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Abstract—In the scope of the Future Circular electron positron
Collider study (FCC-ee), the IDEA detector is developed. It com-
prises a superconducting solenoid with free bore of 4 m, 6 m
long and a central magnetic field of 2 T. The positioning of the
magnet between the inner tracker and the electronic calorimeter
heavily constrains the magnet design, as it is required to have
the lowest possible radiation length, so minimum thickness and
lowest density material. With respect to the classical solution of a
solenoid enclosing the calorimeters, a cost reduction of about 50%
is expected due to size reduction. An optimization of the different
components of the magnet system has been carried out, resulting in
the development of a new composite high-strength conductor that
can be used to build a 30 mm thin solenoid. The quench analysis of
the solenoid will be presented as it is of critical importance given
the high energy density in the magnet of 21 kJ/kg. A cryostat made
of concentric aluminium shells would account for about 50% of
the radiation length of the magnet and most of this material is used
in the outer vacuum shell of the cryostat to prevent buckling. In
order to further reduce the radiation length, two fundamentally
different approaches are being analysed. The first method focuses
on reducing drastically the outer shell thickness. This leads to use
honeycomb composites, reinforcing bars and corrugated shells for
the outer shell of the cryostat. The second approach consists of
supporting very thin cryostat shells directly on the solenoid cold
mass using proper support. This can be achieved by replacing the
thick walls and MLI insulation by a material that can sustain 1 atm
while having low radiation length and low thermal conductivity.
Cryogel Z has shown promising properties and its suitability for
this project is being analysed. This novel approach has never been
used so far for superconducting magnets.

Index Terms—Ultra-thin, Radiation Transparent,
Superconducting Solenoid, Cryostat, Cold Mass, Detector Magnet,
FCC.

I. INTRODUCTION

C ERN is developing the conceptual design of detector mag-
nets for FCC-ee+ (electron-positron), which represents the
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Fig. 1. FCC-ee+ IDEA detector baseline design: (a) instrumented return yoke,
(b) calorimeter, (c) inner tracker, (d) detector solenoid.

TABLE I
DESIGN PARAMETERS OF THE FCC-ee+ CLD AND IDEA

DETECTOR MAGNETS [2]

first step in the frame of the Future Circular Collider (FCC)
study. The International Detector for Electro-positron Accel-
erator (IDEA), shown in Fig. 1, comprises a superconducting
solenoid inside the calorimeter, allowing for a significant re-
duction in mass. The magnetic field is only required in the
inner tracker and muon chamber whereas some 80% of the
magnetic energy is wasted in the calorimeter. Positioning the
solenoid directly around the inner tracker allows to save about
a factor 4 in stored magnetic energy and a factor 2 in cost [1].
The design parameters of the IDEA Detector are compared in
Table I to those of the CLIC-Like Detector (CLD), in which
the solenoid is positioned around the calorimeter. The IDEA
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Fig. 2. Two designs proposed for the conductor of the FCC-ee+ Detectors:
on the left, a cold-worked Nickel-doped Aluminum stabilizer; on the right, a
composite conductor, pairing Nickel-doped Aluminum to an Aluminum 7068
reinforcement.

Detector solenoid must provide the required axial magnetic field
while minimizing the material in the coil and cryostat wall, in
order to enhance the performance of the calorimeter. Both cold
mass and cryostat must be optimized for maximum radiation
transparency for particle traversing. The total radiation length
accepted is 1×X0.

II. SUPERCONDUCTOR AND COLD MASS

For detectors NbTi Rutherford cables constitute the baseline,
due to industrial availability, cost-effectiveness and ease of use.
The NbTi/Cu cable is co-extruded at the center of an aluminum
stabilizer. A so-called ultra-thin solenoid exhibits an extremely
radiation transparent cold mass, usually obtained by reducing its
thickness to the lowest possible. In order to do this, the aluminum
stabilizer is required to be mechanically strong while keeping the
lower electrical resistance possible at 4.2 K (i.e. large RRR). Two
different solutions are proposed (Fig. 2). The first evolves from
a well-known technology used for previous ultra-thin solenoid
magnets (e.g. the ATLAS Central Solenoid [3]) and uses Nickel-
doped Aluminum, obtained from combined technologies of
micro-alloying and cold-work hardening. The second pairs the
Nickel-doped Aluminum to an Aluminum 7068-T6511 alloy
reinforcement.

The Aluminum 7000-series comprises the strongest commer-
cially available Aluminum alloys on the market, with yield
strengths ranging from 400 MPa to 750 MPa. Due to their
strength/weight ratio, they are often used in the aerospace indus-
try. Using an AlNi/Al7068 composite conductor allows to sig-
nificantly reduce the weight and the overall radiation thickness
of the cold mass (see Table II). The peak stress during stationary
operation in both conductors was evaluated by a FEM calculation
using COMSOL and, when possible, bench-marked via analyt-
ical formulas. The AlNi stabilizer is subject to an 85 MPa peak
hoop stress, lower than its yield strength of 110 MPa, but would
not satisfy the requirement of σmax ≤ 2/3 · σyield. The average
hoop stress is equal to 82 MPa and the average compressive
stress is 46 MPa. To ensure mechanical safety, the thickness of
the conductor would have to be increased. From here comes
the need of producing a composite conductor with a dedicated
material to enhance its mechanical strength. The AlNi/Al7068

TABLE II
COLD MASS AND CONDUCTOR PARAMETERS COMPARED FOR THE TWO

CONDUCTORS PROPOSED FOR THE FCC-ee+ IDEA DETECTOR

conductor meets indeed the requirements: the peak hoop stress is
reached in the reinforcement and is equal to 460 MPa, lower than
the 680 MPa yield strength of Al 7068. The average hoop stress
and compressive stress are 190 MPa and 100 MPa respectively. A
quench analysis was conducted using COMSOL: a normal zone
is created in the center of the coil by switching the resistance of
one winding to a non-zero value that induces heating.

Besides removing the current source from powering the mag-
net, no further steps are taken: the analysis assumes an adiabatic
heat up and does not include the active extraction of energy
through a dump resistor nor the use of heaters. To best analyze
the passive safety feature provided by the materials composing
the conductors, only the accelerated quench propagation via
high-purity Al-strips is considered. The analysis proved the AlNi
stabilizer to be the safest option in the case of a quench, with
an estimated hot spot temperature of about 110 K. This solution
does not require the use of a dump resistor nor heaters. The
reinforced conductor shows a peak temperature of about 200 K,
reached after roughly 10 seconds. After that, the heat slowly
begins to spread out further, indicating strong gradients in the
structure. The high hot spot temperature may cause thermal
stress in the coil, which can permanently damage it. The coil’s
safety is, in this case, severely compromised by the reduction of
mass. The thinner the solenoid becomes, the more reliant it will
be on active quench systems.

Another key aspect to be discussed is the different tech-
nologies required to manufacture the two conductors. While
the AlNi stabilizer only required well-known technologies (i.e.
co-extrusion, rolling, cold work), for the AlNi/Al7068 conductor
a weld of good quality between the two materials is necessary.
Since the chemical composition of Al 7068 alloy makes welding
through conventional methods a challenge, new procedures have
been investigated. In particular, electron beam welding and
friction stir welding were tested on the composite. Both rendered
some challenges. The former generated cracks in the Al 7068.
A solution could be to use Al 7020 instead, for which no cracks
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were detected. The latter exhibit, at the present time, a slow
welding speed, that would required about 1 year to manufacture
the entire conductor. These technologies could, in principle, be
utilized, but need further research.

III. HONEYCOMB STRUCTURE CRYOSTAT

An analysis of the cryostat for the FCC-ee+ IDEA detector
is developed, aiming to arrive at the lowest possible radiation
thickness and mass for both the inner and outer vacuum vessel
walls. While the way to avoid reaching the plastic limit on the
inner shell is simply by using a thicker cylinder, the buckling
limit of the outer shell can be controlled by manipulating its
flexural strength. To do this, the classical cylinder (i.e. consisting
of uniform, plain metal plate) is compared to three alternative
shapes for the outer wall: a shell with reinforcement rings that
effectively subdivide it in shorter cylinders, a corrugated plate
and a honeycomb sandwich structure. Where possible, analytical
formulas are used to estimate the thickness of the plates as
benchmark for the FEM analysis. For a fair comparison, the
four models are subject to the same load case and boundary
conditions.

First a conventional cryostat (i.e. two plain metal plates for the
walls) with 4 m internal diameter and 6 m length is considered.
The loads considered for the inner shell are: self-weight, atmo-
spheric pressure (tension) and 100 kN applied on two rails on the
horizontal plane, representing the load transfer lines of the inner
tracker to the cryostat bore. The cylinder has fixed extremities,
representing stiff flanges. The loads acting on the outer shell are:
self-weight, atmospheric pressure (compression) and a 0.35 MN
axial force acting on the extremities of the vessel, representing
the vacuum load on the flanges. These are made rigid and only
allowed to move in the axial direction. In order to choose the
material for the cryostat shells, the properties of some of the most
commonly used metal alloys for cryostats construction have
been compared. Between those considered, the Al 5083-O and
Al 2195-T8 show the best compromise between high radiation
transparency, yield strength and Young Modulus. Manufacturing
the inner bore is rather simple, as it consists of a plain shell,
so the most performing material between those considered, Al
2195-T8, is chosen for it. Conversely, Al 5083-O is chosen for
the outer shell. The gain in terms of radiation thickness that Al
2195-T8 would bring is negligible, if we consider that Al 5083-O
is more affordable and can be reliably welded and machined.
This becomes important when a more complex structure is
designed for the outer shell, therefore the choice of Al 5083-O
allows to compare the classical cryostat design here analyzed to
possible alternative designs. The thermal shield is only present
to act as an intermediate temperature stage between vacuum
vessel and the cold mass, thus there is no reason for it to be
mechanically optimized. It is typically cooled to 60 K, so pure
aluminum (e.g. Al 1100) can be used for it, as it has very high
thermal conductivity at low temperature. The key values for the
baseline design of a conventional cryostat for the IDEA detector
are given in Table III.

As expected, the cold mass has the biggest impact on the total
radiation thickness of the system and its optimization is the most

TABLE III
CONVENTIONAL CRYOSTAT BASELINE DESIGN FOR THE FCC-ee+

IDEA DETECTOR

Fig. 3. Overview of a honeycomb sandwich plate and its parts: 1) two metal
sheets, 2) adhesive films, 3) honeycomb metal core.

effective. However, the outer shell is the thickest component
of the cryostat and its design should, therefore, be optimized.
The analysis has proven the aluminum honeycomb structure
to be the best solution in regards of radiation transparency,
manufacturability and overall thickness. Therefore, only the
results for this case are here shown and compared to the classical
design. For the entire analysis, readers are referred to Silva [4].
The honeycomb structure consists in a sandwich of two metal
sheets attached, through an adhesive film, to a honeycomb core
placed between them (see Fig. 3).

The buckling limit of a shell is determined by its flexural
strength. This can be improved by linking two plates with a hol-
low structure, which justifies the use of a honeycomb sandwich.
In this case, the thickness of each metal sheet and the height
of the honeycomb core have a major influence in the rigidity of
the shell. The honeycomb core was modeled as an orthotropic
material, whose properties are taken from Plascore PCGA-XR2
3003, while the two face sheets are made out of Al 5083-O.
The plastic limit is reached for a honeycomb height of 40 mm,
resulting in a face sheet thickness of 1.7 mm. The mass of the
outer shell is reduced to 790 kg for the aluminum sheets and
140 kg for the honeycomb core. The average radiation thickness
is equal to 0.045, which corresponds to a radiation thickness
reduction of the outer shell of about 80% and an overall radiation
thickness reduction of about 20%. The distributions of mass and
radiation thickness over the different components of the solenoid
cryostat are listed in Table IV. The cold mass represents 91%
of the overall radiation thickness: further optimization of the
cryostat would not yield significant gains.

IV. CRYOGEL BASED CRYOSTAT

The second proposal for a radiation transparent cryostat fol-
lows a significantly different approach from the one described
above. The emphasis is, once again, on the outer shell of the
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TABLE IV
BASELINE DESIGN OF A CRYOSTAT WITH AN OUTER WALL CONSISTING OF A

HONEYCOMB SANDWICH PLATE FOR THE FCC-ee+ IDEA DETECTOR

vacuum vessel. However, the cryostat here presented exhibits
an extremely thin outer shell, designed with the purpose of
collapsing under the atmospheric pressure (very much like an
Aluminum bag around vacuum-packed coffee beans). The same
load acts as a tension on the inner shell, which is therefore
not subject to buckling stress and can have a slightly higher
thickness, if needed. In this configuration, the vessel walls do
not provide mechanical support to the cold mass, as typically
happens in a conventional cryostat. The cold mass is connected,
through G10 supports, to two cryostat’s metallic end flanges,
which take the loads acting on the cryostat and the weight of
its components and transfer it to the floor. Only one flange is
fixed, while the other is allowed to move in axial direction,
so that the support system for the cold mass does not have to
compensate for the coil shrinkage. For this to work, the empty
spaces between vessel shells, thermal shield and cold mass must
be filled with an insulation material that provides sufficient
mechanical resistance to the vacuum load. Different materials
have been investigated and the research has led to Cryogel
Z, an extremely light (density 160 kg/m3) flexible composite,
combining silica aerogel with reinforcing fibers. It comes as a
10 mm thick blanket, manufactured by Aspen Aerogels. It has
a radiation length comparable to the one of Aerogel, which is
equal to X0 = 135 cm.

An in-depth study of the material was conducted at CERN,
by testing its mechanical and thermal properties. The cryostat is
subject to a differential pressure of 1 bar. Cryogel Z compression
was tested at room temperature, both under 1 bar mechanical
load applied at atmospheric pressure and under vacuum. Both
tests showed a 30% compression and 20% recovery of the
material over its initial height [5].

The thermal conductivity of bulk Cryogel Z, measured
through a small scale test setup, ranges from 0.2 mW/m·K at
10 K to 50 mW/m·K at 275 K [5], [6].

Since the properties of Cryogel Z are of interest, a large-scale
test setup was designed and manufactured at CERN, represent-
ing the real case cryostat, in order to measure the heat load
through Cryogel Z between vessel walls, thermal shield and cold
mass. The test setup, shown in Fig. 4, was extensively described
in our previous publication [7]. It comprises a cylindrical stain-
less steel vacuum vessel (800 mm diameter, 290 mm height).
Inside the vessel, two copper plates (660 mm external diameter),
representing the thermal shield, are connected to the first stage of
a Cryomech PT420 cryocooler and thermally linked one another
by copper braids. Between them, a third copper disc (620 mm
external diameter), representing the cold mass, is connected to
the second stage of the cryocooler. Four stacks of Cryogel Z, with
a thickness of 70 mm each and a diameter of 600 mm, separate

Fig. 4. Test setup for the heat transfer analysis through Cryogel Z. On the left,
the vessel overview with mounted PT420. On the right, the interior of the vessel
during the assembly: (a) Cryogel Z stacks of seven layers each, (b) cold mass,
covered with aluminium tape, (c) thermal shield, (d) flexible copper braids, (e)
vessel top flange, (f) Cryomech PT420.

Fig. 5. Cold mass heat load through Cryogel Z for different temperatures of
the thermal shield, with the cryocooler’s second stage kept at 2.8 K and 4.2 K.

the plates. The position of the vessel top flange can be adjusted,
so that different pressures can be applied to Cryogel Z. The heat
load on the cold mass is obtained for different thermal shield
temperatures, ranging from 40 to 100 K, with the cryocooler
second stage at 2.8 K and 4.2 K. The results obtained when 1 bar
compression is applied are shown in Fig. 5. This corresponds to
the pressure acting on the cryostat in the real case scenario. For
a shield temperature of 65 K, the heat load on the cold mass is
1 W/m2.

V. CONCLUSION

The studies conducted in the last years for the design of an
extremely thin and radiation transparent cold mass and cryostat
for an FCC-ee+ Detector have been presented. As for the cold
mass, a conductor with less than 0.6 X0 is feasible with known
technology and relatively easy to solve issues. To further reduce
the radiation thickness of the component, an AlNi/Al 7068
composite can be used. In principle, the two materials can be
boned via electron beam welding or friction stir welding, but
the process requires further research.

The analyses conducted on two cryostat options show for a
classic metallic cryostat a honeycomb structure for the outer
shell that allows an overall radiation thickness reduction of 20%.
Another more challenging solution is based on using a highly
radiation transparent insulation material, Cryogel Z, between
thin vacuum shells and the cold mass, at the cost of a more
complex vacuum sealing and overall design.
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