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Abstract

Cryogenic modules are key equipment systems in SHINE. To achieve a high qual-
ity factor QO for the superconducting cavities in cryogenic modules, it is essential
to create a low-magnetic-field operating environment. Efficient magnetic shield-
ing for superconducting cavities effectively shields against background magnetic
fields; excessive background magnetic fields significantly reduce the effectiveness
of cryogenic Permalloy magnetic shielding. During manufacturing, installation,
integration, test, and transportation, cryogenic modules generate residual mag-
netic fields B of varying degrees, necessitating online in-situ precision demagne-
tization of the entire cryogenic module to reduce the background magnetic field
for magnetic shielding. Taking the SHINE cryogenic module as an example, this
paper introduces the online in-situ demagnetization of the entire cryogenic mod-
ule and analyzes the experimental results. The study shows that after online
demagnetization of the entire SHINE module, the magnetic field B inside the
superconducting cavity is less than 1.0 mGs when the superconducting cavity
QO reaches 2.7 x 1010 to 5.0 x1010. The research results provide a reference
for the demagnetization of cryogenic modules in similar FEL free-electron laser
facilities worldwide.
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Cryogenic modules are key equipment systems in SHINE. To achieve a high
quality factor Q for the superconducting cavities in these modules, it is es-
sential to create a low-magnetic-field operating environment. While efficient
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magnetic shielding for superconducting cavities effectively shields against back-
ground magnetic fields, excessive background fields significantly reduce the ef-
fectiveness of cryogenic Permalloy magnetic shielding. During manufacturing,
installation, integration, testing, and transportation, cryogenic modules gener-
ate residual magnetic fields B of varying degrees, necessitating online in-situ pre-
cision demagnetization of the entire cryogenic module to reduce the background
magnetic field for magnetic shielding. Taking the SHINE cryogenic module as
an example, this paper introduces the online in-situ demagnetization of the en-
tire cryogenic module and analyzes the experimental results. The study shows
that after online demagnetization of the entire SHINE module, the magnetic
field B inside the superconducting cavity is less than 1.0 mGs when the super-
conducting cavity Q reaches 2.7 x 10! to 5.0 x 10'. These research results
provide a reference for the demagnetization of cryogenic modules in similar FEL
free-electron laser facilities worldwide.

Keywords: cryogenic module, whole machine demagnetization, weak magnetic
field, quality factor Q

INTRODUCTION

The Hard X-ray Free Electron Laser Facility (SHINE) is planned to operate
75 complex large-scale cryogenic superconducting accelerator modules, which
include 600 standard 1.3 GHz high-Q radio-frequency superconducting cavities
[1-3]. To achieve the design value of the quality factor Q of 2.70 x 10 at 16
MV/m for the standard 1.3 GHz module superconducting cavities, reduce the
thermal load on the SHINE cryogenic refrigeration system, and save costs in
construction, equipment development, integration test, and operational mainte-
nance, it is necessary to provide a weak magnetic field operating environment
for these cavities [4-6]. The smaller the residual magnetic induction B (re-
ferred to as residual magnetic field B) inside the superconducting cavities, the
higher the Q will be [7-9], as shown in Fig. 1 [FIGURE:1].

It can be observed that when the residual magnetic field B inside the supercon-
ducting cavity is controlled to approximately 3.00 mGs, the Q of the supercon-
ducting cavity can reach 2.7 x 10' [10-12]; if the residual magnetic field B is
controlled to 0.50 mGs, the Q of the superconducting cavity can approach 4.0
x 10! . According to the SHINE high-Q module whole machine online demag-
netization technical standards, after online demagnetization of the standard 1.3
GHz module, the magnetic field detection indicators for the two fluxgate probes
between the magnetic shielding layers are as follows: (1) At the ground-level
horizontal test position, the average absolute value of the two fluxgate probes
is less than 0.60 mGs. (2) At the underground tunnel operating position, the
average absolute value of the two fluxgate probes is less than 1.00 mGs.

The weak magnetic field environment for superconducting cavities is closely re-
lated to the effectiveness of magnetic shielding. “Magnetic shielding” is made
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from high-permeability magnetic materials, such as sheets formed into geomet-
ric shapes like spherical rings, frames, or cylinders, to “divert” nearby magnetic
field lines and achieve a clean background magnetic field. The design principle of
low-frequency static magnetic field shielding is to use high magnetic permeabil-
ity materials like pure iron, silicon steel, and Permalloy to shunt the interfering
magnetic fields (see Fig. 2(a) [FIGURE:2]), thereby significantly reducing the
residual magnetic field in the working area of the equipment [13]. From the prin-
ciples of static magnetic field shielding, the following conclusions can be drawn:
First, the higher the permeability n of the ferromagnetic material and the larger
the cross-sectional area s of the magnetic shielding structure, the smaller the
magnetic reluctance R of the magnetic circuit. Consequently, the magnetic flux
® concentrated in the magnetic circuit is greater, and the leakage magnetic flux
® in the air is significantly reduced. Second, for magnetic shielding structures
made of soft magnetic materials, there should be no openings or gaps perpen-
dicular to the direction of the magnetic field lines. If a gap is perpendicular
to the magnetic field lines, it will cut the magnetic field lines and increase the
magnetic reluctance (i.e., reduce the effectiveness of the magnetic shielding).
The permeability p of the cryogenic Permalloy used in the magnetic shielding of
superconducting cavities is closely related to the background magnetic field H.
Generally, a background magnetic field of 0-50 mGs (see Fig. 2(b) [FIGURE:2])
is required to maximize the effectiveness of the cryogenic Permalloy magnetic
shielding for superconducting cavities. Therefore, creating a weak magnetic field
H environment and matching it with the permeability 1 to enhance the effective-
ness of the magnetic shielding is crucial. In other words, the magnetic shielding
around the superconducting cavity alone is not sufficient to effectively shield
against all larger background magnetic fields. It is necessary to create an even
weaker background magnetic field environment outside the magnetic shielding
to provide the prerequisite conditions for achieving high shielding performance.

The factors that affect the background magnetic field around the superconduct-
ing cavity magnetic shielding of the module mainly include: (1) The inherent
background magnetic field due to the orientation layout of the entire module.
The background magnetic field in the east-west direction is significantly smaller
than that in the north-south direction. The SHINE cryogenic module is ori-
ented east-west at the ground-level horizontal test station and north-south in
the underground tunnel during installation and operation. (2) The effectiveness
of the magnetic shielding of the surrounding buildings during module test and
operation. The two test stations in Hall 1 of the SHINE ground test station
have certain magnetic shielding functions, with an axial background magnetic
field in the test space of approximately 150-250 mGs. The two test stations in
Hall 2 do not have magnetic shielding functions, with an axial background mag-
netic field in the test space of approximately 250-350 mGs. The underground
north-south tunnel of SHINE is made of reinforced concrete, with an axial back-
ground magnetic field of 400-550 mGs at the module installation and operation
position. (3) The residual magnetic field of ferromagnetic components, such as
stainless steel, within approximately 100 mm around the superconducting cav-
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ity, including tuners, couplers, beam pipes, flanges, supports, fastening screws,
welded parts, etc. The surface residual magnetic field of these components needs
to be strictly controlled before and after installation. According to the SHINE
module magnetic field hygiene management regulations, the surface magnetic
field of these components should be controlled within 1.0 Gs before installation.
If this requirement is not met, demagnetization treatment should be carried
out until the requirement is satisfied. The magnetic field of some components
increases after installation, especially the surface residual magnetic field of the
module’ s cryogenic pipeline, which increases significantly after installation and
welding. In such cases, online demagnetization is also required to control the
magnetic field below the specified value. (4) The level and accuracy of the en-
tire module demagnetization. Although strict magnetic field control was carried
out during the installation of the module cryostat and internal components, the
module became magnetized to varying degrees during subsequent processes such
as installation, integration, debugging, welding, and conditioning. Therefore, it
is necessary to perform online in-situ demagnetization of the entire module to
reduce the background magnetic field environment of the module cryostat. This
paper introduces the experimental situation of online in-situ demagnetization
of the entire high-Q module and several engineering modules to create a weak
magnetic field H environment.

II. DEMAGNETIZATION EXPERIMENTAL METHOD

The demagnetization of the SHINE cryogenic module essentially involves demag-
netizing the vacuum cryostat [14, 15]. Components such as the tuner, coupler,
flange, and support pieces around the superconducting cavities inside the mod-
ule cannot have their residual magnetic fields reduced through whole-module de-
magnetization. As previously described, these components can only be managed
through material selection and individual component demagnetization. There-
fore, the demagnetization system and process for the entire module are almost
identical to those for the cryostat.

The SHINE module whole machine demagnetization uses the demagnetization
system IPS-403E jointly developed with Hunan United Information Security
Technology Co., Ltd. The demagnetization system for the whole module consists
of two parts: the demagnetization power supply system and the load coil system.
The demagnetization power supply system has a total power of about 33 kW,
with a demagnetization output current ranging from 6.5 mA to 130 A and a
demagnetization frequency of 0.1-1.0 Hz. The switching frequency is switchable
between 5 kHz and 10 kHz. It includes an industrial computer, a low-frequency
power supply, and a resistor box. The load coil system has a total length of
about 1300 m and a total resistance of about 2.0 ohms when connected in series.
It uses 12 mm? lightweight, high-temperature, and radiation-resistant cables. It
includes a 100-turn coil at the module end, 20 groups of coils in the middle (10
turns per group), and output/input leads.
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During the SHINE module whole machine demagnetization process, operations
such as vacuum pumping, heating, conditioning, and welding, which have vary-
ing degrees of impact on demagnetization, need to be avoided. The flowmeter-
small range method is used to measure the Q value of individual supercon-
ducting cavities or a group of eight superconducting cavities before and after
demagnetization, and the results are compared with the vertical test results of
the superconducting cavities. The physical appearance of the SHINE cryogenic
module to be demagnetized is shown in Fig. 3 [FIGURE:3].

Unlike the demagnetization of cryogenic modules in good insulation from the
ground and in isolated conditions, the online in-situ demagnetization of the en-
tire SHINE module in both the horizontal test station and the underground
installation and operation states involves connecting numerous signal cables to
obtain various data. Additionally, the conductive and magnetic support plat-
form does not employ insulation design measures, resulting in extensive and
complex leakage current phenomena at the test station and installation oper-
ation sites. This leakage current during the demagnetization process causes
unpredictable interference with the online in-situ demagnetization of the entire
cryogenic module. Theoretically, disconnecting the leakage current grounding
wire before demagnetization could solve the issue of demagnetization interrup-
tion or incomplete demagnetization. However, this is not practical in actual
operations, as disconnecting the grounding wire would place the module, its
associated equipment, and on-site personnel in an unsafe state.

In early 2024, the online in-situ demagnetization of the SHINE high-Q cryogenic
module prototype used a non-timed balance mode, which frequently triggered
the demagnetization system’ s leakage current protection switch, causing un-
expected interruptions in the demagnetization process. The non-timed balance
mode is not universally applicable for the online in-situ demagnetization of the
entire cryogenic module. To address this, subsequent online in-situ demagneti-
zation of the entire SHINE module adopted two demagnetization modes—timed
exponential and timed linear—that are less likely to trigger the demagnetization
system’ s leakage current protection switch. The low-frequency power supply
switching frequency was also reduced to minimize interruptions during the on-
line demagnetization process. The current waveforms for the timed exponential
and timed linear modes of the SHINE high-Q module demagnetization are shown
in Fig. 4

, and the corresponding typical magnetic field waveforms detected by the two
fluxgate probes outside the superconducting cavity are shown in Fig. 5 [FIG-
URE:5]. From the current and magnetic field waveforms, it can be seen that
in the timed exponential mode, the current and magnetic field rapidly decay
sharply after the initial maximum value, while in the timed linear mode, the
current and magnetic field gradually decay according to a linear law after the
initial maximum value.

Table 1 shows the demagnetization status of the SHINE high-QQ module at dif-
ferent workstations in the installation and test site, including position, current,

chinarxiv.org/items/chinaxiv-202506.00044 Machine Translation


https://chinarxiv.org/items/chinaxiv-202506.00044

Figure 1: Figure 4

temperature, orientation, etc. To monitor the magnetic field waveform changes
and the actual demagnetization results during the online demagnetization pro-
cess of the SHINE high-Q module, 13 fluxgate probes from Bartington Instru-
ments were strategically placed inside the module [16, 17]. Specifically, CH1,
CH12, and CH2 were positioned between the two layers of magnetic shielding
outside the titanium jackets of the first, fourth, and fifth cavities, respectively.
CH4 was placed horizontally on top of Cell 5 in the first cavity. CH6 and CH7
were positioned at a 45-degree angle on top of Cell 9 and Cell 1 in the fourth
cavity, respectively. CH13 and CH14 were placed vertically along the axis at
the bottom of Cell 9 and Cell 1 in the fourth cavity, respectively. CH8 and CH9
were positioned at a 45-degree angle on top of Cell 9 and vertically along the
axis at the bottom of Cell 9 in the fifth cavity, respectively. CH10 and CH11
were positioned at a 45-degree angle on top of Cell 9 and on top of Cell 1 in
the eighth cavity, respectively. CH15 was placed vertically along the axis on
top of Cell 9 in the eighth cavity. Notably, to obtain more extreme magnetic
field experimental data in this experiment, all ten fluxgate probes inside the
cavities, except for CH4, were placed at the two ends of the magnetic shielding
cavity where the magnetic field is the strongest. According to the magnetic field
simulation results, if the magnetic field at the ends of the magnetic shielding
cavity reaches the expected results, the magnetic field in the main area of the
magnetic shielding cavity will be even more ideal. This arrangement is shown
in Fig. 6

Similarly, to monitor the magnetic field waveform changes and the actual
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Figure 2: Figure 6

demagnetization results during the online demagnetization process of the engi-
neering module, two fluxgate probes from Bartington Instruments were placed
inside the module, between the two layers of magnetic shielding outside the
titanium jackets of the first and fifth cavities.

III. DEMAGNETIZATION EXPERIMENTAL RESULTS
3.1 Demagnetization of the High-Q Prototype Module

Fig. 7 [FIGURE:7] illustrates the magnetic field measurements both inside and
outside the superconducting cavities before and after the demagnetization of
the module. The results show that for the three external fluxgate probes (CH1,
CH12, CH2), at the test station in Hall 1, the magnetic fields before demagne-
tization at 60 A were 0.51 mGs, 2.76 mGs, and 7.59 mGs, respectively. After
demagnetization, these values decreased to 0.14 mGs, -0.43 mGs, and -1.09 mGs.
When the module was cooled to 2.0 K, the magnetic fields increased slightly but
remained lower than before demagnetization. Upon moving the module to the
north-south orientation in Hall 1, the magnetic fields for these probes increased
significantly, except for CH1, which had faulty data. When the module was
relocated to an east-west position away from the test station in Hall 1, the
magnetic fields decreased compared to the north-south orientation, but due to
environmental magnetic field differences caused by the position change, they
increased significantly compared to the demagnetized state. When the module
was moved from the ground to the north-south position in the underground
tunnel, the magnetic fields for these probes increased significantly again, but
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decreased after demagnetization. Finally, when the module was moved from
the underground tunnel to the ground in an east-west position, the difference
in magnetic fields before and after demagnetization was substantial, with the
magnetic fields decreasing dramatically after demagnetization.

For the ten internal fluxgate probes, at the test station in Hall 1, the magnetic
fields for CH6, CH7, and CH15 were greater than 5.0 mGs before demagnetiza-
tion at 60 A. After demagnetization, these values decreased to -1.16 mGs, 0.22
mGs, and 0.14 mGs, respectively, with other probes also showing a decrease
in magnetic fields. After cooling to 2 K, the magnetic fields increased slightly
overall but remained lower than before demagnetization. When the module was
moved to the north-south orientation in Hall 1, the magnetic fields increased sig-
nificantly for almost all probes. When the module was relocated to an east-west
position away from the test station in Hall 1, similar to the external probes, the
magnetic fields decreased compared to the north-south orientation, but due to
environmental magnetic field differences, they increased significantly compared
to the demagnetized state. When the module was moved from the ground to the
north-south position in the underground tunnel, the magnetic fields increased
significantly for most probes. After demagnetization at 75 A, the magnetic fields
decreased, but some probes still had magnetic fields greater than 5.0 mGs. Fi-
nally, when the module was moved from the underground tunnel to the ground
in an east-west position, the difference in magnetic fields before and after de-
magnetization was substantial. After demagnetization at 75 A, the magnetic
fields inside the module decreased dramatically, with all cavity-internal fluxgate
probes showing magnetic fields less than 1.0 mGs. These results demonstrate
the effectiveness of the demagnetization process in reducing the magnetic fields
both inside and outside the superconducting cavities, achieving the desired weak
magnetic field environment for the SHINE high-Q module.

From the results mentioned above, it can be observed that: (1) The demagneti-
zation of the entire module has a significant impact on the magnetic fields both
inside and outside the cavity. Essentially, the module should not be moved
after demagnetization, as significant changes in the environmental background
magnetic field can affect the demagnetization effect. (2) The decrease in temper-
ature after demagnetization causes non-equilibrium thermal currents and other
factors, leading to an increase in the magnetic field. (3) The effectiveness of the
demagnetization of the entire module is closely related to its orientation. With
the same demagnetization current and process parameters, the north-south di-
rection, which has a larger background magnetic field, shows a less effective
demagnetization compared to the east-west direction, which has a smaller back-
ground magnetic field. (4) The changes in the magnetic fields detected by the
fluxgate probes both inside and outside the cavity are generally consistent be-
fore and after demagnetization. Since fluxgate probes cannot be placed inside
the cavity of the module during operation, placing some fluxgate probes outside
the cavity can be used to monitor and trace the changes in the magnetic field
inside the cavity before and after demagnetization, providing a reference for
operation and maintenance.

chinarxiv.org/items/chinaxiv-202506.00044 Machine Translation


https://chinarxiv.org/items/chinaxiv-202506.00044

ChinaRxiv [f)]

Before demagnetization, the average magnetic field values detected by the two
fluxgate probes (CH12 and CH2) between the magnetic shielding layers were
5.56 mGs in the east-west direction at the test station in Hall 1, 16.32 mGs in
the east-west direction on the ground at Well 2, and 9.42 mGs in the north-
south direction at the tunnel entrance of Well 2. The average magnetic field
values detected by the ten fluxgate probes (CH4, CH6, etc.) inside the magnetic
shielding cavity were 4.03 mGs in the east-west direction at the test station
in Hall 1, 4.12 mGs in the east-west direction on the ground at Well 2, and
4.35 mGs in the north-south direction at the tunnel entrance of Well 2. After
demagnetization, the average magnetic field values detected by the two fluxgate
probes (CH12 and CH2) between the magnetic shielding layers were 0.76 mGs
at 60 A demagnetization in the east-west direction at the test station in Hall
1 (1.81 mGs at 2.0 K), 0.94 mGs at 75 A demagnetization in the east-west
direction on the ground at Well 2, and 1.90 mGs at 75 A demagnetization in the
north-south direction at the tunnel entrance of Well 2. The average magnetic
field values detected by the ten fluxgate probes (CH4, CHG6, etc.) inside the
magnetic shielding cavity were 0.34 mGs at 60 A demagnetization in the east-
west direction at the test station in Hall 1 (2.06 mGs at 2.0 K), 0.32 mGs at
75 A demagnetization in the east-west direction on the ground at Well 2, and
1.53 mGs at 75 A demagnetization in the north-south direction at the tunnel
entrance of Well 2.

From the data, it can also be seen that the fluxgate probe CH4, located in the
main area of the magnetic shielding cavity, had a relatively small magnetic field
amplitude throughout the entire process of module movement and before and
after demagnetization, with the magnetic field not exceeding 2.0 mGs. The nine
fluxgate probes (CH6, etc.) located at the two ends of the magnetic shielding
cavity, where the magnetic field is the strongest, had larger changes in magnetic
field amplitude throughout the entire process of module movement and before
and after demagnetization, with some positions having magnetic fields close to
or exceeding 5.0 mGs. After the first demagnetization of the SHINE high-Q
module, the magnetic field was less than 1.0 mGs overall, which is better than
the demagnetization results of similar modules in the United States LCLS-II,
where the magnetic field after demagnetization in the east-west direction was
less than 2.3 mGs [18].

Fig. 8 [FIGURE:8] shows the Q test results of the SHINE high-Q module before
and after online demagnetization. The observations are as follows: (1) For the
entire module, the Q values of CAV1, CAV6, and CAV7 were 2.70 x 10!, 2.50
x 10", and 2.93 x 10!, respectively, before demagnetization. After demagneti-
zation, these values increased significantly to 3.27 x 10! | 3.28 x 10! , and 3.09 x
10!, respectively. When demagnetization was interrupted in the non-timed bal-
ance mode (equivalent to the module being magnetized), the Q values of these
three superconducting cavities dropped dramatically to 2.14 x 10, 1.11 x 10,
and 0.76 x 10!, respectively. This indicates that the magnetic field inside the
magnetic shielding structure of the superconducting cavities has a significant
impact on Q. (2) Other cavities, such as CAV5 and CAVS, also saw substan-
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tial improvements in Q after demagnetization. The Q values of CAV2, CAV3,
and CAV4 reached the design target of 2.7 x 10' after demagnetization, with
CAV?2 achieving a Q of 5.36 x 10' . This improvement may be due to a more
noticeable reduction in the magnetic field within the cavity, as well as the inher-
ent performance of the cavity itself. (3) For the overall Q measurement (eight
cavities, 134.5 MV), the Q values before and after demagnetization were 2.58
x 10' and 3.32 x 10!, respectively. The post-demagnetization value met the
key acceptance criteria for Q of the entire module. These results demonstrate
the significant impact of demagnetization on improving the Q of the supercon-
ducting cavities in the SHINE high-Q module, highlighting the importance of
effective magnetic field control for achieving optimal performance.

3.2 Demagnetization of High-Q Application Modules

Table 2 shows the changes in the average absolute magnetic field values de-
tected by the two fluxgate probes between the magnetic shielding layers before
and after demagnetization, as well as the test results for the key indicator QQ for
subsequent similar application modules. For 12 eight-cavity 1.3 GHz modules,
the magnetic field between the magnetic shielding layers significantly decreased
to 0.20-0.50 mGs after demagnetization, indicating that the magnetic field in
the main area of the superconducting cavities would be even smaller. Except for
CMO02, the key indicator Q for all modules generally met the design specifica-
tions. The failure of CM02 to meet the expected results may be closely related
to the relatively low demagnetization current, the inherent performance of the
superconducting cavities, and quenching during the test process.

Among the 12 standard 1.3 GHz engineering modules that underwent demagne-
tization, CM01, CM02, CM03, CM04, CM05, CM06, CM07, and CMO08 used the
timed exponential mode for demagnetization, with the magnetic field between
the magnetic shielding layers controlled at 0.20-0.50 mGs after demagnetization.
CMO09, CM10, CM11, and CM12 used the timed linear mode for demagnetiza-
tion, with the magnetic field between the magnetic shielding layers controlled
below 0.20 mGs, slightly better than the timed exponential mode.

For module CMO01, the Q changes before and after demagnetization were tested
for each superconducting cavity, as shown in Fig. 9 [FIGURE:9]. It can be ob-
served that the Q of almost all superconducting cavities increased to varying
degrees after demagnetization. During the @Q test process after demagnetiza-
tion, quenching of the superconducting cavities had a significant impact on the
results. Generally, compared to vertical test, the Q values of superconducting
cavities without quenching were higher. Among them, the Q values of CMO01
and CMO08 were much higher than those obtained from vertical test. Except
for CMO5, the ratio of horizontal test to vertical test Q values for other su-
perconducting cavities exceeded 90%. In contrast, CM02, CMO07, and CM09
experienced quenching to varying degrees during the QQ test process after de-
magnetization, resulting in much lower @ values for these modules.
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According to Fig. 1, the magnetic field in the main area of the superconduct-
ing cavities after demagnetization of modules CM01-CM12 is expected to be
controlled at the 0.50 mGs level. Theoretically, the @ of all superconducting
cavities should approach 4.0 x 10 . However, in practice, only the Q values of
CMO01, CMO06, and CMOS are close to 4.0 x 10! . This indicates that other fac-
tors, such as quenching during test and the inherent performance of the cavities,
may also have a significant impact on the Q of the superconducting cavities.

Module CM10 attempted an online demagnetization method under a low-
temperature operating environment at 41 K. As shown in Fig. 10
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Figure 3: Figure 10

, there is a significant difference in the Q of the entire module before and
after demagnetization, with values of 2.41 x 10! at 112 MV before demagne-
tization and 3.37 x 10! at 112 MV after demagnetization. The overall results
obtained from low-temperature demagnetization are consistent with those from
room-temperature demagnetization. However, microthermal currents inside the
superconducting cavities during low-temperature demagnetization have an ad-
verse effect on the Q results, although the magnitude of this effect should be
relatively small. After online demagnetization, the Q test of module CM10 did
not experience quenching in the superconducting cavities. The ratio of the Q
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value obtained from the horizontal test to that from the vertical test was 84%,
which is lower than the expected 90%. Whether this discrepancy is related to
the presence of thermal currents during low-temperature demagnetization re-
mains to be determined. Further experience data needs to be accumulated and
analyzed to provide a more comprehensive understanding.

IV. DISCUSSION AND CONCLUSIONS

This paper presents the results of online in-situ demagnetization of the SHINE
high-Q module prototype and demonstrates that the background magnetic field
and demagnetization current of the entire module have a significant impact on
the demagnetization outcome. After online demagnetization, the magnetic field
B inside the superconducting cavities can be controlled at the 0.20-0.50 mGs
level, with @ values reaching 2.7 x 10" to 5.3 x 10'. These results meet the
key performance requirements of the SHINE module and are superior to similar
online demagnetization outcomes from international counterparts. The Q val-
ues of different superconducting cavities after demagnetization show significant
variation, which may be related not only to the magnetic field but also to the
performance of the cavities themselves and the occurrence of quenching during
testing. The magnetic field changes detected by the fluxgate probes outside
and inside the cavities are almost consistent before and after demagnetization.
Therefore, fluxgate probes can be placed outside the cavities during module
installation and operation to monitor the demagnetization process.

To reduce the workload and improve the results of demagnetization, the back-
ground magnetic field should remain stable after online in-situ demagnetiza-
tion of the entire module. When demagnetizing in the north-south direction, a
higher demagnetization current is required to achieve the same effect as in the
east-west direction, indicating that demagnetization in the north-south direc-
tion is more challenging. After demagnetization, operations that may affect the
demagnetization outcome, such as transportation, welding, conditioning, and
vibration, should generally be avoided. Essentially, these operations can lead
to re-magnetization of the module.

Worth exploring and researching is the underlying mechanism of the occasional
interruption phenomenon in the non-timed balance mode of online demagneti-
zation for the entire module, while also paying attention to whether the timed
exponential and timed linear modes do not experience demagnetization inter-
ruptions under more complex leakage magnetic conditions. Compared to the
timed exponential mode, the timed linear mode has a longer demagnetization
time at higher currents, allowing the stubborn high Hc magnetic domains in
the module cryostat material to be more thoroughly randomized. Theoretically,
this results in a more complete demagnetization, which has been preliminarily
verified in the demagnetization results of modules CM09, CM10, CM11, and
CM12. Further accumulation and analysis of demagnetization data from appli-
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cation modules are needed to understand the differences between the two timed
modes.

The demagnetization results of the entire module are closely related to the back-
ground magnetic field of the test station or operational state. Except for CM10,
the demagnetization of high-Q modules and 12 application modules has been
carried out at two positions in Hall 1 with a smaller background magnetic field
and relatively simpler leakage current. In positions with a larger background
magnetic field and more complex leakage current in Hall 2, and in the under-
ground tunnel with an even larger background magnetic field in the north-south
direction, the demagnetization results of the entire module may vary to some
extent. The corresponding demagnetization process parameters may need to be
optimized to achieve better results.

Before demagnetization, the magnetic field in the main area inside the supercon-
ducting cavities of the SHINE module generally meets the requirement of being
less than 3.0 mGs. However, based on the actual @ test results, controlling
the magnetic field inside the superconducting cavities at 3.0 mGs may not be
sufficient. The magnetic field inside the superconducting cavities after demagne-
tization of the entire module needs to be controlled below 1.0 mGs or even 0.50
mGs to achieve better (Q performance. Based on the low-temperature demag-
netization results of CM10, there is little difference between low-temperature
and room-temperature demagnetization, but neither has achieved better results.
Further accumulation of low-temperature demagnetization data and analysis are
needed.
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Table 1 . Demagnetization status of the entire high-Q module of SHINE.

Module position Demagnetization current Measure status
Hall 1 test station 60 A 293K before
demagnetization
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Module position

Demagnetization current

Measure status

Hall 1 test station
Hall 1 test station

Hall 1 north-south
direction

Hall 1 east-west
direction

Well 2 underground
north-south
demagnetization
Well 2 underground
north-south
demagnetization
Well 2 ground
north-south direction
Well 2 ground
north-south direction

60 A

60 A

75 A

75 A

75 A

75 A

75 A

75 A

293K after
demagnetization
2K after
demagnetization
293K after
demagnetization
293K after
demagnetization
293K before
demagnetization

293K after
demagnetization

293K before
demagnetization
293K after
demagnetization

Table 2 . Q Test Results After Demagnetization of SHINE Application Mod-

ules.
Magnetic field Whether
Module Demagnetization before/after H/V  quench-
number  Positionmode/current demagnetization Q ing
CMO01 Hall  Timed 2.00 mGs/0.20 mGs 3.51  120%
1 exponential X
mode/75 A 10' @133
MV
CMO02 Hall  Timed 1.00 mGs/0.30 mGs 2.63  86%
1 exponential X
mode/60 A 10! @166
MV
CMO03 Hall  Timed 1.77 mGs/0.50 mGs 3.87  98%
1 exponential X
mode/75 A 10! @166
MV
CM04  Hall Timed 0.80 mGs/0.40 mGs 3.14 91%
1 exponential X
mode/75 A 10' @166
MV
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Magnetic field Whether
Module Demagnetization before/after H/V  quench-
number  Positionmode/current demagnetization Q ing
CMO05 Hall  Timed 2.00 mGs/0.25 mGs 3.13  82%
1 exponential X
mode/75 A 10' @166
MV
CMO06 Hall  Timed 1.40 mGs/0.30 mGs 4.05  99%
1 exponential X
mode/75 A 10" @166
MV
CMO7 Hall  Timed 2.40 mGs/0.20 mGs 2.87  68%
1 exponential X
mode/75 A 10! @166
MV
CMO8 Hall  Timed 0.35 mGs/0.29 mGs 4.21  108%
1 exponential X
mode/75 A 10! @166
MV
CMO09 Hall  Timed linear 0.34 mGs/0.18 mGs 3.14  78%
2 mode/75 A X
10! @165
MV
CM10 Hall  Timed linear 1.40 mGs/0.19 mGs 3.37  84%
1 mode/75 A X
10! @112
MV
CM11 Hall  Timed linear 0.35 mGs/0.15 mGs 3.07  78%
1 mode/75 A X
10! @166
MV
CM12 Hall  Timed linear 0.25 mGs/0.16 mGs 3.41 81%
1 mode/75 A X
10! @163
MV
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