IFIC ( :SI< : @i VNIVEP@ITP\T o?%%%mm f%
\%\ D@’VA FNC ‘ OCHOA GENERALITAT

INSTITUT DE FIbI
CORPUSCUL CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS B ,,.1_5 ' VALENCIANA

Micro-channel cooling iIn HEP

Marcel Vos

IFIC (UVEG/CSIC) Valencia
DEPFET workshop,
Ringberg, March 2019

—
©) AIDA
=+

This project has received funding from the European Union’s Horizon 2020 Research and Innovation
programme under Grant Agreement no. 654168

Special thanks to: Laci Andricek (MPG-HLL), Lars Eklund (Glasgow), Nils Flaschl (DESY), Pawel Jalocha,
Malcolmn John (Oxford), Alessandro Mapelli (CERN), Carlos Marifias (U. Bonnn), Paolo Petagna (CERN),
Miguel Ullan (CNM), Nacho Garcia, Guillem Vidal, Miguel-Angel Villarejo (IFIC)

0@
C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia



The case for MCC In HEP

MECHANICS SILICON COOLING
APPROACH MICROCHANNELS

XXX XXX X XXX XXX X1 M W XX XXX XXX &I XX XXX 1

= = = = — = - - = e — o

Issues:

- thermal barriers (glue layers at each interface)
— mMmaterial budget (avoid high-Z material)

- coolant contact area

— CTE mismatch (cf. ATLAS IBL experience)
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NAG2 GigaTracker

nnnnnnnnnnnn

Hadron Beam
800 MHz

TETLET 0| e L
Rare Kaon decay experiment [ 5O |
- -l RRIREY uu HH "

around CERN North Area beam line e e

; : STRAW
Decay Region 65m

(very forward: 270 m long) .

Total Length 270m

10.12.09 Na62 Physics Handbook Workshop

— support and alignement structure

g Max allowed
Cooling plate X = 0.15 %Xo

Readout chip

'“ (12 x 20 mm), heat production Hybrld plxel dEtECtor
- -= ca. 3.2W per chip (2 W/cm?
PR 40 W on 3x6 cm’

" Sensor, silicon pixels

(30 x 60 mm) Liquid cooling (mono-phase
Pixel Matrix 0.4 W/cm? C6F14 at _ZOC)

EoC 2.5 W/cm?
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distribution manifolds

280 um deep fluidic inlets

1.6 mm

150 microchannels
200 x 70 pm

NA62 MCC

PhD thesis G. Nussle, UC Louvailn, October 2015
Microelectron.Eng. 145 (2015) 133-137

Channels =200 x 70 L Final cross section 16 mm recollection manifolds

Wall thickness = 200 pum fth li lat 280 ym deep
Cover thickness = 30 um 0 € cooling plate

30 + 30 um Silicon = 0.064 % X, 30 + 30 + 70 um Silicon = 0,139 % X,
(above and below channels) (between channels)

70 um C6F14 = 0.037 % X, 30 um epoxy = 0.008 ¢ X,

/

Acceptance

——pmm————
. I—

Total material budget in the acceptance area =(0.13 % X,
(min 0.11 2% - Max 0.15 %)

EHT = 300KV  Signal A= Inlens  Date (17 Apr 2013
Wh=18mm StageatT= .10

ERFL-CNI

Very, very thin!
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The first MCC application in HEP

Experiment started running end of 2014

See talk by
Massimiliano Fiorini
on Monday

A.Francescon et al:
Application of micro-channel
cooling to the local thermal
management of detectors
electronics for particle
physics,

Microelectronic Journal,
Volume 44, Issue 7, July 2013,
Pages 612-618
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LHCb VELO upgrade

* Pixel-based upgrade after LS2 (2020)
* Nearly 10 1 MeV n/cmz (non-uniform)

» Leakage current 1W/sensor (@1000V and -20C) JINST 10 (2015)
no.05, C05014

* Basic assembly dissipates 4 x 1W In sensors,
* 12 x 3W In VeloPix chips and 5W in hybrid

Soldered
Connector
/\ Sensor 200 um

Hybrid 320 pm ASIC 200 um

Glue 50um 5 mm overhang

\/

Evaporative system: must deal with high pressure!!

LC DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia




LHCb VELO upgrade

Silicon cooling plate
evaporative cooling — create regions to “boil” the CO2

high pressure (60 bar at +20C)

- thick cover (=200 wm) Key

- narow channels (70 x 200um) components
- solid metal “Kovar” connectors verified to
- welded to metal layer on Si surface 100s of bars

1=
m-
| |55

* Good thermal performance
* Temperature gradient at overhang

kC DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 7




Micro-channel cooling, our take...

* Liquid cooling provides excellent temperature control, but is too bulky

* DEPFET, with localized power dissipation and SOI process, provides an
Interesting application — integrate cooling in all-silicon ladder

* Compared to existing effort, aim at relatively high temperature, low pressure

* Keep it simple: mono-phase

* Small team at University of Bonn
MPG-HLL Munich and IFIC Valencia
* Embedded in larger effort of AIDA2020

. l E..
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All-silicon ladder with integrated cooling

a) oxidation and back side implant of top wafer

\

c) process = passivation
| D/ Top Wafer L )P ' P |
I I—I Handle <100> Wafer |_I ‘ X s

open backside passivation

‘ D Custom made SOI Wafer D | | ; etch stop 5'102: ; ; | |

b) wafer bonding and grinding/polishing of top wafer d) anisotropic deep etching opens "windows" in
handle wafer

thinned all-silicon module with integrated cooling channels

.- Integrate channels into handle wafer beneath the ASICs

.- channels etched before wafer bonding — cavity SOI (C-SOl)
.- full processing on C-SOl, thinning of sensitive area

.- micro-channels accessible only after cutting (laser)
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C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia




First attempt

Silicon sensors with integrated micro-channels based on DEPFET process:

e WO ST - 05 0068 | daia

SRRCAN VL 2 N

Micro-channel pattern in

Inlet and outlet: ~380 x 340
handle wafer m
C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia
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First attempt

Silicon sensors with integrated micro-channels based on DEPFET process:

— Simodules with the designed dimensions of the DEPFET detectors

— Homogeneous thickness: sensor area not thinned

— Aluminum layer with resistors simulates the DEPFET power distribution

Working parameters
Element R(Q) P (W)
Sensor 900 1

DCD/DHP | 175 6
Switcher 250 0,5

SENSOR

SWITCHERS

0@
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Measurements

temperature
Iasersensor

DEPFET workshop, Ringberg, March 2019

M. Vos, IFIC Valencia
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First results

TFM: lab vs sim results Max. power for AT=10K
L E 24__
% °f —— FE Simulation HO = 10% Q | %* 1 ndf 7.729/18
= . 2 p0  -0.01926 x0.1757
¥ e — 20 p1 8.702 + 0.3316
2 h e = B op2 0.5489 + 0.119
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& k) g =
= 4: g 155—
@ - 14—
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% 2 % 12
—_— | m :
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Volumetric flow [I/h] Volumetric flow [I/h]

First frequency mode and deformation influence

. +Aai "
Difference between mcc and mcc+air for the two proposed cooling methods

%)

= 60f— . . N

— DCD: MCC s . ——NO fluid circulation

< e Ladder eigenfrequency / Fid ciodat 0.451m)

[ ) F uid circulation 15% (0.45
- DCD: MCC+air £ 101 (~150 Hz) |

‘5‘ 0 Fluid circulation 50% (1.47 I/h)
(nf_) ——Air flow (v=3m/s)

40

30

10719+

20

MJ lr
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C More information available in JINST, Volume 11, June 2016
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http://iopscience.iop.org/article/10.1088/1748-0221/11/06/P06018

Connectors — forward experiments

' 1 mm

P106mm |
1 1

Kovar Connector

Ni 4 pm
Au1pum

[ i b ]  SnPb 55 pum

: i i : Au1pum
i i Ni 1 um
Ti 0.2 ym

LHCb VELO upgrade,
JINST 11 C05014

Silicon

e Solution adopted by experiments who leave the connectors outside acceptance:
- Out-of-plane connection with relatively large diameter
— Kovar (nickel/cobalt) soldered onto silicon with metal layer

* Very solid connection: shown to stand a pressure of 400 bar and a pull force of
600 N

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 14




C A AA~AtArva Al I ITTO

NanoportTM
PEEK connectors '

Low mass silicon frames with embedded microchannels for the thermal

management of future vertex detectors in High Energy Physics experiments

Andrea Francescon® , Paolo Petagna®, Alessandro Mapelli®, Giulia Romagnoli®, Luciano Musa?,
Stefano Bortolinb, Davide Del Col” and John Richard Thome®

* CERN, Physics Department, CH-1211, Geneva (Switzerland)
b Dipartimento di Ingegneria Industriale, University of Padova, Padova (ltaly)
“Heat and Mass Transfer Laboratory (LTCM), Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-
1015, Lausanne (Switzerland)
"E-mail: andrea.francescon@cern.ch
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MCC qualification: connector material

Different radiations levels

Two type of radiation:
- Neutrons (not done yet)
- X-Rays

. ...
k@ DEPFET workshop, Ringberg, March 2019

M. Vos, IFIC Valencia
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MCC qualification: connectors material

Resistencia mdxima a tracciéon (MPa)
(9]
o
8

CONTROL 1B 1 Mrad 8B 3 Mrad 4B 5 Mrad 3B

70,00
65,00
60,00
55,00
45,00
40,00
35,00
30,00

30 Mrad 6B

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia
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MCC qualification: automatic assembly

Mendel Max 3D XL

- Glue robot based on low-cost 3D printer: open hardware and software
- Adapted to incorporate syringe with controlled glue volume

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 19




MCC qualification: automatic assembly

l (e¢e — —7 — 7 —7
C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia



MCC qualification: Vacuum test

Sample #1 #2 #3 #4
number

UEEUIMUEES |z oo 9.0 x 10° 8.6 x 10° 6.1 x 10°
[mbar I/h] ' ' ' '

0@
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MCC qualification: pressure test

TESTS DONE AT CERN:
THANKS A. MAPELLI b ‘

180 bar achieved

tC DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 22




MCC qualification: pressure test

. TESTS DONE AT CERN: |

' THANKS A MAPELLI _

50 bar achieved

[ —
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MCC optimization: pressure test

DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia




MCC manifold design

SENSOR
HOTTEST POINT

36,2°C
| 36

- 35

- 34

- 33

+ 32

-3

+ 30

29

28
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MCC qualification: new channels layout

0 I 500um
0245 Sep 19 2016

New MCC layout has been manufactured:
- Optimized layout for MCC: better performance
- Avoid pillar structures

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia
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MCC manifold design

New MCC layout has been manufactured:
- MCC along the edge of the sensor to cool sensor area

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia
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Tubes
fittings

Connexion

Black box

MCC qualification: new channels layout

\C DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia
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MCC qualification: new channels layout

8.4
Manual

- Thermal camera inside black box
- Simulation AT=10,5K and test AT=10,1K

. l E..
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MCC qualification: new channels layout

—— FE Simulation H,O + 10%

4
MCC sample cooled
+ Data H,0O non-stop for 2 days with
3 no leaks and no
clogging

TFM [K cm*/W]

Agreement with FE
simulation within 10%

'

D 1 1 ] 1 1 1 1 I 1 1 1 1 I | 1 1 1 I | | | 1 I 1 | | | [ ]
0.5 1 1.5 2 2.9 3

Volumetric flow [I/h]
DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 30
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Current work

FE Simulssion H,0

FE Simulas H}':} lisdis: ppa e

I|IIII|IIII|!,!-II|

AT/Power density [K cm?/W]

a2
|IIII|IIII|IIII|IIII

2
L=
G:I 1 1 1 | 1 1 1 I 1 1 1 I | 1 ] I 1 1 1 | 1 1 1 | 1
0.2 0.4 0.6 0.8 1 1.2 1.4
Volumetric flow [I/h]
Realistic design ah -
300 um Si ASICS + .
100 pm Bump-boundings et o Alpade
thermal resistivity of 6 W/m-K Switcher

2.997e+002 3.125e+002
3.101e+002
3.078e+002
3.054e+002
3.030e+002
3.0066+002
2.982e+002
2.958¢+002

With ASIC

2.975e+002

2.954e+002

2.933e+002
LN

i
z
0.005 0.01 (m @
]
00000 0.0075 %

0000000000
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Summary

* Microchannels can be integrated in active sensor
— Excellent thermal figure of merit, virtually no material
* Low-mass 3D-printed connector with reliable glue procedure
— Bring connections into tracking volume
* FE simulation describes performance to within 10%
— Reliable predictions help design
* New MCC layouts provide cooling over entire ladder
— Belle 2/Higgs factory

DEPFET workshop, Ringberg, March 2019 M. Vos, IFIC Valencia 32
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