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The NA62 GigaTracKer

NA62 aims at investigating an extremely rare kaon decay K+⟶𝜋+𝝂𝝂- in 
the North Area of the CERN SPS. 
The GTK is located inside the vacuum pipe right before the K decay region. 
It determines the momentum and the direction of the K entering the NA62 
experiment with a time resolution of ~100 ps.
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2 Design and analysis principles

2.1 Choice of detector layout

The choice of the decay-in-flight technique is motivated by the possibility of obtaining an integrated
flux of O(1013) kaon decays over a few years of data-taking with a signal acceptance of about 10%,
leading to the collection of about 100 SM events in the K+ ! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K+, leading to 5 MHz of K+ decays in the 65 m long decay region. Therefore
the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching
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Talk by Ernesto Migliore on Thursday morning.
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Insertion and extraction in the beam vacuum line
At nominal beam intensity the detectors are exposed to a fluence corresponding 
to 4x1014 neq /cm2 in one year (200 days) of data taking. 
In order to minimise radiation-induced damages, the detectors are operated at 
approximately -15ºC in vacuum (~10-6 mbar).  
Detectors have to be replaced every 100 days. 
The detector mechanics has been designed such that detectors can be replaced 
rapidly during one of the regular short accelerator stops (<0.5 day intervention).

3
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The GTK module
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TDCPix 
100 µm thick 
~15 μm high SnAg bumps  
Large chip: ~19 mm x 12 mm 
Power consumption: 3.5 W per chip 
Analog circuitry: 0.4 W/cm2 

Digital circuitry:  3.2 W/cm2

Sensor 
200 µm thick Si (⩾ 3k𝛺cm) 
Surface: 60.8 x 27.0 mm2 
planar matrix of 18000 n-in-p 
300 x 300 µm2 pixel diodes

Cooling and support plate 
silicon microchannel cooling plate 
2 networks of 75 microchannels (200 x 70 µm2) 
Hybrid glued on cooling plate 
Cooling plate clamped to PCB

Vacuum flange 
ensures leak tightness 
position of GTK in the beam

GTK_Carrier 
14 metal layers PCB 
Electrical signals 
vacuum feed-through 
40 differential 3.2 Gb/s 
signals over 30cm 1/16” SS capillaries

Manifolds 
INLET:     1 x 1/8” to 2 x 1/16” 
OUTLET:  2 x 1/16” to 1 x 1/8”

1/8” SS capillaries 
Fluidic feed-through

KOVAR Connectors 
FeNiCo alloy 
CTE ~5x10-6 K-1



VERTEX 2017 Alessandro Mapelli |

Silicon microchannels to cool the hybrid
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3.2 W/cm2

3.2 W/cm2

0.4 W/cm2

150 microchannels 
liquid C6F14 

T -15ºC 
flow ~3 g/s

sensor 
max ∆T 5ºC

2 independent networks of 75 microchannels

sensor
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Why microfluidic on-detector cooling systems ?

No CTE mismatch 
Low material budget 
Active/distributed cooling 
Radiation resistance 
Great integration potential 
Thermal Figure of Merit (TFM)
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IBM Research - Zurich

Liquid Cooled Integrated Micro-channel Heat SinksLiquid Cooled Integrated Micro channel Heat Sinks
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Microfluidics for the GTK

The GTK cooling plates look simple with respect to other 
microfluidic devices. 

Straight parallel microchannels 
4 fluidic connections 

Challenging microfabrication process and system integration. 
The size of the device is much bigger than usual (cm2 wrt mm2). 
Full silicon process (Deep etching, Direct Wafer Bonding). 
Reliable (leak-tight) operation in vacuum.
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G. Whitesides, The origin and future of microfluidics, Nature, vol 442, 2006
NA62 GTK silicon cooling plate
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fabrication and assembly of GTK modules

microfabrication of 
cooling plates 
bending of capillaries 
and soldering to 
cooling plate 
glueing of hybrid on 
cooling plate 
preparation of 
GTK_carrier 
positioning of hybrid in 
GTK_Carrier 
wire-bonding

8
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Microfabrication of the cooling plates

Collaborative effort between experiments (ALICE, LHCb and NA62), CERN 
support groups (DT and ESE), and external partners (CSEM and EPFL). 
Design by CERN EP-DT 
Prototypes fabricated by EP-DT at EPFL-CMi on 4” wafers 
Pre-production series by IceMOS on 6” wafers 
Two batches fabricated at CEA-Leti on 8” wafers 
Third batch under production, delivery expected at the end of the year.
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Si wafer

etching of channels & manifolds

Bonding of Si cover

etching of fluidic inlets

Thinning of acceptance

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

Metallization around Inlets

150 µm

200 x 70 µm
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Etching of the microchannels

Deep Reactive Ion Etching (DRIE) 
depth:   70 µm 
width: 200 µm 
pitch: 400 µm 

Passivation polymers can lead to issues during wafer bonding. 
During cleaning they can detach form the sidewalls of the 
channels and re-deposit on the surface to be bonded. 
Additional decontamination and cleaning steps are required.

10

https://www.mems-exchange.org/MEMS/fabrication.html

Passivation polymers 
detaching from sidewalls.
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Wafer bonding - surface preparation
Silicon direct bonding extremely sensitive to surface roughness and cleanliness.  
Dedicated wafers processed at CEA-Leti to study the surface preparation. The size of the 
microfluidic circuits is much bigger than standard MEMS and required additional efforts. 
Scanning Acoustic Microscopy to visualise interface defects.

11
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Layout of wafers fabricated at CEA-Leti
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2x branches to fabricate cooling frames 
(alternative solution)

24 x Soldering test samples - QA/QC 
(common study with LHCb)

Cooling plate TOP

Cooling plate BOT

48 x Pressure test samples - QA/QC
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Acceptance of cooling plates 1/2

1. Etching profiles of the microchannels. 
2. Scanning Acoustic Microscopy of bonded wafers. 
3. Visual inspection during tape-out.

13

fluid in/out 
diam. 1.6 mm

µchannels 
70 µm

manifold 
280 µm
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Acceptance of cooling plates 2/2
3. Metrology of cooling plates (Inlets and pools). 
4. Pressure tests on dedicated samples. 

1500 µm wide cavities (manifolds) > 25 bars 
200 µm wide cavities (microchannels) > 200 bars 
Soldering pads > 200 bars 

5. Pressure and temperature cycles on each soldered cooling plate.

14

Cooling test  setup at CERNMetrology of fluidic inlet/outlet Pressure testing of 
silicon microchannels
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Thinning the cooling plates in the acceptance

Bulk wafer bonded to another bulk wafer. 
Flat surfaces expected with DRIE in the “pools”.

15

DRIE in the acceptance led to convex surfaces.

No thinning of the top wafer. 
Convex backside with defects. 

Accelerated etching due to accumulation 
of SF6 at the edges of the cavity. 
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Process optimisation with SOI wafers
Channels etched in SOI wafer 
Bulk wafer bonded to close the channels. 
Effort required to get good bonding 
quality with SOI.

16

Validation of SOI to SOI bonding. 
Only backside thinning.

SOI to SOI wafer bonding. 
Thinning topside and backside.
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SOI-to-SOI… 4 wafers stack
The SOI wafers used in this process are B-SOI (Bonded SOI). 
The cooling plates are a stack of four Si wafers bonded together. 
The thickness in the acceptance is defined by the thicknesses of the 
device layers of each SOI.

WAFER 2WAFER 1 WAFER 3 WAFER 4

WAFER 1

WAFER 2

WAFER 3

WAFER 4
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Microfluidic system integration
Machining of KOVAR connectors 
LASER welding of connectors to capillaries 
Bending the capillaries 
Brazing the other end of the capillaries to SS 
manifolds 
NiCuAu plating of connectors 
Soldering of connectors to silicon 
QA/QC: 

After each joining step the He leak rate is measured. 
(Acceptance leak rate: 10-10 mbar l-1 s-1). 
Pressure testing of the cooling plate at 1.43 x Pop

18

common development with LHCb

 
 

TiCuAu (~45 µm)

SnPb

TiNiAu (~1 µm)

KOVAR 
FeNiCo 

CTE ~5x10-6 /K 

1. LASER welding
2. Brazing with NICROBRAZ

3. Soldering KOVAR connectors to silicon

Mo clamp

SS cap

Graphite 
tube

SnPb 
rings
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Glueing the hybrid on the cooling plate

19

Adhesive 
3M 9461P 100 
30 µm 
no curing required

Hybrid

Cooling plate

REWORKABILITY 

The detector can be detached from the 

cooling plate… or the other way around.
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The GTK_carrier

20

Support structure
Al bar

Alignment pin

vacuum flange

machined surface

Position Al bars around PCB. 
Insert the PCB in the vacuum flange and fix it to support. 
Glue the PCB in the flange. 
Measure He leak rate (<10-10 mbar l-1 s-1).
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Clamping the cooling plate to the PCB

Metrology of (1) cooling plate and (2) GTK_Carrier. 
(3) Fabrication of EPDM spacers glued to GTK_Carrier. 
(4) Fixing of cooling plate to GTK_Carrier with 3D-printed clamps. 
(5) Alignment of TDCPix pads to GTK_Carrier pads.

21

EDMS Doc. No. 1502535

1

EDMS Doc. No. 1502535

2

EDMS Doc. No. 1687239

3

EDMS Doc. No. 1687239

4

EDMS Doc. No. 1837967

5
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Wire-bonding
Wire-bonding is performed at CERN 

http://bondlab-qa.web.cern.ch/ 
18000 wire bonds per module with a 
pitch of 73 µm 
Height difference between PCB pads 
and TDCPix pads.

22

          COOLING PLATE

sensor

TDCPix

CLAMP

    Solder mask Top 
01 - Top Layer    40 
        Pre-preg     75 
02 - GND1           17 
        Core           150 
03 - Stripline1    17 
        Pre-preg   150 
04 - GND2           35 
        Core             50 
05 - Power1        35 
        Pre-preg   150 
06 - Power2        35 
        Core           100 
07 - Power3        35 
        Pre-preg   150 
08 - Power4        35 
        Core           100 
09 - GND3           35 
        Pre-preg   150 
10 - Power5        35 
        Core             50 
11 - GND4           35 
        Pre-preg   150 
12 - Stripline2    17 
        Core           150 
13 - GND5           17 
        Pre-preg     75 
14 - Bot. layer     12 
    Solder mask Bot.

http://bondlab-qa.web.cern.ch/
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Summary and outlook
2009 - Presentation of the concept of silicon microchannel cooling for the GTK. 

2010 - First working prototype at CERN. 

2012 - Selection of this technology for the GTK. 

Since then, 9 silicon microchannel cooling plates have been integrated into GTK 
modules and used in the experiment. 

2014 - installation of the first GTK, pioneering the use of microfluidics for the thermal 
management of silicon pixel detectors 

2016 - Data taking with 3 GTK detectors. 
Reworkability: one of the cooling plates currently installed in the beam was recycled from a previous module. 

2017 - 6 modules are currently being assembled and tested at CERN. 

2018 - 6 modules will be assembled in 2018 with new cooling plates and new sensors.

24

Talk by Ernesto MIGLIORE about the NA62 GTK on Thursday

Talk by Oscar AUGUSTO about CO2 in microchannels for the LHCb Velo upgrade next.
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In the beam today
currently in the beam 

https://indico.cern.ch/event/604134/contributions/2704831/ 
Station GTK1: Module GTK_8, sensor n-in-p, CP 280 µm, TDCPix 450 µm 
Station GTK2: Module GTK_9, sensor n-in-p, CP 380 µm, TDCPix 100 µm 
Station GTK3: Module GTK_7, sensor n-in-p, CP 280 µm, TDCPix 100 µm 

STATION_1 - MODULE GTK_8 
3.3bar 
~3g/s 
Tin:-14C 
Tout:-2.5C 

STATION_2 - MODULE GTK_9 
4g/s 
3.3bar 
Tin:-15C 
Tout:-8.7C 

STATION_3 - MODULE GTK_7 
3g/s 
3.3bar 
Tin:-12C 
Tout:-1.6C

27

https://indico.cern.ch/event/604134/contributions/2704831/
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Low material budget microfabricated cooling devices for particle
detectors and front-end electronics
A. Mapelliab ∗, A. Catinaccioa, J. Daguina, H. van Lintelb, G.Nuesslec, P. Petagnaa, P. Renaudb,
aPhysics Department, CERN, Geneva, Switzerland
bLaboratoire de Microsystèmes, Ecole Polytechnique Fédérale de Lausanne, Switzerland
cCP3, Université catholique de Louvain, Louvain-la-Neuve, Belgique

Novel cooling systems with very low material budget are being fabricated and studied. They consist of silicon
wafers in which microchannels are etched and closed by bonding another wafer. This cooling option is being
considered for future HEP detectors of the sLHC and linear colliders. It is currently under investigation as an
option for the cooling of the NA62 Gigatracker silicon pixel detector and its front-end electronics where the
microfabricated cooling plate would stand directly in the beam. In this particular case, microchannel cooling
meets both the very aggressive X0 (0.15%) specifications and the anticipated 2 W/cm2 power dissipation by the
active electronics.

1. MOTIVATION FOR MICROCHAN-
NEL COOLING

When designing cooling systems for high en-
ergy physics detector applications three issues
have to be addressed. The material budget should
be minimized. For a given material budget the
cooling power should be maximized and the tem-
perature difference between heat source and heat
sink should be minimized. Microfluidics is a good
candidate for addressing the first two issues given
the high heat transfer coefficient in laminar flows
which is inversely proportional to the size of the
channel. The natural minimization of material
and thermal barriers between the heat source and
the cooling fluid effectively addresses the third is-
sue as described by the convection heat transfer

Q = h · S ·∆T (1)

where h = (Kf ·Nu) /Dh is the heat transfer
coefficient expressed in W/m−2K−1 with Kf be-
ing the fluid thermal conductivity and Nu the
Nusselt number, S is the heat transfer surface
area, ∆T is the temperature difference between
the heat source and the heat sink and Dh is the
hydraulic diameter.

∗Corresponding author: alessandro.mapelli@cern.ch

Two recent fields of development will assist in
optimizing a microfabricated cooling device for
HEP. On the one hand, microchannel cooling de-
vices have started to be actively studied for fu-
ture applications for high power computing chips
or 3D architectures [1,2]. However, for these ap-
plications where the power densities are extreme,
the total radiation length of the device is an ir-
relevant parameter. On the other hand, thin and
light microfluidic devices in silicon are in devel-
opment for bio-chemical applications [3], but the
typical values of the flow rate and pressure are
much lower with respect to what is required for
detector cooling applications. In addition, the
presence of a low temperature fluid and of a high
radiation level is unique to the application in a
HEP detector [4].

2. MICROCHANNEL FABRICATION

The microchannels are fabricated in the class
100 clean room at EPFL CMI (Center of
MicroNanoTechnology). The micro-fabrication
process-flow is shown in Fig. 1. It starts with
the partial etching by deep reactive ion etch-
ing (DRIE) of through holes, with a diameter
of 1.4 mm, in a 380 µm thick 4” silicon wafer
(Fig. 1 (a)). A second DRIE step is performed to

Nuclear Physics B (Proc. Suppl.) 215 (2011) 349–352

0920-5632/$ – see front matter © 2011 Elsevier B.V. All rights reserved.

www.elsevier.com/locate/npbps

doi:10.1016/j.nuclphysbps.2011.04.050

MICROFABRICATION OF ON-DETECTOR COOLING SYSTEMS
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Fabrication of structures with features below the mm. 
Same techniques as used for microelectronics and silicon detectors.

Novel high performance compact systems based on microfluidics.
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vacuum insulation of cooling capillaries out of the vessel

29

Vacuum tube 
200 mm long 

OD 16 mm 
wall 1 mm

Condensation is predicted to occur in a region 
where it doesn’t pose a threat to the electronics.

Al support

Vacuum flange
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silicon microchannel cooling plate
The GTK pixel detectors are the first HEP detectors to be cooled with silicon microchannels. 
Each GTK station is made of one hybrid silicon pixel detector (29.3 mm x 63.1 mm with 18000 
pixels 300 μm x 300 μm) flip-chip bonded to 10 ASIC front-end chips TDCPix. 
2009 - concept of micro-cooling for the GTK presented to NA62: https://indico.cern.ch/event/58370/ 
2014 - First GTK in the experiment 
2016 - Data taking with 3 GTK detectors 
2017 - Assembly of 6 GTK modules for 2018

30

fluidic inlets 
1.6 mm

distribution manifolds 
280 µm deep

microchannels 
200 x 70 µm  
pitch 400 µm

Gigatracker*Module*

Cooling*plate*

Readout*chip*
(12*x*20*mm),*heat*produc=on*
ca.*3.2W*per*chip*(2*W/cm2)*

Sensor,*silicon*pixels*
(30*x*60*mm)*

3D*schema=c*drawing*of*the*GTK*module*

support*and*alignement*structure*

beam*direc=on*

A. Mapelli et al. 2012 JINST 7 C01111
P. Petagna et al., Microelec. Journal 44 (2013) 612–618
G. Romagnoli et al., Microelec. Eng. 145 (2015) 133-137

https://indico.cern.ch/event/58370/
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Clamping the sensor to the PCB

31
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dose on GTK and leakage current at 100 V

32
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hit maps of GTKs

33
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cooling plant

34
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silicon thermal mockups

35

Test complex silicon 
microchannel layouts in the 
new CO2 test setup at CERN.

microfluidic inlet

soldering pad

inlet capillary

microchannelheater

outlet manifold

microfluidic outlet

soldering pad

Resistive Temperature Detector
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INTEGRATING MICROCHANNELS ON PIXEL DETECTORS

36

▸ Tests ongoing with blank wafers 
▸ Embed microchannels on the backside of CMOS wafers, tests later this year.

channels - anisotropic etch

wafer bonding

COOLING PLATE

channels - anisotropic etch

wafer bonding

CMOS WAFER

trench filling

trenches - anisotropic etch

channels - isotropic etch

trench filling

COOLING PLATE

trenches - anisotropic etch

channels - isotropic etch

CMOS WAFER

“LOW TEMPERATURE” WAFER BONDING 
CEA-Leti, EPFL, G-Ray

BURIED CHANNELS 
EPFL, FBK

Jacopo BRONUZZI, PhD EPFL, 2018

Clémentine LIPP, MSc EPFL, 2017
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INTERCONNECTIVITY - DAISY CHAINING MICROFLUIDICS

37

Cu plating

1/16 SS pipe LASER soldered to KOVAR 
(CTE 6 ppm/K)

Au  100 nm 
Ni   350 nm 
Ti   200 nm

A.Mapelli

SnPb 
0.1 mm Foil

Silicon 
(CTE 3 ppm/K)

Proposal by Miranda VAN STENIS

▸ NA62 and LHCb cooling plates 
▸ limited surfaces 
▸ access from the side 

▸ For larger systems we need 
in-plane interconnections.

21mm

3.6mm

NA62

LHCb

Master Thesis Development of an in plane microfluidic interconnect Tiago Morais 
 for the thermal management of particle detectors 
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A 1-kilo weight was used to press the syringe piston which has a surface of 550 mm2. The 
pressure at the syringe is calculated as follows: 
 

𝑝𝑝 = 𝐹𝐹
𝐴𝐴 =  𝑚𝑚𝑚𝑚𝐴𝐴 = 1 ∗ 9.81

550 = 1.78 ∗ 10−2 𝑁𝑁
𝑚𝑚𝑚𝑚2 = 178 𝑚𝑚𝑎𝑎𝑎𝑎𝑟𝑟 

 
The test is considered successful if water starts filling the cup and no drop of water is observed 
on or around the sample after 5 minutes of water circulation. 
 
Two different samples were tested with this procedure, they both circulate water. All the 
remaining samples were tested previously without using the outlet clamping. When pressing 
the syringe, drops of water flowed from the free outlet. 
 
In addition, some samples were cut near the connector, as shown in Figure 5.2 a), to allow 
imaging of the interior of the interconnect. 
 

 
Figure 5.2 a) Test sample with dicing path in red and cross-section orientation, b) Cross-

sectional SEM image of the sample showing the two layers (Borofloat 33 and silicon) and the 
interconnect 
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2. Objectives and Aims 
 

The present work was carried out in the framework of the development of a silicon 
microchannel-based cooling solution for the ALICE ITS. In order to illustrate the objectives 
and aims of the work, an overview of a stave (i.e. the basic subcomponent of the ITS) 
including such a cooling solution is shown in Figure 5. Basically, it is composed of silicon 
chips (used to track the particles resulting from collisions) glued to a silicon frame containing 
microchannels. A coolant is supplied to the microchannels through a connector, and a 
carbon fibre structure stiffens the assembly (further details on the layout of the stave are 
given in section 3). 

 

 

 

 

 

 

 

 

 

The three major objectives of the project as defined initially are the following : 

i. Develop, fabricate and characterise the “micro-to-macro” fluidic connectors for 
the inlet/outlet of the microchannel cooling system for the ALICE ITS upgrade. 

ii. Fabricate a mechanical prototype of the stave (including carbon fibre space 
frame), and characterise its mechanical behaviour. 

iii. Contribute towards the thermal characterisation of the microchannel cooling 
system (dummy chips fabrication and tests). 

The corresponding work plan is shown in Appendix I. 

Overall, this work aims to contribute to the development of a functional silicon 
microchannel-based cooling system, compatible with the layout and operational 
requirements of the future ITS detector. In particular, the essential contribution of this work 
is the development of the connector, which is crucial to transfer the silicon microchannel-
based cooling system from prototype to operational status. 

Figure 5 : Exploded-view of a stave for the ALICE ITS, including a silicon microchannel-based cooling system. 
See Corrado GARGIULO’s talk.


