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Abstract

We have been developing SRF instrumentations by
which the effective lower critical magnetic field Hej et of
superconducting-material sample is evaluated through the
method of the third-order harmonic voltage measurement
mainly for the studies of new SRF thin-film structures. Re-
cently, the quad coil system, which enables us to measure
four samples simultaneously in a single batch of an exper-
iment, has been developed. In order to study the creation of
thin-film structures inside the SRF cavity, we developed
3 GHz-shaped coupon cavities and an XT-map system for
the performance tests of 3 GHz cavities. This article reports
the details of these works.

INTRODUCTION

KEK and Kyoto University collaborate for the research
to improve the performance of SRF cavities. Starting from
a high-resolution camera system for defect detection in
SRF cavities [1], various studies such as non-destructive
inspection systems for SRF cavities [2], theoretical re-
search on multilayer thin-film structures for high-Q/high-
gradient SRF cavities [3-7], are conducted. One of the fo-
cused topics is the experimental investigation of thin-film
superconducting structures, especially on superconductor-
Insulator-Superconductor (S-1-S) structures, for perfor-
mance enhancement of SRF cavities. In this article, we
will report on the recent update result for studies of multi-
layer structure conducted by KEK and Kyoto University.

QUAD THIRD-ORDER HARMONIC
DISTORTION MEASUREMENT SYSTEM

The measurement of effective lower critical magnetic
field (Hci es) for S-1-S thin-film structure is one of the im-
portant topics in the SRF community. Recently, it has been
pointed out that the Hci ¢ of a superconducting RF cavity
might be increased by coating the inner surface of the cav-
ity with a multilayer thin-film structure consisting of alter-
nate insulating and superconducting layers [4, 5]. Gener-
ally, the Hci efr of @ superconducting material can be evalu-
ated by applying an AC magnetic field to the material with
a small coil and detecting the third-harmonic component in
the coil voltage. This third-harmonic voltage component
rises when the phase transition from the full Meissner state
to the vortex-penetrating state happens. Hereafter, this
method is called the third-harmonic voltage method. The
measurement systems for third-harmonic voltage have
been developed in CEA Saclay [8, 9], and later in Kyoto
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University [10] and KEK [11] in collaboration with
CEA/Saclay. We have verified that the Hi e is enhanced
for a sample with S-I-S structure that consists of NbN
(200 nm) and SiO2 (30 nm) formed on a pure Nb substrate
that has an RRR of >250 [10, 11]. Recently, we have de-
veloped a new experimental setup for the third-harmonic
voltage measurement system which allows us to measure
four samples simultaneously in a single batch of the exper-
iment. This feature can enhance the efficiency of the meas-
urement cycle when the measurement is semi-automatic, as
will be explained later. Figure 1 shows the 3D schematic
view of the new experimental setup, consisting of four coil
plates and a base plate made of aluminum. Four samples
are mounted on the base plate (see Fig. 2). The coil plate is
pressed down against each sample with a spring of appro-
priate pressure, and the distance between the coil plate and
the sample is ensured by three ceramic balls embedded in
the coil plate. Each coil plate has a cooling tab made of
aluminum whose bottom area is immersed in liquid He
(LHe). The temperature of the sample is controlled by a
balance between the heater power and the heat flow
through the cooling aluminum tab.

Figure 1: 3D schematic view of the third-harmonic voltage
measurement system to measure four samples in a single
batch of experiment.

Figure 2: Four coil plates on a base plate.
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The coil is designed to achieve less power consumption
while a strong magnetic field sufficient for the experiment
(see Fig. 3). Since the center top area has less contribution
to generate the magnetic field at the bottom side, the coil
material at the conical area is removed. The concave coil is
held by a @7 sapphire ring and the magnetic field flux re-
turns through the ring. The heat generated at the coil es-
capes through the sapphire ring to the aluminum plate, and
then to the LHe through the aluminum tab. The coil wire is
20.1mm and wound ~260 turns. The exciting current fre-
quency f'is 5 kHz. The excitation is pulsed and the macro

pulse width tis 100ms. The repetition rate is 1 Hz and the
duty cycle is less than 10%. All of these parameters are typ-

ical and adjustable. The pulse operation is programmable

and the sequence control of the parameters is possible
(semi-automatic).
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Figure 3: The small coil. a) Schematic illustration of the
structure of the center of the coil plate. b) The concave coil
fixed in the sapphire ring.

3 GHz SINGLE-CELL CAVITIES FOR
STUDIES OF THIN-FILM STRUCTURE

Following the parameter search of thin-film structures
by sample experiments, such as the third-order harmonic
distortion measurements, performance tests with SRF cav-
ity with various thin-film structures will be the important
milestones to achieve enhanced cavity characteristics. Se-
ries of 3-GHz single-cell cavities are prepared for the stud-
ies of thin-film structures inside the cavity. We fabricated
3.0-GHz single-cell cavities with Cu and Nb materials for
testing thin-film creations on the inner surface of the cavi-
ties in collaboration between Jefferson Laboratory (JLab)
and KEK. The cavity was designed at JLab. According to
the design of the cavity, the press-forming dies and trim-
ming fixtures for the cavity-cell were also designed and
fabricated at JLab. These dies and trimming fixtures were
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transported to KEK, and the rest of the fabrication pro-
cesses were done at KEK. Nine 3.0-GHz single-cell Cu
cavities with stainless-steel flanges and six 3.0-GHz sin-
gle-cell Nb cavities with NbTi flanges were fabricated by
the summer of 2019 [12]. Two 3.0-GHz single-cell Cu cav-
ities were mechanically polished at JLab. Three 3.0-GHz
single-cell Nb cavities were transported to JLab for inner-
surface preparation by Electro-Polishing (EP) process. One
3.0-GHz single-cell Cu cavity and one 3.0-GHz single-cell
Nb cavity were transported to CEA/Saclay for the collabo-
rative studies of thin-film creation inside cavities. The rest
of the cavities are used for the fitting tests in the construc-
tion of setup for performance tests of the 3-GHz single-cell
cavities at KEK. All these Cu and Nb cavities are utilized
for the tests of various thin-film creations at JLab,
CEA/Saclay, and KEK.

The update of the fabrication status of 3-GHz single-cell
cavities after 2019 is the machining of coupon cavities and
the fabrication of two more 3-GHz single-cell Nb cavities
with flanges made of low-RRR Nb.

Fabrication of 3-GHz Coupon Cavities

In the film-creation process of the cavity, it is important
to keep the uniformity of film all over the inner surface of
the cavity. To investigate the film quality at several posi-
tions of the cavity, like beam-pipe, equator, and cell-wall,
we designed the 3.0-GHz single-cell cavity with detacha-
ble coupons. The 3D schematic view of the coupon cavity
is shown in Fig. 4. A coupon Cu cavity and a coupon Nb
cavity were made at Kyoto University by machining holes
in the cavities which were already fabricated by 2019. In
addition, one more coupon Cu cavity was made at KEK by
machining holes in the cavity which was already fabricated
by 2019. A picture of a coupon Cu cavity and a coupon Nb
cavity is shown in Fig. 5.

Figure 4: The 3D schematic view of the 3.0-GHz single-
cell coupon cavity.

Figure 5: A picture of a coupon Cu cavity and a coupon Nb
cavity.
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Figure 7: Coupon Cu disks packed in plastic bags after sur-
face-treatment.

Coupon Cu disks were made at Kyoto University and the
surface-treatments of coupon Cu disks were done at a com-
pany. A picture of the surface-treatment process of a cou-
pon Cu disk is shown in Fig. 6 and a picture of coupon Cu
disks packed in plastic bags.is shown in Fig. 7. These cou-
pon Cu disks were set into a coupon Cu cavity and a test of
Nb thin-film creation was done at ULVAC inc. The Nb
thin-films created on the coupon Cu disks are under analy-
sis in various methods. A picture of a coupon Cu cavity
with coupon-fixture is shown in Fig. 8.

Figure 8: A picture of a coupon Cu cavity with coupon-
fixture.
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Fabrication of 3-GHz Single-Cell Nb Cavities
with Flanges of Low-RRR Nb

Ti material in the NbTi flange of the Nb cavity might
affect the thin-film creation of Nb3Sn on the inner-surface
of the cavity. In order to eliminate this possibility, we fab-
ricated two 3-GHz single-cell Nb cavities with flanges of
low-RRR Nb. The seal on the flanges of low-RRR Nb will
be done by Indium wires because of the softness of low-
RRR Nb material. A picture of a 3-GHz single-cell Nb cav-
ity with flanges of low-RRR Nb is shown in Fig. 9. We are
planning to fabricate several more 3-GHz single-cell Nb
cavities with flanges of low-RRR Nb.

Figure 9: A picture of 3-GHz single-cell Nb cavity with
flanges of low-RRR Nb.

XT-map System for 3 GHz Cavities

An X-ray and temperature mapping system (XT-map) is
under development for the vertical test of the 3-GHz sin-
gle-cell cavities. In this system, the same technology as the
XT-map, developed in Kyoto University [1], for 1.3-GHz
cavities is used. Figure 10 shows the design geometry of
the XT-map system for a 3-GHz single-cell cavity.

o ==

Figure 10: Image of assembled XT-map.
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Figure 11: A picture of flexible printed circuits and Alumi-

num jigs.
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leaf and connectors for interconnection at both ends.
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Figure 12: Schematic of signal-flow of XT-map system
(upper) and control boards for XT-map (lower). The board
on the top right shows the side of the installed component.
The other three boards show four connectors for the sensor

As detection elements, RuO (Ruthenium Oxide) chip re-
sistors for cryogenic temperature measurement and infra-
red photo-diodes for X-ray detection are mounted on
16 flexible printed circuit leaves (Fig. 11). The temperature
sensors on these flexible printed circuit sheets are pressed
against the cavity surface by a phosphor bronze leaf spring
supported by an aluminum jig. The signals from the sen-
sors (change in RuO resistance and charge stored in the
photodiode) are converted to voltage signals and scanned
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by the multiplexer on the control board (Fig. 12). The typ-
ical scanning rate is 10 Hz. All the active devices on the
control boards are CMOS devices that can work even in
cryogenic temperatures. By scanning of sensors in the cry-
ostat for the vertical tests, the number of cables for read-
out can be significantly reduced compared with the number
of sensors. This reduces the time and cost of preparation
work for each vertical test. Less number of wires also re-
duces the heat intrusion to the cryogenic area and equip-
ment cost. These contribute to the cost reduction for mass
production of cavities. Figure 13 shows the 3D drawing
view of the top flange and supporting structure of the 3-
GHz single-cell cavity with XT-map system in the cryostat
of the vertical performance test.
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Figure 13: 3D drawing view of top flange and supporting
structure of 3-GHz single-cell cavity with XT-map system
in the cryostat of vertical performance test.

CONCLUDING REMARKS/
FUTURE PLAN

If we consider the series of experimental results from
third-harmonic measurements of samples with various ar-
tificial thin-film structures and also the theoretical under-
standing of the phenomena, now we are confident that
some artificial thin-film structures on the inside surface of
the SRF cavity might enhance the performance of acceler-
ating gradient. Although it is difficult to study the improve-
ment of Q-value with sample experiments, the improve-
ment of Q-value might be also possible from recent theo-
retical considerations. The next step forward us is the ex-
periments with cavities. We should create various artificial
thin-film structures on the inside-surface of cavities and
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conduct the performance tests to prove the practical appli-
cation of this technology to the particle accelerators. How-
ever, the resources for the thin-film studies are still very
much limited in physics/accelerator groups of laboratories
and universities in the world. In such a situation, it is im-
portant to extend the collaborative network more in the
world to be widely coherent.
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