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Three-dimensional niobium coaxial cavity with 0.1-second lifetime
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We report on the internal quality factor of a three-dimensional niobium quarter-wave coaxial cav-
ity that has undergone mid-temperature annealing, exhibiting Qi => 3 x 107 at the single-photon level
below 20 mK, which corresponds to an internal photon lifetime of i, ~ 90 ms. Moreover, Qi of the
mid-temperature-annealed cavities remains almost unchanged even after several cooldown cycles and
air exposure. These results suggest that stable low-loss niobium oxides are formed by mid-temperature
annealing on the surface of a three-dimensional niobium cavity. This surface treatment could be appli-
cable to the fabrication of two-dimensional superconducting circuits and help improve the lifetime of

Nb-based superconducting qubits.

DOI: 10.1103/5nf2-tjb9

I. INTRODUCTION

Three-dimensional (3D) superconducting cavities with
high internal quality factor (Qiy) are gaining attention for
quantum information processing and sensing. The well-
controlled electromagnetic environment of a 3D cavity
enables the realization of a 3D circuit quantum elec-
trodynamics (cQED) architecture with desired coupling
between the superconducting qubit and the cavity while
maintaining the long lifetime of the cavity [1,2]. This
architecture is a promising platform for quantum infor-
mation processing using the large Hilbert space of the
resonator [3—6]. Recently, high-Q 3D cavities have also
been used to measure dielectric losses of the substrates
for superconducting qubits [7,8] and in the search for dark
photon dark matter [9—11].

High-purity aluminum is widely used in 3D cQED
architectures due to its ease of machining and commercial
availability, with internal quality factors Q. reaching

*Contact author: takaaki.takenaka@ntt.com

TThese authors contributed equally to this work.

!Present address: Global Research and Development Center
for Business by Quantum-Al Technology (G-QuAT), National
Institute of Advanced Industrial Science and Technology (AIST),
Tsukuba, Ibaraki 305-8568, Japan.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL

2331-7019/26/25(3)/034076(14)

034076-1

approximately 1 x 103 [2,12]. Niobium is extensively
employed in superconducting radio-frequency (SRF)
cavities for particle accelerators, where internal qual-
ity factors exceeding 1 x 10'! have been demonstrated
[13—15], which motivates us to apply SRF-based knowl-
edge to cQED devices; however, SRF cavities operate
under extremely high radio-frequency (rf) fields, typically
with electric fields £ > O(10) MV/m at 1.4 K [16-18].
For this reason, surface treatments have been specifically
developed to mitigate issues arising under such intense
electromagnetic conditions [19], including electron field
emission [20,21], degradation of Q due to hydrogen con-
tamination near the surface [22] (commonly referred to as
O disease [23,24]), rf-induced breakdown of superconduc-
tivity [25,26], and magnetic flux trapping during cooldown
[27,28]. In contrast, cQED devices operate at millikelvin
temperatures with low numbers of photons (7 < 10%),
where losses due to two-level systems (TLSs) become
one of the limiting mechanisms for Q. Therefore, sur-
face treatments developed for niobium SRF cavities cannot
be directly translated to cQED devices, and alternative
surface treatments are necessary.

Recent studies have reported that Oy, at low electric
fields can exceed 10° by optimizing the cavity geome-
try [29,30] or by applying water-buffered oxide etching
at temperatures below 10°C to remove residual fluorine
[31]; however, Qi tends to degrade after air exposure
or repeated thermal cycling, likely due to the growth of
native oxides or NbH, formation from surface hydrogen.
Vacuum storage [15,32] and rapid cooldown protocols
to suppress hydrogen migration [23] can mitigate these
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effects, but such procedures are often incompatible with the
operational constraints of quantum devices and their mea-
surement environments. In contrast, annealing niobium
under vacuum is simple and yields various improvements
in SRF cavities; annealing at temperatures above 700 °C
can effectively remove hydrogen from the surface [24],
and additional mid-temperature annealing has achieved a
remarkably low surface resistance of 0.2 n€2 [33]. There-
fore, vacuum annealing of niobium could ensure a stable
and high-quality surface even under low-microwave-field
conditions, which is crucial for realizing the full potential
of niobium in quantum applications.

In this paper, we investigate optimal surface-treatment
procedures for niobium cavities to achieve high Oy, at
millikelvin temperatures and low electromagnetic fields.
Specifically, we explore the appropriate sequence and
combination of surface-treatment techniques developed
in the SRF community, such as heat treatments at vari-
ous temperatures. For instance, high-temperature baking
at 900°C after buffered chemical polishing (BCP) can
improve Qiy, although this procedure is not sufficient
to prevent degradation over multiple cooldown cycles.
In contrast, after subsequent mid-temperature annealing,
inspired by Ref. [33], we find Qi reaching approximately
3.0 x 107 at the single-photon level, twice the highest Oy
of approximately 1.5 x 10° previously reported for coaxial
cavities. This performance remains nearly unchanged even
after several cooldown cycles with 10 h of air exposure.
These results are consistent with a reduced fraction of

Nb,Os on the surface, as revealed by x-ray photoelectron
spectroscopy (XPS) measurements. Notably, this treatment
process does not require SRF-specific procedures such as
electropolishing or high-pressure rinsing, and it is com-
patible with Nb-based superconducting qubit fabrication
processes.

II. METHODS

Quarter-wave coaxial stub cavities [Figs. 1(a) and 1(b)]
are machined from a block of high-conductivity Nb with a
residual resistivity ratio (RRR) of >300 that was procured
from Tokyo Denkai Co., Ltd. The height of the center
stub is & = 12.0 mm, which yields a A /4 mode with reso-
nance frequency f, ~ 5.5 GHz. The radii of the outer wall
and the center post are 7oy = 5.4 mm and 7y, = 2.0 mm,
respectively; these dimensions are chosen to minimize the
conductor losses of the A /4 mode after 100—150 um of sur-
face etching. The center stub was fabricated in two ways:
either by machining alone (A series) or by machining fol-
lowed by finishing with electrical discharge machining
(EDM; B series). We fabricated cavities using different
machining methods because surface roughness can influ-
ence QOin; however, after applying these surface treatments,
no substantial difference in Qi was observed between
them.

The cavities were first tested in their as-machined condi-
tion (no additional surface treatment), and they were sub-
sequently subjected to a series of surface treatments at the

(C) 5 (d)
Signal Signal
R 0 -ﬁﬁ\‘ 1"-01—— T < 20mK ° mgpu( ;‘Svn:g oug!pit
& B
° \ g
g i dﬁﬁ ®
> |
b _, ,I'
4
—-20 0 20
— IF frequency (Hz)
o
RS
OE s w/o TWPA
3 5 1012 Tt~ 110ms
o
|EJ (V/m) & 5
2 10° \
______ #—W c
10° o} \,
E 10° S
10? .O ;NA LCW) (time domain) * 2 o D0 \\
» Fing-doun (i i %0705 1.0 15 2.0
$ — it 4
10 Time (s) ! :
; 1 Circulator TWPA
100 102 10*  10°  10° 10" {02 10™ : o

Photon number n

FIG. 1.

(a) Photograph of the niobium cavity used in this study. (b) Simulated electric field distribution for the X/4 mode of the

coaxial cavity with input voltage Vi, = 0.1 V from the external coupling port. (c) Characterization of the internal quality factor QOiy
of cavity B2 after a mid-temperature anneal for 3 h at 600 °C. The internal quality factor as a function of the average photon number
n in the cavity is fitted using the standard TLS model [Eq. (1)] and is shown by the red dashed line with F 8$Ls =1.82x 1071,
ne =2.0 x 10%, B = 0.34, and Qs = 4.77 x 10°. Here, Oy (points) is extracted from both Sj; reflection spectra (upper inset) and
ring-down measurements (lower inset). Ring-down measurements are performed both with (orange) and without (magenta) a traveling-
wave parametric amplifier (TWPA) since the quantum-limited amplifier saturates under a high-power signal. Note that these data were
obtained in the second cooldown, after exposing the cavity to air for 10 h, leading to an insignificant degradation of Q;,; compared to
the first cooldown. (d) Schematic of the low-temperature part of the measurement setup employed for this experiment.
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Cavity Fabrication Facility [34] of the High Energy Accel-
erator Research Organization. Our approach followed the
fundamental steps of standard procedures established for
superconducting cavities used in particle accelerators, with
high-field-specific preparations being deliberately omit-
ted. The simplified version of the SRF surface treatment
protocol used in this study is as follows.

(1) Removal of approximately 100 wm of material from
the inner surface using BCP at room temperature (=>20°C).

(2) Baking the cavity in a vacuum furnace at 900 °C for
3 h (high-T bake).

(3) Light BCP (“BCP flush”) to remove a few addi-
tional micrometers of material.

(4) Additional treatment for surface optimization.

The meaning and purpose of each step are briefly reviewed
in Appendix A, and the estimation of removal depth by
BCP is described in Appendix B. In step 4, which is a
purpose-specific step, various treatment options exist in
SRF protocols, ranging from those optimized for high
accelerating fields to those aimed at minimizing sur-
face resistance for high-Q performance. Reference [33]
suggests that a mid-temperature anneal at 7 =~ 600°C
significantly reduces the residual surface resistance. In
Ref. [35], similar results were recently reported in low
fields where losses arising from TLSs are finite; therefore,
mid-temperature annealing might be effective for quantum
applications. We examine and compare the following three
options for this step: (4a) no additional treatment, (4b)
annealing at 460 °C for 3 h, and (4c¢) annealing at 600 °C
for 3 h.

After completing the surface treatment, the cavities
were set for a reflection geometry (S7;) and mounted
in a dilution refrigerator at a base temperature below
20 mK. Cavity performance was evaluated using both
frequency-domain and time-domain measurements. For
the frequency-domain measurements, we used a stan-
dard vector network analyzer (VNA) with an interme-
diate frequency (IF) bandwidth of 1 Hz. The time-
domain measurements were carried out with Quantum
Machines’ OPX+ and Octave system. The experimen-
tal cryogenic setup employed in this study is shown in
Fig. 1(d).

IIL. Qine AT BASE TEMPERATURES

Figure 1(c) summarizes the dependence of QO on
the average photon number 7 for cavity B2, following
100 pm BCP, 900 °C baking for 3 h, BCP flush, 600°C
annealing for 3 h, and 10 h of air exposure. The upper
inset of Fig. 1(c) displays the magnitude of the reflec-
tion coefficient Sj;. The experimental data are reproduced
by a circle fit (dashed line), from which Oy ~ 3.0 x 10°
and Qex ~ 17 x 10° are extracted [36]. The lower inset

of Fig. 1(c) shows the ring-down measurement, yielding
the total cavity decay time of approximately 110 ms in
the high-photon regime (magenta) and 70 ms at low pho-
ton numbers (orange). The internal decay time can then be
extracted using 7' = Ty + 7, and Tex = Qext/(27S),
resulting in Tipghigh ~ 141 ms and Tipgjow ~ 80 ms, respec-
tively. The two datasets show agreement across a wide
range of photon numbers, demonstrating the reliability and
reproducibility of both measurement results.

The average photon-number dependence of Qi in the
low-temperature regime 7 < 1.2 K is described by the
standard TLS model [15,37—42]

hfr
tanh (2 is T) 1

F50 + ,
QIES

s/:ﬂ
1+ (—)

where ' = tox [ |[E?| dS/ [, €:|E*| dV is the geometric fac-
tor of the TLSs, (S%LS is the loss tangent of the oxide
layer with T — 0 at the single-photon level (effectively
proportional to the TLS density), &z is the Boltzmann con-
stant, 7. is the critical photon number for TLS saturation,
B is a fitting parameter that reflects the geometry of the
cavity, and Qs is the residual quality factor that arises
from magnetic defects or other non-TLS-related losses
[27,28,43,44]. We simulate the surface electric participa-
tion ratio S, = [(|E|*dS/ [,,|E|* dV ~ 650 using COMSOL
MULTIPHYSICS and obtain F ~ 1.07 x 1077, assuming the
thickness and relative permittivity of the niobium oxide
layer are t,x = 5 nm and €, = 30 [35], respectively. The
red dashed line in Fig. 1(c) represents the fit from Eq. (1),
indicating that Qi is limited by TLS losses for photon
numbers below n, ~ 10°, and it approaches the value at
single-photon level, approximately 3 x 10° [Fig. 1(c)].

Om (@) M

IV. TEMPERATURE DEPENDENCE OF Qi

The evolution of O;,:(T) after each treatment process is
shown in Fig. 2 and Appendix F. Without surface treat-
ment, Qi is less than 1 x 108 for all cavities. The cavity
fabricated by machining (cavity A2) exhibits an order-of-
magnitude higher Oy, than that fabricated by EDM (cavity
B2), and their temperature dependence differs significantly
(blue symbols in Fig. 8). This behavior most likely origi-
nates from the formation of a low-7, ~ 1 K material on the
cavity surface from EDM.

After high-temperature baking and subsequent BCP
flush, all cavities reach Oy, ~ 1 x 10° at base tempera-
ture (7 < 20 mK) and exhibit a peak around 7~ 1.2 K
(green symbols in Fig. 2). The temperature dependence of
Oine With low input power (7 ~ 1 x 10%) is fitted by the
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FIG. 2. Temperature dependence of the internal quality fac-
tor Qi after each surface treatment. The dashed lines are fits
to the temperature-dependent TLS model [Eq. (2)] using low-
power data. Results are shown for cavities A2 and B2 after
100 wm BCP + 900 °C for 3 h 4+ BCP flush (green), and subse-
quent mid-temperature annealing at 460 °C or 600 °C for 3 h (red
and orange). These measurements were performed at an average
photon number of iz ~ 10%,

temperature-dependent TLS model [15,31,41]

nf, 1
w) o O

1
Qint(T)

= F8), s tanh <

Curves of Qin(T) below 1.0 K are well reproduced using
the same F8Y, ¢ obtained from the power-dependent TLS
model [Eq. (1)], typically 0.5-1.0 x 10~ (see Appendix F
for details), thus indicating that the same TLSs govern the
low-temperature behavior.

Subsequent annealing at 460 °C for 3 h improves Qi
by a factor of 1.5, whereas 600 °C annealing leads to a
further improvement by a factor of 3 (red and orange sym-
bols in Fig. 2). We find that F° S%LS is also reduced by the
mid-temperature annealing, with values of approximately
4.9 x 1071 for 460 °C annealing and approximately 2.1 x
1071% for 600°C annealing. The difference between the
460 and 600°C annealing is also reflected in the tem-
perature dependence of Q. The 460 °C-annealed cavity
exhibits a peak in Oy around 1.2 K, similar to the cavities
without mid-temperature annealing as well as SRF cav-
ities [15]. In contrast, the 600 °C-annealed cavity shows
its maximum Qj,; around 0.3 K, a behavior previously
reported only in water-buffered chemically etched cavities
[31]. This difference will be discussed later.

The low-TLS-loss property of the niobium cavity sur-
face after mid-temperature annealing can also be con-
firmed through observations of resonance frequency shifts

as a function of temperature. At low temperatures, TLS-
induced resonance frequency shifts can be described by the
following expression [40,42,45]:

7= [re (5 o) e (5|
7 1B\ T i) T ) |
(3)

where ReW denotes the real part of the complex digamma
function. Equation (3) gives a frequency minimum around
T ~ hf,/kg, which corresponds to about 120 mK in our
5.5-GHz cavities. Figure 3 shows the evolution of the
normalized frequency shift §f /f, and QO for cavity B2
with cooldown cycles and air exposures. Before mid-
temperature annealing, a clear frequency shift from base
temperature to 120200 mK indicates the presence of a
non-negligible density of TLSs in the oxide layer on the
cavity surface. In the second cooldown, the frequency
shift becomes more pronounced, and @y, decreases to
approximately one-fifth of that in the first cooldown, sug-
gesting an increase in F' 8"?‘LS and the associated rise in total
loss originating from the change in the TLS density. In
contrast, after 600 °C mid-temperature annealing, the fre-
quency shift is dramatically suppressed when 7' < 1.0 K,
in conjunction with an increased Qjy, thus indicating a
reduction in TLS density.
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FIG. 3. Temperature dependence of the (a) normalized fre-
quency shift §f /f, and (b) internal quality factor Oy, for cavity
B2 measured across multiple cooldown cycles, before and after
600 °C mid-temperature annealing.
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FIG. 4. Comparison of Qi as a function of the average pho-
ton number 7 in cavity A2 after 460 °C annealing over multiple
cooldown cycles. The cavity was exposed to air for approxi-
mately 2 h between each cooldown cycle, which confirms the
stability of the cavity performance against air exposure. The Qiy
value is extracted from S}, spectral measurements with the VNA.

Remarkably, this improved behavior remains nearly
unchanged even after 10 h of air exposure followed by a
cooldown, suggesting that the TLS density has not only
been significantly reduced but it has also been stabilized
by the 600°C mid-temperature annealing process. The
460 °C-annealed cavity A2 also maintains a high Q value
over multiple cooldown cycles, and its power dependence
remains unchanged, as shown in Fig. 4. In typical niobium
cavities for quantum applications that only undergo bulk
BCP, Qi drops after several cooldown cycles, and the
resultant temperature dependence indicates the occurrence
of hydrogen Q disease [29,31]. Indeed, our 900 °C-baked
cavities also show similar degradation in Qp, within a
few cooldown cycles. This contrasting behavior suggests
that mid-temperature annealing plays a significant role in
stabilizing the niobium cavities against air exposure and
repeated cooldown cycles.

V. DISCUSSION

After 900 °C baking for 3 h followed by a BCP flush,
our cavities exhibited a 2-3-fold improvement in Qiy
compared to previous coaxial cavities treated with conven-
tional BCP alone [31,45]. The key difference between our
method and previous studies lies in the duration of niobium
surface exposure to the BCP solution. Previously, BCP was
typically performed for approximately 2 h, and such pro-
longed exposure to conventional BCP solutions is reported
to result in fluoride residue near the surface [31] and to
promote hydrogen absorption. In contrast, our method also
begins with an initial 100-pm bulk BCP, followed by
900 °C baking, which causes contaminants to precipitate
onto the surface. A subsequent short-duration BCP flush

then effectively removes these impurities and residues.
Note that fluoride formation should be minimal because
the BCP flush lasts only about 30 s (see Appendix B for
details). XPS measurements (Appendix E) reveal that a
small amount of fluorine remains on the niobium surface
after the initial 100-pm bulk BCP, which disappears fol-
lowing high-temperature annealing and BCP flush. This
result is consistent with the findings of Oriani et al. [31],
who demonstrated that H, O-buffered etching provides bet-
ter performance than conventional H; POy4-buffered etching
due to the elimination of fluoride residue on cavity surface.

The further improvement in Q;,; observed after mid-
temperature annealing is attributed to modifications to the
surface oxides. It is well established that vacuum anneal-
ing at temperatures above 340 °C dissolves Nb,Os, which
also leads to a reduction in the loss tangent 8%, ¢ in SRF
cavities [46—48]. The correlation between the amount of
Nb,Os and the quality factor was also demonstrated in
two-dimensional superconducting circuits at low temper-
atures of approximately 10 mK, both by controlling the
thickness of the Nb,Os layer [49] and by selectively
removing Nb,Os from the surface [42]. Figure 5 shows
a high-resolution scan of the Nb 3d region before and
after 600 °C annealing. Before applying 600 °C annealing,
clear peaks corresponding to Nb,Os are observed around
210 eV, while after annealing, those peaks are reduced
and NbO-related peaks around 204 eV become more pro-
nounced. The composition ratio of Nb,O5 decreases from
approximately 60% to 40%, while NbO increases from
approximately 10% to 40% (see Appendix E for details).
These findings are consistent with the recent study by

Nb,Os NbO Nb
NbO, NbO,

After BCP flush with a
= few weeks air exposure
:‘é’

S
o
8
2>
B After 600°C - 3h
o 1 h air exposure
IS 1 day air exposure
212 210 208 206 204 202
Binding energy (eV)
FIG. 5. XPS spectra of the Nb 3d region after a BCP flush and

subsequent 600 °C annealing with post-anneal air exposures of
1 hand 1 day. Peaks corresponding to Nb,Os, NbO,, NbO, NbO,
(0 < x < 1), and metallic Nb are indicated with filled areas.
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Kalboussi et al. [35], which demonstrated that 650 °C vac-
uum annealing increased Qjy by approximately an order of
magnitude at 7~ 1.4 K.

This modification of the surface niobium oxides is
consistent with the distinct temperature dependence of
Ot observed in the 600 °C-annealed cavity, as shown in
Fig. 2. At low temperatures, the behavior of Qi (7) can
be attributed to the interplay between TLS losses and
quasiparticle excitations, with the latter typically becom-
ing significant when 7/T, 2 0.3, which corresponds to
T~ 0.4 K for NbO with 7. ~ 1.4 K. The experimental
observation that Qj, reaches a maximum at 7~ 0.3 K
after 600 °C annealing, together with the emergence of a
frequency shift at 7 = 0.5 K, is therefore consistent with
the temperature scale at which quasiparticle excitations in
NbO become non-negligible.

The substantial presence of NbO near the surface could
account for the stability of Qi against air exposure. It
has been suggested that on an unannealed niobium sur-
face, the Nb,Os layer grows over time, whereas NbO, and
NbO remain at monolayer thickness [49]. In contrast, it
has been reported that 300-600°C annealing increases the
thickness of the NbO layer between Nb,Os and metallic
Nb [35,48], which can slow oxide growth by increasing
the potential barrier for oxygen incorporation. Our obser-
vation—that Oy, remains stable under air exposure or
thermal cycles after annealing at 460 °C or 600 °C—is con-
sistent with these studies. The presence of a thick NbO
layer on the Nb surface might be harmful to SRF applica-
tions in which cavities operate at 7 ~ 1.4 K. For quantum
applications, however, such a layer is unlikely to degrade
performance because the devices operate well below the
T. of NbO; moreover, it helps stabilize performance under
repeated operations. Therefore, although mid-temperature
annealing in vacuum is much simpler than the sophisti-
cated techniques used for SRF cavities, it has the potential
to be a more practical approach to achieving improved
performance in Nb-based quantum devices.

VI. CONCLUSIONS

In summary, we have demonstrated that an SRF-inspired
surface treatment recipe significantly improves the internal
quality factor Qi of niobium coaxial cavities at low tem-
peratures of approximately 20 mK and at the single-photon
level. After applying 100-iwm BCP, 900 °C baking for 3 h,
and subsequent BCP flush for outermost surface removal,
all cavities exhibit Qjp ~ 1 x 10°. The value of Qjy is then
further improved by an additional 600 °C annealing for
3 h, achieving a record-breaking value of Qi ~ 3 x 10°
in A/4 coaxial cavities. Moreover, no significant degra-
dation is observed in Q;,; with repeated cooldown cycles
or air exposure, which has been a major issue in niobium
cavities for quantum applications. Experimental observa-
tions indicate that these improvements are associated with

a reduced fraction of Nb,Os, while NbO increases due
to mid-temperature annealing. Our findings suggest that
the long-standing knowledge from SRF cavity research
is also beneficial for quantum applications, and it could
potentially enable the realization of long-lived Nb-based
superconducting quantum devices.
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APPENDIX A: SURFACE TREATMENT

Step 1 is the bulk BCP, which plays a critical
role in removing the damaged surface layer intro-
duced during fabrication. Decades-old experiments [50]
have shown that cavities with minimal surface removal
exhibit surface resistance nearly an order of magni-
tude higher than those with approximately 100 pwm of
material removed. The chemical solution used for sur-
face removal consists of hydrofluoric acid (HF, 46%),
nitric acid (HNOj, 60%), and phosphoric acid (H3POy,
85%) mixed in a 1:1:1 volume ratio. The surface-
removal process is governed by the following chem-
ical reactions: 6 Nb + 10 HNO3; — 3 Nb,Os5 + 10NO +
5H,0 and Nb,Os + 10HF — 2NbFs 4+ 5H,0. In this
process, nitric acid first oxidizes the niobium surface to
form a niobium pentoxide layer, which is subsequently
dissolved by hydrofiuoric acid. Although phosphoric acid
does not directly participate in the chemical reactions, it
serves to increase the viscosity of the solution and to mod-
erate the overall reaction rate. Under the standard 1 : 1 : 1
mixture at room temperature (approximately 25 °C), the
etching rate is typically around 10 wm/min. Increasing the
proportion of phosphoric acid is known to slow the etching
rate and to produce a smoother surface; a 1:1:2 vol-
ume ratio is sometimes employed in SRF cavity processing
for this reason; however, the impact of surface roughness
on the Q factor in the quantum regime remains unclear.
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Therefore, in this study, we adopt the standard 1 : 1 : 1 vol-
ume ratio BCP process at room temperature. In this study,
we achieved an internal quality factor of Qjy > 1.0 x 10°
through a combination of the following procedures. These
results suggest that achieving high Qjy in the low-power
regime does not depend critically on the etching rate, and
that room-temperature BCP is sufficient. After BCP, the
cavities were rinsed and ultrasonically cleaned in ultrapure
water for 15 min.

Step 2 is also a well-established process following BCP
or electropolishing [51]. Annealing at temperatures above
around 700 °C is essential to degas hydrogen and to pre-
vent the onset of so-called “hydrogen Q disease,” a form
of QO degradation first identified in the late 1980s [23,24].
Hydrogen Q disease occurs when hydrogen introduced
during BCP or electropolishing remains in the niobium lat-
tice as a solid solution at room temperature. Upon cooling
to around 100 K, this hydrogen precipitates as niobium
hydride. Niobium hydride, which has a superconduct-
ing transition temperature of 7, ~ 1 K, exhibits signifi-
cantly higher surface resistance than pure niobium, thereby
degrading the Q value. This degradation can be avoided
by rapidly cooling the cavity through the temperature
region near 100 K [23,24]. Alternatively, hydrogen can
be effectively removed by vacuum annealing at temper-
atures above 700 °C, which significantly reduces the risk
of hydride formation [24]. This issue becomes more pro-
nounced in higher-purity niobium. Modern commercially
available niobium often exhibits residual resistivity ratio
values exceeding 300, making proper hydrogen degassing
treatment even more critical for avoiding hydrogen QO
disease.

Another important aspect of annealing is its role in
mitigating flux pinning. It is well established that environ-
mental magnetic flux, such as geomagnetic fields or the
magnetization of metal components, can become trapped
during the cooldown of a cavity, increasing surface resis-
tance and limiting the Q factor, recognized over half a
century ago (e.g., Ref. [52]). Empirically, annealing at tem-
peratures =900 °C has been shown to significantly reduce
the amount of trapped flux, leading to improved Q fac-
tors [53]. Furthermore, dynamic studies of vortex behavior
in cavity-grade niobium have demonstrated substantially
different behavior in annealed niobium [54,55].

Step 3 is the BCP flush, which is intended to remove
surface contamination introduced during the annealing
process. Extensive experience across the SRF community
indicates that cavity performance is sensitive to the cleanli-
ness of the vacuum furnace, particularly when a light BCP
or electropolishing step after annealing is omitted [56,57].
In many SRF processing protocols, light electropolishing
of a few micrometers is commonly applied after anneal-
ing. Electropolishing [51] also provides a smoother surface
than BCP; therefore, it is the standard process in mod-
ern SRF cavity fabrication. Since the impact of surface

roughness on the quality factor Q in the quantum regime
remains unclear, we instead employ a BCP flush, which
is also used in modern large-scale accelerator projects
[58]. After the BCP flush, the cavities were rinsed and
ultrasonically cleaned in ultrapure water for 15 min. In
cavity Al and B1, the BCP flush was repeated twice and
the Qi value improved after the second BCP flush (see
Appendix F).

Step 4 is a purpose-specific step. For high-field SRF
cavities, a low-temperature vacuum anneal at approxi-
mately 100 °C for 48 h [59] or its modified version [60]
is typically employed at this stage. The low-temperature
vacuum bake is known to diffuse oxygen localized near
the surface into the bulk [61,62], thereby modifying the
mean-free-path distribution within the London penetration
depth. This redistribution is theoretically expected to sup-
press the surface screening current and enhance the quench
field [63—65]. When moderately high fields are required
in combination with high Q values, as in certain acceler-
ator applications, a mid-temperature annealing [32,33,66]
is often employed instead. For SRF cavities operating at
2 K, where the thermally excited quasiparticle contribution
is the dominant factor limiting the Q value [43,44,67], the
optimum mid-T bake temperature is considered to lie in the
range 300400 °C; however, in our quantum application,
the optimum mid-T annealing temperature did not neces-
sarily coincide with this range. Moreover, Ref. [33] sug-
gests that a mid-temperature annealing at approximately
T 2 600 °C significantly reduces the residual surface resis-
tance and may be effective for quantum applications. A
more recent study [35], published during the course of
our project, also reports the effectiveness of annealing at
a similar temperature.

Note that in SRF applications, high-pressure water rins-
ing [68,69] and subsequent clean-room assembly—both
essential to suppress field emission under high-field oper-
ation—are normally performed, but they were omitted in
this study.

APPENDIX B: ESTIMATION OF
MATERIAL-REMOVAL DEPTH

Here, we describe the procedure used to estimate the
amount of material removed during chemical polishing,
At. At KEK, two independent methods are employed
in parallel, and their results are compared to ensure
consistency:

(1) Direct measurement using a thickness gauge.
The cavity-wall thickness is measured before and after
BCP using a mechanical gauge at predefined reference
points.

(2) Indirect measurement based on weight loss. The
cavity is weighed before and after BCP using a precision
balance, and the removed thickness is estimated assuming
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uniform etching as At = Aw/(pS), where Aw is the mass
loss, p = 8.57 g/cm? is the material density of niobium,
and S is the surface area (110.591 cm? for cavities A1 and
A2 and 107.98 cm? for cavities B1 and B2).

The bulk BCP (Step 1) was conducted at 20°C for 12
min. The amount of material removed was estimated as
follows. Using a thickness gauge, the measured removal
depths were 112, 100, 104, and 94 pwm for cavities Al,
A2, B1, and B2, respectively. In contrast, the correspond-
ing weight losses were Aw = 9.54, 9.46, 8.90, and 8.98 g,
which translate to estimated removal depths of Az = 101,
100, 96, and 97 pm for Al, A2, Bl, and B2, respec-
tively, assuming uniform etching and known material den-
sity. These results confirm that approximately 100 wm of
material was successfully removed from each cavity.

The BCP flush (Step 3) was conducted at 20 °C for 30 s.
The amount of material removed was estimated solely by
weight loss, since the removal depth was too small to be
measured directly using a thickness gauge. The measured
weight losses were Aw = 0.41 and 0.39 g, which corre-
spond to estimated removal depths of A¢ = 4.3 and 4.2 pm
for A2 and B2, respectively.

APPENDIX C: H,O0 BCP FLUSH

We tested a modified BCP solution based on the for-
mulation adopted in Ref. [31], in which water is used as
the buffering component instead of H;POy, in the standard
BCP mixture. We refer to this solution as wBCP in what
follows.

In the first trial, a 1 : 1 : 1 volume ratio of HF, HNO5,
and ultrapure water was used at room temperature. Before
mixing, the room temperature, which also determines the
initial temperature of each chemical, was approximately
16 °C. Upon mixing HNO3 and water, however, the solu-
tion temperature rapidly increased to 36°C. After sub-
sequently adding room-temperature HF and waiting for
several minutes, the wBCP solution stabilized at approx-
imately 23 °C. A wBCP flush was then applied to the Al
and B1 cavities for 25 s, followed by rinsing and ultra-
sonic cleaning in ultrapure water for 15 min. The removal
depths, estimated from weight-loss measurements, were
At =3.90 pm and 4.01 pm for Al and B1, respectively.
The measured internal quality factors at 7 < 20 mK were
relatively low: Qi = 4.55 x 10% for Al and 6.63 x 108
for B1 (Table I).

In the second trial, a wBCP solution witha 1 : 1 : 2 vol-
ume ratio was prepared. This time, the container holding
the solution was immersed in ice water, and the solution
temperature was maintained at 5 °C. Taking into account
the exponentially slower reaction rate at this low tempera-
ture, a wBCP flush was applied to cavity Al for 15 min,
followed by rinsing and ultrasonic cleaning in ultrapure
water for 15 min. The removal depth, estimated from the

weight-loss measurement, was Az = 15 um. The mea-
sured internal quality factor at 7' < 20 mK was QOiy =
1.15 x 10°, which was better than that obtained in the
first wBCP trial but was only comparable to the values
achieved with the standard BCP flush using H;POy4 as the
buffering component. For example, the B1 and B2 cavities
treated with the standard BCP flush at room tempera-
ture exhibited internal quality factors of Qi = 8.71 x 108
and 1.14 x 10°, respectively, measured at base tempera-
ture 7 < 20 mK (Table I). We did not observe any clear
indication that low-temperature wBCP provides superior
performance compared to the room-temperature standard
BCP process.

APPENDIX D: SAMPLE PREPARATION AND
MEASUREMENT SETUP

After surface treatments, the cavities were stored in
air for several days to stabilize the growth of native
niobium oxides. Only cavity B2, after 600°C mid-
temperature annealing, was sealed in vacuum immediately
after removal from the vacuum furnace and opened 30
min before installation into the experimental setup. All
cavities underwent multiple cooldown cycles; after warm-
ing back to room temperature, they were exposed to air

Signal TWPA
input pump dcbias
300K
50K —o—————————1 F——
4K ——trm————— L A
20 20 RC
Filter
1K = — — Y S
10 10 I
100 MK = ——— ] L .
20mK —+—————— ———_————
JEIRRY
“\[1.9MHz
10 GHz
mu-metal
4 GHz shield
mu-metal T | oY
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s~ 04| ! Silent Waves
| ZAS ! TWPA
! - ‘] 1 +20 dB
. =)
© 412GHz  Nemememeeeeeees

E] Attenuator ’ Amplifier

Directional coupler

Circulator
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FIG. 6. Cryogenic measurement setup employed in the exper-
iment. The reflected signal from the sample is routed by a
cryogenic rf switch. For low-power measurements, the signal
is amplified by 20 dB with a TWPA from Silent Waves (The
Carthago). The signal is further amplified by 35 dB with a
high-electron-mobility transistor (HEMT) amplifier from LNF.
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FIG. 7. (a) Evolution of XPS spectrum before and after various surface treatments. (b) XPS spectrum of Nb 3d region for as-

machined sample and after each procedure (bold black line). Peaks are fitted by considering Nb,Os, NbO,, NbO, NbO, (0 < x < 1),
and metallic Nb, and they are indicated with filled areas of various colors; the sum of all fitted peaks is then shown as the dashed

red line.

for several hours during the process of exchanging other
samples mounted on the dilution refrigerator.

The external quality factor Qe of the cavity is con-
trolled by adjusting the insertion depth of the SMA con-
nector’s center pin, which couples to the cavity for reflec-
tion measurements. The value of QO is set to a slightly
overcoupled condition (Qext < QOint), Which enables mea-
surements in the quasiparticle-dominant regime 7 > 1.5 K
with high signal-to-noise ratio, where Qi is expected
to decrease. In contrast, the 600 °C-annealed cavity B2
is measured under both undercoupled (Qext > QOint) and
slightly overcoupled conditions. This is because, under
overcoupled conditions, the total cavity decay time 7y is
dominated by the external decay time t.y, making it diffi-
cult to observe the intrinsic long-lived nature of the high-Q
cavity in the time domain.

The top cap of a high-Q coaxial cavity is typically sealed
with indium. In this work, however, measurements were
performed either without a cap or with a cap secured only
by screws. This is because the electromagnetic field of the
A/4 mode decays to insignificance at the cap position, as
the distance from the tip of the center stub is approximately
25 mm. Experimentally, no significant difference in Qjy
was observed with or without the cap. Nonetheless, indium
sealing may still provide a further improvement in Qjy.

The detailed cryogenic setup is shown in Fig. 6.
An rf switch (Radiall R577433002) is installed after
the circulator, enabling measurement of the reflection

coefficient S1; of the cavity under both high-power and
low-power signals. For low-power signal measurements,
the signal is amplified with a TWPA (Silent Waves, The
Carthago). The TWPA requires a dc magnetic flux for
optimal performance, and the dc current for the local
magnet (mounted inside the TWPA package) is supplied
by an ADCMT 6166 high-precision dc voltage-current
source. An Agilent E8267C is used to generate the rf pump
signal for the TWPA. Frequency-domain measurements
were performed by an Agilent N5232A PNA-L network
analyzer.

APPENDIX E: XPS MEASUREMENTS

To identify the niobium oxides and other residues
present on the cavity surface after each treatment step,
we performed XPS measurements and analysis for refer-
ence samples. The XPS measurements were carried out
using an XPS5700 (PHI) at 45° with a monochromatic
Al-Ka source (1486.6 eV). The spectra were fitted using
LG4X-V2 [70]. For peak fitting, an asymmetric line shape
was employed for metallic niobium, while a symmet-
ric Gaussian-Lorentzian line shape was used for niobium
oxides. An area constraint of 3 :2 was applied to the
spin-orbit doublets of Nb3d3/,, and Nb3ds,, levels, and
the binding-energy separation between them was fixed at
2.75 eV. It is assumed that Nb,O5 forms on the outermost
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surface of all samples; therefore, its binding energy was
used for peak alignment [42,48,49].

Figure 7(a) shows the survey spectrum of the refer-
ence niobium sample after each treatment procedure. The
surface after the initial approximately 100-pwm bulk BCP
shows a clear signature of F ls around 685 eV, imply-
ing the presence of fluorine bound to niobium [31,71].
Figure 7(b) displays the corresponding XPS spectra of the
Nb 3d region. The spectrum for the as-machined sample
(top) shows prominent peaks originating from Nb,Os, and
this is commonly observed on untreated niobium surfaces.
In contrast, the spectrum for the EDM-finished sample
is completely different. As mentioned in the main text,
an EDM-finished cavity exhibits an order-of-magnitude
smaller Q;,; than cavities fabricated by machining alone,
and its temperature dependence differs significantly (blue
symbols in Fig. 8). This behavior most likely originates
from the EDM-induced formation of a low-7, material on
the cavity surface. It is widely known that EDM forms

a recast layer tens of micrometers thick at the surface,
which contains carbon and hydrogen contamination from
insulating oil used in EDM. This is consistent with the
absence of metallic-Nb-related peaks in the EDM-finished
sample.

After 900 °C baking following BCP flush, the Nb,Os
ratio decreases compared to the untreated niobium sample
surface. The composition ratio of Nb,Os, estimated from
the peak area of the XPS spectrum, decreases from 87.8%
to 57.5% after a water-buffered BCP flush (wBCP-f) and
to 61.0% after a conventional BCP flush (BCP-f). Anneal-
ing at 600 °C further reduces the Nb,Os ratio to 40.8%.
Meanwhile, the NbO ratio increases from 0.83% (as-
machined) to 12.3% (wBCP-f) and 11.9% (BCP-f) after
900 °C baking, eventually reaching 43.7% after 600°C
annealing.

It should be noted that metallic-Nb peaks around 202 eV
become undetectable after 600 °C annealing, suggesting
the presence of a thick NbO layer just beneath the
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TABLE L.

Summary of the internal quality factors Qjy, internal lifetimes, residual resistances, and loss tangents of 3D coaxial cavities

with various surface treatments. Definitions: BCP, 100-um BCP; HT, 900 °C—3 h high-temperature baking; BCP-f, BCP flush with
standard BCP mixture; wBCP-f, water-buffered BCP flush. The parameters for TLS fitting (F' 8$LS and Q) are extracted from the
average photon-number dependence of Qjy at base temperature 7 < 20 mK.

T < 20 mK T=12K TLS fit
Cooldown Oint R, Tint Oint Ry FS%LS Ores
Cavity Treatment cycles (x10% (@) (ms) (x10% (@)

Al No treatment 32.9 2000 0969 609 1080 143 x10°% 4.23 x 107
BCP+HT 1 358 185 10.5 123 5410 1.15x107% 5.33 x 108
2 331 200 9.67 127 5210 1.85x107'% 3.49 x 108
BCP+HT +wBCP-f 455 146 13.3 — - 293x1071 526 x 10°
BCP+HT +wBCP-f x 2 1150 57.6 335 4590 145 6.39x 107 3.05x 10°

Bl BCP+HT 150 441 4.4 17.6 3750 - -
BCP +HT +wBCP-f 663 98 19.4 - — 968 x 1071 1.81x 10°
BCP +HT + wBCP-f+ BCP-f 1 871 76.0 254 4590 144 993 x 107" 6.50 x 10°
2 828 80.0 242 4110 161 1.06x 107 527 x 10°
3 538 123 15.7 1190 555 1.19x107% 146 x 10°
A2 No treatment 48.7 1350 1.43 97.4 674 431 x 1071 498 x 107
BCP +HT + BCP-f 1 917 723 267 1890 350 9.62x 1071 492 x 10°
2 784 845 229 1870 353 1.22x107% 4.60 x 10°
BCP+HT +BCP-f+460°C=3 h 1 1220 54.3 35.6 - —  485x10710 290 x 10°
2 1180 56.0 345 2390 27.8 498 x 10710 322 x10°
3 1250 529  36.6 - — 467x10710 286 x 10°
4 1240 53.6  36.0 - — 490x 10710 280 x 10°
B2 No treatment 6.31 10400 0.185 — — 132 x 1078  6.84 x 10°
BCP+HT +BCP-f 1 1140 58.0 333 5570 119 6.13x10™°  3.56 x 10°
2 286 232 8.32 377 109 1.61x107° 5.08 x 108
BCP+HT +BCP-f+600°C-3 h 1 3030 21.9 88.3 3190 20.8 2.10x 10710 741 x 10°
2 2640 25.1 77.0 261 742 182 x 1071 477 x 10°

outermost Nb,Os layer. This likely helps to suppress the
regrowth of Nb,Os upon air exposure, and these observa-
tions are consistent with an earlier report by Yu et al. [48].

APPENDIX F: CAVITY PERFORMANCE DETAILS

The temperature dependence of Q¢ for all cavities mea-
sured in this work is shown in Fig. 8, and the extracted
parameters are listed in Table 1.
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