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Outline

» Introduction on VErtex
LOcator (VELO)

» K. De Bruyn talk for more
details on the upgrade

» P.Pais talk for details on past
detector performances

» Silicon micro- channels
cooling substrate

» Cooling performance
on pre-production
module
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https://indico.cern.ch/event/806731/contributions/3517186/
https://indico.cern.ch/event/806731/contributions/3520556/
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VELO for upgraded LHCb

» Silicon pixel modules around the LH

beam interaction region P
. “*Four sensors per ‘ (e R
» Closest distance to LHC beam: 5.1 double sided module ¢ M=y
mm »*Each sensor (43 x 15 ]
» 50 fb-1 integrated luminosity for LHC mm) bonded to three
Runs 3 & 4 VeloPix ASIC's
» Very high radiation environment “*Detector Active area
=0.12 m?

» Max. fluence: 8x1015 MeV - ney/cm?

» LHCb has trigger-less readout - full
detector readout @ 40 MHz

» Cooling requirement

hybrid with 4 copper layers (12/35/35/35 pm)

» Sensor tip temperature <-20°C

} Power dlss'patlon per mOdU|e Main microchannels: 200 x 120 ym
~30W ® ® ® ® ® ® o o

» Operating in vacuum '
° ol ~80 um glue Iayer/ VeloPix —
} Low materlal: Smm Of the Slllcon ® ® ® ® ®® O hybrid with 4 copper layers (12/35/35/35 pm)
sensor

sensor are not glued on the cooling

substrate (innermost part)
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VELO for upgraded LHCb

» Silicon pixel modules around the LH
beam interaction region
. “*Four sensors per
» Closest distance to LHC beam: 5.1 double sided module
»Each sensor (43 x 15

mm

, S Solution: Evaporative CO> ~ mm) bonded to three
r cooling through r.nicrc?- VeloPix ASIC's
LV channels etched in silicon #Detector Active area
= (0.12 m?

“*Excellent thermal efficiency .-

, L|**No thermal expansion
d mismatch with silicon ASICs

Yo and sensors
IS ;
® ® ® ® ® 0O hybrid with 4 copper layers (12/35/35/35 pm)

I I

200 pm

*Radiation hardness of CO2

Main microchannels: 200 x 120 ym

“*Very low contribution to the
material budget

» Operating in vacuum
~80 um glue |ayer/ VeloPix

» Low material: 5mm of the silicon ﬁ
sensor

sensor are not glued on the cooling

substrate (innermost part)
C. Bertella 17-October-2019
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hybrid with 4 copper layers (12/35/35/35 pm)



11.37 cm

Micro-channel cooling

11.65 cm

N

ASIC on front ASIC behind

Increase in cross section between
the restriction and the main
channels triggers the boiling

500 pm thick silicon substrate

Input restrictions:

» 60 x 60 pm , 40 mm long

T » Dominant pressure drop

» Prevent instabilities among
the channels

Main channels
» 120 x 200 pm
» [230, 290]mm long

» Heat is absorbed by the CO::
change in gas/liquid ratio
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Micro-channel manufacture

Deep Reactive lon Etching

==L

DRIE etching of the channels — ——————

Hydrophilic bonding

Silicon

—P 530503505000  Once

Si cover bonding

Metallisation
Au: 500 nm

—> Ni: 350 nm
T Ti: 200 nm

Thinning

Plasma etching of fluidic inlets

Metallisation for soldering connectors
C. Bertella 17-October-2019 8



Micro-channel substrate grading

Scanning Acoustic microscope (SAM)

No defects:
Input
manifold

» Grade A: no defects ¢ \\\'///

» Grade B: def | :
ertects close to \///( No defects:

» Grade C: defect near channels k @ e

input/output
» Grade P: dicing defects
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Micro-channel substrate grading

Scanning Acoustic microscope (SAM)

Connected
channels,
output
manifold

(Il

Defect close
to the input
manifold

» Grade A: no defects

> . defects close to
input/output

.\

» Grade C: detect near channels
» Grade P: dicing defects
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Micro-channel substrate grading

Scanning Acoustic microscope (SAM)

——
— Connected

% e

]

Defects
connected to
the channels

» Grade A: no defects

» Grade B: defects close to
input/output

» Grade C: defect near channels

» Grade P: dicing defects
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Micro-channel substrate grading

» Grade A: no defects

» Grade B: defects close to
input/output

» Grade C: defect near channels

» Grade P: dicing defects

C. Bertella
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Attachment of the fluidic connector

Fluidic connector
Solder foil

N Challenges
<Leak tightness
“*Planarity

*Minimum voids in the

Metallisation on the solder |ayer
silicon substrate 2 No Flux

*High pressure

Solder layer
~200pm Connector

1 Ni: 5 um
Au: 500 nm I Au: 100 nm
Ti: 200 nm ——

Si substrate
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Substrate assembly

Silicon pre-tinning I I I Alignment

~

Connector pre-tinning

Soldering
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Quality assurance after connector soldering

Qualification
» Visual inspection

» 2D x-ray projection or g
3D x-ray tomography

» Substrate flatness
measurement

Robustnhess test
» Leak test

» Highest pressure test: up to 186 bar

» High pressure helium leak test: 60

& L W :
¥ \ - oA
- - e | F. ‘;- \v‘\- .
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Cooling performance

Placed at the tip of the mock-sensor

I l12_l l l |l Ll L Ll i Ll 1 Ll T l .
H —

Cooling performance has been evaluated using © (£ = —wew . %
thermal mockups emulating half pixel module & jop w22 + VELO TDR .:
. " E oTuchl 0 A

» In nominal conditions, expected 12 W A PO I
o T . L R =

» The end of-lifetime expectation is 13 W T— : =

» AT between sensor tip and experiment
output around 6°C

» Effectiveness of the substrate at providing
local cooling

N W A K O 9 0 O

» ASIC power is concentrated at the part more

Power [W]
remote from the silicon tip e Simulation

» CO2 normal operation at -30°C corresponds & Max. -25°C
total pressure of 14.28 bar Min. -30°C

» At room temperature the pressure rises to e
57.29 bar

» Operational temperature range is between
-30°C and +15°C

C. Bertella 17-October-2019 16


https://cds.cern.ch/record/1624070/files/LHCB-TDR-013.pdf

TRACI V3
Cooling Plant

-

444444
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TRACI V3 VELO test setup

Cooling Plant

= 4 % o | p) 7p
e Pmt—
. = e A S \
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Cooling performance

» Full module power consumption
~23 W

» Expected end-of-lifetime power

dissipation on the sensor ~1W:
27W

» To reduce material innermost part of
the sensor is not in contact with the

cooling substrate
» Overhang power~1.6W

» ONLY during power dissipation and
thermal load study, temperature
sensor were |located on the tip of the
innermost tile

» Final module will not have the
sensor

» Study performed to correlate the
temperature on the tip with the

one measurement by the Asics
C. Bertella

AT[°

& MRDO7:-32deg l
- & MRDO07:+15deg :
I

®AI|-40-pu3

Flow~0.2g/s

| | 1

0 5 10 15 20 25 30
Module Power [W]

AT measurement procedure

*Temperatures registered by each Asic/
NTC/PT100 for each power scenarios

“*Made a linear fit of the temperature
versus module power

“*Normalise the point to the fit result and
extrapolate to (0,0)

17-October-2019 19



ATI[°C]
ORNWAUONO®

ATI[°C]
ORNWAUONO

Power dissipation performance of
tion module

a pre-produc

8 CO; plant set-
1< R | 90  point~-32°C
(s | PR | Flow ~0.39/s
B SRR Qa4 T
B O ORI O C ] T R SRR
L e B @ 2L
g . . . 1 . .
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Conclusion

» Micro-channels cooling substrate is an ideal option to
reduce the material near the interaction point and hence
allow for better physics performance

» Long R&D campaign proved great robustness and quality of
the substrate

» Many steps and qualification tests are performed during the
oroduction phase to insure high quality ot the final module

» Cooling substrate is able to dissipate the module power (up
to 30 W) and provide a AT on the module smaller the 6°C in
nominal power condition

» Production of the micro-channel substrates finalised

» VELO modules production has started: expected to be
ready by next year

C. Bertella 17-October-2019 21
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Back up
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C. Bertella

| Silicon pre tmnlng

- I
N
.na-

n.’.-. 0 ‘ R i'-"/
== Silicon substrate after pre-tinning

17-October-2019
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Il Connector pre-tinning

oG NG -
; X o e L% - -

3 P ek 3 .
L ga o, LW ey -

62Sn36Pb2Ag
100 [um] preform

| Slits protectors

Fluidic connector after pre-tinning |

C. Bertella 17-October-2019 24



Il Alignment-parallelism: 1/3

DLO " DL1
L=1.675 mm | L=1.674 mm

DLO .  ry

L=1.696 8 DL1
ALy L=1.696 mm 8

Distance between connector and its reflection
measured by two USB microscopes.

C. Bertella 17-October-2019 25



lll Horizontal alignment: 2/3

— Top camera view Photo processing software — shape matching

C. Bertella 17-October-2019 26



III Horizontal ahgnment 3/3

wx‘_»‘ -*"'i:“ .
== Silicon substrate after pre-tinning

C. Bertella 17-October-2019
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IV Final soldering- self alignment

‘Self alignhement point ‘

Counter weight Siliﬁplate Connector 5
Support :i- '~
/" Solder layers 6

Ball Suport

C. Bertella 17-October-2019 28



Substrate after soldering

First substrate soldered
01/09/2017

Lt

C. Bertella 17-October-2019



Large samples Small samples

Microchannels

March 2017

( #1

<

A

A

June 2018

C. Bertella

Soldering Results

Resolution ~19[um)]

3D X-ray tomography

60x60 [um]

17-October-2019
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Substrate Planarity

Before Soldering After Soldering §

{

Max deviation: +26 [um]

Max deviation: +25 [um]
Min deviation:  -60 [um] Min deviation: -50 [um]

Total variation: 86 [pm]

Total variation: 75 [pm]

No significant change on the planarity of the silicon plate.
Therefore, no significant stress generated by the soldering procedure.

C. Bertella 17-October-2019 31



Attachment of the fluidic connector

Fluidic connector

Solder foll \
A
Challenges involved:
 Leak tight (modules are in the
Metallization on the secondary vacuum)
silicon substrate * Planarity
Solder layer  Voids on the solder layer

~200 pm Connector e No flux
\ 1 ;N' 1oum * High pressure (up to 186 bar)
Au 100 nm
Au 500 nm
i 350 — ol

Si substrate

C. Bertella 17-October-2019 32



Experimental setup

Stay stick 672
/75um, 1 W/m.K

“uch3” pt100

Silicon 380 um
prnnnnnnnnnnnnnnnnnn S
paste
Pyrex 2 mm
5 mm
Glued surface: 11,34 cm2 CO2 connector

Figure 6: Experimental setup used to evaluate the cooling performance of the micro-channels.
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Setup design

Inlet Tube Temperature

A

Bypass

>

CO, input

S0, output
Flow

= Flow
27.2 mm o -
S Aot Yo /- TS02, PS02
TS01, PS01 \ 27.6 mm \ 1370-1479mm 320 mm, .320 mm 1479 — 1639 mm .27.6 mm \ )
Split Input Output Split
| 1/8" (D 1.397 mm) 1/2” (ID 9.398 mm) N Safety valves (pneumatic)
= 1/16” (ID 0.5715 mm) L] Safety volume between the valves I}{] Metering valve (manual)
1/16” (ID 0.87 mm . ,
) ( ) - 2x320 mm 1/16 “ to the connector in o Swagelok 1/16 ,ferrule” tube fitting
.| 3/8° (ID6.223 mm) the module
- Concentric tube (Microchannels — Input + output) ‘ VCR connector 1/8” + blind gasket
‘o Filter (15 [um]) () VCR connector 1/8” (~5mm)
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C. Bertella

Module schematic

17-October-2019
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VeloPix: temperature monitoring

» The Band-Gap circuitry is
used to generate a stable
voltage reference for the

DACs

» A PTAT circuit is used to
monitor the temperature on-

chip

Temperature [C]

» A simulation of this circuit
shows a ~1.9 mV/
°C temperature dependent
slope

100

y = 519.48x - 179.59 .
80 R? = 0.9993 * .

Q L 3
@ ®
0 y =471.99x - 179.14 o o
R? = 0.9997 . »
) .
o I
40 y=415.24x - 176.46 ._0’ ...0'
R? =0.9999 ) .
@ o
20 @ K J
) @
@ K
® »
0 ..6 o
0.2 0.25 0.3 ..0" 0.35 .Odl 0.45 0.5 0.55 0.6 0.65

-20 o o
L K ® FF
° e c‘. 1T

40 'S o
®SS
60
Vtemp-Vbg [V]

Figure 5. Simulated temperature measurement in VeloPix.

» The on-chip Velopix temperature is calculated by measuring the
PTAT temperature (Band gap temperature voltage output) and the
Band gap voltage output internal monitoring voltages

» From simulations the slope and offset has been extracted

C. Bertella
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Creep effect in the solder joint

“Plastic deformation of a
material at very low mechanical

stress levels”
» Present in many materials. Stress

can be caused by its own weight
(e.g. glaciers or glass windows)

» Can lead to failure after long time

» Typically can be neglected only
if: Temperature < T-critical T-
critical = 50% of absolute melting

Temperature
» For SnPb: T-critical = - 46 [°C]

» VELO should be at - 30 [°C], so
expect very small creep effects.

C. Bertella

Rupture

e Creep Curve

0.03 A

Secondary Creep
(Steady-State)

w
. 0.02 4
£
©
) Primary Creep
—_—
0.01 4 —l Tertiary Creep
e =de/dt
| Initial Strain
'— (Elastic +Plastic)
0.00 1 ] 1 ] 1 I
0 1000 N 2000 3000 4000 5000 6000
Time, t (sec)

Models exist for linear (secondary) region :
e.g. "A new creep constitutive model for
eutectic solder alloy.” Shi, Wang, Zhou,
Pang, Yang , 2002. Transactions of the
ASME page 84, Vol124, June 2002.
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~| High pressure dry air
| bottle (up to 200 bar)

C. Bertella

Creep test

pr-s I -

2 heaters of 50 W
under the plate

TYDiCIIy, s test was run at 60 bar and 120 °C

Summary of the test campaing:

Total number of samples: 18
Total number of hours: 2630 hours
Total number of hours: ~ 110 days

17-October-2019
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Fatigue test

"Fatigue is the weakening of a material caused by repeatedly applied loads.”
Effect occurs when a material is subjected to repeated loading and unloading.

Past Velo — Few hundred Temperature and Pressure Cycles (300 roughly)

Max and Min Temperature on the Sample_S74_S75

g ' RN ILALTN IR I g
‘g': 581— . 4 : : : : ]
,m e s N
§
L h;‘!.‘?‘igﬂ | ool ...... 760 temp_ CyCIeS _
Heat eXChanger . .. : 6 ’ : 10 & = ...... 1 Week Of test) ]
connected to a chiller 6 peltiers. — S ST N T )
(-17°C) - - S |
Simultaneous temperature cycles and pressure cycles :,"_
& : ‘ : : : - . A _ _ g 0 100 200 300 400 500 600 70?:ycle ngomober
éso_— /\ %1305_ F h" £ m m ;
S o | || {| Summary of tests:
:_Ezo: : g:z;: | T e . o % Samp|ES: 9
ot T TP :| Total number of temp. cycles: 5232

Time (s) §
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