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The Detector

Outer & Inner
Tracker

Trigger Tracker
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pT of B-hadron
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VELO
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LHCb: VELO Re

« Good vertexing
— Primary vertex <10microns

— |IP parameter ~40um (40fs time resolution)
* close to LHC beam (vacuum)

— high radiation levels <10 p/cm?
— Close to Beam = moving detectors

* Tracking
* Low mass ~10% X,
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e 2 retractable detector halves
e 21 stations per half with an R and ¢ sensor
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side corrugations
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left detector half

Zoom of silicon and foil
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VELO: Foils
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Photo along beam pipe
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Attempt O CTE construction
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« Analogue output from ASICS on hybrids
— 40MHz: up to 1TMHz trigger rate
— Repeater cards outside tank

* Digitization 60m away
 FPGAs handle processing of signals and zero
suppression

— 10% parameters need uploading
— 7bit arithmetic
* Integer pedestals and CM subtractions
— Possibility of non-zero suppressed data to be sent to storage
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SENSORS
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VELO: Sensors

* Double Metal
for routing

» Closest Strip
8.2mm

I | [\ 5
« ~10°/20°
T 683 strips
Outer

Stereo N

¢ MICFOH \ ’Q’O,R Sensor Phi Sensor
Semiconductor
(UK)
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* highly segmented
* NN
— One n*p module
— Replacement n*p
— p-spray isolation
» 2048 strips/sensor

 ~40 micron inner
pitch
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Simulated

— Radiation damage

— Expected resolution

— Cross talk

— Systematic cluster

shifts §

* Expect -

— Resolution ~5um
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-Sensor

R

VELO
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Double Metal
for connection
to readout
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Outer Phi
strips w/o
overhanging
double metal

Poly-silicon
resistor
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Sensor: Radlatlon HardnessA

- J.Libby, et. al. NIMA 494 (2002) 113-119 I T euisered ypercon

LHCb VELO Rl
= oD t= 27/18/40/0
e /H A,
40 - i f\ '
+_ : -on-n vdep oy I(A)
o et - hon-n Total flux= 19E+14 fEEﬁ
: T(cool) = -10. R
o e e e e e nicknoes Gopleted
30 ® Neutron irradiation 900V
° Aftel’ 3 4 YearS 6 8 fb 1) the Inner T 53 A Neutron irradiation 600V
Ele ||Or1]: Odf e sensor Cannot be fu”y < ol  Proton irraciation 900V
ep e e % ilg ® N-in-n detector
— Dose estimates s e ..
« 1.3*10'* neg/cm?/year at R = 8 mm g 10 4 i
« 5*10'2 neg/cm?/year at R =42 mm S . ——
%)
* Running partially depleted, the i
estimated lifetime is > 6 fb™’ ' T s s a0 o e

Fluence (1014 Neq cm'z)
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MODULE CONSTRUCTION
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R sensor
300 um

Kapton hybrids
~200um

* 0 CTE assembly by
design ;.
—-35°C to +30°C o -

» Compensated B

» High precision

Phi sensol
300 um

— Sl to 20 I’Jm In SpaCe "(’Zarbonﬁbrepaddle
) Vacuum (& rad) I Aarbon fibre base
' Invar feet
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CONSTRUCTION:

« TPG/CF core
* Double sided
* Populated
* Pitch adaptors
— Chips
* Bonding .
* Sensors
* More bonding
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'CONSTRUCTIO

=

Histogram of x displacements

Sensors placed very accurately with

14
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CONSTRUCTIO

« CMM
— R-sensor (in
trigger):
e AX=-318

pm,
Ay=6+13
um
AO=-
0.072+0.13
1 mrad

— Phi-sensor:
o AX=-4%7
pm,
Ay=7+19
m
AB=- b
0.067+0.14 :
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R Sensors Phi Sensors
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CONSTRUCTION: Elamps

Clamps are used to relieve any stress
on the modules caused by the cables,
they are manufactured by
Photofabrication.
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« All modules tested in vac W|th
near final CO, cooling system
and DAQ

— ~1x10-3 mbar with coolant at
-30° C

 Thermal performance as

expected
— AT =-22.8° C between coolant
and sensor

* Should be 2-3° C less with cold
neighbours

— 2 modules had anomalous
cooling performance and were

rejected (4%)

* During cooling modules moved
< 40microns in Z
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ASSEMBLY AND
INSTALLATION
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Every module V|suaIIy re- mspected on arrival at

CERN
— 3 hrs per module
Module Burn-in

— Electrical tests in vacuum (10-% mbar)

— Thermal stressing

— Electronics burn-in
e >16 hrsat30° C

(7

* Noise, pedestals, bias currents

* 4 cycles between -30° C and 30° C

UNIVERSITY
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ASSEMBLY: Complete halves

With constraint mechanism
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INSTALLATION
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« After completion: testing
|/\V/ characteristics of modules

— all OK Y|

f . 7
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COOLING
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COOLING: CO2

Large latent heat & Low viscosity & High pressure

< < L

Allow low flow Low pressure drop Allow high

@ @ pressure drop

Low pressure drop |:> Lower pressure drop % :

Latent Heat of E ti
atent Heat of Evaporation Liquid Viscosity A”OW ve ry
300 - 5e-4 - .
g \Coz NN | small tubing
52001 3 2 o
\X/ e C3F8 D(? 3e-4
100 ~ 2e-44 0,
0 - T T r r r 1e-4 -K
40 20 g 20 40 20 0 20

Temperature (°C) Temperature (°C)
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COOLING: Is CO;new

< /
o XK ASY

 NO! it was used in the late
19th and early 20th century.
and is one of the first used
refrigerants.

* The high pressure of CO,
(130 bar) was a problem for
materials those days.

— Development of low pressure
synthetic refrigerants (CFC’s).
causing CO, to disappear as
refrigerant.
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A
SINCRENNE 1 e -
implemented in  _| e
LHCb-VELO s S
/ / Enthalpy /\

Cold transfer

Q= 1500 Watt
T=+8°C to -30°C
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Inaccessible and a
hostile environment

AcceSS|bIe and a frlendly
environment

.
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4 0
O
R
s Passive hardware only
5
pr . S f
5 B3
& 5] 2 Evaporators
v, &

2 R507A Chillers: 2 CO, 2PACL’s: 2 5! 800 Watt max

per detector half

Myh rik%

VELO

1 water cooled 1 for each _;3}5
1 air cooled detector half zi 2 Concentric

’“‘ transfer lines
e . 55m 5
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The LHCb-Velo Thermia!-6: ol Syste

g T

Evaporator

Velo Module with
cooling block

CO, rack

The VTCS cooling plant
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OPERATION & PERFORMANCE
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TED June 2009

50k Tracks collected e Resolution

Efficiency

. Allgnment*
a A k7
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First Collisions 2009

MUON
RICH2 CALO XY

~

Entries 1817
Mean x -0.1086
Meany -0.1036
RMS x 0.06627
RMSy 0.08199

.
0.2 03 04 0.5
X (mm)



 VELO

— Operated well fromday 1

— High Efficiency

— Enables physics of LHCE

— Expect to reach full
potential in 2010

« Substantial challenge lie

ahead with radiation
damage ...
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LHCb Preliminary

EVT: 49700980
RUN: 70684

N

D

scale inmm
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Earhe "

. ®* & invariant mass (LHCb 2009 data, preliminary) ]

| p*" =t invariant mass (LHCb 2009 data, preliminary) I

5718
121.28/95
0.035763

93.497 + 3.800
-0.09128 + 0.00720
932.33 + 46.87
497.27 + 0.61 40
11.074 + 0.586

entries/1 MeV

60| Integral

3.1418 + 0.0951
302.28 + 28.81

3.6836 * 0.3633

1871
80.719/95
0.85176
1077.5+£0.4

11144+ 0.4

10

# 932 +47
m =497.3 £ 0.6 MeV
0=11.1+0.6 MeV

8
T

650 %60
- [MeV]

UNIVERSITY
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|
10801080 ‘1100 1110 1120 1130 1140 1150 1160
- [MeV]

#302 +29

m = 1114.4 + 0.4 MeV
g=3.7+0.4 MeV

Manuel S., Sascha S.




PERFQRMAN?:L f

o No S|gn of Si changes g "
» |V scans run regularly of

L s}
— Currently use 100V as T e
3 sf
(&)
benchmark it
Sensor Currents v RMS of current (9 months) 2}
25
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20F L] 2009 2010
3 50 L
g 15} Q
o ° -y
3 . 40 )
%) 10F R I— —————————— I E
3
& H |® ° 30 oD
05} o’ I g =3
- I . I z 2 n
3 | o o o S o)
i - oo ) ° = S
0.0 - e I I 3 i 8
| l'__l___l___l__J P
0 10 20 30 40 50 0
Mean Current (A) 20 40 60 80 100 ygops 120

-10

UNIVERSITY OF H
’i'? Themis Bowcock 50

% LIVERPOOL




E R AW Iy
r - " "N o L
. o N
. ‘ ' 3 b e
—— .'é y

w,

%)

A

ODRMAN

b
ey |

Resolution [um]

=S
O,

H
o

W
(%))

w
o

N
(52

20

15

10

| -

Lo v bvvr v bv v v o b a g

——— Projected angle 0-4 degrees
———— Projected angle 7-11 degrees
------- Blnary Resolution

g

o

40

50 60 70 80 90 100
Strip Pitch [uml

4 UNIVERSITY OF

% LIVERPOOL

Resolutions
will improve

Themis Bowcock



- WA
PERFORMANC
t . ' r \‘u»{i’j ) »
. . - ;\. 'Ai :.-\,-'3 S g ( ‘_J 4

IP, Resolution Vs 1/p

0.00f VELO Closed LHCb VELO Preliminary __
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Material: Tomography

3 | LHCb Preliminary\'s =7 TeV |

-t -
o N
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PV, x sign(PV ) in mm

1 l ] ] L I
220 240
PV, in mm
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60 80 100 120 140 160 180 200
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'VELO: Materlal |

Vacuum Tank,
0.16%
Cooling Block,
0.08%

W.F. Suppress
0.1?%

Paddle & Base,
0.38%

Constraint

System, 0.57% __—

R.F. Box,
1.41%

R.F. Fall,
8.48%

Material Budget (% X,)

UNIVERSITY

= LIVERPOOL

Average is 18.91% X,
Particle exiting the VELO

0.6

0.5

=
= — 04
235
g ! 0.3
T 3
§ — 0.2
Q25

0.1

2 ! \.
':' o - : 1 0
-150 -100 -50 0 50 100 150

Azimuthal angle & (degree)
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LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

o

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

! Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of Inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage

rision of nsny phyeice messurementsa at

Integrated Event Yield

[ 1
b will be statistically limnited at end of

P [ncresee lumin ceity to booet etatistices:

4dx10= cmAgl > orneg-l
?' expected after LS&
70
B non mucnic modes

53 1 Moonicmodes——————
many hadronic
channels saturate,

35 due to energy cuts
in the trigger

18 —

0 — |

Run 1 Run 2 Upagrade |

P Bermove hardware trigder
P1MHz >

readout rate

P Data. taking starting in 2021 (Bun 111

UNIVERSITY OF
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VELO Upgrade

—100¢

St

=. 90F

B> To be operated @ and cm-Rg-l = s

and at from the beams g 80 g

2.8 Tb/s data rates 5 T0F

8 x 1018 1 MeV n,, cm? max fluence % 60

sensors to be kept < -0 °C = S0F

[a¥ F

— 40E

P Improve detector performance 30 F

track reconstruction éO :

resolution E

10
0 I

0
P The plan:
new

no ghost tracks
faster reco algorithm
electronics
RF-foil
interface

" LIVERPOO

[CERN-LHCC-2013-021]

[LHCb simulation E

| S I

eurP|ent VELO

upgraded VELO

UNIVERSITY OF
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lp, |GeV ']

VELO Module

Themis Bowcock



VELO Upgrade in numbers

kapton Si micro-channels
hybrid cooling plate
Feature VELO Upgrade S ]H :
R & o strips Pixels
0.22 m? 0.12m?"
Benanra 172,032 strips
electron collecting electron collecting
300 yn thick
40-100 yun piteh 88 jun piteh
cooling
Conned .
# of modules 42 82 m,‘:” -
LV
Max fluence 4.3 x 1014 MeV n,, cmn* 1 MeVn,, ern® cobles
data
HYV tolerance 300V tapes
ASIC readout rate 1 MHz 40 MHz
Total data rate analog 2.8 Th/s
(eq. to 180 Gb/s)
Mol B 1 kW (30 W/module)
consumption

Al foot

\ UNIVERSITY .
ey Themis Bowcock

% LIVERPOOL




Micro-channel cooling interface

P> 500 nm thick silicon substrate with integrated
micro channels.

P> same CTHE as sensors + low material budget

P high thermal efficiency

P routing of channels customisable
120 x 200 pm micro-channels (19x)
80 x 80 nmm high impedance restrictions
cooling power ~50 W

P> pressure: 14 bar @ -30 °C,

8” wafers containing & cooling interfaces,
4 soldering samples and several high
pressure test samples.

| UNIVERSITY OF
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Micro-channel cooling interface

=

//254
=

1. connector pre-tinning 2. gilicon pre-tinning 2. alignment {L ﬂ

4. goldering

P high quality soldering is essential
leak tightness
planarity
minimum voids in the solder layer
no flux
high pregsure qualification :

P metallization with Ti+Ni+Au

For more details see this

60
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200

20 [ semor |y 0
VeloPix

wire'® o

@ DD o000 o gRRE O

VeloPix

Lo semor %

B> ASIC derived from TimePix3 (VeloPix)
P 130 nm CMOS technology (TSMOC)
P> 286 x 856 pixels, BB x BB um pixel size

P> Sengor is bump-bonded. to 3 VeloPix ASICs

P Hamamatsu n-on-p 200 nm thickness

P> Flongated pixels (137.5 yum) in the region
between ASICs

P 450 nm wide guard ring

P DRIE-etched round corners (foil clearance)

B Triggerless, binary readout (data-driven
readout)

B Up to 800 Mhits/s/ASIC

P> Highly non-uniform irradiation

For more info, see

v

vy
\¥/

y [mm]

40

20

-20

-40

sensor

ASIC

[WeloPix)

ASIC

[VeloPix)

ASIC

[VeloPix]

~15rmm

~ 43 e

LIS ) RS T [ L e L UL U T

Nurnber of hits (a.u.)

O TR T T TRRDY Y [ UM (MM T (SO IO e (o o il [

-40 -20 0 20 40
x [mm]
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Flrst VELO module prototype e

F y“mw‘-v‘» b

\ H!H
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Surmnmary e

P> The new VELO will have to cope with higher radiation and data rates.

P New module degign based on pixels sensors mounted on a Si micro-channel substrate.
P Aluminium RF-foil prototypes progressing well.

P> Sensor tileg irradiated and extensively characteriged in test-beams.

P> First Module prototypes in June 2018.

Sep Q017 Apr 2018 Jul 018 Oct 2018

\
> o
/

£

o i) i o
P : ;%\_ (7
Cooling EDR
VELO integration PRR

Flectronics PRR

P VELO fully mounted expected in September 2019.
P

’??} UNIVERSITY OF

m m Themis Bowcock 63




SUMMARY
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* Building a detector is not easy

* Decide on your technology according to
physics
— Strips
— Hybrid Pixels
— CMOS (see mu3e talk)
« HYVCMOS is Liverpools #1 area of R&D in Si

* A lot of skill needed to execute

® UNIVERSITY OF :
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