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Outline
• Fully immersed in HeII:

• LHC dipoles and HL-LHC cable-stacks

• Bayonet HX cooling scheme

• Numerical tool & application to HL-LHC Nb3Sn quadrupoles

• Helium availability and typical LHC reliance (fully immersed magnets)

• Food for thought of operating fully helium immersed accelerator magnets   

• Some points to remember

• References
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Fully immersed in HeII: LHC-dipoles
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Fully immersed in HeII: LHC-dipoles
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Heat sources and heat-sinks
(aka “cold-sources”)

In fully immersed magnets the heat generated in 

the coil-pack must find its way out to the cold-

source via helium path-ways kept clear in the 

cold-mass construct

In the example top left, of the LHC main dipole, 

heat flows from the coil pack into the annular 

space between beam-pipe and coil-pack and out 

via space between the collar laminations

In the example bottom left, of the HL-LHC MQXF 

quadrupole, heat flows from the coil pack into the 

annular space between beam-pipe and coil- pack and 

out via  dedicated passages (8 mm diameter holes 

every 50 mm along the length of the magnet)

Cold-source

Cold-source
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Heat sources and heat-sinks
(aka “cold-sources”)

Mechanical Concept CERN, CNAO,
INFN and MedAUSTRON on novel
ion gantry concepts: “dry” conduction
cooled magnet

Epoxy-impregnated 2-layer coils 

with inter-layer splice, wound with 

34-strand 8.75 mm Nb-Ti cable 

with braided glass insulation

Stiff austenitic steel collars with 

0.15..0.2 mm thick spacers on 

one side to follow the coil 

curvature 

Horizontally split laminated iron 

yoke made of 1-mm-thick Si-steel 

with b-staged resin coating. 

Yoke sectors machined out of 

cured lamination stacks.

Yoke assembly clamps

mounted under yoking press

Thermalisation at 4.5 K

1

2

3

4

1

2

3

4

5

5

End plates with axial loading 

of coil ends (not shown)

Courtesy M. Karpinnen & Ch. Kokkinos Heat sink(s)

In a “dry” magnets the heat generated 

in the coil-pack must find its way out to 

the cold-source via solid conduction 

and solid-liquid interface
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Fully immersed in HeII
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Fully immersed in HeII

Nb3Sn measurements have since, the last 5 years, been 

addressed in more detail (see [3])
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Fully immersed in HeII: LHC-dipoles

Addressing yesterday’s 

question:

Even if the coil, collar 

and yoke are in 

pressurized HeII at 1.3 

bar and ~ 1.9 K

The heat-sink (upper 

hole), where the heat is 

taken up by vapourizing 

liquid helium (~1.85 K, 

~15 mbar) is in a copper-

pipe protruding over the 

length of several 

magnets (107 m)



CAS-Austria 2023-11-27/28 R. van Weelderen (CERN) 10

Fully immersed in HeII: LHC-dipoles

All the extracted heat has eventually to flow across the tube wall, where it encounters three 

thermal impedances in series:

• the limited solid conduction across the metal constitutive of the wall,

• the Kapitza resistances produced by the refraction of thermal phonons at the metal-to-helium 

interfaces.

The overall transverse impedance was measured on fully wetted test samples at varying 

temperature, so that the different temperature dependence of the solid conduction and Kapitza 

terms enabled to resolve them. For tubes with a wall thickness up to about 1 mm, the Kapitza 

resistance largely dominates below 2 K, and the use of high-purity, cryogenic-grade copper is not 

required.

See ref[1, 2]

Q

Evaporation of two-phase, very low pressure, helium flow
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Fully immersed in HeII: MQXF
(HL-LHC Nb3Sn quadrupoles)

Following slides: courtesy P. Borges de Sousa | Revised estimates of temperature 

margins in MQXF, see also ref[x]
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With fully impregnated cables, the thermal gradients are mainly determined by the 

interfaces (in contrast with NbTi-helium permeable cables)
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With fully impregnated cables, the thermal gradients are mainly determined by the 

interfaces (in contrast with NbTi-helium permeable cables)

→ Going from fully helium-immersed coils to “dry” conduction-cooled coils is for 

fully impregnated cables, apart from an additional DT, a similar situation.

For future magnet development based on fully impregnated coils the 

temperature gradient ∆T across the coil must be kept as low as possible:

• Control the interfaces

• Electrical insulation (Kapton foils p.e.)

• Quench heaters (external, CLIQ, inductive…)

• New impregnation materials (can we enhance the conductivity & Cp?)

• New conductors

• Anisotropy of HTS tapes

• Electrically insulated or non-insulated HTS tapes

• …

• Conductivity & Cp data of new magnet designs to be measured

• Accurate data greatly detailed thermal analysis
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Helium availability and typical LHC reliance

(fully immersed magnets)

• Presentation based on available public information only

• Not an economist nor a seller, only interest is to supply 

necessary molecules for the laboratory in the coming years

• Helium market is currently (2022-data) evolving really fast and situation may

be significantly different in a few months 

Next slides source: Frederic Ferrand (CERN Cryogenics)

see [7] for the full transcript
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Ref: https://www.ifri.org/fr/publications/briefings-de-lifri/helium-nouvelles-geographies-dune-ressource-critique

Europe (and CERN) are outside supplier dependent



CAS-Austria 2023-11-27/28 R. van Weelderen (CERN) 24

Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Courtesy Frederic Ferrand
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Food for thought of operating fully helium immersed 

accelerator magnets   

Disclaimer: the LHC has been an immense success and functions 

marvelously. A 27 km long accelerator of which about 23 km at 1.9 K!

A cryogenic success, on both magnet cooling as well as the whole cryogenic 

infrastructure which functions with very high availability!

However, there are a few points which are food for thought on 

whether we can do better for the next machine…

(whichever one that might be)
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Safety: avoiding trapped volumes
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Safety: avoiding trapped volumes

• Since the experience with this very early stage  LHC-cold mass test the 

explicit control of radial and longitudinal helium escape paths has 

become an integral part of the fully helium immersed magnet cold-mass 

designs and has never been an issue anymore

Safety: cold-mass pressure vessel

• A quench of a magnet-coil transfers about 25 % or more of the stored 

energy directly to the helium in which it is immersed

→ pressure built up would be of the order of > 200 bar if not    

managed by safety relief devices

→ The rate of pressure rise is coil-specific (porous or not p.e.) but 

initial adiabatic shock waves of several bar to about 10 bar cannot 

be avoided.

→ The pressure rating of the cold-mass due to the helium pressure 

rise phenomena may be higher than desired because of this (think 

of machine-detector-interface magnets p.e.)
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Safety: containing helium spill consequences

The shear amount of helium inside accelerator magnets has a heavy 

impact on personnel safety, especially in underground areas, and the 

infrastructure to deal with this:

• Helium release has to be captured in dedicated cryogenic transfer 

lines

• Access restrictions for machine maintenance become dependent 

on the amount of helium in the cold-masses and their powering 

status

• Should accidents break the cold-mass to insulation vacuum helium 

will instead of being captured by the cryogenic transfer line spill 

into the ambient environment → Asphyxiation hazard

Inventory handling and supplier dependence
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Some points to remember

Energy efficiency: Incorporate in the magnet design, whenever possible, 

features to intercept heat at as high T as possible!

Energy efficiency: If possible, use conductors that have a high Tc

Facilitating robust thermal design: Incorporate temperature margin to deal with 

heat extraction (no magnet operates at an ideal homogeneous temperature)

Inventory handling, supplier dependence, general & personnel safety: Aim for 

reduced helium content, preferably conduction cooled magnets
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