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Abstract

A new magnetic field mapping system for 1.3 GHz single-
cell cavities was developed in order to reveal the impact of
ambient magnetic field and temperature gradients during

> cool-down on the flux trapping phenomenon. Measurements

were done at 2K for different cool-down conditions of a
large-grain cavity before and after 120 °C bake. The fraction
of applied magnetic field trapped in the cavity walls was
~ 50% after slow cool-down and ~ 20% after fast cool-down.
The results showed a weak correlation between between
trapped flux locations and hot-spots causing the high-field
Q-slope. The results also showed an increase of the trapped
flux at the quench location, after quenching, and a local
redistribution of trapped flux with increasing RF field.

INTRODUCTION

Pinning of magnetic vortices in superconducting radio-
frequency (SRF) cavities upon cooling below the critical
temperature is a well-known cause of residual RF losses [1].
The quest towards ever increasing quality factor, Qy), of bulk
Nb cavities at 2 K requires achieving residual resistance
values of the order of 1 nQ.

As a result, understanding the flux trapping mechanisms
in Nb cavities has become a growing research topic in re-
cent years [2—18]. The ability to measure the magnitude
and distribution of trapped vortices in an SRF cavity is par-
ticularly challenging due to the size and shape of a typical
cavity. We have developed a magnetic field scanning system
(MFSS) which allows mapping of the local magnetic field
at the surface of 1.3 GHz single-cell cavities in liquid He
(LHe) [19]. Initial results were reported in Ref. [20]. In this
contribution we report the results of a systematic study of
trapped flux in a 1.3 GHz single-cell cavity before and after
baking at 120 °C for 48 h. The location of hot-spots on the
cavity outer surface caused by excessive RF heating of the
inner surface during the high-power RF test at 2 K was also
determined by a temperature mapping system.

EXPERIMENTAL RESULTS

Experimental Setup and Test Procedure

The 1.3 GHz single-cell cavity used for this study, la-
beled PJ1-1, was fabricated from high-purity, large-grain Nb
from OTIC, China, and it had the same shape as that of the
TESLA/XFEL cavity [21].

* This work was supported by the National Science Foundation under
Grant No. PHY 100614-010. G. C. is supported by Jefterson Science
Associates, LLC under U.S. DOE Contract No. DE-AC05-060R23177.

* ipara001 @odu.edu

MOPMBO036
172

The MFSS has two arms, 180° apart, matching the con-
tour of the cavity. One arm has 8 cryogenic Hall probes,
measuring the magnetic field component perpendicular to
the cavity surface, B;, whereas the other arm has 8 pairs
of anisotropic magnetoresistance (AMR) sensors. The first
AMR sensor in a pair measures the B,-component while
the second sensor measures the magnetic field component
tangential to the cavity surface, B;, within ~ 3 mm of the
first one. Details of the characteristics of the two type of
sensors can be found in Ref. [22]. The sensors are pushed
in contact with the cavity outer surface by soft springs. The
two arms with the magnetic field sensors are mounted on a
large gear, driven by a stepper motor on the top plate of the
cryogenic vertical test stand, allowing a full rotation of the
arms around the cavity. Further details about the MFSS and
the data acquisition system can be found in Ref. [19].

A static temperature mapping system consisting of 576
thermometers based on 100 € carbon resistors was also used
to measure the local temperature of the outer surface of the
cavity, during the high-power RF test in LHe [23]. The test
procedure with the thermometry system assembled onto the
cavity consists of:

* cooldown below 9.2K in a fixed axial dc magnetic
field, B,, while applying a temperature gradient along
the cavity axis.

* Fill the cryostat with LHe at 4.3 K and measure Q,(7)
at low RF field as well as the resistance of each ther-
mometer during LHe pump-down to 1.6 K.

* Measure Q as a function of the peak surface RF mag-
netic field, B, at 2K up to the cavity limit and back to
B, ~ 10 mT, acquiring temperature maps.

After a sequence of tests with the T-mapping system, the
cavity was disassembled, high-pressure rinsed (HPRed) with
ultra-pure water, re-assembled, evacuated, leak checked and
hang on the test stand under static vacuum. The MFSS is
assembled onto the cavity and the entire setup is inserted
into a vertical cryostat. The typical test procedure of the
cavity with the MFSS can be summarized as follows:

* reset of the AMR sensors’ magnetization by applying
a current pulse at room temperature, in low ambient
field, B, ~ 0.5 uT.

* Cooldown to ~ 10K and measure the offset voltages
of the magnetic field sensors.

» Set B, and the cooldown rate as the cavity is cooled
below T..

 Fill the cryostat with LHe at 4.3 K, reduce B, to ~
0.1 uT and measure Qy(T') at low RF field during LHe
pump-down to 1.6 K.
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* Maintain the He bath temperature at 2.0 K and measure
the trapped magnetic field on the cavity surface, with
no RF field.
* Measure Q(B,,) at 2K up to the cavity limit and back
to B, ~ 10 mT, acquiring magnetic field maps at B}, ~
21 mT, ~ 82mT and ~ 132 mT.
This measurement sequence was repeated for multiple cool-
down conditions and B,-values. The ambient magnetic field
and the temperature gradient were measured using single-
axis cryogenic flux-gate magnetometers and Cernox tem-
perature sensors, respectively, attached to the cavity beam
tubes.
The average magnetic flux trapped within the cavity walls,
(Bg), can be calculated from the scanned data as:

1 8 N
g\;z IBOiJ’

i=1j=

(Bo) = ey

where the index i denotes the sensor number, the index j is
the step number in the scan and N is the total number of steps.
The angular step size for a full map was 4°, therefore N = 90.

For AMR sensors By = ‘IB? + B2, whereas B, = B, for Hall
probes.

Test Results Before Baking

The final surface preparation of the cavity inner surface
prior to the series of baseline tests consisted of buffered
chemical polishing (BCP) and HPR. Figure 1 shows the
Qo (B,) curves measured during tests with the MFSS for
different values of B, and for either ”slow cooldown” (SC),
resulting in a temperature gradient d7/dz = 2 — 13 mK/cm,
or “fast cooldown” (FC), resulting in d7/dz = 220 -
290 mK/cm. The cavity performance was limited by the
high-field Q-slope [24]. The ratio B,/ E, for this cavity
is 4.12mT/(MV/m), where E,. is the accelerating gradient.
Figure 2 shows the (B) obtained from B-maps with AMR
sensors at different E, . -values after SC with different B,-
values, showing no significant changes with increasing RF
field. Similar results were obtained after FC.

Figure 3 shows an example of the difference between a By-
map measured at 2K by AMR sensors at E,.. = 32MV/m
and that without any RF field, after SC with B, ~ 11T,
indicating a local redistribution of magnetic flux when in-
creasing the RF field.

Figure 4 shows Bj-maps measured by AMR sensors at 2 K
with no RF field for different cooldown conditions, showing
a higher amount of trapped flux with higher B, or with SC,
when cooling below 9.2 K. Figure 5 shows (B) measured
with AMR sensors at 2 K with no RF field and the residual
resistance, R, as a function of the ambient magnetic field
during cooldown for FC and SC. The residual resistance was
obtained from a least-squares fit of R((T) = G/Qy(T) =
AeU/KT L R, where G = 269.8 Q is the geometry factor,
A and U are fit parameters [25]. The slope of the linear
fits in Fig. 5(a) corresponds to the fraction of the applied
field trapped in the cavity wall, = (47 + 2)% for SC and
n = (17 + 1)% for FC. Interestingly, the linear fits indicate
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Figure 1: Qy(B,,) measured at 2K for different ambient
magnetic field and cooldown rate at 7.
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Figure 2: (Bg) vs. E,.. obtained from B-maps at 2 K with
AMR sensors after SC in 0.5 uT (squares), 2.5 uT (circles),
7.5uT (green triangles), 11 uT (blue triangles). The solid
lines are guides to the eyes.

a non-zero intercept. The slope of the linear fits in Fig. 5(b)
corresponds to the trapped flux sensitivity, S, multiplied by
n. The average trapped flux sensitivity from the two data
sets was found to be § = (5.9 + 0.1) nQ/puT.

Figure 6 gives an example of an overlay between the T-map
and the B-map, both measured at 2K and E,.. = 32MV/m
after FC with B, ~ 0.5uT. AT is the difference between
the sensors’ temperature and that of the LHe bath. The hot-
spots in the T-map result in the high-field Q-slope and no
strong correlation was found with regions of trapped flux.
A similar conclusion could be made from test results with
other cooldown conditions.

Test Results After Baking

Figure 7 shows the Q¢ (B,,) curves measured during tests
with the MESS for different values of B, and for either SC or
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Figure 3: Difference between the B,-map measured by AMR

sensors at E,.. = 32MV/m minus that with no RF field,

after SC with B, ~ 11 uT. Sensors 4 and 5 are just below
and above the equator weld, respectively.
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Figure 4: By-maps measured with AMR sensors at 2K in
zero RF field after cooldown with the following conditions:
FC with B, = 7.5uT (a), FC with B, = 11 uT (b), SC with
B, =7.5uT (c), SC with B, = 11 uT (d).

FC, after baking the cavity under vacuum on the test stand
at 120 °C for 48 h, resulting in a recovery of the O at high
RF fields, up to the quench limit of ~150 mT.

The flux-trapping efficiency and trapped flux sensitivity
were measured with the same method used before baking,
described above, and the results were = (52 + 3)% for
SC and 5 = (18 + 2)% for FC, which are nearly the same
as before baking. The average trapped flux sensitivity from
the SC and FC data sets was S = (3.9 + 0.2) nQ/uT, ~ 34%
lower than prior to baking.

The quench location was found to be on a grain boundary
and an example of the overlay between the T-map during
quench and the B-map after quench measured by AMR sen-
sors at 2K and B, = 140 mT after SC with B, ~ 11T is
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Figure 5: (B()) measured with AMR sensors at 2 K in zero RF
field (a) and R, (b) as a function of the ambient magnetic
field during cooldown for FC and SC. The size of the error
bars are smaller than the symbols in (b). Solid lines are
least-squares fit to the corresponding data.
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Figure 6: Overlay of unfolded T-map and B-map both mea-
sured at2 K and E,.. = 32MV/m after FC with B, ~ 0.5 uT.
The B-map was measured by Hall probes. The variable S is
the distance from the equator along the cavity profile. Posi-
tive S-values are above the equator. The width of the B-map
at the discrete S-positions is not to scale.
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Figure 7: Qy(B,,) measured at 2K for different ambient
magnetic field and cooldown rate at T after baking at 120 °C
for 48 h.

shown in Fig. 8. A similar B-map was measured by Hall
probes. The trapped flux B at S = —0.6 cm increased from
~ 0.9 uT before quench to ~ 13.5 uT after quench. The in-
crease in trapped flux at the quench location correlates with
an increase in the temperature at the quench location, after
quench, resulting in hysteretic AT'(B,,), as shown in Fig. 9.
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Figure 8: Overlay of unfolded T-map during quench after
baking and B-map after quench measured by AMR sensors
at 2K and B, = 132mT after SC with B, ~ 11uT. The
variable S is the distance from the equator along the cavity
profile. Positive S-values are above the equator. The width
of the B-map at the discrete S-positions is not to scale.

Figure 10 shows B, measured by the Hall probe at S =
—-0.6cm, 2K, and Bp = 132mT before and after quench
and with a smaller angular step after quench. Hall probes
have a higher spatial resolution than AMR sensor. The
high-trapped flux is distributed over ~ 5° azimuthal angle,
corresponding to a width of ~ 1cm. The same behavior
discussed for the case of SC with B, ~ 11 uT was found
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Figure 9: AT at the quench location measured at 2 K with
increasing RF field, prior to quench, and for decreasing RF
field after quench.

after different cooldown conditions. The increase in trapped
flux after quench at the quench location (S = —0.6 cm and
120° angle), correlates with a higher magnetic field applied
during cooldown, as well as with a SC, for the same B,, as
shown in Fig. 11.
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Figure 10: B, measured by the Hall probe at § = —0.6 cm,
at 2K and B, = 132 mT before (squares) and after (solid
circles) quench. The empty circles refer to a 13°-wide, fine-
resolution scan measured after quench. Solid lines are guides
to the eyes.

DISCUSSION AND SUMMARY

The availability of a high-resolution magnetic field map-
ping system allows a better understanding of the flux-
trapping phenomenon in SRF cavities and its impact on
the RF losses. Some interesting results from the measure-
ments of magnetic and temperature maps of a large-grain

MOPMBO36
175

@©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



ontent from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

o

® 176

21" Int. Conf. RF Supercond.
ISBN: 978-3-95450-234-9

18
161 *
144
124

104
8_
(& 'Y
4l
2s

0 T T T T T T T
0 2 4 6 8 10 12

B, (uT)

Figure 11: Difference between B at 2K and B, = 132mT
at the quench location, before and after quench for different
values of B, and for FC and SC. The data were measured by
the AMR sensor at § = —0.6 cm.
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1.3 GHz single-cell cavity, before and after low-temperature
baking can be summarized as follows:

* The flux-trapping efficiency was ~ 50% after SC and ~
20% after FC. While the area covered by the magnetic
field sensors is still a small fraction of the total area, it
is significantly larger than that measured by a few flux-
gate magnetometers at fixed locations, currently used
to determine the ability of a cavity to trap magnetic
flux.

* The trapped flux sensitivity was ~ 6nQ/uT before
baking and ~ 4nQ /uT after baking, consistently with
the values reported in Ref. [13].

* A redistribution of trapped flux was measured at some
locations by increasing the RF field from O to above
100 mT.

* The extrapolation of the average trapped flux to zero
applied magnetic field during FC results in a finite
value. This may be related to spontaneous generation
of vortices at the SC-NC transition boundary.

* No strong correlation was found between regions of
trapped flux and hot-spots causing the high-field Q-
slope.

* A redistribution of trapped flux, concentrating at the
quench location was found as a result of quenching
at 140 mT, similarly to the results in Ref. [26]. The
amount of the local trapped flux after quench increases
with increasing B, or with SC, during cool-down below
9.2 K. These results can be explained as follows: the
magnetic field that was trapped in the region of the cav-
ity that transitions to the normal-state during quench is
released into that region during quench. The area of the
normal-conducting region shrinks as the whole cavity
returns into the superconducting state, upon reducing
the input power. As a result of the normal-area col-
lapsing towards the center, the magnetic field is pushed
towards the center, which is the last part of the cavity
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to become superconducting, and it is trapped there as
vortices. This is shown schematically in Fig. 12.

LHe T

N
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/
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Figure 12: The magnetic field initially trapped in the cavity
within the extent of the quench region is confined within the
normal-conducting region during quench (a). As the cavity
recovers from the quench, the magnetic field is pushed to-
wards the center of the normal-region (b) and it is trapped
there as vortices (red lines) as this last region become super-
conducting (c).

Further studies are planned to investigate the magnitude
and location of trapped flux in SRF single-cell cavities made
of Nb material with different amount of cold-work and an-
nealing and for bi-metallic cavities.
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