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Abstract

We report the successful operation of a functional pixel detector with gaseous helium cooling. Using an accurate
mock-up beforehand, the cooling was validated. We use a miniature turbo compressor to propel the helium at 2 g/s
under ambient pressure conditions with gas temperatures above 0 °C. Our earlier results based on computational fluid
dynamics simulations and a much simpler mock-up are confirmed. With this, we paved the path to cool pixel detectors in
experimental particle physics at heat densities up to 400 mW/cm2 using helium. This enables cooling of detectors with
very low mass requirements, minimising the effects of multiple Coulomb scattering effectively. The concept presented
here is not limited to pixel detector applications and can be used to cool any surface with comparable heat-densities,
only limited by shaping the helium gas flow.
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measurement system
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1. Introduction

Silicon pixel detectors became a staple in particle
physics for building tracking detectors. Their superb po-
sition resolution in the few 10 µm range and high track
rate capabilities are among the reasons for this success.
However, being active electronic components, they dissi-
pate heat while operated. In the densely packed tracking
detectors of modern particle physics experiments, the heat
needs to be actively removed from the detectors to keep
their performance under control. Furthermore, operation
at temperatures well below 0 °C is sometimes required to
limit effects of radiation damage when used in high dose
environments.

From the beginning, different approaches for cooling
have been implemented. For example when looking at
LHC experiments, CMS used mono-phase liquid cooling
with C6F14 as coolant for the pixel detector of LHC Run 1.
Their barrel alone produced about 2.6 kW of heat [1]. In
contrast, ATLAS and ALICE already used a bi-phase cool-
ing system [2, 3]. ATLAS had a barrel detector dissipat-
ing up to 10 kW, hence the bi-phase approach provided the
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necessary cooling power by using the phase transition from
liquid to vapour. Both used short-chained fully fluorinated
hydrocarbons. The choice of these coolants have the ben-
efit of being non-conductive and they have a high vapour
pressure. Both properties help mitigating risks of detec-
tor damage in case of leaks in the cooling circuits. Some
systems received upgrades, e.g. CMS switched to CO2 bi-
phase cooling for their phase 1 detector with a much in-
creased instrumented surface. ALICE took the advantage
of their new low-power pixel detector to switch to a liquid
water cooling system. As a smart feature, they operate
the circuit with a pressure well below ambient. Any small
leak will lead to a detectable air intake and not a spill of
liquid coolant. A synopsis of barrel-shaped pixel detectors
is given in Tab. 1.

However, all these systems require tubing, appropri-
ately chosen and laid out to the needs of the experiments.
This adds dead material to the tracking detectors. For ap-
plications with particle tracks at sufficiently high momenta
(e.g. greater than a few 100 MeV), the amount of multi-
ple Coulomb scattering may be acceptable. For applica-
tions with low momentum tracks, e.g. in precision physics
or heavy ion colliding experiments, the scattering induced
distortion will lower the track reconstruction precision or
will make the experiment impossible to pursue. Gaseous
detectors like wire chambers provide a viable option with
their inherently low-mass properties. Their constrained
particle rates limit the physics reach of such experiments.
With recent developments in very thin pixel detectors, a
new class of experiments was made possible but at the
expense of the need for novel cooling concepts: ALICE
uses them to tackle the detector challenges of the unique
low-momenta character of most of the tracks in heavy-ion
collisions [4]. Mu3e re-ignites the search for µ+ → e+e−e+

after decades of no activity on this decay [5]. Also notewor-
thy is the STAR detector, where monolithic active pixel
sensors (MAPS) were used, actively cooled by air under
ambient conditions [6, 7]. Another approach is pursued
by the Belle II pixel detector, where a forced nitrogen
flow along the pixel modules complements the combined
bi-phase CO2 cooling. Their design also cools the active
readout electronics and the ends of the modules. The pixel
chip itself is a unique DEPFET design with very low heat
dissipation in the active area.

Here, we report on the cooling approach Mu3e fol-
lows. This pixel detector, currently under construction,
has a comparable heat density and instrumented surface
to many of the existing pixel barrel detectors (see Tab. 11).
To reduce the material in the pixel detector even more,

1Throughout this paper, we state different heat densities.
250 mW/cm2 is the expected nominal heat dissipation from the chip
and the losses in the HDI. 350 mW/cm2 is the maximum allowed
heat dissipation of the chip the cooling system has to be designed
for. 400 mW/cm2 adds contingency, including losses in HDI and
connectors. This offers a headroom of almost a factor of 2. The ob-
served heat density with the latest versions of the MuPix chip family
is below the value given in the table (250 mW/cm2), see section 3.3.

the Mu3e experiment uses MAPS-based MuPix chips [5,
Chap. 8] on very thin aluminium-polyimide high density
interconnects [5, Sec. 7.2.5]. In addition, helium gas is
used as coolant [5, Sec. 12.2]. The gas is at ambient tem-
peratures and pressures. The low density and atomic mass
of helium reduces the multiple Coulomb scattering of the
particles passing through space. However, precisely these
properties make it particularly difficult to feed helium, ei-
ther using a pump or a compressor. Such standard equip-
ment is mostly designed for use with air. The engineer’s
approach is usually to go for a higher density by increas-
ing the helium pressure to O(10 bar). This is a very energy
intensive process. For example, oil-lubricated screw com-
pressors used for helium liquefaction plants would be a
standard solution, but such a compressor requires about
250 kW of electrical energy2 to pump the 55 g/s of helium,
the required mass flow Mu3e would need to cool its detec-
tor. Hence a novel approach has been developed based on
miniature turbo compressors that became commercially
available recently. This paper will report on the results
achieved with this setup, proving the feasibility of using
gaseous helium as an effective coolant for pixel tracking
detectors.

2. Methods

2.1. Vertex detector description and test setups

The innermost part of the Mu3e pixel detector, subse-
quently called the Mu3e vertex detector, is a barrel made of
two pixel detector layers, where the active part is approx-
imately 12 cm long, see Fig. 1. The inner layer consists
of 8 ladders, the outer of 10 ladders. Each ladder carries
6 sensors in a row. The mechanical structure of a lad-
der is a high-density interconnect (HDI) made of a custom
aluminium-polyimide laminate. It provides all electrical
connections for power, sensor bias voltage, and differential
signal lines for control and readout. The chips are glued
onto the HDIs. The electrical connections between the
HDI and the chip are made using single point tape auto-
mated bonding (spTAB) [12] and [13, Sec. 3].3 The gaseous
helium is distributed in two flows by a 3D printed gas dis-
tribution ring, see Fig. 1). The first flow is between the
two layers, and the second around the outer layer, confined
by a thin mylar foil surrounding the detector.

Dedicated to the cooling studies, two mock-ups of the
vertex detector at different levels of accuracy in matching
the final detector have been constructed. The difference is
the choice of materials, as explained below. Both of them

2This power rating is taken from typical compressors used in
industry-standard helium liquefaction plants.

3A variant of tab automated bonding is used where two-layer
aluminium-polyimide ribbons are directly bonded to pads on a chip
or a PCB. Ultrasonic bonding is used to form the contact. In this
use case, the ribbons are the traces on the HDI in an opening of
the polyimide insulating layer. No extra material as the wire in wire
bonding is needed.
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Table 1: Overview of cooling parameters of various pixel barrel detectors. In cases where the pixel detector also has forward disks, values are
scaled by area. See Appendix A for details about the values used for calculating the instrumented areas and the total power.

Experiment Coolant Phase Target Temp. Heat density Instr. area Total power Ref
°C mW/cm2 m2 W

CMS LHC Run 1 C6F18 liq -10 333 0.78 2600 [1]
Phase 1 upgrade CO2 liq/vap -20 500 1.20 6000 [8]

ATLAS LHC Run 1 C3F8 liq/vap -7 444 2.25 10000 [2]

ALICE LHC Run 1 C4F10 liq/vap +25 643 0.21 1350 [3]
Upgrade IB H2O liq +25 300 0.19 570 [9]
Upgrade OB H2O liq +25 100 10.7 10700 ibid.

STAR air gaseous +25 170 0.16 272 [6, 7]

Belle II PXD N2 + CO2 gaseous + liq/vap +25 182 0.033 60 [10, 11]

Mu3e Vertex He gaseous 0 250 0.052 130 [5]
Outer layers He gaseous 0 250 1.31 3276 ibid.

Figure 1: Schematic view of the vertex pixel barrel. Each of the 8+10
ladders carries 6 sensor chips. End-rings provide the mechanical
support to the ladders. [5]. The inner layer is only visible through
the opening in the end-ring. The mylar foil has been trimmed in this
view for better visibility and covers the full barrel in reality.

can be heated with heat densities up to 400 mW/cm2. This
matches the performance specification of the cooling sys-
tem, as required by the Mu3e pixel detector project. In ad-
dition, a functional vertex detector prototype with working
pixel chips in a modified geometry has been operated with
gaseous helium as coolant.

The first mock-up studies were based on simple, readily
available materials, and led to important results, see [13,
14]. This led to an improved and accurate silicon heater
mock-up and a working pixel detector prototype, described
below.

2.1.1. Silicon heater mock-up

The silicon heater mock-up matches accurately both
the geometry and the materials of the final vertex detector.
It consists of 50 µm thin silicon heater chips4 and HDIs5.
The chips feature a heating meander (R ≈ 2.75 Ω) and

4Fabricated by MPG Halbleiterlabor in Munich to our designs.
5Manufactured by LTU, Kharkiv, Ukraine, http://www.ltu.ua/

Figure 2: Silicon heater chip [5]. The large, readily visible meander
is for heating. The vertical bar in the centre with visible bond-pads
is a thinly-structured meander for temperature sensing.

a meander for resistive temperature measurement (R ≈
1250 Ω) which were photolithographically etched from an
aluminium layer sputtered on the silicon wafer (Fig. 2).
The HDIs provide individual power for the heating of the
chips and readout lines for 4-wire temperature sensing on
chip. A more detailed description is given in [5, Sec. 7.5]
and [15].

In contrast to the MuPix chips, which dissipate most
heat in their periphery6, the silicon heater chips are heated
uniformly by the meander. Therefore, the cooling studies
give information about the average temperatures of each
chip but not about the temperature peaks expected in the
peripheries. The maximum allowed chip temperature of
70 °C is given by the glass transition temperature of the
adhesives used. The glue joints between chip and HDIs
are located at the active pixel matrix, which is why hot
spots in the periphery play only a marginal role for the
mechanical stability.

6Non-sensing edge of the pixel chip with active electronics (am-
plification, communication, power regulation etc.) and bond pads.
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2.1.2. MuPix10 vertex detector prototype

This is a fully working prototype using MuPix10
MAPS chips [16]. The detector was successfully operated
to observe cosmic ray muons [17] as well as with muons
from the Paul Scherrer Institut (PSI) secondary beam-
line πE5 [18]. The campaigns focused on the demonstra-
tion of the full operation of the vertex detector, thermal
studies were of lower priority. For simplicity, conventional
PCBs have been used instead of an HDI, which changes the
thermal properties compared to the final detector design.
The minimum radii of the two pixel layers increased from
23.3 mm/29.8 mm to 31.7 mm/44.6 mm. The helium dis-
tribution also received changes as depicted in Fig. 3 since
the gas distribution ring of the final detector is not inte-
grated. In addition, the PCBs differ thermally from the
HDIs intended for the final detector. They have a much
larger thermal mass and allow for a notable conductive
heat transport, acting as a heat-sink. Thus, comparisons
of temperature distributions obtained by simulations and
the mock-ups mentioned above will be of limited value.

Figure 3: Sketch of the helium flow distribution for the final vertex
detector (phase I) and the DAQ integration run configuration [19].

2.2. Cooling infrastructure

The cooling of the vertex detector with gaseous he-
lium requires a flow around 2 g/s at ambient pressure [14].
Fig. 5 shows the schematic of the helium cooling setup.
A miniature turbo compressor is used for feeding the he-
lium at the required mass flows, housed in a rack carry-
ing all the other equipment needed for operation, shown
in Fig. 6. The whole system is designed using standard
ISO-KF small flange components in DN 50 size. For the
compressor, ISO-KF flanges are not available from the sup-
pliers. Custom adaptors made in-house are in use. What
follows is a description of the components.

Figure 4: MuPix10 vertex detector prototype with a polyimide foil
confining the outer helium flow. The 3D printed support (white) of
the Mu3e SciFi detector serves as well as helium confinement, tubes
supplying helium end beneath. [19].
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Figure 5: Conceptual process flow diagram of the helium cooling
system. Key to sensors: T temperature, p absolute pressure, ∆p
differential pressure, O2 oxygen concentration.

2.2.1. Miniature turbo compressor

A Celeroton model CT-NG-2000 miniature turbo com-
pressor7 is used to pump the helium at the required mass
flows. The manufacturer modified the design to accommo-
date for helium at ambient pressures. The compressor uses
an impeller with gas-bearings and a fully integrated elec-
tric drive to reach speeds of up to 240 krpm, controlled by
a custom power converter supplied by the manufacturer.
While optimised for helium under ambient conditions, op-
eration with other gases like air is allowed at a reduced
rotation speed, resulting in a decrease of the overall per-
formance. The compressor is relatively small, its housing
being approx. 200 mm×160 mm×130 mm, its shaft power
around 150 W at nominal conditions for propelling 2 g/s
of helium.

Operation of a turbo compressor requires careful mon-
itoring of the mass flow ṁ and the pressure ratio Π =
pout/pin. If the compressor surpasses the stability limit,
rotating stall or surge will occur at some point and dam-
age the impeller. The compressor map in Fig. 7 is mea-

7Celeroton AG, Volketswil, Switzerland, https://www.

celeroton.com/.
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Figure 6: Rack for miniature helium compressor. 1○ Miniature
turbo-compressor, 2○ power converter for the compressor, 3○ diffusor
and 4○ confusor with integrated temperature and pressure sensors,
5○ heat exchanger (cooling water hook-up not shown), 6○ and 7○

Venturi tubes, 8○ bypass valve (connected using a corrugated steel
hose to the T piece in the right, not shown), 9○ temperature and
pressure sensors at the outlet. Some structural elements of the rack
are removed for better visibility. The footprint of the rack is about
1 m × 1 m.

sured with helium. The maximum achievable pressure ra-
tio is therefore around 1.22 which results in a mass flow
of 1.6 g/s. The maximum useful mass flow is 3.5 g/s at a
lower pressure ratio of about 1.05. The required mass flow
of 2.0 g/s is well covered with this compressor at pressure
ratios even above 1.15.

Dimensionless compressor map. To become independent
of the media, a dimensionless compressor map is beneficial.
To obtain this, a dimensionless flow Φ and a pressure coef-
ficient Ψ are required. The circumferential Mach number
Mu2 at the outer diameter of the impeller must be con-
stant for different media to ensure similar flow conditions.
Therefore, the rotational speed must be adjusted depend-
ing on the media. The flow coefficient Φ is computed using

Figure 7: Compressor map measured by Celeroton with helium. The
black dotted line is the surge limit, the solid line has an added safety
factor. Operation in the area left of the surge line would lead to
potential damage. Map courtesy Celeroton, used by permission.

the mass flow ṁ, the static gas density at the inlet ρ1, the
outer circumferential speed u2 = 2·π·n·D2

2·60 where n is the
rotational speed and D2 the outer diameter of the impeller.
All together gives

Φ =
4 · ṁ

π · ρ1 · u2 ·D2
2

(1)

The pressure coefficient Ψ is computed using the constant
heat capacity cp, the total temperature at the inlet T 0

1 ,
the pressure ratio Π, the heat capacity ratio κ and the
circumferential speed u2 from above:

Ψ =
cp · T 0

1 ·Π(κ−1
κ )

u22
(2)

For the circumferential Mach number, the specific gas con-
stant is additionally required to estimate the speed of
sound:

Mu2 =
u2√

κ ·Rs · T 0
1

(3)

Based on Eq. 1 and Eq. 2, the compressor map mea-
sured with helium (Fig. 7) was converted into a dimen-
sionless map (Fig. 8 top), where all the rotational speed
curves overlap. Therefore, the compressor shows similar
behaviour in the range between 150 krpm to 250 krpm. Us-
ing Eq. 3, the rotational speed for the compressor can be
estimated for another medium, e.g. air, and the compres-
sor map can be generated (Fig. 8 centre). The range for
the operation with air is between 51 krpm to 82 krpm. In
terms of the mass flow, there is more air being compressed
by the compressor but as the density of helium is ten times
lower than air, the volume flow is higher with helium and
also the pressure ratio. The online monitoring of the surge
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limit is then dependent on the air/helium concentration,
which is more complex. To simplify the surge monitoring,
a map was created where the abscissa is switched to the
differential pressure of the Venturi tube (see section 2.2.4)
instead of the mass flow. This map is shown in Fig. 8
bottom and for both helium and air the map is quite sim-
ilar at the same circumferential Mach number. This has
the advantage, that the surge limit can be monitored only
by the differential pressure at the Venturi tube and the
pressure ratio over the compressor, without the need of
a conversion specific to the medium. This independence
of the media is beneficial as air is the main contaminant,
e.g. entering the system through leaks.
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Figure 8: Dimensionless compressor map based on the measurement
data from Fig. 7. Top: Dimensionless compressor map. Middle:
Compressor map computed for air. Bottom: Compressor map with
the differential pressure at the Venturi tube on the x-axis.

2.2.2. Cooling of the helium and the compressor

The heat from the detector will be transferred into the
helium. Cooling the helium is performed by a plate heat
exchanger, model B12Lx14/1P-SC-S 4x1 1/4” by SWEP8.
One side is used for the gas and the second side is used
for water as refrigerant. The heat exchanger was over-
dimensioned intentionally to obtain a low pressure loss on
the gas side. The cooling water is prepared by an HRS040
chiller from SMC9, which is water cooled and connected
to the PSI cooling water loop. The cooling of the turbo-
compressor is also provided by the same chiller.

2.2.3. Compressor surge protection valve

The online control system (see below) monitors the cur-
rent state in the compressor map. If the operating point
gets near the surge limit, the pneumatically driven surge
protection valve is opened to immediately enforce a low
system pressure loss. This prevents the onset of rotating
stall or surge. The valve is chosen to be open when inactive
for machine safety in case of a lost electrical connection or
loss of compressed air. The time constant for a decision is
≤ 1 s.

2.2.4. Venturi tube

Many commercially available flow meters are either not
optimal for helium or introduce a large pressure loss in the
circuit. Venturi tubes in a custom design with carefully
selected differential pressure sensors offer an optimum with
almost no pressure loss. The design is shown in Fig. 9. The
static pressure difference ∆p between the tube diameter d1
and a constriction in the tube, d2, is a measure for the flow.
The mass flow is calculated from ∆p and the density ρ of
the gas (Eq. 4) using the ratio β = d2

d1
which is 0.5 in our

design.

ṁ = CD · ε ·

(
A2√

1− β4

)
·
√

2 ·∆p · ρ (4)

Here, CD denotes the flow number (sometimes referred to
as φ in engineering textbooks), ε being the expansibility
factor, A the characteristic area, and β = d2

d1
the diameter

ratio of the Venturi tube [20].
To average out potentially present asymmetric wall

pressures, four bores are connected at the circumference
with a ring line at both hook-ups for the differential pres-
sure sensor. This ring line is integrated in the brass body
of the Venturi tube, assembled by brazing.

Calibration of the Venturi flow meters allows to com-
pensate for the manufacturing precision of the Venturi
tubes and to correct for any offset or gain errors of the
differential pressure sensors. A Proline Promass 83A by

8SWEP International, Landskrona, Sweden, https://www.swep.
net/

9SMC Corporation, Tokyo, Japan, https://www.smcworld.com/
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Endress+Hauser10 acts as the master meter for the calibra-
tion, which uses the Coriolis method to measure the mass
flow directly. The calibration setup is as follows: Com-
pressed helium flows through a pressure reduction valve
(to select the operating pressure), then through the mas-
ter meter, followed by a critical nozzle (creating a choked
flow), a straight inlet run, and finally the Venturi tube un-
der test. The setup outlet is hooked up to the PSI helium
recovery network to recycle the expensive helium. Using a
standard fit procedure, the parameters CD, ε and A2√

1−β4

are the results of the calibration procedure.
Installed in the cooling setup are two Venturi tubes,

before and after the compressor. The one on the input
line ( 6○ in Fig. 6) always sees a flow when the compressor
is running independent of the state of the bypass valve.
The second one ( 7○) would measure only the remaining
flow if the bypass valve is open. With this, both the flow
through the compressor and towards the detector system
is measured, which are the same under normal operation.

2.2.5. Sensors

Temperature and absolute pressure. Test points are lo-
cated before and after the compressor and after the heat
exchanger. The absolute pressure sensors are WIKA type
A-1011 in the range 0 bar to 1.6 bar. The temperature sen-
sors are sheated thermocouples (Type K).

Differential pressure. In the beginning, Honeywell
TruStability sensors of the HSC series with a mea-
surement range of ±250 Pa were used. Despite being
affordable and easy to use, sudden signal jumps were
observed when operated with helium. We attribute this
to the piezoresistive measurement principle and the very
low pressure range needed for this application. Not
investigating further, switching sensors resolved the issue.
The Setra 26712 and Althen DPS13 were evaluated, both
in the range 0 Pa to 250 Pa. The sensors use either a
capacitive (Setra) or an inductive (Althen) measurement
principle. During operation, no significant deviation
between the readings of the two sensors were observed.
The Venturi tubes are connected with stiff silicone tubing
to the sensors.

Oxygen concentration. The gas composition is helium
with air as a contaminant, mostly from leaks. An Al-
phasense O2-A2 electrochemical sensor14 is installed at the
outlet of the experiment, with a 10 m long return line be-
fore the inlet of the compressor unit. This allows to observe

10Endress+Hauser, Reinach, Switzerland, https://www.endress.
com/

11WIKA, Klingenberg, Germany, https://www.wika.com/
12Setra Systems, Boxborough, MA, USA, https://www.setra.

com/
13ALTHEN GmbH Mess- und Sensortechnik, Kelkheim, Germany,

https://www.althensensors.com/
14Alphasense, Great Notley, Braintree, Essex, United Kingdom,

https://www.alphasense.com/

any sudden air intake a few seconds before it reaches the
compressor, adding valuable time for the control system
action. The electrochemical sensor requires amplification.
A small sized custom PCB was designed using an INA326
instrumentation amplifier by Texas Instruments in a stan-
dard configuration.

2.2.6. Control system and interlock

The control system uses the MIDAS slow control sys-
tem [21] with an SCS3000 unit [22] for the data acquisition
of the sensor data, and to control the compressor, and the
bypass valve. All sensors are connected to analogue volt-
age input terminals in the range of 0 V to 10 V, except
for the thermocouples which are connected through am-
plifiers15. The compressor is controlled and monitored via
analogue signals by the power converter.

A program written in the C language runs on a Rasp-
berry Pi model 4 and supervises the compressor. The pres-
sure ratio Π measured across the compressor and the pres-
sure differential ∆p from the Venturi tube sensors are used
to constantly check the state of the compressor and com-
pare with the surge line of the compressor performance
map. In case a potentially unsafe state has been reached,
the bypass valve is opened immediately. To limit the im-
peller speed in case of air contamination, the currently
maximally allowable speed is calculated from the oxygen
sensor reading, assuming a standard oxygen concentration
in air of 21%. For pure air, the speed is limited to one
third of the maximal speed in helium. For values in be-
tween, linear approximation is in effect.

The Raspberry Pi program generates an interlock sig-
nal in case the system does not provide the required helium
flow for whatever reason. This signal is used to switch off
the electrical power of the detector setup, be it the mock-
up or the pixel detector.

2.3. Test stands

The helium cooling system as described above is lo-
cated nearby the setup where the mock-up or detector is
installed. In both cases the helium flow is provided by
ISO-KF DN50 corrugated stainless steel tubes for short
connections up to a few metres long, or suitable PVC tubes
for lines up to 10 m.

Detector mock-up. The mock-up setup is mounted in a
frame that can be inserted into an acrylic tube of 230 mm
diameter and 920 mm length. This provides a sufficiently
tight helium chamber, closed with end flanges on both
ends. These flanges provide feedthroughs for the helium
tubes, the power lines to heat the mock-up detector, and
the signal lines of the temperature sensors.

15Adafruit model 1778 featuring an AD8495 amplifier, https://
www.adafruit.com/
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Figure 9: Cross section view of the Venturi tube.

Pixel detector setup. The detector is mounted in the de-
tector cage as shown in [5, Chap. 13] and operated either
inside the Mu3e magnet [ibid., Chap. 4] or in a metal ves-
sel with the same inner shape as the magnet when no field
is needed. In this case, the standard feedthroughs of Mu3e
for the magnet/vessel are in use.

3. Results

3.1. Compressor performance

The helium plant prototype was used in different con-
figurations, cooling either the mock-up or the MuPix10
vertex detector prototype, which are described in sec-
tion 2.3.

For the silicon heater mock-up, the interface between
it and the helium plant is realised with four tubes with
6 mm inner diameter to feed in the tube connections to the
acrylic tube. The resulting cross section is 113 mm2 com-
pared to around 200 mm2 foreseen for the helium ducts
in the final experiment. As a consequence, the differen-
tial pressure across the system has a comparatively high
value with (146± 1) mbar for a mass flow of 1.95 g/s. This
pressure is already at the upper limit of the compressor
and leads to the fact that with this experimental setup no
higher mass flows can be measured.

For the MuPix10 vertex detector setup, the inter-
faces to the Mu3e magnet and the metal vessel housing
the detector are realised keeping the cross section at a
maximum. The tubes taper only shortly before the detec-
tor to a minimum total cross section of around 200 mm2.
Therefore, this setup realistically resembles the final sys-
tem. The resulting differential pressure across the system
is (36.8± 0.1) mbar for a mass flow of 1.95 g/s. This en-
ables the operation of the turbo compressor at mass flows
beyond 2 g/s.

3.2. Silicon heater detector mock-up

This mock-up is used for a detailed thermal characteri-
zation of the helium cooling system of the Mu3e vertex de-
tector. With an integrated thermometer on each chip, the
temperature within the whole mock-up can be mapped.
The temperature is determined for two specific chip heat
loads, which are 215 mW/cm2 and 350 mW/cm2. The first
is the nominal heat dissipation found in MuPix10 labo-
ratory studies [16]. The second is a conservative limit the
cooling system is designed for.

3.2.1. Measurement procedure and data interpolation

The measurement cycles are carried out for groups of
3 chips. Each cycle consists of the following steps: (1)
zero-point calibration, (2) providing the heating power in
2 (or more heating) stages for 30 s to 60 s per heating stage
to all heater chips, (3) switching off the heating. This cy-
cle is repeated until data from all chips has been recorded.
In-between each sequence, power is kept off until the mock-
up cools down to the temperature of the gas at the inlet
again. The gas flow remains unchanged at the nominal
1.95 g/s during the entire measurement. The inlet temper-
ature and chip temperature when no power is applied is
Tref = (15.5± 1.5) °C. The measured chip temperatures
are given as the temperature difference to this reference
temperature. The maximum temperature drift within a
measurement window of 120 s is determined to be 0.03 K.
The measurement results are displayed below as temper-
ature maps. These are 2-dimensional projections of two
detector layers. The ladder numbering scheme used is dis-
played in Fig. 10.

Layer 0

Layer 1

Figure 10: Ladder numbering scheme of the Mu3e vertex detector
and the silicon heater mock-up, viewed in the direction of helium
flow (upstream to downstream). [19]

We could not produce any spare ladders due to the lim-
ited availability of HDIs from the supplier. In consequence,
limitations had to be accepted for the ladders used. No
power could be applied to 8 out of 108 chips which results
locally in no heating. The temperature readout is working
for 91 of 108 chips. The pattern of fully functional and
limited functional chips is shown in Fig. 11. The groups
of chips with no heating and no functional temperature
readout are fully disjoint.

Interpolation of missing data is based on simulations.
The same framework from [14] is used to simulate a vertex
detector uniformly heated with 350 mW/cm2. The results

8
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Figure 11: Functionality map for the heater chips of the silicon heater
mock-up.
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Figure 12: Temperature maps of Layer 0 and 1 for 350 mW/cm2 uni-
form heating, obtained by CFD simulation. Temperature difference
relative to gas inflow temperature.

are shown in Fig. 12.
In a Monte-Carlo simulation, 1000 cases of randomised

patterns of dysfunctional sensors are generated, with simi-
lar patterns to what is observed in the mock-up. All miss-
ing temperature values are then estimated by 2nd grade
polynomial fits along the corresponding ladder. Specific
chip patterns are excluded to match the selection crite-
ria of ladders used to construct the mock-up. These are:
(1) maximum 3 chips without temperature readout per
ladder; (2) maximum 2 neighbouring chips without tem-
perature readout; (3) at least one chip with chipID 0 or
1 has a functional temperature readout on every ladder,
same holds for chipIDs 4 and 5; (4) in Layer 0 on each
ladder, two out of three chips with chipIDs 0 to 2 have a
functional temperature readout; (5) in Layer 0 chipID 5
has always a functional temperature readout. With this,
the accuracy of the fitting method was quantified. Fig. 13
shows the histograms of the difference of fitted and ini-
tially simulated temperatures. For Layer 0, the fitted chip
temperatures for ChipID 0 have a tendency to be over-

estimated. For the remaining chips of Layer 0 and the
entire Layer 1, the temperature difference between fit and
simulation results in a Gaussian distribution. With this
method, missing temperature values in the simulation can
be estimated with an accuracy of ±2.9 K for chips 1 to 5
of Layer 0 and ±1.3 K for Layer 1. The temperatures of
chips 0 of Layer 0 are overestimated by this fitting method.
The temperature values of the two chips affected are ex-
tracted from the fit, subtracted by 4.6 K, and assigned with
an uncertainty of ±4.7 K.
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200

400
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Layer 0 Chips 1 to 5 : = 0.05, = 2.90
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Layer 0 Chip 0 : = 4.62, = 4.68
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Figure 13: Difference of fitted to simulated chip temperatures for
Layer 0 and Layer 1 based on blinding random 17 chips from Fig. 12
and estimating the chip temperatures by a 2nd grade polynomial.
Layer 0 is split since the distribution features a left-right asymmetry.

The chip thermometers are read out by an SCS3000
unit equipped with Pt1000-measurement cards. Because
of the different temperature coefficients of platinum (as-
sumed by the SCS3000’s internal circuitry) and aluminium
(used on the silicon heater chips), the temperature output
needs translation. Due to sensor variations, the reference
resistance R0 of each thermometer has to be calibrated via

R0 =
1 kΩ

(
1 +ATSCS +BT 2

SCS

)
1 + αTref

(5)

where TSCS is the temperature output of the SCS3000
assuming a Pt1000 input, A = 3.9083× 10−3 °C−2 and
B = −5.775× 10−7 °C−2 are the temperature coefficients
of platinum [23], α = (4.17± 0.02)× 10−3 °C−1 is the tem-
perature coefficient of the resistive thermometers made
from aluminium [24], and Tref = (15.5± 1.5) °C is the
reference chip temperature when no power is applied.

When heating the mockup, the actual measured tem-
peratures Tchip are then determined by
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Tchip =
1

α

(
1 kΩ

(
1 +ATSCS +BT 2

SCS

)
R0

− 1

)
. (6)

Thus, the uncertainty of the temperature Tchip is given
by the coefficient α and the reference temperature Tref .

The final temperature measurements for every chip are
obtained by the transient temperature curves (e.g. Fig. 14)
when applying the power to the mock-up. As discussed
in [19], the warm up process can be described by the sum
of two exponentials:

T (t) = Ta

(
1− e−(t−t0)/τ0

)
+ Tb

(
1− e−(t−t0)/τ1

)
(7)

with Ta and Tb the temperature contributions of the two
time constant τ0 and τ1, and t0 the time offset account-
ing for the start-up time. The fast time constant results
from the self-heating of the light pixel ladders, while the
slow time constant comes from the heat-up of the support
and supply structure, which are more massive. The sum
Tchip = Ta + Tb is then considered as the equilibrium chip
temperature for the heat load applied.
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Measured temp, of Layer 1 Ladder 7 for IHL = 1.65 A

TChip5 = 19.6 ± 0.2 K
Chip5: 0 = 1.7 s,  1 = 26.1 s

TChip4 = 14.7 ± 0.2 K
Chip4: 0 = 1.6 s,  1 = 12.5 s

TChip3 = 12.0 ± 0.1 K
Chip3: 0 = 1.3 s,  1 = 34.1 s

TChip2 = 9.9 ± 0.1 K
Chip2: 0 = 1.0 s,  1 = 4.4 s

TChip1 = 6.6 ± 0.1 K
Chip1: 0 = 0.7 s,  1 = 8.4 s

TChip0 = 8.7 ± 0.1 K
Chip0: 0 = 0.9 s,  1 = 4.7 s

Figure 14: Transient temperature measurement for one ladder of
Layer 1 of the silicon heater mock-up. Both half-ladders are powered
by providing 1.65 A. The crosses show the measured temperature for
every chip. The solid line shows the double-exponential fit with the
temperature uncertainty (which results from the thermometer gauge
and the temperature coefficient α) indicated as light band around it.
The dashed line shows the equilibrium temperature obtained from
the fit (based on [19], reprocessed data and added error band).

3.2.2. Temperature maps

The measurement method described above is applied
to all chips with functional readout with two heating
stages. The chips of each half-ladder (chips 0 to 2 or
chips 3 to 5 of a ladder) are powered in parallel. On
each side of the mock-up, all such half-ladders are pow-
ered in series with a constant current (see Fig. 15). The
currents supplied are 1.65 A or 2.1 A, respectively. Un-
der the assumption of a constant temperature coeffi-
cient α, this would result in a heat load of 182 mW/cm2

or 295 mW/cm2, respectively, with a half-ladder resistance
of RHL = 2.75 Ω/3 ≈ 0.92 Ω at room temperature and a
heated surface of 3×

(
1.99× 2.30 cm2

)
.

16x16x

1.65 A
or

2.10 A

1.65 A
or

2.10 A
↑ ↑

Ladder

Half-
ladder

Figure 15: Sketch of the powering scheme of the silicon heater mock-
up. On each side, all 18 half-ladders are powered in series. The chips
of a half-ladder are powered in parallel.

However, as the heating resistance of the heater chips
changes with their temperature, the effective heat load is
higher. In addition, the current flow varies from chip to
chip due to their different resistances, which are influenced
by their respective temperatures. Furthermore, the resis-
tances on the HDI supply lines to each chip differ. To ob-
tain chip temperatures assuming a uniformly heated mock-
up, two correction factors fR and fI for the resistance and
current of a chip are introduced:

fR = (1 + α∆Tchip) (8)

fI =
1

1 + α∆Tchip +
Rchip,HDI

2.75 Ω

×
3∑ 1

1 + α∆Ti +
Ri,HDI

2.75 Ω
(9)

with ∆Tchip the temperature difference of the chip between
powered to unpowered state, and Ri,HDI the different re-
sistances on the supply lines to each chip with the mea-
sured values R0&5,HDI = 18 mΩ, R1&4,HDI = 45 mΩ, and
R2&3,HDI = 65 mΩ [19].

Assuming a linear dependence of temperature to heat-
ing power, the measurement results can be translated to
heat loads φ0 = 215 mW/cm2 and φlim = 350 mW/cm2,
by the factor:

fP =
φi

φnom
(10)

The suitability of the assumption that temperature and
heat dissipation scale linearly is discussed in section 3.2.3

Starting from the raw data shown in Fig. 16 and 17,
the following analysis steps are applied: (1) estimation
of missing chip temperature by a 2nd grade polynomial fit
along the corresponding ladder (described in section 3.2.1),
(2) application of the correction factors f−1

R , f−2
I and fP

for each chip. This way, temperature maps for a uniformly
heated mock-up are obtained for the heat loads φ0 and φ1
which are shown in Fig. 18 and 19. A prominent hot region
is visible in both Layers 0 and 1. This feature is expected
from a vortex forming inside the gas channels as predicted
in [24] and confirmed in [14].
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Figure 16: Measured raw temperature maps of Layer 0 and 1 for
powering all half-ladders in series with a heating current of 1.65 A.
Temperature difference relative to gas inflow temperature.
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Figure 17: Measured raw temperature maps of Layer 0 and 1 for
powering all half-ladders in series with a heating current of 2.10 A.
Temperature difference relative to gas inflow temperature.

The average temperature and the maximum tempera-
ture reached are summarised in Tab. 2. All chip temper-
atures are well below the glass transition temperature of
the adhesives used, which is Tcrit = 70 °C (assuming an
inlet temperature of 0 °C).

3.2.3. Temperature-to-power relation

In the previous section, the assumption of a linear de-
pendence of temperature to heating power was made to
apply the correction factor fP . The relation is investigated
by an extended series of measurement cycles with 13 addi-
tional power values for one ladder in Layer 0 and Layer 1
each. The measurement results are shown in Fig. 20. In
this measurement, the dependency of temperature to heat-
ing power is of interest. Thus, the measured raw tempera-
ture is plotted against the effective heat load applied. As a
result, the correction factors fR and f2I introduced above
are applied to the heat dissipation. For each heating stage,
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Figure 18: Temperature maps of Layer 0 and 1 for a heat load of
215 mW/cm2. Based on Fig. 16. Missing chip temperatures esti-
mated by 2nd grade polynomial fits along the corresponding ladder.
Correction factors f−1

R , f−2
I and fP are applied to determine tem-

perature for a uniformly heated mock-up.
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Figure 19: Temperature maps of Layer 0 and 1 for a heat load of
350 mW/cm2. Based on Fig. 17. Missing chip temperatures esti-
mated by 2nd grade polynomial fits along the corresponding ladder.
Correction factors f−1

R , f−2
I and fP are applied to determine tem-

perature for a uniformly heated mock-up.

the heat dissipation on the individual chip varies due to
these corrections.

For all chips of the ladders studied, the temperature-
to-power relation is found to be linear. This confirms the
previously made assumption that a measured temperature
can be translated to a different heat load by the correction
factor fP .

3.2.4. Temperature as function of the mass flow

The operating range of the cooling system is studied for
mass flows below the nominal mass flow around 2 g/s. As
discussed in section 3.1, the differential pressure on the he-
lium line was at the limit to operate the turbo compressor
preventing mass flow above 2 g/s. The chip temperatures
are measured for different mass flows provided by the he-
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Heat load Layer 0 Layer 1

Tmean
215 mW/cm2 (20.3± 0.7) K (14.8± 0.2) K
350 mW/cm2 (32.0± 0.7) K (24.1± 0.3) K

Tmax
215 mW/cm2 (33.2± 1.2) K (28.9± 1.5) K
350 mW/cm2 (52.5± 0.9) K (49.3± 1.5) K

Table 2: Average and maximum chip temperatures of the two track-
ing layers for heat loads of 215 mW/cm2 and 350 mW/cm2, based on
Fig. 18 and 19. The errors include the fit uncertainties for estimating
missing chip temperatures, as well as systematic uncertainties in the
temperature measurement and the correction factors f−1

R and f−2
I

originating from α and Tref .
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Figure 20: Temperature-to-power relations for Ladder 1 of Layer 0
and Ladder 7 of Layer 1 in the silicon heater mock-up. The measured
raw temperature is plotted against the corrected heat load which ac-
counts for thermal resistance changes and different currents provided
to the individual heater chips. The uncertainty on the temperature
is the maximum expected temperature shift of the system during the
measurement.

lium plant for one ladder of both layers each. The results
are shown in Fig. 21.

A linear fit is applied to the temperature of every
chip. For all chips in both layers, the chip temperature
depends linearly on the mass flow for the range of 1.35 g/s
to 1.95 g/s.

The expected chip temperatures in the vertex detector
can thus be approximated for the case of reduced compres-
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Figure 21: Temperature-to-mass flow relations for Ladder 1 of
Layer 0 and Ladder 7 of Layer 1 in the silicon heater mock-up.
Correction factors f−1

R , f−2
I and fP are applied to determine tem-

perature for a uniformly heated mock-up. The uncertainty on the
temperature is the maximum expected temperature shift of the sys-
tem during the measurement. A linear fit is applied to every chip.

sor speeds. The linear dependency for higher mass flows
than 2 g/s has to be confirmed with the final system, which
allows a lower differential pressure in the system. A study
with higher mass flows has been performed with the vertex
detector prototype, which however has a different geome-
try and flow distribution. These results are discussed in
the next section.

3.3. MuPix10 vertex detector prototype

The vertex detector prototype has been successfully
operated in a helium atmosphere inside the Mu3e magnet
for several days. The power dissipation for the MuPix10
chips has been ranging from 210 mW/cm2 to 225 mW/cm2

with smaller deviations between the individual chips.
While MuPix10 has an integrated temperature diode,

it could not be used for a temperature measurement. The
position of the analogue diode is too close to a heat source
in the chip periphery. Two additional temperature sen-
sitive circuits, which are designed to be read out via the
data stream, failed due to a bug in the Mu3e slow control
interface of this chip. The problem is resolved on the final
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Figure 22: LM35 temperature sensor glued on the active pixel matrix
of Chip 0 of Ladder 2 in Layer 1 of the vertex detector prototype.
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Figure 23: Positions of the four installed LM35 temperature sensors
in the vertex detector prototype. All sensors were installed in the
outer Layer 1.

chip version, the MuPix11 (which was not available at the
time of this study).

Instead, for a temperature measurement of the vertex
detector prototype, LM35 temperature sensors16 are glued
on the active pixel matrix of four selected chips with ther-
mally conductive glue (Fig. 22). The locations are on Lad-
ders 2 and 6 of Layer 1, both on chips 0 and 5, as visualised
in Fig. 23.

The temperatures are measured for different mass flows
and are given as differences to the inlet gas temperature.
The results are shown in Fig. 24.

As the modified geometry results in a different he-
lium distribution and the PCB-based ladders differ in their
property as a heat sink for the chip periphery, the absolute
temperature values can not be compared directly to the re-
sults from the silicon heater mock-up. As with the silicon
heater mock-up, the temperature scales linearly with the
helium mass flow in this setup. Due to the optimised cross
section of the helium ducts, mass flows up to 2.4 g/s could
be covered.

16Texas Instruments, LM35 precision centigrade temperature sen-
sors, https://www.ti.com/lit/ds/symlink/lm35.pdf
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Figure 24: Temperature measured by LM35 sensors glued onto the
active matrix of 4 chips in the MuPix10 vertex detector prototype
for different helium mass flows.

DAQ integration and cosmic runs. The vertex detector
prototype was operated in two dedicated measurement
campaigns. The main goal was to prove that the read-
out is able to handle the high data rate produced by the
vertex detector, which is a key for the Mu3e experiment.
In the DAQ integration run 2021 [19, 18], correlation data
between the two tracking layers was used to verify that
the pixel chips and their DAQ are working. In the cosmic
run 2022 [17], correlations between the pixel detector and
the Mu3e scintillating fibre detector could be measured.
In addition, it was possible to reconstruct cosmic tracks
with 4 hits in the vertex detector. Configuration and data
readout of the full pixel detector has been successfully per-
formed by the DAQ throughout both campaigns. These
tests were only possible because of the helium cooling of
the detector. Without this efficient and light-weight cool-
ing medium, only a fraction of pixel chips could have been
operated without overheating.

4. Discussion

Cooling of a pixel tracking detector using gaseous he-
lium under ambient conditions works, as this study demon-
strates. Heat densities up to 400 mW/cm2 were efficiently
cooled. It is an excellent option for low-mass detector de-
signs. Without the need for cooling pipes inside the active
detector volume, the cooling merely does not contribute
to the material a charged particle’s trajectory experiences
while passing the detector layers.

In an earlier report [13], results from simulation were
compared with measurements using a much simpler (and
less accurate) mock-up. By switching to the miniature
turbo compressor, we overcame the gas supply limita-
tions when using compressed helium in a bottle. This en-
abled much more detailed studies, as shown, and we could
demonstrate the concept of a continuously operating cool-
ing plant. We did not find any significant deviation from
expectations of the simulations. Also the hot region from
the vortex ([13, Fig. 11]) was again present in our new
mock-up studies. This strengthens our high level of trust

13

https://www.ti.com/lit/ds/symlink/lm35.pdf


into the flow simulations we have performed so far. We
also measured the performance of the cooling under dif-
ferent heat loads and varying mass flows, confirming the
linear behaviour expected from simulation.

However, one notable limitation exists. While the heat-
load densities are comparable to other pixel tracker detec-
tors, the temperature gradients the pixel sensors see are
much larger than the conventional designs using liquid or
bi-phase cooling. The pixel chips in the Mu3e experiment
do not suffer as much from bulk damage as the sensors of
other particle physics experiments because the radiation
is mainly limited to an ionising dose. Hence operating
temperatures up to near the glass transition temperatures
of the adhesives used for the construction are acceptable.
For applications where this is not acceptable, lower he-
lium temperatures are possible, only limited by what can
be reached using heat exchangers and the performance of
the insulation of the piping needed to feed the helium to
the detector. The gradient is still present but at a lower
overall temperature.

We acknowledge certain limitations of our measure-
ments. A notable fraction of the mock-up detector had
dead channels (chips that could not be heated or the tem-
perature reading did fail). In part due to geopolitical cir-
cumstances, we were unable to improve on this in time of
the project needs. The effect of these dead channels was
estimated with Monte-Carlo techniques and we found the
uncertainties to be well controlled and understood.

Miniature turbo compressors are a key ingredient to
propel the helium. This allowed to reduce the cost by more
than a factor of 10, compared to e.g. oil-lubricated screw
compressors. Their small form-factor allows for an easy
integration into a rack. The helium cooling system was
used by the Mu3e experimenters for weeks after our studies
without any failure. The components used in this study
will be transferred to the final cooling plant for serving
the circuit to cool the vertex pixel detector with 2 g/s of
helium. Upscaling this concept to 16 g/s begun and will be
installed in the forthcoming months in three copies for the
benefit of the Mu3e collaboration to cool the much larger
outer layer pixel detectors [5].

This novel and innovative cooling approach is not lim-
ited to pixel detectors. Any active surface with compara-
ble heat-load densities can be cooled efficiently using the
technique we report here, as long as the helium flow can
be guided appropriately.
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Appendix A. Cooling parameters of various pixel
barrel detectors

The values of Tab. 1 were calculated using the values
listed below. We also give direct references to the docu-
ments where we took the values from.

CMS LHC Run 1: BPix area: 0.78 m2, total pixel
power: 3.6 kW, barrel area fraction: 0.78 m2/(0.78 m2 +
0.28 m2). [1, p. 34 & 54]

CMS Phase 1 Upgrade: BPix area: 1184 modules ×
16.4 × 64.8 mm2 = 1.2 m2, max. BPix power: 6 kW. [8,
p. 3, 6 & 41]

ATLAS LHC Run 1: Area: 1456 modules × 24.4 ×
63.4 mm2 = 2.25 m2, total power: 6 kW (Front-end elec-
tronics power) + 4 kW (cables + regulators ID volume).[2,
p. 60-61, 82]

ALICE LHC Run 1: Area layers 1-2: 0.21 m2, total
power: 1.35 kW. [3, p. 3, 23]

ALICE Upgrade IB/OB: IB area: 432 chips × 15 ×
30 mm2 = 0.19 m2, max. IB heat density: 300 mW/cm2;
OB area: 23688 chips×15×30 mm2 = 10.7 m2, max. OB
heat density: 100 mW/cm2. [9, p. 7, 61]

STAR: Area: 0.16 m2 [7], power dissipation:
170 mW/cm2 [6].
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Belle II PXD: Area of pixel matrix and switchers
(cooled by gas): 16 chips× 15× 44.8 mm2 + 24 chips×
15× 61.44 mm2 = 0.33 m2 [11], power of pixel and switch-
ers: 40 chips× 0.5 W × 1 W = 60 W [10].

Mu3e: Area vertex: 108 chips × 20.66 × 23.18 mm2 =
0.052 m2, area outer layers: 2736 chips × 20.66 ×
23.18 mm2 = 0.052 m2, heat density: 250 mW/cm2. [5,
p. 21, 60]
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