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Use PIE5 beam-line at the Paul Scherrer 
Institute (PSI) near Zurich, CH

Mu3e inside 
experimental 
hall

Collaboration (100) people from 11 institutes (DE, UK, CH) 

Physics data-taking in 2026 (Phase I): 
• PIE5 provides muon rates up to 108 muons/s to Mu3e 
• Target sensitivity: BR (µ —> eee) < 2⋅10-15 
• 290 days minimum running time required to achieve target 

Phase II (> 2029): 
• New High Intensity Muon Beam-line (HIMB), delivering up to 1010 muons/s 
• Target sensitivity: BR (µ —> eee) < 2⋅10-16

𝒪

Signal:

https://www.psi.ch/en
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Scintillating tiles: further 
improve timing resolution

Detector geometry: 1 central + 2 re-curl regions 
• Homogeneous solenoidal magnetic field B = 1T 
• Multiple scattering dominated: Momentum resolution dependant on number of detector layers 

and thickness 

Vertex pixel detector:  
2 layers in central region

Scintillating fibres: differentiate 
electrons and positrons

Outer pixel detector: 
2 layers in central 
and re-curl regions

µ beam

Tracking: 
• 50-70 µm thick MuPix11 

(Monolithic HV-CMOS) pixel 
sensors 

• Per layer:  0.1 % X/X0 

Cooling: 
• Use gaseous He cooling (less 

dense compared to air) 
• Flow rate 2  - 16 g/s

∼

Material budget a key factor!



The Phase I Mu3e Experiment

Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.

24
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.

24

Mechanical stability: primarily  
from 3D folded nature of vertex detector

Vertex system (“version 1”) 
complete and installed in PIE5 
for June 2025 beam-time.

Vertex tracker:

 12cm∼

• 17-18 x MuPix11 silicon sensors 
• + additional mechanical support 

(stiffener)

Outer pixel tracker:

spTAB (single 
point Tape 
Automated 
Bonding):

Comprised of: 
• MuPix11 pixel sensors (50 -70µm) 
• Alu/kapton high-density interconnect 

(HDI),  70µm 
• Produced by LTU (Kharkiv, Ukraine) 

• Electrically connected via spTAB 
connections

∼

HDI:  

https://www.psi.ch/en/mu3e/news/mu3e-craned-into-the-magnet-for-june-test-run
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.

24
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Mechanical stability: primarily  
from 3D folded nature of vertex detector

Vertex system (“version 1”) 
complete and installed in PIE5 
for June 2025 beam-time.

Comprised of: 
• MuPix11 pixel sensors (50 -70µm) 
• Alu/kapton high-density interconnect 

(HDI),  70µm 
• Produced by LTU (Kharkiv, Ukraine) 

• Electrically connected via spTAB 
connections

∼

Vertex tracker:

 12cm∼

• 17-18 x MuPix11 silicon sensors 
• + additional mechanical support 

(stiffener)

Outer pixel tracker:

spTAB (single 
point Tape 
Automated 
Bonding):

Focus of this talk 

HDI:  

https://www.psi.ch/en/mu3e/news/mu3e-craned-into-the-magnet-for-june-test-run
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Figure 7.8: Schematic representation of a layer 4 module,
integrating four long ladders with 18 MuPix sensors each.
The picture shows one end, including the holding endpiece
which also provides the electrical connections. An exploded
view can be found in Figure 7.15.

MuPix sensor 50 µm

HDI ~100 µm

4 m
m MuPix

periphery
polyimide
25 µm

SpTA-bonds

60°

Figure 7.9: Cross section of an outer layer ladder. From
top to bottom: HDI, MuPix sensor, polyimide support
structure. Not to scale.

circuit for connecting to the interposer is placed and glued
in a similar manner. After curing, all connections between
the HDI and each chip, and between the HDI and the inter-
poser are SpTA-bonded (any vias on the HDI are bonded
beforehand by the manufacturer). Once all the connections

Figure 7.10: Photograph of two SpTA-bonds on a test flex-
print produced by LTU Ltd [25].

Figure 7.11: Stack chosen for the LTU produced 2-layer
HDI circuits. PI=polyimide, Al=aluminium.

Figure 7.12: Conceptual MuPix pad layout on the HDI.
Depending on location, either SOUT1 to SOUT3 or
SOUTM is connected to accommodate for di�erent data
rate needs (vertex or recurl layers, respectively). Power
and ground have multiple pads to reduce e�ects of voltage
drop.

are in place, the unit is electrically fully functional. This
allows for the comprehensive quality testing of a MuPix
ladder before they are assembled into modules.

7.3 Pixel Tracker Global Mechanics

Pixel tracker inner and outer layer modules are integrated
into the full cylindrical tracking layers by mounting the
modules to the inner or outer layer pixel endrings. The
latter in turn are connected to the up- and downstream
beam pipes. Like the module endpieces these are manu-
factured out of PEI. For the inner layers the endrings have
gas inlets and outlets to provide the helium flow between
layers 1 and 2.

A drawing of an outer layer endring equipped with a
layer 3 module is shown in Figure 7.16. The outer en-

Figure 7.13: Interposer ZA8 from Samtec, version with 10◊

10 connections. The pins have a pitch of 0.8 mm

28
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Mechanical support provided by either:

25µm thick folded in two triangles: 
• Sensors/bonds mostly still visible underneath 
• Quite delicate —> difficulties in transportation 
• Barely enough structural integrity for 18 chip 

ladders

Polyimide film:

Polyimide 
film

UD fibres (carbon, glass, kevlar):

25 µm uni-directional carbon-fibre, with joined: 
• Moulded into double-u shape 
• Co-cured polyimide film (8µm) backing  - electrically 

seperate two halves 
• Very stiff along length (improves yield and 

transportation)

Carbon 
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25µm thick film folded in triangular shape: 2 per ladder 
• Thin lines of glue along each of the v-folds 
• Folded shape achieved by threading polyimide foil through 

“folding” machine

7

Folding 
machine

Vacuum to hold the 
two components:

Placement tool

Completed ladder
7
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Development of light-weight UD CFRP: A. McDougall |

Uni-directional single-ply 25µm carbon-fibre sheet (40% resin 
content): 

• Tairyfil TC33 fibre and SK Chemicals K51 matrix 
• Material developed for sails for America’s cup yacht 

(Allinghi) 
• Usually intended to be woven together 

Mu3e design highly non-standard, no industry used case: 
• Spread tow: results in much thinner ply - due to reduced 

tow thickness 
• Split-ply laid together: compliance during warm up/cool 

down, additional resin to bleed off 
• Material cured into double “u” shape,  

with 8µm polyimide film  
• Average mass = 0.735 g

Explanation of Split-Ply

Split Ply Explanation;

Single Ply;

• Obvious starting point – one continuous ply 
with fibers orientated at 0 deg (along the length 
of the ladder)

Split Ply (butt joints);

• 5 individual ‘cut pieces’ are layed up with butt 
joints.  Strength and stiffness laterally is 
reduced.

• Gaps allow for compliance during warm 
up/cool down and additional resin bleed off to 
prevent bowing due to resin shrinkage

Split Ply (overlaps);

• Some of the benefits of the above but the 
additional benefit of a stronger and stiffer part

• Most flat so far.
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and 90� direction. This method maximised the proportion of 0� layers in each tooth. The
curing procedure of the second panel was identical to that of the first panel.

The third panel was made using vacuum infusion technology and subsequently cured
in the autoclave. It comprises 18 layers of 1K plain weave carbon fibre, designated as
469 spread-tow fabrics, 67 tex (C. Cramer GmbH & Co. KG, Heek, Germany), vacuum-
infused with laminating resin LG 900 UV with HG120 hardener (GRM Systems, Olomouc,
Czech Republic). The stacking sequence is the same as that used in the second plate. There
are several known technologies to make a spread tow. Spread-tow carbon fibre fabric is
a dry carbon fibre reinforcement made using a spreading technique to flatten the tows of
the carbon fibre, which can be accomplished using a stream of air and the pre-tension [28].
The result is a fabric that is smoother and flatter than conventional woven fabric, with less
crimp that occurs at the intersection of warp and weft: Figure 3. Spread-tow fabrics are
often used to create thin-ply laminates with superior mechanical properties compared to
standard-ply laminates [29]. In thin-ply laminates, more layers per unit thickness allows
for higher variation in ply angle orientations and, therefore, could potentially improve
load-bearing properties. The epoxy LG 900 UV laminating system includes UV inhibitors,
but, unlike the epoxy used in panel 2, it is not toughened. After vacuum infusion, the panel
was placed into the autoclave, where the pressure of 400 kPa was applied. The cure cycle
for this resin was 15 h at 40 �C for initial polymerisation, then a ramp of 0.5 �C/min to
80 �C for 3 h, and then a ramp of 0.25 �C/min to 110 �C for 5 h.

 

Figure 3. Difference between standard and spread-tow fabric after spread technique [28].

The CFRP gears were milled from panels using a Sodick CNC machine. Central holes
(6 mm) were milled first; then, the CFRP panels were bolted to an aluminium base plate for
high-quality gear edge cuts as shown in Figure 2b.

The steel gears were milled from tempered steel EN 42CrMo4 (W.No. 1.7225, AISI/SAE
4142) which has a chemical composition of 0.41% of C, 0.2% of Si, 0.75% of Mn, 01.05%
of Cr and 0.23% of Mo, and then plasma-nitrided. They were treated with a superfinish
to smooth surfaces and remove sharp edges. The flank profiles were measured with a
MarSurf XC20 conturograph and the surface roughness was measured before the test with
a Tesa Rugosurf 90G gauge. The surface roughness of the superfinished steel gears was
Ra = 0.689 µm and the surface roughness of the CFRP gears was Ra = 0.417 µm.

The surface hardness of the steel gears was measured using a standard method and
an average value of 870 HV0.2 was obtained. A cylindrical spur gear geometry with
parameters defined in Table 4 was used in the manufacturing process. After manufacturing,
the geometry of the carbon fibre reinforced plastic (CFRP) gears was measured with an
ATOS Compact SCAN 5 M scanner with a nominal accuracy of ±2 µm. The geometric
quality of the gears was evaluated in accordance with ISO 1328 using a self-developed
software for quality control of gears. The results indicated that the pitch quality was level 7,
the profile quality was level 9, the pitch lead profile quality was level 9, and the runout
quality was level 6. Representative results from the carried-out gear inspection, following
the methodology described in Ref. [30], are presented in Figure 4.
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Single ply “normal” & logical approach:

https://doi.org/10.3390/polym15071767
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Fabrication of carbon-fibre support: A. McDougall |

Very difficult material to work with; ‘chaotic’ fibre pattern:  
• Lot of development on the fabrication and laminating tooling and techniques (Oxford Physics 

Mechanical Engineering Workshop + Brick Kiln Composites)  
• Bowing one of main issues: resolved using carbon-fibre mould tooling 
• Polyamide film co-cure: difficult to remove from vacuum bags, often resulted in tearing the film.

Stiffener comparison: polyimide v carbon-fibre supports

Ultra thin material!
Carbon mould tool



Stiffener placement & alignment: A. McDougall |
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8 suction cups

Tool to pick-up the carbon-fibre stiffener: 

Observed issues with kapton stiffener 
attachment:  

• Due to flexibility of material, had to put 
pressure along the whole stiffener to 
ensure good contact for glue curing 

• Tooling was bowed so caused silicon to 
break

Carbon-fibre stiffener:  

• Much stiffer; don’t need as many points of 
contact to be held together sufficiently well

Side-profile of 
stiffener
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Carbon-fibreKapton 54.8

11

79.3

Measure heat dissipation along ladder when sensors are powered:  

• Carbon-fibre better conductor than kapton: better at dispersing heat along the ladder length 

• Carbon ladder reached much lower peak temperatures



A. McDougall |Electrical performance with carbon-fibre supports:

ThHigh @ 130, HV  -30V

ThHigh @ 116, HV  -30V

When taking data with nominal ladder design, observed very high levels of noisy pixels: 
• Likely due to carbon-fibre being glued to back (biased) side of pixel sensor 

Three contacts points



A. McDougall |Carbon-fibre stiffener alternate placement:
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Place stiffener on other side of ladder: 
• 25µm carbon-fibre + 8µm kapton 
• Kapton glued to HDI surface 

MuPix 
HDI 

Stiffener 

Interposer flex 

Picture of made ladder

Side on view of the module: 

Carbon-fibre stiffener 



A. McDougall |Glass fibre stiffeners:
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Alternatively to carbon-fibre, stiffener made from 
glass fibres (insulating material): 

• First try with 60GSM (  60µm) material, to see 
if same fabrication procedure viable (cross-
weave instead of UD) 

≈

Production observations:  
• Slightly bowed 
• Material is quite flaky 
• Difficulty picking up with “pick-up” tool (geometry) 
• No issues with noisy pixels observed



A. McDougall |Kevlar stiffeners

Properties: 
• Material: Aramid (aromatic polyamide fibres), presence of aromatic 

rings of six carbon atoms 
• Insulating material 
• Available at 10µm (thinnest possible option we’ve seen) 

Strategy: 
• 10 m^2 of material has been ordered (plenty for validation tests) 
• Need to verify flatness requirement, and if any bowing occurs during 

manufacturing 
• Continue with kapton co-cure 
• Results to come!

https://en.wikipedia.org/wiki/Aromaticity
https://en.wikipedia.org/wiki/Aromaticity


Fabrication procedure for outer pixel layers: A. McDougall |

Ladder —> module —> layer: 
• 17 (18) x MuPix11 sensors in layer 3 (4) 
• 4 ladders per module 
• 6 (7) modules in layer 3 (4) 

Total per station: 52 ladders (912 sensors)

Automate ladder building procedure as much as possible: 
• Robotic gantry used for placement of chips

• Allows for precise 
placement and size 
of glue deposits

Glue-dispensing robot:

Entire ladder production for the outer pixel tracker in Oxford cleanroom
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Vacuum assembly 
tooling for correct 
placement of 
components onto 
ladders:



Conclusions and outlook: A. McDougall |
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Stay tuned … !
[ashley.mcdougall@physics.ox.ac.uk]|[Mu3e collaboration]

Mu3e on the cutting edge of ultra light-weight 
pixel tracking detectors! 

• Each ladder  2 grams! Despite being over 30 cm long.  

Investigations into choice of stiffener material: 
• Polyimide film, UD carbon-fibre, glass fibres, UD 

kevlar all been studied. 
• Carbon-fibre demonstrates favourable 

properties: thermally, stiffness, handleability; 
some noise issues observed  

• Kevlar thinnest possibility @ 10µm! 

Production of outer pixel ladders on-going.  
Expect physics data-taking to commence in 2026!

∼

[adam.lowe@brickkilncomposites.com] | [Brick Kiln]

mailto:ashley.mcdougall@physics.ox.ac.uk
https://www.psi.ch/en/mu3e
mailto:adam.lowe@brickkilncomposites.com
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://www.brickkilncomposites.com/&ved=2ahUKEwiE44P_zaGQAxXwgv0HHTOlA0QQFnoECDIQAQ&usg=AOvVaw3EifG9DRw_t5KknwbTeZH8

