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Abstract

In recent years, it has been pointed out that the maxi-
mum accelerating gradient of a superconducting RF cavity
can be increased by coating the inner surface of the cavity
with a multilayer thin-film structure consisting of alternat-
ing insulating and superconducting layers. In this struc-
ture, the principal parameter that limits the performance of
the cavity is the critical magnetic field or effective H at
which vortices begin penetrating into the superconductor
layer. This is predicted to depend on the combination of the
film thickness. We made samples that have a NbN/SiO, thin-
film structure on a pure Nb substrate with several layers of
NbN film deposited using DC magnetron sputtering method.
Here, we report the measurement results of effective H- of
NbN/SiO, (30 nm)/Nb multilayer samples with thicknesses
of NDN layers in the range from 50 nm to 800 nm by using
the third-harmonic voltage method. Experimental results
show that an optimum thickness exists, which increases the
effective Hq by 23.8 %.

INTRODUCTION

Recently, it has been pointed out that the effective H-; of a
superconducting RF cavity can be increased by coating the
inner surface of the cavity with a multilayer thin-film struc-
ture consisting of alternate insulating and superconducting
layers [1-3]. Generally, the effective H; of a superconduct-
ing material can be evaluated by applying an AC magnetic
field to the material with a small coil and detecting the third-
harmonic signal of the coil voltage. This third-harmonic
signal occurs when the phase transition from the full Meiss-
ner state to the vortex-penetrating state happens. Hereafter,
this method is called the third harmonic voltage method.
The third harmonic measurement system has already been
constructed at Kyoto University to evaluate the supercon-
ducting characteristics of samples of S-1-S structure in the
low temperature region up to the temperature of liquid he-
lium. We have verified that the effective H; is enhanced
for a sample with S-I-S structure that consists of NbN (200
nm) and SiO, (30 nm) formed on a pure Nb substrate that
has an RRR of >250 [4, 5]. Our measurement results of
the third harmonic voltage using AC magnetic fields of 5
kHz and an amplitude of less than 44 mT are reported in
the LINAC18 proceedings. In this article, we will present
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new measurement results of effective H-; of NbN/SiO, (30
nm)/Nb samples with thicknesses of the NbN layer in the
range 50 nm - 800 nm using an AC magnetic field of 5 kHz
with amplitude up to about 90 mT.

THIRD HARMONIC MEASUREMENT

For the third harmonic voltage method, an AC magnetic
field at a frequency of 5 kHz is generated by a coil close to
the superconducting sample. The third harmonic voltage
v3(t) = V3 sin (3wt) induced in the coil is simultaneously
measured [6]; w is the frequency of a sinusoidal drive cur-
rent, I sin (wt) represents the current flowing in the coil,
and Vj is the amplitude of v5(¢). If the temperature of a
sample in the superconducting state is increased while the
amplitude of the AC magnetic field H, is fixed, V3 suddenly
rises when H(y exceeds the effective H- of the sample at a
particular temperature. In the measurement performed at Ky-
oto University, Hy, is controlled by drive current /;, and the
temperature dependence of the effective H is estimated
from the temperature at the point when V3 /I rises. Refer
to [4] for details of the measurement setup and flow.

For example, the temperature dependence of a typical
third harmonic signal is shown in Fig.1. Horizontal and ver-
tical axes represent the temperature and the third harmonic
signal, respectively. The red curve is the result of fitting a
single polynomial function to the baseline value before the
signal begins rising. The third harmonic signal is fluctuated
around the baseline with a standard deviation o, so that we
determined the temperature at which the third harmonic sig-
nal suddenly rise by using a one-tailed test of a significance
level of 0.013 %.

In this study, the coil magnetic field is calibrated with
the third harmonic measurement result of pure bulk Nb,
assuming that the following function F(T) represents the
temperature dependence of the effective H; of pure bulk
Nb. Refer to [4] for details of the calibration.

0.18 x (1-(T/92)?) (T <9.2K)

0 (T > 9.2K) 0

F(T) = {

DETAILS OF MEASUREMENT RESULTS

We have tested nine multilayer samples that consist of NbN
and SiO, coated on pure bulk Nb. The pure bulk Nb sub-
strate of the sample is pretreated with the standard electropol-
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2 Figure 1: Example of temperature dependence of third
% harmonic signal. The horizontal and vertical axes denote the

= temperature of the measured sample and the third harmonic
= signal used in this study, respectively.
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€ ishing recipe for bulk Nb cavity. These multilayer samples
5 are prepared using DC magnetron sputtering technique (by
E ULVAC, Inc.). The samples have a thin-film structure of
§ NDN film of various thicknesses (50 nm, 100 nm, 150 nm,
2 200 nm, 250 nm, 270 nm, 300 nm, 400 nm, 800 nm) and
-8 30-nm-thick SiO, film; the details of thin-film preparation
D are given elsewhere [7, 8]. In the third harmonic measure-
Z ments, the temperature ramping rates were kept at several
E,O.Ol K/min. The systematic error in the measured tem-
< perature was estimated to be 0.02 K owing to a thermal
énon-uniformity. In this study, only for 50 nm film thick-
& ness of NbN, we used the measurement data reported in the
© LINAC18 proceedings.
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o Figure 2: Comparison of effective H- between pure bulk
g, Nb sample and measured NbN/SiO, (30 nm)/Nb multilayer
g samples. The red curve represents the equation (1), which
i is used for calibration. Other colored lines are obtained by

ﬁttlng data points of NbN/SiO,/Nb multilayer samples with
5 equation (2).

The analysis results of the temperature dependence of
the effective H-; of NbN/SiO,/Nb multilayer samples are
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depicted in Fig.2. In this plot, H; of pure bulk Nb used for
the calibration is also plotted for comparison. The horizontal
and vertical axes represent temperature and effective H, re-
spectively. An uncertainty owing to thermal non-uniformity
and an error of the Nb calibration curve are assigned to
each data point. The measured values of effective H-; of
pure bulk Nb sample and the effective H-; of NbN/SiO,(30
nm)/Nb multilayer samples are represented by the open cir-
cles and closed circles, respectively. The red curve is the
theoretical curve obtained from equation (1), which is used
for calibration. Other colored curves are obtained by fitting
the data points of the samples of NbN/SiO,/Nb to the func-
tion (2). It is noted that at temperatures below around 9.2
K, an S-I-S structure is formed because both the pure bulk
Nb and the NbN film are in a superconducting state. Fig.2
thus represents the comparison between effective H-q of
pure bulk Nb and NbN/SiO,/Nb multilayer samples when
the S-I-S structure exists. Consequently, we confirmed that
the effective H of all NbN/SiO,/Nb multilayer samples,
except when the NbN thickness is 50 nm, are increased from
that of bulk Nb sample. The effective H~; of NbN/SiO,/Nb
multilayer samples varies depending on the NbN film thick-
ness.

A Experiment Result
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Figure 3: Dependence of the effective Hcl of NbN/SiO,/Nb
multilayer samples on the thickness of the NbN layer. The
theoretical calculation is superimposed for comparison.
Black triangles represent the measurement values of the
effective H for each NbN/SiO,/Nb multilayer sample.
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The analysis result of the dependence of effective H
of NbN/SiO, (30 nm)/Nb multilayer samples at O K on the
thickness of the NbN layer is shown in Fig.3. The horizontal
and vertical axes represent the film thickness of the NbN
layer and the effective H at O K, respectively. The error
on the vertical axis is due to a fitting error of equation (2).
In Fig.3, theoretical calculations based on [9] as well as
experimental results are superimposed. 7 (0 < < 1)isa
parameter to indicates how the effective H-; of the NbN
layer deteriorates owing to the effect of imperfect surfaces
such as defects and surface roughness. The case where n = 1
corresponds to an ideal smooth surface of the NbN layer; the
smaller 7 is, the lower the effective H; of the NbN layer
becomes [10, 11]. Experimental results clearly show that
there is an optimum thickness of the NbN layer to maximize
effective H, which is the same as predicted. The maximum
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effective H value for our experiment was increased by
23.8 % compared to pure bulk Nb. In particular, data points
for up to 270 nm thickness are in good agreement with the
theoretical prediction for the case of 7 = 0.8. Meanwhile,
data points for greater than 300 nm thicknesses of the NbN
layer tend to shift toward the theoretical predictions for the
case of 7 > 0.8. This phenomenon is considered to be caused
by the improvement in the quality of the NbN layer as the
film thickness increases.

SUMMARY

By using the third harmonic system constructed at Kyoto
University, we evaluated the temperature dependence of ef-
fective H-; of samples having an S-I-S structure consisting
of an NbN superconducting layer and an SiO, insulating
layer (30 nm) formed on pure bulk Nb, where the thicknesses
of the NbN film are in the range from 50 nm - 800 nm. Ex-
perimental results clearly showed that the effective Hq of
all samples except for NbN film thickness of 50 nm are in-
creased compared to that of pure bulk Nb. It is proven that
an optimum film thickness exists to improve the effective
H - of NbN/SiO,/Nb multilayer samples; this results in an
increase of 23.8% compared to that of bulk Nb. Theoretical
calculations were compared to experimental results. We con-
firmed that experimental results are qualitatively consistent
with the theoretical prediction. In particular, measured data
in the range of thicknesses of the NbN layer from 50 to 270
nm showed good agreement with the theoretical calculation
for n = 0.8. The effective H-; evaluated from measured
data for thickness of the NbN layer greater than 270 nm
shifts to that of the theoretical prediction for n > 0.8, ow-
ing to an improvement of the quality of NbN film. These
results imply the possibility that the acceleration gradient
of superconducting RF cavities can be effectively enhanced
by controlling the multilayer thin film structure, and show
the possibility of getting high-performance superconducting
RF cavities with thin-film technology in mass-production
consistently.
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APPENDIX

In this paper, the following function is used in Fig.2:
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