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Abstract—In the main linac of the International Linear Collider
(ILC), superconducting magnets for beam focusing and steering
will be located periodically in superconducting RF (SRF) cavity
string for beam acceleration in common cryomodules. A concept of
conduction cooling of the combined-functioned, splittable super-
conducting magnets has been proposed and investigated to adapt
much different features and to meet different requirements for the
superconducting magnet and SRF cavity in fabrication, assembly,
and operation. It is required to integrate the superconducting
magnet after the SRF cavity string assembly is completed under an
ultra-clean environment, and to isolate and the magnet operation
by using conduction cooling through thermal links to a liquid heli-
um supply pipe. According to this concept, a model magnet devel-
opment was carried out in cooperation with Fermilab and KEK,
and has been demonstrated in KEK superconducting RF test facili-
ty (STF). In addition, an important issue has been recently identi-
fied. High gradient SRF cavities naturally emit field emission elec-
tron flux from the inner surface, so-called dark current. It may
pass through the subsequent SRF cavity string and penetrate into
the superconducting magnets placed downstream. It may heat up
the superconducting coils, and may cause a quench. Therefore, fur-
ther study on reliable conduction cooling and to secure the super-
conducting magnet operation with a keeping sufficient safety mar-
gin is quite essential. In this paper, we report the installation, the
improvement achieved in STF, and the R&D progress in the study
on the conduction cooling of the superconducting magnet for the
ILC main linac.

Index Terms—Iliear accelerator, superconducting magnet, con-
duction cooling, field emission, dark current.

1. INTRODUCTION

HE ILC main linac consists of two types of cryomodule
(CM). Type-A cryomodules include 9 SRF cavities. On
the other hand, Type-B cryomodules contain 8 SRF cavities
and one superconducting quadrupole (SCQ) magnet package.
In Fig. 1, a schematic of the Type-B cryomodule is shown. At
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Fig. 1. Schematic of Type-B cryomodule of ILC. The Type-B cryomodule

consists of 8 superconducting RF cavities, and a superconducting magnet
package.

TABLEI
SPECIFICATION OF SCQ MAGNET FOR ILC

Parameters Low Energy Type High Energy Type
Beam Energy 5~25 GeV 25~250 GeV
Physical Length 0.25m I'm
Magnetic Length 0.20 m 0.95m
Radius of Inner Pole 0.045 m
Field Gradient 19 T/m 40 T/m
Maximum Field of Q-coil ~15T ~3T
Operation Temperature 2K

the middle part of the module, an SCQ magnet is drawn. The
SCQ magnet package is combined with two dipole magnets as
horizontal and vertical beam steering [1]. Because of a long
linac structure, there are two energy stages and the required
features of magnets for each stage are different. Specifications
of the SCQ magnet package are summarized in Table 1.

An emphasized feature of the ILC SCQ is its splittable
structure. This structure is designed by a requirement from the
SRF cavity to prevent from contaminating inner surface of
cavities during string assembly operation in ultra-clean envi-
ronment. Adopting the splittable structure, the SCQ magnet
does not need to be brought into the clean room, and is able to
be attached to the beam line after all cavity assembly is done.
However, the SCQ magnets are forbidden to have their own
helium vessel to store liquid. As a result, the SCQ magnets are
cooled down with conduction cooling through high-efficiency
conductors of heat. As such conductors, highly purified alu-
minum sheets are usually used for this purpose [2]. So far, in
collaboration with FNAL and KEK, long length model mag-
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nets are fabricated and investigated performances applying
cold tests at the testbench [3-6]. Adding that, a short model
magnet is also constructed and has been installed into a CM of
STF accelerator. Following this paper, test results and several
improvements in the accelerator environment demonstrations
will be described. In addition to those above, authors recog-
nize that a heating issue driven by the dark current would be a
major problem for the high gradient linac machine such as
ILC. To avoid unexpected quench risks occurred by the dark
current, several improvement studies are done. We report
some results of FEM calculations.

II. MODEL MAGNET R&D IN KEK STF

TABLEII
PARAMETERS OF AN INSTALLED MODEL MAGNET PACKAGE

Parameter Unit Value
Physical Magnet Length mm 340
Magnet Width mm 322
Magnet Height mm 220
Effective Length mm 230
Magnet Pole Aperture mm 90
Beam Pipe Bore Aperture mm 78
Integrate Peak Gradient T 2.0
Peak Quadrupole Gradient T/m 8.7
Quadrupole Magnet Inductance H 0.66
Operation Current A 30
Superconductor NbTi
Superconductor Diameter mm 0.5
5N8 Al sheets as \; : 2 K LHe
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Fig. 2. Cross section drawing of installed SCQ magnet.
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Fig. 3. Installed SCQ temperature transition plot.

Fabrication of the short type model magnet was started at
FNAL in 2013, and the magnet was installed into KEK STF in
the same year. Some of primary parameters are listed in Table
II. From 2014, the STF accelerator was operated several times,
and the SCQ magnet underwent cold tests. Fig.2 shows a cross
section drawing of the SCQ, which also includes other im-
portant components of the magnet system like 2 K LHe supply
line, 2 K anchor point, and highly purified aluminum strips
which connects between the magnet body and the 2 K supply
line. According to Fig.3, almost all part of the magnet showed
above NbTi critical temperature, because of not enough ther-
mal anchoring of current leads. To improve this situation, HTS
current lead plates were inserted on the 5 K region of the Cu
current leads. This improvement drastically changed thermal
profiles, and the quadrupole could be excited with 25.6 A.
However, all 4 coils still showed rather higher temperatures
even though the thermal anchor was attached on the 2 K heat
bath. In 2019, all current leads were removed from just before
point of the 2 K anchor. However, even after the removal op-
eration, thermal profiles of the magnet had never changed.
From this experimental trial, it was argued that incoming con-
duction heat component through the current leads were not the
source of the reason why the magnet was kept rather higher
temperature.

To investigate the source which kept the whole magnet sys-
tem hotter, the amount of carried heat flux was evaluated by
using following Fourier’s law

O =AXATXS /L (1)

where 1 corresponds to thermal conductivity, AT is tempera-
ture difference, S is cross sectional area, and Z is distance.
Because the temperature distribution of the magnet system
was known, and also all dimensions could be picked up from
design drawings. As a result, Q could be calculated, and the
evaluated value was about 1 W. To confirm the above simple
analytical calculation, FEM method was used to reproduce the
measured temperature profiles. An obtained result is shown as
Fig.4. Assuming 1 W heat load comes from top of the anchor
support, then, measured thermal distributions are reproduced.
Large thermal gradients are concentrated on stainless steel
wall.

U ~ 1 W heat load
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Fig. 4. Numerical calculation results of thermal profile confirmation.
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Fig. 5. Improved thermal pass with a new bypass line.

2019 (Before Improvement)

85 Se—— 55

a =
3 Qa
=
|2 g
3 -
n 5 2
o o 3
£ —
4 =
30-min.
6.5 L 51
8:00:00 8:30:00 9:00:00 9:30:00 10:00:00
Time
= 56
o g 2020 (After Improvement)
SCom 03

11—, 7 SC_Coi 24 55
< 5T~0.4 5
= 5 ~ a

e ;
S N
o 65 s L 54 g-
2 ¢ SR Ty "2 o

W|© e e - =
®© 2 g o)
oG s - =5
a o)
£ e
& 55 52 O\c
30-min. =

5 - 51

5:00:00 530:00 10:00:00 1030700
Time

Fig. 6. Liquid level study before improvement (above), and after improve-
ment (below).

Through the evaluation study of carried heat amount and
thermal profile of the system, it is revealed that an anchoring
position of the SCQ was not appropriate and convection con-
tribution from 2 K He vapor was not sufficient to provide an
enough cooling capability. The CM-1 cryomodule is a part of
the STF accelerator and is quite difficult to decompose to re-
pair the SCQ thermal anchor position. The only remaining
way is to use a magnet service port for current leads connect-
ing operations locating a side wall of the cryomodule. In Fig.5,
an outline of the improvement is shown. A new bypass line of
Aluminum (Al) strip was attached at the bottom of the 2 K
supply pipe (2 K anchor point). The other side of the bypass
line was attached at the nearest position to the SCQ as far as
hands reached from the service port. Two trend plots of the
thermometric of the SCQ are shown in Fig.6. Both plots have
the same range of vertical axis (2.5 K), however, the repre-
sented region is different. The below one (after improvement)
shows a lower temperature region, and it is possible to under-
stand that after the improvement, all coils of the SCQ have be-
come about 1.5 K colder. Studies of liquid He level were also
done. When JT-valve of the 2 K system was closed, 2 K sup-
ply pipe would be dry out about one hour later. Fig.6 also in-
cludes these results. Before improvement, the SCQ tempera-
ture depends on the liquid level height because of the anchor-

ing position. However, the dependency on the level was re-
laxed after the improvement.

As a result, it is possible to conclude that the new bypass
line works well to stabilize the SCQ thermal profile. The SCQ
installed CM-1 was operated with rated current 30 A in 2021
machine operation of STF. We also have confirmed that two
steering magnets control beam position successfully by using
downstream BPM signals.

III. DARK CURRENT HEATING AND IMPROVEMENT IDEA

Field Emission Source  SRF Cavity  Dark Current Trajectories

TNV U
Acceleration Direction »>

im

Quadrupole Magnet
Top View Schematic of Dark Current Heating

Fig. 7. Schematic of field emissions from cavitv and heating at SCO.
ILC-5CQ(dark current 50nA/cav*26cav*2%, 2T at pole, Z=1cm) a0
0 : el ; e E
\ o
—
| =,
= o002t
=
| =
2]
0,00 C
. M
B ‘ O
3 [ \ =
<l | oo O
| =
3 \ ‘B
st o]
von
QL
w! 0O
>
A vot )
15 «‘ b
L]
‘ =
ul
0 5 o s s s 1 1 2
Morizontal Axisfcm)
Fig. 8. Numerical simulation result of energy deposition density at the SCQ.

As a last part of the paper, a new issue for quadrupoles of
the ILC main linac would be discussed. Recent outstanding
progress of cavity fabrication scheme makes it possible to
reach higher accelerating gradient. However, at the same time,
it brings about a new potential problem of additional heating
and quench risk for SCQ [7-9]. Field emissions are not possi-
ble to avoid in such a high gradient cavity. Some of those
emitted electrons are captured by accelerating phase of RF,
and propagate to downstream as so-called dark current. Emit-
ted dark currents are accumulated in between an interval of
SCQ packages. In ILC case, it is 38 m long. Each charged par-
ticles have almost the speed of light, however, their energy is
not uniform. So, the energy matching with appropriately
aligned SCQ would not be achieved, and focus/defocus mag-
netic forces would bend the injected dark current. Finally,
those bent currents are absorbed by SCQ coil and iron yoke.
As results of recent simulations, evaluated dark current is
about 50 nA from one 1.3 GHz cavity, and energy deposition
to the SCQ could reach about 1.7 W in ILC 500 GeV option
case. Taking into account the safety factor of 3, 5 W heat load
is assumed. ILC adopts 1-ms beam with 5 Hz repetition rate. It



leads that 1 joule energy will be deposited within 1-ms onto
the SCQ, and turned off in following 200-ms [10].
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Fig. 10. Numerical simulation results of steady state with dark current heating.
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Fig. 11. Numerical simulation results with an additive aluminum strip.

To investigate the dark current heating effects, FEM simula-
tions are conducted. Fig.9 shows simulation setups. Assuming
a 30 cm coil with 30 cm Al strip attached without arc section,
and calculate half part of it. Only central cubic part of 50 mm
length will be heated up. The heat distribution must be imitat-
ing the effect from dark current, however for this time, adopt-
ed uniform heating for simplicity. Obtained results are shown
in Fig.10 and Fig.11. If any additive support is not included
(original coil style), the maximum temperature reaches about
14 K as a steady state. It almost reaches magnesium bromide
critical temperature in 3 T. To reduce the attainment tempera-
ture, it is necessary to reinforce the thermal conductors. Con-
sidering the energy deposition profiles depicted in Fig.8, at-
taching an additive Al strip on the open side of coil case seems
effective. The open side is surrounded by feeble magnetic
field, and this is good advantage to avoid thermal conductivity
reduction through magnetoresistance effect. This configura-
tion is calculated and the results are shown in Fig.11.

An additive Al strip is attached to the coil side wall directly,
and the attainment temperature is less than the critical temper-
ature of niobium tin. From those study results, it is possible to

argue that the auxiliary Al strip sufficiently works to reduce
the temperature rise of the coil. Niobium tin and magnesium
bromide are wire candidates for ILC with dark current heating.

IV. CONCLUSION

As a demonstration of conduction cooling R&D, we have
developed a short model magnet superconducting magnet in
collaboration with FNAL, and installed it into KEK STF. Af-
ter some improvements, the SCQ package is successfully op-
erated in CM1 cryomodule. Making use of lessons learned in
STF and also SuperKEKB QCS experiences, we have started a
new R&D program with a new model magnet to be sustaina-
ble against the dark current heating which was recently recog-
nized to be a major issue for the high gradient linac machine
such as ILC. To avoid unexpected quench risks, we evaluate
thermal profile evolutions in the new SCQ using FEM method,
and propose a new conduction cooling scheme of a thermal
link from the SCQ coils and 2 K LHe supply pipe. Appling
our improved anchoring scheme, FEM calculation shows the
model coil and magnet steady state temperature is less than the
critical temperature of niobium tin even with dark current
heating of 5 W. This effectivity will be tested with similar
dark current heat load imitated with heaters experimentally in
near future.
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