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Study on thermal and mechanical stability of the

superconducting coil with liquid helium permeable structure
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Some superconducting magnets for particle accelerators have the liquid helium
cooling channels within the coil windings to improve the thermal stability. On the other
hand, a closely wound coil using the monolithic superconducting wires can not have
similar cooling channels due to structural constraints, but the coil using the self-bonding
wires can have voids into which liquid helium can permeate (hereafter referred to as
“helium-permeable structure”). However, the larger helium-permeable structures could
make the coil windings fragile and lose the mechanical stability of superconducting
coils. Therefore, we developed a three-point bending test stand working at a cryogenic
temperature of 4.2 K within a magnet field, which can evaluate a strain for the magnet
quench (hereafter referred to as “quench strain) as the mechanical stability including
statistical variation. Besides, we evaluated a minimum heater energy for the quench as
the thermal stability to verify the cooling effect of this structure.

The test coils were racetrack-shaped (200 mmx50 mm), and two straight sections
were bent with the three-point bending test stand. Superconducting wires were NbTi
multifilament monolithic wire coated with polyvinyl formal and a self-bonding resin.
The helium-permeable structures existed in the area surrounded by three wires and
occupied about 2 % of the cross-section. For comparison, the test coils without the
helium-permeable structure were made by putting additional self-bonding resin during
the winding process. The test coils were energized from 150 A to 250 A in the magnetic
field of 5.8 T, and the critical current margin defined as the ratio of operation current
to the conductor critical current was from 32.0 % to 53.3 %.

The minimum heater energy for the quench of the test coils with the helium-
permeable structure were 5.6 mJ to 22 mJ, which were about 2.3 to 3.1 times higher
than the test coils without the helium-permeable structure. These results indicated that
the helium permeable structure improved the thermal stability of the superconducting
coil. However, the differences of the minimum heater energy for the quench between
both types of the test coils tended to decrease when the current of the test coil became
larger.

The quench strains of the test coils with helium-permeable structure were about 1.6
times larger compared to the test coils without the helium-permeable structure when the
current of the test coil was 150 A (the critical current margin 32.0 %). On the other hand,

there were almost no differences of the quench strains between both types of the test



coils when the current of the test coil was 185 A or more (the critical current margin
39.4 % or more). Although the quench strains depended on the current of the test coil,
the helium permeable structure had the effect to improve the mechanical stability of the
superconducting coil.

The frequency of the voltage spikes, which indicate that mechanical disturbance
occurred in the coil winding, were almost the same regardless of the presence or absence
of the helium-permeable structure. The presence of the helium-permeable structure did
not increase the number of mechanical disturbances. We consider that this is because
the phenoxy resin applied as the self-bonding resin has three times larger fracture
toughness than that of the epoxy resin. The higher fracture toughness restrained crack
growth in the resin; therefore, the test coils with the helium-permeable structure seemed
not to lose the quench stability.

The cooling mechanism of helium-permeable structure was investigated by a transient
thermal analysis of the coil windings. It was found that the helium-permeable structure
functions as a type of temperature fixed point and enhances thermal stability. However,
it was also found that there is almost no difference in the initial temperature rise from
4.2 Kto 5.7 K regardless of the presence or absence of the helium-permeable structure.
This result shows that the cooling effect of the helium-permeable structure can not be
expected under the condition of the high critical current margin where the current
sharing temperature is low.

From the above results, we had three design guidelines of the superconducting coil
with the helium-permeable structure: 1) Expansion of the helium-permeable structure
is expected to improve the quench stability, since the mechanical stability was not
impaired even if the helium-permeable structure that occupies 2 % of the coil cross-
sectional area was applied. Furthermore, past studies of magnets for LHC (Large Hadron
Collider) revealed that the expansion of the cooling perimeter of the superconducting
strand increases MQE (Minimum Quench Energy). When the helium-permeable
structure is expanded to a cross-sectional area ratio of 6 %, the cooling perimeter is
expanded from 22 % to 47 %, and further improvement of the quench stability is
expected. 2) The number of training quenches can be reduced under the condition of the
low critical current margin without expanding the helium permeation structure. In the
results of the three-point bending test, it was found that the quench stability was
improved under the critical current margin of 32.0 % or less. 3) The Young's modulus
of the self-bonded coil tended to be lower than that of the prepreg coil. Therefore, when
a self-bonded coil is applied, it is necessary to reinforce a support structure according
to the magnitude of the electromagnetic force in order to suppress the deformation of
the coil winding.
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