational temperature -25C

VeloPix Module
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Status and Outlook

placement sites for VeloPix chip

16
.6

 m
m

14.14 mm

• ASIC extensively verified and simulated
• SystemVerilog & Universal Verification Methodology

• VeloPix submitted on May 26th after 3 year design
• Wafers received August 31th

• One wafer being thinned and diced now
• ASIC verification time is very limited
• Two different test setups ready

ASIC features

• 256 x 256 pixels, 55 mm pitch
• 130 nm CMOS TSMC

• Binary readout at full data-rate and Time-over-Threshold 
data at low rate.

• Grouping of hit data of  4x2 pixel region into super-pixel 
data packets

• Sharing bunch crossing ID and superpixel ID
-> 30% data rate reduction w.r.t. single pixel readout

• Buffering in super-pixel

• Zero suppressed, data-driven readout
• 800 Mhits/s/ASIC
• Output electrical link: 4 x 5.12 Gbit/s

Analog Front-End 

• Using Krummenacher feedback like Medipix family of chips
• Sensor leakage current compensation of up to 20 nA / pixel
• Control of discharge rate

• Optimised for radiation hardness
• Enclosed Layout (ELT) for critical transistors

• Power ~ 7 mW / pixel @1.2 V
• Noise  ~70 e- RMS, Typical threshold 1000 e-
• Minimal timewalk
• Pile-up losses at tip < 1.6%

Total estimated power  
2- 2.5 Watts / ASIC

(depends on settings)  

FIFO Node

NodeFIFO

FIFO Node

NodeFIFO
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• Data ‘trickles’ down the column
• Hottest pixels are on top of column 
->  hence latency peaks at 64 clock cycles corresponding to 64 superpixels
• Time stamp is 9 bits (512 clock cycles): is sufficient
• Efficiency > 99.99%, no loss of data due to readout
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Data Flow

• Demonstrator chip 1x2 mm2

• 130 CMOS IBM
• SEU rate confirmed acceptable
• VeloPix uses improved version

• lower jitter
• output driver CMOS
• better power supply decoupling

Readout challenges

• Fast electrical transmission in vacuum
over low mass data tapes

• Time reordering of data
• The zero-suppressed data rate from 

the entire VELO will reach 2.7 Tbit/s

Prototype of official readout chain Additional (simplified) readout system (SPIDR)

• Large numbers of tests planned
• bench test, X-ray irradiation, SEU qualification, beamtest with sensors

• Preparation for wafer scale production test
• challenge of high frequency probing

placement sites for VeloPix chip

prototype of the official readout chain additional readout system (SPIDR)
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First tests: 
• pixel matrix is resettable, readable and writable 
• Analog and digital front ends respond to testpulses correctly 
• Packet latency corresponds to expected 
• Slow control responds 
• Timing and fast control working

30.9.2016 VeloPix TWEPP 2016 13

First signs of life

VeloPix responding to the first 
slow control command



VeloPix Testing: First Results!!
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Power consumption 
total: 1.2 W (0.52 W/cm2) 
(it might go up with activity in the chip)

30.9.2016 VeloPix TWEPP 2016 16

Power consumption (1.2V)

● Analog: 387 mA, 476 mW

● Digital: 

1. After chip power up:  374 mW

2. Matrix clock enabled: 694 mW

3. ToA counter enabled: 718 mW

Clock: +320 mW

ToA bus power +24 mW

Analog

Digital Pe-
riphery

Digital Matrix

Total: 1.2 W (0.52 W/cm2)
(Meets < 1.5 W/cm2)

TODO: Measurement with high rate

within specifications (< 1.5 W/cm2) 

30.9.2016 VeloPix TWEPP 2016 17

GWT Eye diagram @ 5.12Gbps

First test runs of VeloPix GWT.
2 links running at the same time.

Very first measurements!
BER/jitter to be verified. GWT eye diagram at 5.12 Gbps
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• noise level ~60 e- 
• threshold stable over pixel matrix 

(variation ~40 e-) 
• no systematics observed

Unequalised threshold 
distribution 
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• Test of new sensors design, including the round 
edges HPK  

• Test of the VeloPix bump bonded to the sensors 
• The readout chain for the VeloPix is being 

debugged 
• The telescope has been equipped with a 

vacuum box for the DUT

• Challenging requirements on both sensor and ASIC due to the high rate and 
high radiation environment of the upgraded detector 

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

• Sensor designs show already good results! 
• First VeloPix chips have been tested: results correspond to expectations! 

Testbeam in less than 2 weeks:



Back Up
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VELO Upgrade
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many B event yields do not 
increase with luminosity

The Upgraded VELO silicon vertex detector will be a
lightweight hybrid pixel detector.  

• The detector contains 41 million 55 μm  x 55 μm
pixels readout by an array of 52 modules equipped 
with custom developed VeloPix front end ASICs
• The square pixel size results in equal spatial 
precision in both directions, removing the need for a 
double sided modules and saving a factor 2 in 
material

• In order to get the best possible impact parameter 
resolution the material must be minimised and the 
first pixel brought as close as posible to the 
interaction vertex.  The new pixels will approach to 
within 5.1 mm of the collision point, and the ASICs 
and sensors will be thinned to 200 μm.

LHCb Upgrade Motivation
After collecting ~10 fb-1 at the standard luminosity of 2*1032/cm2/s, the time-to-double-
statistics will be 3 years. LHCb wants to increase the b-event yield by a factor >10 to 
efficiently address remaining open physics questions and aims to collect 
50 fb-1 in 5 years. Increasing the luminosity is rather ‘easy’ for LHCb (enhanced beam 
focusing can be introduced at  ‘any’ time and does not require an LHC-upgrade).

But :  many b-event yields do not increase with luminosity, rather saturate ...! 
LHCb currently has a (single !) hardware trigger level (L0), necessary to reduce the 
event-rate to 1 MHz, which is a built-in limitation of the front-end electronics readout.
To handle an increased collision rate, but constant output rate, the L0-rejection can 
only be increased by raising the thresholds, leading to less signal efficiency.

VeloPix ASIC for the 
LHCb VELO Upgrade

VELO Upgrade concept

VeloPix ASIC

The upgraded detector is scheduled for installation in 2019/2020. 

Note: the increase in luminosity gives a factor 5 in b-event yield, while at least another factor 2 comes 
from the increase in effciency of the (software) trigger because the impact parameter and pt information 
are available at the lowest trigger level. 

Solution: Only a more sophisticated trigger can maintain good 
efficiencies at higher luminosities. LHCb decided not to rebuild new & 
more complex L0-trigger electronics, but execute the trigger algorithms 
on all data in software. 

A new DAQ system must transfer all, zero-suppressed front-end data 
straight into a large computer farm, through a huge optical network & 
router.

All front-end electronics must be adapted or rebuilt to digitize, zero-
suppress and transmit event data at 40 MHz. Since the FE-electronics 
of the trackers (IT,OT,TT and VELO) and of the RICH is integrated on 
detectors, this requires new, enhanced detectors. Calorimeters and 
muon detectors can be retro-fitted with new FE electronics. 
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The VeloPix ASIC

• Dedicated chip for LHCb VELO
• A development building on the Timepix series, with a close relationship 

to Timepix3
• Radiation resistant (TID 400 Mrad,  NIEL 0.8x1016 1 Mev neq / cm2)
• Single event upset (SEU) robust
• Enhanced data rate to cope with the upgrade levels

hadronic channels

Martin van Beuzekom for the VELO Upgrade group Pixel 2016, Sestri Levante 8th September 2016

Required datarates
in Gbits/s

Output stage and R/O
GWT: Gigabit Wireline Transmitter

• Low Power 5.12 Gbps serialiser / transmitter 
• Serialiser < 10 mW, wireline transmitter < 15 mW
• Delay locked loop (DLL) based topology

• lower phase noise (no jitter accumulation)
• 4 GWTs integrated in VeloPix

Prototype cable tests (cable only)
Eye diagrams at 5.12 Gbit/s
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Each of the 52 modules
• Is equipped with 4 sensor tiles, each with 3 VeloPix
• For a total of 624 VeloPix ASICs in the whole detector
• The ASIC is designed in 130 nm TSMC CMOS technology
• Readout is data driven
• Cooling is provided by evaporative CO2 circulating in  
microchannels in a silicon cooling plate
• Operational temperature -25C
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Status and Outlook

placement sites for VeloPix chip
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• ASIC extensively verified and simulated
• SystemVerilog & Universal Verification Methodology

• VeloPix submitted on May 26th after 3 year design
• Wafers received August 31th

• One wafer being thinned and diced now
• ASIC verification time is very limited
• Two different test setups ready

ASIC features

• 256 x 256 pixels, 55 mm pitch
• 130 nm CMOS TSMC

• Binary readout at full data-rate and Time-over-Threshold 
data at low rate.

• Grouping of hit data of  4x2 pixel region into super-pixel 
data packets

• Sharing bunch crossing ID and superpixel ID
-> 30% data rate reduction w.r.t. single pixel readout

• Buffering in super-pixel

• Zero suppressed, data-driven readout
• 800 Mhits/s/ASIC
• Output electrical link: 4 x 5.12 Gbit/s

Analog Front-End 

• Using Krummenacher feedback like Medipix family of chips
• Sensor leakage current compensation of up to 20 nA / pixel
• Control of discharge rate

• Optimised for radiation hardness
• Enclosed Layout (ELT) for critical transistors

• Power ~ 7 mW / pixel @1.2 V
• Noise  ~70 e- RMS, Typical threshold 1000 e-
• Minimal timewalk
• Pile-up losses at tip < 1.6%

Total estimated power  
2- 2.5 Watts / ASIC

(depends on settings)  
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• Data ‘trickles’ down the column
• Hottest pixels are on top of column 
->  hence latency peaks at 64 clock cycles corresponding to 64 superpixels
• Time stamp is 9 bits (512 clock cycles): is sufficient
• Efficiency > 99.99%, no loss of data due to readout
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Data Flow

• Demonstrator chip 1x2 mm2

• 130 CMOS IBM
• SEU rate confirmed acceptable
• VeloPix uses improved version

• lower jitter
• output driver CMOS
• better power supply decoupling

Readout challenges

• Fast electrical transmission in vacuum
over low mass data tapes

• Time reordering of data
• The zero-suppressed data rate from 

the entire VELO will reach 2.7 Tbit/s

Prototype of official readout chain Additional (simplified) readout system (SPIDR)

• Large numbers of tests planned
• bench test, X-ray irradiation, SEU qualification, beamtest with sensors

• Preparation for wafer scale production test
• challenge of high frequency probing

rather saturate!!!

The Upgraded VELO silicon vertex detector will be a
lightweight hybrid pixel detector.  

• The detector contains 41 million 55 μm  x 55 μm
pixels readout by an array of 52 modules equipped 
with custom developed VeloPix front end ASICs
• The square pixel size results in equal spatial 
precision in both directions, removing the need for a 
double sided modules and saving a factor 2 in 
material

• In order to get the best possible impact parameter 
resolution the material must be minimised and the 
first pixel brought as close as posible to the 
interaction vertex.  The new pixels will approach to 
within 5.1 mm of the collision point, and the ASICs 
and sensors will be thinned to 200 μm.

LHCb Upgrade Motivation
After collecting ~10 fb-1 at the standard luminosity of 2*1032/cm2/s, the time-to-double-
statistics will be 3 years. LHCb wants to increase the b-event yield by a factor >10 to 
efficiently address remaining open physics questions and aims to collect 
50 fb-1 in 5 years. Increasing the luminosity is rather ‘easy’ for LHCb (enhanced beam 
focusing can be introduced at  ‘any’ time and does not require an LHC-upgrade).

But :  many b-event yields do not increase with luminosity, rather saturate ...! 
LHCb currently has a (single !) hardware trigger level (L0), necessary to reduce the 
event-rate to 1 MHz, which is a built-in limitation of the front-end electronics readout.
To handle an increased collision rate, but constant output rate, the L0-rejection can 
only be increased by raising the thresholds, leading to less signal efficiency.

VeloPix ASIC for the 
LHCb VELO Upgrade

VELO Upgrade concept

VeloPix ASIC

The upgraded detector is scheduled for installation in 2019/2020. 

Note: the increase in luminosity gives a factor 5 in b-event yield, while at least another factor 2 comes 
from the increase in effciency of the (software) trigger because the impact parameter and pt information 
are available at the lowest trigger level. 

Solution: Only a more sophisticated trigger can maintain good 
efficiencies at higher luminosities. LHCb decided not to rebuild new & 
more complex L0-trigger electronics, but execute the trigger algorithms 
on all data in software. 

A new DAQ system must transfer all, zero-suppressed front-end data 
straight into a large computer farm, through a huge optical network & 
router.

All front-end electronics must be adapted or rebuilt to digitize, zero-
suppress and transmit event data at 40 MHz. Since the FE-electronics 
of the trackers (IT,OT,TT and VELO) and of the RICH is integrated on 
detectors, this requires new, enhanced detectors. Calorimeters and 
muon detectors can be retro-fitted with new FE electronics. 
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The VeloPix ASIC

• Dedicated chip for LHCb VELO
• A development building on the Timepix series, with a close relationship 

to Timepix3
• Radiation resistant (TID 400 Mrad,  NIEL 0.8x1016 1 Mev neq / cm2)
• Single event upset (SEU) robust
• Enhanced data rate to cope with the upgrade levels

hadronic channels

Martin van Beuzekom for the VELO Upgrade group Pixel 2016, Sestri Levante 8th September 2016

Required datarates
in Gbits/s

Output stage and R/O
GWT: Gigabit Wireline Transmitter

• Low Power 5.12 Gbps serialiser / transmitter 
• Serialiser < 10 mW, wireline transmitter < 15 mW
• Delay locked loop (DLL) based topology

• lower phase noise (no jitter accumulation)
• 4 GWTs integrated in VeloPix

Prototype cable tests (cable only)
Eye diagrams at 5.12 Gbit/s
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Each of the 52 modules
• Is equipped with 4 sensor tiles, each with 3 VeloPix
• For a total of 624 VeloPix ASICs in the whole detector
• The ASIC is designed in 130 nm TSMC CMOS technology
• Readout is data driven
• Cooling is provided by evaporative CO2 circulating in  
microchannels in a silicon cooling plate
• Operational temperature -25C
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• ASIC extensively verified and simulated
• SystemVerilog & Universal Verification Methodology

• VeloPix submitted on May 26th after 3 year design
• Wafers received August 31th

• One wafer being thinned and diced now
• ASIC verification time is very limited
• Two different test setups ready

ASIC features

• 256 x 256 pixels, 55 mm pitch
• 130 nm CMOS TSMC

• Binary readout at full data-rate and Time-over-Threshold 
data at low rate.

• Grouping of hit data of  4x2 pixel region into super-pixel 
data packets

• Sharing bunch crossing ID and superpixel ID
-> 30% data rate reduction w.r.t. single pixel readout

• Buffering in super-pixel

• Zero suppressed, data-driven readout
• 800 Mhits/s/ASIC
• Output electrical link: 4 x 5.12 Gbit/s

Analog Front-End 

• Using Krummenacher feedback like Medipix family of chips
• Sensor leakage current compensation of up to 20 nA / pixel
• Control of discharge rate

• Optimised for radiation hardness
• Enclosed Layout (ELT) for critical transistors

• Power ~ 7 mW / pixel @1.2 V
• Noise  ~70 e- RMS, Typical threshold 1000 e-
• Minimal timewalk
• Pile-up losses at tip < 1.6%

Total estimated power  
2- 2.5 Watts / ASIC

(depends on settings)  
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• Data ‘trickles’ down the column
• Hottest pixels are on top of column 
->  hence latency peaks at 64 clock cycles corresponding to 64 superpixels
• Time stamp is 9 bits (512 clock cycles): is sufficient
• Efficiency > 99.99%, no loss of data due to readout
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Data Flow

• Demonstrator chip 1x2 mm2

• 130 CMOS IBM
• SEU rate confirmed acceptable
• VeloPix uses improved version

• lower jitter
• output driver CMOS
• better power supply decoupling

Readout challenges

• Fast electrical transmission in vacuum
over low mass data tapes

• Time reordering of data
• The zero-suppressed data rate from 

the entire VELO will reach 2.7 Tbit/s

Prototype of official readout chain Additional (simplified) readout system (SPIDR)

• Large numbers of tests planned
• bench test, X-ray irradiation, SEU qualification, beamtest with sensors

• Preparation for wafer scale production test
• challenge of high frequency probing

Solution

new DAQ system will transfer all, zero-
suppressed front end data straight to 
the CPU farm through a huge optical 
network and router
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Edge Effect
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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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Output Logic
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Scrambler
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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

INFIERI 8th Workshop Elena Dall’Occo



Preliminary Results VeloPix
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Summary of pixel measurements 
(Preliminary)

Pixel gain ~24.6 mV/Ke-

Pixel to pixel gain variation ~3.3%

Pixel ENC 62.9 e-

Pixel to pixel threshold mismatch 410 e-rms

Pixel to pixel threshold mismatch calibrated (Threq) 40.3 e-rms

Expected minimum threshold = 𝟔 𝑬𝑵𝑪𝟐 + 𝑻𝒉𝒓𝒆𝒒𝟐 > 450 e-

Threshold equalization only calculated not measured on chip
All measurements assuming Ctest=5fF

6



In the LHC Upgrade…
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08/03/2016 LHCb Week, CERN 3

In context of CMS Phase I pixel upgrade (BPIX),  NA62 GTK 

Size  
VELO surface area 1243 cm2  

52 modules, 41 M pixels 
(c.f. 48M pixels in current CMS) 

VELO CMS upgrade 

LHCb VELO Upgrade Pixels

2016/2017

2020

08/03/2016 LHCb Week, CERN 4

LHCb VELO Upgrade Pixels

Size  
VELO surface area 1243 cm2  

52 modules, 41 M pixels 
(c.f. 48M pixels in current CMS) 
 
Irradiation Environment 
8x1015 neq/cm2 for our 50 fb-1 

Equivalent to LHC upgrades 
Irradiation: MRad 

In context of CMS Phase I pixel upgrade (BPIX),  NA62 GTK 

VELO  

CMS phase I pixel 
upgrade  

NA62 GTK

VELO surface area: 
1243 cm2 , 41M pixels

SIZE

IRRADIATION 8 x 1015 neq cm-2 after 50 fb-1

COOLING

CO2 for CMS

microchannels 
for NA62

both 
for LHCb



Current VELO
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“Performance of the LHCb Vertex Locator”  
J. Instrum. 9 (2014) P09007, arXiv:1405.7808 

Current	VELO	

4	Upgrade	of	the	LHCb	VELO	detector									Mark	Williams														IPRD	Conference,		4th	October	2016	

23	sta4ons	of	n-on-n	silicon	strip	sensors	
perpendicular	to	the	beam		
(alterna4ng	radial/axial	geometry)	

“Performance	of	the	LHCb	Vertex	Locator”	
J.	Instrum.	9	(2014)	P09007,	arXiv:1405.7808	

Separated	from	beam	vacuum	by	aluminium	foil	

Retractable	for	safe	
opera4ons	outside	of	
stable	beam	condi4ons	

Ac4ve	area	just	
8.2mm	from	beams		

beam	line	

(One	half	
of	VELO)	

One half of the VELO

beam

23 stations of n-on-n silicon strip 
sensors perpendicular to the beam 
(alternating radial/axial geometry) 

Retractable for safe 
operations outside of 
stable beam conditions 

Active area 8.2 mm from 
beam

Separated from beam vacuum by 
RF foil (aluminum)
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Why closer to the beam?

it scales with the radius r1 of the 
first measured point on the track

Large  Impact  Parameter
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Figure 10: Signature of B decay products from a B

+ ! J/ K

+ candidate event in LHCb data.
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In this formula r1 is the radius of the first measured point on the track; pT is the
transverse momentum of the track; x/X0 is the fractional radiation length before the
second measured point, which includes the foil, any dead area of silicon traversed, and the
material of the first measured point; �1 and �2 are the measurement errors on the first and
second point, respectively; and �

ij

represents the distance between i and j, where i and j

can be 0 (the vertex), 1 (the first measured point), or 2 (the second measured point).
This formula gives an indication of the driving factors behind the design. The presence

of the r

2
1 term indicates that the first measured point should be as close to the interaction

point as possible, which is achieved by designing the minimum possible inner dimensions,
reducing the size of the guard rings, and having as many stations as possible. The
presence of the

p
x/X0 term shows on the other hand, the importance of reducing the

number of stations, of having the stations as thin as possible, and of reducing the material
contribution of the RF foil which encapsulates the detector secondary vacuum volume. The
e↵ect of this material term on the impact parameter resolution as a function of transverse
momentum is illustrated, for the current VELO, in Fig. 12, discussed below. The final term
in Eq. 1 illustrates the importance, for high momentum tracks, of maintaining the best
possible precision. Additional considerations enter the design, in particular the importance
of having stations surrounding the interaction region including the negative z side for
reconstruction of backward tracks, in order to measure the primary vertices as accurately

12

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

INFIERI 7th Workshop - 14/04/2016



Sensor Types
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n-on-n 
• n+ pixel electrodes collect e-  
• depletion starts from backplane 
• under irradiation: type inversion  

the sensor turns to n-on-p 
• double sided process, but preferred 

when high irradiation

n-on-p 
• n+ pixel electrodes collect e-  
• depletion starts from pixel side 
• under irradiation: increase of the p-

type effective doping concentration 
• single sided process, therefore easier 

to realise

INFIERI 7th Workshop - 14/04/2016

5.4 OVERVIEW OF A SENSOR

p+ backplane

n bulk  

depletion  
starts 

from the back 

pitch

n+ pixel 

electrode interpixel isolation

Thursday, 17 December, 15

(a) n-on-n

p+ backplane

p bulk  

depletion  
starts 
from 

the implants 

ohmic contactpitch

interpixel isolation
n+ pixel 

electrode

Tuesday, 19 January, 16

(b) n-on-p

Figure 5.12: Cross section of a sensor with n

+ type pixel electrodes in (a) n-type or
(b) p-type bulk. Note that depletion starts from the backplane in the n-on-n sensor
in contrast to the n-on-p where depletion starts from the pixel electrodes.
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Charge Collection
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Charge collection
• The amount of collected 

charge for clusters 
associated to tracks is 
modeled by a 
Landau+Gaussian
convolution.
• Uses the calibration

made with test 
pulses.

S.Richards

19/1/2016 Velo Upgrade Testbeam - Kazu Akiba 12

Charge collected example 
Before Calibration

Example of charge collected 
before calibration

Timepix3 allows to measure 
the ToT

we can convert ToT counts in 
number of electrons via test 

pulses

(a) Calibration curve (b) Distribution of p1

Figure 16: Typical calibration curve of a single pixel obtained from a testpulse scan (left)
and distribution of the slope parameter (p

1

) for a complete chip (right).

Figure 16(a) shows a typical calibration curve of a pixel, and Fig. 16(b) shows a distribution257

of the slope parameter of the calibration (p
1

) for all pixels in a chip.258

The testpulse calibration method was validated for one of the assemblies by comparing259

it to the characteristic lines from a 241Am source. The absolute calibration was also260

cross-checked using X-rays with several energies from the LNLS synchrotron in Brazil.261

17

Calibration curve for a single pixel
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