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Highly efficient superconducting radio-frequency cavities exhibit low heat loss and are used as
components in accelerators and superconducting devices due to their high O-values. The precise location of
magnetic flux trapping in cavities is necessary to identify its effects on the performance of superconducting
cavities. In this study, we report a new combined mapping system to measure the temperature and magnetic
field on the equator. The proposed system comprehensively maps local magnetic field changes as magnetic
flux trapping due to quenching. Our experimental results show that magnetic flux trapping due to
quenching increases the local surface resistance of superconducting cavities at 2 K. Thus, the proposed
system elucidates the relationship between local flux trapping due to quenching and surface resistance in
superconducting cavities and highlights the effect of quenching on the surface resistance. This system can
aid in the development of superconducting cavities with higher Q values.
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I. INTRODUCTION

Superconducting radio-frequency (SRF) cavities are
high efficiency radio-frequency resonators with low energy
loss. They are employed in high energy and high current
particle accelerators and are evaluated by the quality factor
(Qp) and accelerating gradient (E,..). High Q, values imply
smaller power loss (Py) of the cavity. The Q, value can be
defined as

wU
00=". (1)
where @ is the resonant frequency of the cavity, U is the
total stored energy in the cavity, and P, is the energy
dissipation on the wall of the cavity. Since superconducting
cavities are constructed from superconducting materials,
the energy dissipation is significantly low. Py, is defined via
surface resistance and rf magnetic field on the cavity
surface. Surface resistance is typically a few tens of
(n2) at 2 K for 1.3 GHz. However, sustained heat removal

is necessary to maintain superconductivity, and cooling is
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required to dissipate the thermal energy. The main objective
of this study is to investigate and improve Q, values of
superconducting cavities to reduce the heat load in high
energy and high current accelerators.

The surface resistance comprises two components: The
first is the BCS resistance (Rpcg), and the second is the
residual resistance (R,) [1]. Rpcs is exponentially depen-
dent on the inverse of the temperature, whereas R
exhibits a weak dependence on temperature [2].

One of the causes of the residual resistance is trapped flux
in the superconductor. Trapped magnetic flux in the type II
superconductor niobium, which is a major material used in
superconducting cavities, is quantized. Radio-frequency (rf)
waves in the cavity lead to oscillations of the trapped
magnetic flux, and the rf power is dissipated on the surface.

The sensitivity of the residual resistance to the magnetic
flux is a few tens of nQ/uT for 1.3-GHz Nb cavities [3-7].
Magnetic flux trapping depends on the temperature gra-
dient when the superconductor changes into the super-
conducting phase [4,8,9]. The cavity geometry and
direction of the magnetic field also influence the quantity
of trapped magnetic flux [10]. SRF cavities have a curved
structure with a size significantly greater than the magnetic
quantum flux unit. However, the influence of the magnetic
flux on the surface resistance of cavities is observed as a
macroscopic behavior of the surface resistance. This issue
has been investigated thoroughly in literature [4,8,11,12]
based on the global effect on the cavity. Moreover,
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magnetic field and temperature mapping have been suc-
cessfully used in elucidating the comprehensive geometri-
cal dependency of magnetic flux trapping previously
[10,13,14]. Evaluation via the Q, value indicates the
performance of the efficiency of energy to resonance in
the entire cavity. However, the cavity performance is also
limited by local phenomena. To this end, magnetic field and
temperature mapping can reveal regions in the cavity where
the surface resistance due to flux trapping is high.

The contribution of the perpendicular component of the
magnetic flux to the surface resistance is larger than that
of the parallel component, as demonstrated by the three-
dimensional magnetic field and temperature mapping system
proposed by Helmholtz-Zentrum Berlin [10,13,15]. SRF
cavities capture the magnetic field not only when the cavity is
cooled uniformly but also under quenching [16].

When SRF cavities are limited by local quench events on
the surface of the cavity, rf power dissipation conducts heat
upward at the local surface area. Detailed information on
the temperature and magnetic field outside the cavity is
important for enhancing the Q, value of SRF cavities. In
contrast to cooling (from the bottom to the top of the
cavity), quenching affects the local distribution of the
magnetic field in the rf performance test, where a non-
uniform phase transition is observed.

Heating due to quenching leads to large temperature
increases on the surface area of the cavity. Even if quenching
does not occur, areas with large surface resistance heat up
locally due to rf power dissipation. However, this temper-
ature increase is significantly lower than that due to quench-
ing, and temperature mapping systems can measure both
heating effects. Furthermore, the trapped magnetic flux is not
released when the ambient magnetic field is canceled in the
superconducting state. Magnetic field mapping enables the
measurement of the change in the ambient magnetic field that
is distorted by the trapped magnetic flux on the cavity.
However, magnetic flux trapping for SRF cavities due to
quenching has not been investigated thoroughly. Observing
the distribution of the magnetic field around the cavity can
aid in understanding the effect of magnetic flux trapping on
the cavity via separation and comparison of the cavity
geometry, surface conditions, and material properties.
With this motivation, we developed a three-dimensional
magnetic field and temperature mapping system with precise
angle resolution every 10°.

We describe the magnetic field change around the cavity
due to the local trapped magnetic flux caused by several
repeated quenches in a uniform vertical magnetic field.
Moreover, the proposed system enables observing the local
heating and magnetic field distortion.

II. MAGNETIC FIELD AND TEMPERATURE
MAPPING SYSTEM

A. Experimental setup

The magnetic field mapping is intended to observe the
detailed position and orientation of magnetic flux trapping

in SRF cavities. Here, we focused on the magnetic field
around the equator of the cavity. Since the cavity has an
axially symmetric geometry with the beampipe, the mag-
netic flux is expelled symmetrically during cooling, pro-
vided that the magnetic field is axial to the cavity and the
cooldown is uniform. The magnetic field is most enhanced
on the equator of the single-cell cavity when the cavity is in
the superconducting state, and the uniform magnetic field
parallel to the beampipe is applied. However, quenching
occurs locally on the cavity surface, and the equatorial
region is easily quenched because the rf amplitude peaks at
the equator. The remaining ambient magnetic field at the
equator has a significant influence on reducing Q,. The
magnetic field and temperature mapping system has been
developed to obtain more information on the azimuthal
position of the quench at the equator. The experimental
setup is explained as follows.

Figure 1 shows the schematic setup of the mapping
system for the rf performance test. The boards were aligned
to a circular position around the cavity and constrained by
aluminum slotted disks for vertical and azimuthal fixing.
The outer surfaces of the boards were tied by a copper wire.
This system contains 36 printed circuit boards comprising
15 thermometers and 3 magnetic field sensors mounted
around the cavity every 10°. The temperature of the outer
wall of the cavity is increased by heat transfer inside the
cavity wall. Allen Bradley 100 € carbon resistors were
used as the thermometers [17]. Each board had 15
thermometers, and the total number of thermometers was
540 in the setup. However, some thermometers were not
used, because the data acquisition system had limited

Mapping
Board

L.

Top
slotted
disk

Fluxgate
Sensor Bottom
slotted
disk
FIG. 1. Schematic model of the mapping board setting for the

single cell 1.3-GHz cavity. The cavity was suspended on an
aluminum plate jig. The top and bottom slotted disks constrained
the mapping boards to fix the vertical axis. The solenoid coil
covered the cavity and mapping board to control the vertical axis
magnetic field (see Fig. 3). Four fluxgate sensors were mounted
every 90° on the outer surface of the boards as a reference value of
the magnetic field.
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older for |
R sensors \.

FIG. 2. Magnetic field and temperature mapping board. Fifteen
carbon resistors (100 Q, Allen Bradley) were mounted on the
side of the board in contact with the outer wall of the cavity.
Numbers show the locations of the surface of the cavity.
Three magnetic field sensors were mounted on the center of
the board. Each sensitive axis of sensors is z, r, and 0 directions,
respectively.

channels. The distance between each thermometer on a board
was approximately 10 mm. The thermometers covered
approximately the entirety of the cavity cell. Three single
axis magnetic sensors were mounted on each board to
measure the difference in the magnetic field distribution.
Sensitec anisotropic magnetoresistive (AMR) sensors
AFF755B were used as the magnetic field sensors
[13,18]. Figure 2 shows the board containing magnetic field
and temperature sensors. The magnetic field sensors were
arranged along the z, r, and € directions perpendicular to each
other on the equator of the cavity, as shown in Fig. 2. The
AMR sensor positions have 5° offset to the azimuthal angle of
the board due to the height of the chip socket.

Connectors were separated on the board for thermometer
and magnetic field sensors to avoid interference with the
solenoid coil, while controlling the z-direction magnetic

FIG. 3. Photo of the setup of the mapping boards. (a) 36 boards
were mounted around the cavity along the circumferential
direction. (b) A solenoid coil that controls the ambient z-axis
magnetic field covered the mapping boards and cavity.

field. Output signals were acquired by multiplexers (PXIe-
2575) in an NI PXIe system. Since the multiplexers are
used for switching sensor channels in the magnetic field
and temperature mapping system, the measurement data are
not simultaneous.

Fluxgate sensors were also used in the experiment to
measure the absolute value of the magnetic field and for
calibrating the AMR sensors. For the measurement of Q,
and E,. in the cavity, four fluxgate magnetometers were
attached at the outer side of boards, as shown in Fig. 1.
These fluxgate magnetometers were mounted at 0°, 90°,
180°, and 270°. The sensitive axis of all fluxgate magne-
tometers is the z-direction parallel to the beam axis of the
cavity. The ambient magnetic field was controlled by
the solenoid coil mounted on the outermost surface of
the mapping system. A magnetic shield was installed on the
outside of the cryostat. When the current of the solenoid
coil was zero, the background magnetic field was less than
a few hundred nT.

B. Sensor calibration

The resistors were laminated with G-10 material and
housed by epoxy resin for protection and electrical insu-
lation. When mounting the mapping system on the cavity,
Apiezon® N-grease was applied on the surface of the
thermometers for thermal contact with the surface of the
cavity. A pogo stick was mounted on the back of a resistor
for contact with the outer wall of the cavity. A constant
current of 10 A was applied to the carbon resistors. The
resistance of carbon resistors depends on the temperature.
Each carbon resistor had different dependencies on the
temperature. Therefore, all carbon resistors need to be
calibrated with a reference temperature measured by a
silicon diode thermometer during cooling from 4.2 to
2.0 K. The location of the silicon diode thermometer
was the equator of the outer cavity wall. The relationship
between the resistance and temperature was fitted using the
following equation:

B
AT +_T7
Io glOR T

IOgIOR + (2)

where R is the resistance of the carbon resistor, 7 is the
temperature, K7, Ay, and By are fitting parameters [19].

The AMR sensor needs to be initialized via magnetiza-
tion using the flip coil inside the sensor packaging. The
initialization process recovers the sensitivity (mV/mT/V)
of the AMR sensor, defined as the output voltage per unit
magnetic flux density normalized by the power supply
voltage. The initial magnetization process needs to be
applied to all sensors before cooling. All magnetic field
sensors were calibrated as in Ref. [20] at 4.2 K. AMR
sensors were calibrated in liquid helium. Solenoid coils
applied a magnetic field to the AMR sensors inside the
magnetic shield. The range of the magnetic flux density
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was £10 uT during calibration. The AMR sensor sensi-
tivity was calibrated with the slope of the applied magnetic
field that was induced by the solenoid coil and the sensor
output. The calibrated sensitivity was 36.84 uV/uT/V x
9V =331.5uV/uT at a driven voltage of 9 V. The
individual variation was small, at approximately 1%. In
this study, the sensitivity of the sensors was 331.5 uV/uT.
In the experiments, only the magnetic field sensor along
the z-direction was checked for the relative magnetic
sensitivity at approximately 20 K during cooling.

III. EXPERIMENTAL RESULTS

A. Procedure and rf measurement results

A 1.3-GHz single cell cavity made of fine-grain niobium
was used in our study. The residual resistivity ratio of the
niobium sheet is 280-300. The geometry of the cavity was
TESLA-like [21], with a geometry factor of 283 Q. E,/E,.
is 1.87, and besides, B,/ E, is 4.23 mT/(MV/m).

The cavity was used to study low temperature baking after
30 um electropolishing and high pressure rinsing. The
highest heat treatment temperature of the cavity was
850°C for 3 h. After studying additional baking, a 20-ym
thick layer was removed by electropolishing from the
cavity’s inner surface.

Finally, thermal treatment was conducted at 75 °C for 4 h
and 120°C for 48 h.

Figure 4 shows the results of the rf performance test in
the vertical cryostat. When the ambient magnetic field
along the z-direction before phase transition was canceled
to values lower than 0.5 uT, the Q, value was
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FIG. 4. Results of Qy-E,. measurements at 2 K. “Full
expulsion” which refers to the result of the cavity was not
trapped the magnetic flux because the cavity was in the super-
conducting state. “Trapped at **uT” refers to results with the
trapped magnetic flux due to quenching when each magnetic field
was applied.

approximately 2-3 x 10'° in the initial state, as indicated
by “Canceled < 0.5 uT” in Fig. 4. The maximum E,.. was
27 MV/m, and it was limited by quenching at the upper
location of the equator at 20° in the azimuthal angle of the
cell, as described later. The experimental procedure to
observe the changes in the magnetic field distribution due
to local magnetic flux trapping is summarized as follows
and in Fig. 5. (1) The ambient magnetic field was canceled
using the solenoid coil along the z-direction. The cavity
also hardly trapped magnetic flux. This Qy-E, . curve was
the same as the “Full expulsion” result as shown in Fig. 4.
(2) Increase coil current to the applied magnetic field in the
cavity. The cavity still hardly trapped magnetic flux.
(3) The cavity repeated quench events with the magnetic
field when the gradient increased, inducing magnetic flux
trapping. The Qy-E,. curve was decreased due to local
magnetic flux trapping. (4) Even if the coil current is
reduced to cancel the magnetic field, the cavity still trapped
the magnetic flux and the Q- E,.. curve was still decreased.
However, if the cavity experiences several quench events
without an ambient magnetic field, Qy-E,.. almost recov-
ered as state 1. These steps were repeated with different
applied magnetic fields.

The ambient magnetic field was measured when the
cavity was stable in the superconducting state. The differ-
ence in the magnetic field between the trapped state and
after quenching state implies the distribution of the mag-
netic field change because the cavity released the trapped
magnetic flux. The experimental conditions were presented
as Table L.

Figure 4 shows the decreasing Q of the cavity due to
magnetic flux trapping. The Q, value decreased with the
amount of magnetic flux trapped by the cavity.

Release Applied

w/o trapping
magnetic field

w/o magnetic field

2
w/o trapping

4
w/ trapping _W/0 trapping
w/ magnetic field

w/o magnetic field

G

3
/" w/ trapping
w/ magnetic field

Canceled to
background
magnetic field

FIG. 5. The sequence of the flux trapping experiment: 1. State
demonstrates that the cavity did not trap magnetic flux, and the
environment magnetic field was canceled. 2. State demonstrates
that the cavity did not trap magnetic flux, and the environment
magnetic field was applied. 3. State demonstrates that the cavity
trapped magnetic flux, and the environment magnetic field was
applied. 4. State demonstrates that the cavity trapped magnetic
flux, and the environment magnetic field was canceled. The
cavity state can therefore be changed by quenches, and the
environment magnetic field was controlled by the solenoid coil
current. The arrows show the manipulated coil or quench event
between each state.
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TABLE I. Table of experiment conditions. Columns are experiment number, cavity state, coil current, applied
magnetic flux density, and figure number.

Experiment Cavity trap state Coil current AI(mA) By (uT) Figure

No. 1 Trap 100 -18 Figs. 4, 12, and 13
No. 2 Release 100 —-18 Figs. 12 and 13

No. 3 Trap —100 18 Figs. 4, 12, and 13
No. 4 Release —100 18 Figs. 12 and 13

No. 5 Trap 200 -36 Figs. 4 and 13

No. 6 Release 200 -36 Fig. 13

No. 7 Trap -200 36 Figs. 4, 7, and 11-13
No. 8 Release —200 36 Fig. 13

B. Temperature measurements during quenching

The maximum E,.. of the cavity was limited by local
quench events. To identify the location of the quenches, the
rf power was fed to the cavity continuously, and quenches
occurred repeatedly more than 3 times. When quenches
occurred, the temperature of the outer surface of the cavity
was measured using the mapping system. Figure 6 shows
the temperature mapping results of heating by quenches.
The sensor at a = 20°, location 10 was disconnected after
cooldown. A smoothing process was applied after meas-
urement to this plot for noise reduction. The temperature
measuring area was limited around the heating spot.

The heating spreads for approximately 30° on each side
with respect to the center of the maximum temperature
position. The temperature increased and reached the peak at
a time more than 50 msec, and it required more than
100 msec to recover to 2 K, as shown in the bottom plot
of Fig. 6.

After quenching, the cavity trapped magnetic flux. The
local magnetic flux trapping causes the local temperature
rise. An rf power of 20-sec pulse with a 50% duty cycle was
driven in the SRF cavity as an experiment for confirming
temperature rises due to magnetic flux trapping. The
maximum input rf power was limited so as to avoid
quenching in the cavity. Figure 7 shows the heating of
the cavity surface in the steady state after quenching with
an ambient magnetic field of —36 uT when the pulse peak
field was 26 MV /m. When the cavity trapped the magnetic
field, the Q, value was decreased to approximately
1 x 10'% at 26 MV /m. The local temperature rises returned
to the base temperature approximately 2 sec after the rf
power was switched off.

C. Magnetic field distribution change due
to magnetic flux trapping by quenching

The additional magnetic field after the cavity, which was
in the superconducting state, is excluded from the cavity.
Figure 8 presents the magnetic field change between the
initial state without the external applied magnetic field and
the excluded state with the applied magnetic field excited
by the solenoid coil current of 10 mA as —1.8 uT.

The magnetic fluxgate sensor is compared with magnetic
field mapping using AMR sensors. The parameter of the
solenoid coil was —0.18 yT/mA. The results show the
magnetic flux exclusion of the cavity.
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FIG. 6. Temperature rises during repeated quenching at 2 K, as
indicated by “canceled < 0.5 uT” in Fig. 4. (a) shows temper-
ature mapping results of the spatial spreading of heating by
quenches. (b) shows the time-series measurement of the heating
observed at the sensors at the 20° board. (a) and (b) temperature
mapping data were measured during regularly repeated quench
events so-called self-pulsing quenching. Notably, these temper-
ature mapping results were not simultaneous.
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FIG. 7. The temperature rises during heating cycles with a
pulsed rf operation. (a) shows temperature mapping results of the
spatial spreading of heating by magnetic flux trapping at a local
area of the cavity. (b) shows the time-series measurement of the
heating observed at the sensors at the 20° board in plot (a). It is
noted that these temperature mapping results were not simulta-
neous because it takes time to switch channels.
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FIG. 8. When the cavity was in the superconducting state, the

cavity expelled the applied external magnetic field after phase
transition (flux exclusion).
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FIG. 9. The magnetic field change during flux exclusion with
the applied magnetic field excited by a coil current of 10 mA
(AB ~ —1.8 uT). (a) shows the z-0 projection and (b) shows the
r-@ projection. In the plot (a), the numbers next to the arrows
show the absolute value (¢T) of magnetic field change.

Figure 9 indicates that the magnetic field was expelled
axisymmetrically and uniformly with respect to the z-axis.

In Fig. 4, the Q, values were decreased due to magnetic
flux trapping from several quenches at 27 MV /m. When the
cavity was quenched, a solenoid coil current of 209 mA was
applied. Figures 10 and 11 show the magnetic field mapping
results when the cavity trapped the magnetic flux locally.

Then, the Q values of the cavity could be recovered by
quenching in the zero magnetic field environment.

When the applied magnetic field was changed before
quenching, the strength and direction of the trapped
magnetic field were also changed. A comparison of the
results of the magnetic field mapping is shown as arrows in
Fig. 12. Although different magnetic fields were applied,
the trapped magnetic field changed toward a specified
direction at an approximately 20° azimuthal angle.
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FIG. 10. Magnetic field distribution difference before and after
several quenches. When the cavity was quenching, a magnetic
field of —18 T was applied along the z-direction.
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FIG. 11. Example of a 2D image of the change in the magnetic
field between, before, and after quenching with a —18 uT
magnetic field. (a) shows the z-0 projection and (b) shows the
z-0 projection. In the plot (a), the numbers next to the arrows
show the absolute value (uT) of magnetic field change.
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release:-18 uT
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FIG. 12. Comparison of the difference in the magnetic fields
before and after quenching with different applied magnetic fields.
The top plot shows the z and € relationship of the change in
magnetic fields. The bottom plot shows the r and @ relationship of
the change in magnetic field.

The result in Fig. 12 shows the magnetic field change
between the cavity trapped magnetic field with an 18-uT
applied magnetic field and the cavity released magnetic
field due to quenches with zero magnetic field. The
magnetic fields in all directions were proportional to the
applied magnetic field. An observation of the relation at
a = 15°is shown in Fig. 13. The slope differs according to
the location and direction, as shown in Fig. 11.

Amagnetic flux density (uT)

g L2

-40 -20 0 20
Applied magnetic flux density (uT)

FIG. 13. Linearity of the change in the magnetic field trapping
to the applied magnetic field (closed markers) and releasing case
(open markers) at 15°. The solid lines denote linear regression.
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IV. DISCUSSION

As seen in Figs. 6 and 10, quenching is localized at the
upper cell at approximately 20° in the azimuthal angle from
the temperature mapping measurements of surface heating.
Moreover, the magnetic field mapping results show that the
magnetic flux was trapped at the same location.

Quenching generated a localized normal conducting area
in the cavity, and the rest of the cavity maintained the
superconducting state. The ambient magnetic field distri-
bution changed around the normal conducting area. After
quenching, the cavity returned to the superconducting state
again. However, the local region trapped the magnetic flux
during the phase transition. In this experiment, the cavity
trapped magnetic flux sufficiently via multiple quenches,
each lasting a few seconds. However, the data acquisition
speed was much slower than the time scale of quench
dynamics. It was possible to detect the flux trapping
phenomenon in the steady state before and after the quench.
Moreover, it was difficult to observe the transient state of
the magnetic flux trapping into the cavity surface during the
quench.

Additionally, field emission and multipacting were not
observed at any accelerating gradient. Hence, quenches that
limited the cavity performance were caused by surface
defects, and the magnetic flux was trapped at that quench
location. After magnetic flux trapping, the magnetic flux
was fixed at the initial position, even as the accelerating
gradient changed. According to these results, it can be
considered that several pinning sites for easy trapping of
magnetic fluxes might exist inside the cavity wall.

Figure 14 shows the relationship between the surface
resistance and absolute strength of the applied magnetic

30
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o - ,.,_,_,_,_,_ -
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Eacc (MV/m)

54 o 5 vV 15 > 25
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o T T T T T

0 10 20 30 40
Magnetic flux density (uT)

FIG. 14. Relationship between the applied magnetic field and
surface resistance of the cavity with locally trapped magnetic
flux. The horizontal axis is the absolute strength of the magnetic
field and the vertical axis is the surface resistance of the cavity
obtained via rf measurement. The surface resistance is propor-
tional to the applied magnetic field at each accelerator gradient.
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FIG. 15. Slope of surface resistance with applied magnetic field
and accelerating gradient.

field. For each accelerating gradient, it was found that the
surface resistance was proportional to the applied mag-
netic field.

The surface resistance (R,) increases with the accelerat-
ing gradient (E,.) at the same applied magnetic field (B.,).
Figure 15 shows the accelerating gradient dependence of
the slope of resistance (dR,/dB.y,), as seen in Fig. 14. It is
shown that the slope of the sensitivity of the surface
resistance to the magnetic field increases with E,..

V. CONCLUSION

The magnetic flux trapping caused by quenching and
local heating was observed using a magnetic field and
temperature mapping system. The magnetic field mapping
system focused on the outer equator of the cavity with three
axes and revealed the cavity trapped magnetic flux at the
quench site by measuring the heating and magnetic field
distribution change. The cavity performance was limited by
quenching at the local area without multipacting and field
emissions. The quench events induced the local entry of the
magnetic field due to the ambient magnetic field. The
trapped magnetic flux was fixed at the quench location after
the entire cavity was recovered to the superconducting
state. The influence of local flux trapping on the Q, values
was proportional to the applied magnetic field with an
accelerating gradient. This result shows the relationship
between the localized magnetic flux trapping caused by
quenching and increasing the local surface resistance of the
SRF cavity.

This relation is dependent on the cavity geometry, surface
preparation methods, and heat treatment temperature.

In a future study, we will investigate the systematic
comparison of the spatial magnetic flux trapping and the
change of Q, values.
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