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Measuring the losses arising from different materials and interfaces is crucial to improving the
coherence of superconducting quantum circuits. Although this has been of interest for a long time,
current studies can either only provide bounds to those losses, or require several devices for a com-
plete characterization. In this work, we introduce a method to measure the microwave losses of
materials and interfaces with a single multi-mode superconducting resonator. We demonstrate a
formalism for analyzing the loss sensitivity of multi-mode systems and discuss the design strategies
of multi-mode resonators for material loss studies. We present two types of multi-mode super-
conducting resonators for the study of bulk superconductors: the forky whispering-gallery-mode
resonator (FWGMR) and the ellipsoidal cavity. We use these resonators to measure the surface
dielectric, conductor, and seam losses of high-purity (5N5) aluminum and aluminum alloy (6061),
as well as how they are affected by chemical etching, diamond turning, and thin-film coating. We
find that chemical etching and diamond turning reduce both the surface dielectric and conductive
losses of high-purity aluminum, but provide no appreciable improvement to the seam. Coating the
surfaces of diamond-turned aluminum alloys with e-beam evaporated or sputtered aluminum thin-
films significantly reduces all three losses under study. In addition, we study the effect of chemical
etching on the surface of high-purity aluminum using transmission electron microscopy (TEM) and
find that the chemical etching process creates a thinner and more uniform oxide layer, consistent
with the observed improvement in the surface dielectric loss.

I. INTRODUCTION

Improving coherence of superconducting quantum cir-
cuits is critical to improving the performance of quantum
computers. Many works have shown that the coherence
of superconducting quantum circuits is limited by dissi-
pation from their constituent materials [IHI2]. Under-
standing the mechanism of these losses is crucial to im-
proving coherence. An important step toward this goal
is quantifying the microwave losses in the relevant power
and temperature regime, and correlating them with the
physical properties of the materials. To this end, devices
such as superconducting microwave resonators and su-
perconducting qubits are very useful tools because their
losses can be measured to very high precision and are
highly sensitive to intrinsic material loss. In addition,
sensitivities to specific loss channels can be engineered
by modifying the geometry of the resonators. Using de-
vices with carefully designed geometries, the microwave
losses of the materials can be extracted from the correla-
tions between the energy participations in different loss
channels and device relaxation times. This method has
been widely used to study various types of microwave loss
in superconducting circuits[IHI9], such as dielectric losses
from substrates and material interfaces[2] 3] [6H, 20, 21],
the surface resistance of superconductors [, [14], losses
from the joints between superconductors [5, 22], etc.

Here, we introduce an alternative approach to quan-
tifying microwave losses of materials using multi-mode
superconducting microwave resonators. Instead of us-
ing multiple devices with varying geometries to extract

losses, we use the multiple modes of a single resonator to
extract the microwave losses of all the relevant loss chan-
nels at once. Since all the modes are from the same device
and measured in the same thermal cycle, this method
eliminates the uncertainties from sample-to-sample vari-
ations and the possible variations generated by different
thermal cycles, e.g., different ambient magnetic fields or
thermalization conditions, improving the measurement
sensitivity of the system.

We present two types of multi-mode resonators, the
forky whispering-gallery-mode resonator (FWGMR) and
the ellipsoidal cavity. These devices have a variety of
modes that have different sensitivity to loss mechanisms
such as surface conductive loss, surface dielectric loss,
and seam loss. We demonstrate the multi-mode approach
to loss characterization by measuring the microwave
losses of high-purity (5N5) aluminum and aluminum al-
loy (6061), which are materials commonly used to make
superconducting cavities and enclosures in superconduct-
ing quantum devices [23H26]. With this technique, we
analyze how these intrinsic losses change with different
surface treatments such as chemical etching [1l 9 [26],
diamond-turning, and aluminum thin-film coating [27-
29]. In addition, we use transmission electron microscopy
(TEM) to identify physical signatures of loss and corre-
late them with improvements in microwave quality due
to chemical etching.

The outline of this paper is as follows. We begin by in-
troducing the loss model of multi-mode cavity resonators
in Sec. [Mland describe how to characterize the microwave
loss of materials using a multi-mode system. In Sec. [IT]]
and Sec. [[V] we present the FWGMR and the ellipsoidal



cavity, respectively, and analyze their measurement sen-
sitivity using the method described in Sec. [[Il We then
use these multi-mode cavity resonators to characterize
the microwave losses of high-purity aluminum and alu-
minum alloy under different surface treatments. The re-
sults of these measurements and the results of the TEM
study are discussed in Sec. [V]

II. LOSS MODEL IN MULTI-MODE CAVITY
RESONATORS

The internal quality factors of the resonant modes of
a superconducting cavity are dominated by the surface
conductive loss of the superconductor, the dielectric loss
of the surface oxide, and the seam loss of the joint. Since
the resonant modes in the same cavity are affected by the
dissipation from the same materials, their quality factors
are related to the material loss properties through the
matrix equation
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where m is the mode index, ¢/ is a vector containing the
reciprocal internal quality factors of the resonant modes,
and ¥ is a vector containing the material loss factors.
These include the surface resistance of the superconduc-
tor R, the scaled loss tangent of the surface oxide tan 4,
and the seam resistance per unit length of the joint rseam,
which is the reciprocal of the seam conductance per unit
length gseam in the literature [522], i.e., rseam = 1/gseam-
P is the participation matrix of the system whose rows
are the loss participation factors of the resonant modes,
which includes the inverse geometric factor|T, [I4]
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and the seam admittance per unit length [22]
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where H , E , 5, and J, are the magnetic field, the electric
field, the electric displacement, and the surface current

density of the resonant mode. tya and €, are the thick-
ness and the relative permittivity of the surface oxide.
The simplification in Eq. [3|is achieved by assuming taa
is much smaller than the dimension of the cavity and
applying the boundary condition €Egiel, 1 = €0Evac, 1 at
the MA interface, where Evac and Ediel are the electric
fields in the vacuum region and the surface oxide, re-
spectively. The loss participation factors can be calcu-
lated analytically for simple geometries. For resonators
with complicated geometries such as the multi-mode cav-
ity resonators studied in this work, they are calculated
numerically using finite-element simulation.

It is important to note that pyra is proportional to tya
and inversely proportional to €., which are both material
properties of the surface oxide. In this work, we assume
tma = 3nm and €, = 10 when calculating pya, which
are typical values for native metal oxides and have been
widely used in the literature to calculate the surface di-
electric participations [2], 21], B0]. As a result, the scaled
loss tangent tand in E.q. [[] is related to the the actual
loss tangent of the surface oxide tan dy by

t €
tand = A0 O
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tan do. (5)

Where tyma 0 and €, o are the actual thickness and relative
dielectric constant of the surface oxide. To determine the
actual loss tangent tan dy, separate measurement of ¢y o
and €, are required.

Since the internal quality factors of the resonant modes
are linearly related to the losses associated with the var-
ious loss channels, if the rank of the participation matrix
is larger than or equal to the number of the loss channels,
one can solve Eq. to extract the loss factors using a
linear least-squares approach, yielding the solutions:

i=CPTy, (6)

where b is a vector whose components are b; = y; /0y,
PT is the transpose of the error-weighted participation
matrix whose elements are defined as P;; = P,;/0,.;, and
0y, is the standard deviation of y;. The experimental
precision determines the relative uncertainty of the mea-
sured loss rate, i.e., €,; = 0y,;/y;- The uncertainties
of the extracted material loss factors can be calculated
using the covariance matrix

C— (PTP)". (7)

The diagonal elements of the covariance matrix are
the variance of the material loss factors, ie., o2, =
Cii(P,dy), and the off-diagonal elements describe the
correlated errors between the loss channels. Note that
the material loss factors are all positive numbers but the
analytic solutions in Eq.@ do not have this restriction.
To add this constraint, we solve Eq. numerically using
a non-negative least-squares algorithm and estimate the
uncertainties of the material loss factors using a Monte-
Carlo analysis [6l [7]. In this work, both approaches give



consistent solutions in most cases; the details of the anal-
ysis can be found in Appendix [A]

Eq.(@ indicates that one can characterize the mi-
crowave losses of superconductors by designing particu-
lar multi-mode superconducting cavities, measuring the
internal quality factors of their resonant modes, and con-
verting them into the material loss factors. In principle,
one can solve for the material loss factors & using any par-
ticipation matrix with rank larger than or equal to the
number of the loss channels. However, if the rows in the
participation matrix are nearly linearly dependent, the
solution & will be very sensitive to the variations in ¢/, and
the multi-mode system will have very low measurement
sensitivity to the material loss factors. In other words, in
order to achieve high measurement sensitivity to the ma-
terial loss factors, the resonant modes in the multi-mode
system need to be sensitive to different losses.

An important parameter which can be used to quantify
the measurement sensitivity of the system is the relative
uncertainty of the material loss factor

Ox,i _ Cii(P,gy,f) (8)
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For a given participation matrix P and relative measure-
ment uncertainty €,, one can estimate the system’s mea-
surement sensitivity by evaluating Eq. in the regions
of interest in the & space. Since the material loss x; is
a positive quantity, the system cannot resolve the mate-
rial loss x; when o, ;/x; > 1; it can only place an upper
bound to the loss. This upper bound is determined by
the solutions of \/Cy; (P, €, &) = x;, which divides the &
space into resolvable and unresolvable regions, determin-
ing the measurement sensitivity of the system.

In the following sections, we will present two examples
of multi-mode cavity resonators, the forky whispering-
gallery-mode resonator (FWGMR) and the ellipsoidal
cavity. We use these resonators to characterize mi-
crowave losses in superconductors, and apply the formal-
ism introduced in this section to analyze their measure-
ment sensitivity to the material loss factors.

III. FORKY WHISPERING-GALLERY-MODE
RESONATOR (FWGMR)

The first example of multi-mode cavity resonators to
characterize microwave losses in superconductors is the
forky whispering-gallery-mode resonator. This is a cav-
ity resonator that comprises two planar components that
are separated by Teflon spacers, assembled with nylon
screws, and enclosed within a truncated cylindrical cav-
ity. Fig. [[]shows the exploded view of the FWGMR and
Fig. 2h shows the photo of an assembled FWGMR before
closing the cavity. Both the planar components and the
cavity are made with the superconductor under study
using conventional machining processes. The two pla-
nar components and the cavity are galvanically isolated
from each other by the Teflon spacers. The shapes of

truncated
cylindrical \
cavity cavity bot

FIG. 1. Exploded-view diagram of the FWGMR

the planar components are carefully designed to engineer
the frequencies and the loss participation factors of the
resonant modes. Each planar part consists of an ellip-
tical ring, a pair of forks connected to the inside of the
elliptical ring, and two arms connected to the outside
of the ring to provide mechanical support, as shown in
Fig. k. The two planar components are separated by
approximately 100 pm to create resonant modes that are
sensitive to the losses from the surfaces. Ideally, the gap
size between the planar components is determined by the
thickness of the Teflon spacers. In practice, the planar
components are not perfectly flat due to imperfections in
the machining processes. In addition, thermal contrac-
tion during device cool-down can change the parts’ di-
mensions. The gap size could deviate from the thickness
of the spacers at room temperature. Here, we infer the
gap size using the frequencies of the gap-sensitive modes
in the FWGMR (see Appendix [B| for details).

The two elliptical rings on the planar components
form a whispering-gallery mode resonator (WGMR) [14],
which supports the differential whispering-gallery modes
(DWGMs) and the common whispering-gallery modes
(CWGMs). The DWGMs have opposite charge and cur-
rent distributions on the two elliptical rings (Fig. [2f),
which confine both the electric and magnetic fields within
the vacuum gap between the rings. As a result, these
modes are very sensitive to the surface conductive loss of
the superconductor and the dielectric loss from the sur-
face oxide, but less sensitive to the seam loss from the
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FIG. 2.

(a) Photo of a FWGMR made with high-purity (5N5) aluminum after chemical etching. (b) Normalized participation

factors of the differential whispering-gallery mode (DWGM) (red solid line), the differential fork mode (DFM) (dashed blue
line), and the common whispering-gallery mode (CWGM) (dotted black line) in a FWGMR with 100 um gap between the
two planar components. The participation factors are normalized by the highest-loss participation factors among the three
modes. (c, d, e) Schematic diagrams of the top and bottom planar components, as well as the surface current and electric
field configurations of the DWGM (c), the CWGM (d), and the DFM (e). The blue arrows and the green symbols indicate the
surface currents and the electric fields. (f, g, h) The sensitivity maps of the multi-mode system formed by the DWGM, the
DFM, and the CWGM in the FWGMR with 100 pm gap. (f) and (g) are the sensitivity maps of the surface resistance and the
scaled loss tangent at Tseam = 10 uQ - m. (h) is the sensitivity map of the seam resistance per unit length at tand = 5 x 1072,

cavity joint. In contrast, the CWGMs have the same
charge and current distributions on the elliptical rings
(Fig. ); there are no electromagnetic fields within the
vacuum gap. The electromagnetic fields of these modes
are more spatially-distributed throughout the cavity and
have a much larger mode volume, making them very in-
sensitive to the losses coming from the surfaces but more
sensitive to the seam loss from the cavity joint.

In addition to the elliptical rings, the capacitive cou-
pling between the forks on the planar components gen-
erates lumped-element-like resonant modes that we call
differential fork modes (DFMs). The frequencies of the
DFMs are very sensitive to the gap size between the forks
and can be used to infer the distance between the pla-
nar components. In these modes, the forks from the top
planar component and the forks from the bottom planar
component have opposite charge distributions (Fig. ),
which concentrates the electric fields within the vacuum
gap between the two pairs of forks, making them very
sensitive to the dielectric loss from the surface oxide. On
the other hand, since the two pairs of forks on the two pla-
nar components are oriented orthogonally to each other,
the surface currents of these modes do not concentrate

magnetic fields within the vacuum gap, making them less
sensitive to surface conductive loss as compared to the
DWGMs.

For a FWMGR with 100 pm gap size, the DWGM, the
DFM, and the CWGM form a multi-mode system with
participation matrix

PrwcoMr =
3.8x 1076 2.7 x 107 (5%)
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where the columns are the loss mechanisms (inverse ge-
ometric factor, surface dielectric participation, and seam
admittance per unit length) and the rows are the modes
(DWGM, DFM, and CWGM).

Fig. 2b compares the loss participation factors of the
DWGM (solid red line), the DFM (blue dashed line),
and the CWGM (black dotted line), normalized by the
highest-loss participation factors among the three modes.
It clearly shows that the DWGM and the DFM are
much more susceptible to the losses coming from surfaces,
whereas the CWGM is more susceptible to the seam loss



from the cavity joint. It also shows that the DFM is
much less susceptible to surface conductive loss as com-
pared with the DWGM.

Fig. f7 g, h) show the measurement sensitivity of the
FWGMR. These sensitivity maps are generated by eval-
uating the relative uncertainty of the extracted mate-
rial loss factors (Eq) using the participation matrix
PrwoMRr (Eq@) in a selected two-dimensional projec-
tion of the material loss space. Here, we use ¢, = 5%
for all of the modes in the system, as determined by the
measurement uncertainty of the internal quality factors.
Note that a full description of the measurement sensitiv-
ity at a point in the material loss space requires three
projections for each loss channel; here we only show the
three relevant projections for simplicity. A complete set
of sensitivity maps can be found in Appendix

The color in the sensitivity maps represents the rela-
tive uncertainty of the material loss factors. Red areas
indicate where the material loss is resolvable by the sys-
tem (04;/x; < 1), while blue areas indicate where the
material loss is not resolvable by the system (o, ;/z; >
1); only an upper bound to the material loss can be
determined. The boundaries between the two regions
(04,i/x; = 1) define the measurement sensitivity of the
system, which are indicated by the solid curves in the
sensitivity maps.

The measurement sensitivity of a loss channel is not
a constant value throughout the material loss space, it
depends on the values of the other material loss factors.
Let’s take the scaled loss tangent (Fig. [2k) as an example,
in the region where R, > 1076, the contour that sepa-
rates the two regions is a diagonal line. This is because
the quality factors of resonant modes are mostly limited
by the surface conductive loss in this region; reducing R
leads to better sensitivity of tand. On the other hand,
when R, < 1076, the quality factors of the modes are
mostly limited by the seam loss; reducing Rs no longer
improves the measurement sensitivity of tan¢d and the
contour turns into a horizontal line with a minimum re-
solvable tand = 1.5 x 10~%. Similarly, Fig. [2f shows the
minimum resolvable R, = 7.0n() for a fixed rgeam and
Fig. 2h shows the minimum resolvable rseam = 24010 -m
for a fixed tand.

In addition to DWGMs, CWGMs, and DFMSs, the cav-
ity and the structures providing mechanical support (the
supporting arms, the spacers, and the screws) also inter-
act with electromagnetic fields and form their own char-
acteristic resonances, many of which have complicated
electromagnetic field distributions. For example, the gal-
vanic connections between the forks and the elliptical
rings provide inductive coupling between them, creating
modes that confine the electromagnetic fields within the
gap between both the forks and the elliptical rings, which
we called the differential forky whispering-gallery modes
(DFWGMs). The capacitive coupling between the trun-
cated cylindrical cavity and the planar components pro-
duces cavity-like resonant modes (CAV) that are less sus-
ceptible to the losses from the surface but very sensitive

to the seam loss from the cavity joint. All of these modes
can be included in the multi-mode system to extract the
material loss factors. The details of the resonant modes
in the FWGMR and their loss participation factors can
be found in Appendix [B]

IV. ELLIPSOIDAL CAVITY

While the FWGMR has very high measurement sensi-
tivity to the surface resistance of the superconductor and
loss tangent of the surface oxide, it has relatively low sen-
sitivity to the seam resistance of the cavity seam. In ad-
dition, its complicated geometry prevents it from measur-
ing the microwave losses of thin-film materials because it
is very difficult to homogeneously cover all of the compo-
nents with thin films without introducing extra interfaces
and extra losses. Here, we present another multi-mode
superconducting cavity resonator, the ellipsoidal cavity,
which is designed to have very high sensitivity to seam
resistance and is compatible with thin-film materials.

The ellipsoidal cavity is made of two parts convention-
ally machined to form halves of an ellipsoid (Fig. [3p).
More specifically, it is an oblate spheroid with major axis
equal to 28 mm and minor axis equal to 22.4 mm. The
two parts comprising the cavity are bolted together by
twenty aluminum screws. The top part contains a cou-
pling tunnel for reflection measurements. Compared to
the FWGMR, the ellipsoidal cavity has a simpler geom-
etry and is compatible with surface processing such as
diamond turning and thin-film coating.

The modes of the ellipsoidal cavity can be categorized
into three types. The first type is the seam loss-sensitive
modes (SEAM) (Fig. [3k), e.g., TMy10 with n > 0, etc.
The surface currents of these modes are flowing perpen-
dicularly to the seam and are very sensitive to seam loss
from the cavity joint. The second type is the seam loss-
insensitive modes (NON-SEAM) (Fig. [B{), e.g., TE,11
with n > 1, etc. In contrast to the seam-sensitive mode,
their surface currents flow parallel to and decrease in
magnitude towards the seam, making them insensitive to
seam loss. The third type is the conductive loss-sensitive
modes (COND) (Fig. [3k), e.g., TEg1;. Similarly to the
seam loss-insensitive modes, they are insensitive to seam
loss because their surface currents flow parallel to de-
crease in magnitude towards the seam. Moreover, the
electric fields of these modes are azimuthally oriented
(Fig. |3e) and thus parallel to the surface of the cavity.
As a result, these modes have no electric field on the
cavity surface and are insensitive to the surface dielectric
losses (Eq. . These modes only susceptible to surface
conductive loss from the superconductor. Since all modes
in the ellipsoidal cavity have a very large mode volume,
they are insensitive to the dielectric loss from the surface
oxide. The electric field distribution of these modes and
their loss participation factors can be found in Appendix

While the symmetry of the ellipsoidal cavity pro-
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FIG. 3.

(a) Photographs of the two halves of a diamond-turned 6061 aluminum ellipsoidal cavity. (b) Normalized participation

factors of the seam loss-sensitive mode (black dotted line), the seam loss-insensitive mode (blue dashed line), and the conductive
loss-sensitive mode (red solid line) in the ellipsoidal cavity. The participation factors are normalized by the highest-loss
participation factors among the three modes. (c, d, e) Schematic diagrams of the the seam loss-sensitive mode (SEAM), the
seam loss-insensitive mode (NON-SEAM), and the conductive loss-sensitive mode (COND). The red solid curves indicate the
seam, the blue arrows indicate the surface currents, and the green arrows indicate the electric fields. (f, g, h) The sensitivity
maps of the multi-mode system formed by the seam-sensitive mode, the seam-insensitive mode, and the conductive loss-
sensitive mode in the ellipsoidal cavity. (f) and (g) are the sensitivity maps of the surface resistance and the scaled loss tangent
at rseam = 10?7 uQ - m. (h) shows the sensitivity maps of the seam resistance per unit length at tand = 5 x 1072

tects the seam-insensitive modes and the conductive loss-
sensitive modes from the seam loss, the coupling tunnel
in the cavity or imperfections such as misalignment be-
tween the two parts will break the symmetry, perturb
the electromagnetic fields, and increase the seam admit-
tance per unit length of the seam-loss insensitive modes
and the conductive loss-sensitive modes. To account for
these effects, we include the coupling tunnel and consider
a 100 wm offset between the two parts of the cavity in the
finite-element simulation when calculating the participa-
tion factors. The seam loss-sensitive modes, the seam
loss-insensitive modes, and the conductive loss-sensitive
modes form a multi-mode system with participation ma-
trix
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4.3 x107% (&) 33x107% 1.3x 1071 (&)
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where the columns are the loss mechanisms (inverse ge-
ometric factor, surface dielectric participation, and seam
admittance per unit length) and the rows are the modes

(SEAM, NON-SEAM, and COND).

Compared to the FWMGR, the ellipsoidal cavity has
surface dielectric participation factors that are orders of
magnitude smaller. Therefore, it is less susceptible to
the dielectric loss from the surface oxide. Fig. com-
pares the normalized participation factors of the seam
loss-sensitive modes (black dotted line), the seam loss-
insensitive modes (blue dashed line), and the conductive
loss-sensitive modes (solid red line). It clearly shows that
the seam loss-insensitive modes and the conductive loss-
sensitive modes are substantially less susceptible to seam
loss than the seam loss-sensitive modes, even consider-
ing the imperfection due to the coupling port and the
misalignment. It also shows that the conductive loss-
sensitive modes are insensitive to the dielectric loss from
the surface oxide.

Fig. f, g, h) show the measurement sensitivity of the
ellipsoidal cavity. Since none of the modes in the el-
lipsoidal cavity are susceptible to metal-air surface di-
electric loss, the measurement sensitivity of the surface
resistance is independent of the scaled loss tangent in
the region of interest in the material loss space. The
minimum resolvable Ry = 64 n{2, at which point the con-



ductive loss-sensitive mode is limited by seam loss due
to misalignment between the two halves of the cavity
(Fig. [3f). Compared to the FWGMR, the ellipsoidal
cavity has lower sensitivity to the metal-air surface di-
electric loss with minimum resolvable tan § = 2.2 x 1072
(Fig. [3). On the other hand, it is much more sensitive
to the seam loss of the cavity joint. The minimum re-
solvable rgeam = 1.00Q2 - m (Fig. )7 which is two orders
of magnitude lower than the FWGMR.

V. MEASUREMENTS AND RESULTS

We use the FWGMR and the ellipsoidal cavity to study
the microwave losses of aluminum, as well as the effects of
chemical etching, diamond turning, and aluminum thin-
film coating on them. The FWGMRs and ellipsoidal cav-
ities studied in this work are made with high-purity (5N5)
aluminum and 6061 aluminum alloy using conventional
machining processes followed by the surface treatments
under study. The combinations of the materials and sur-
face treatments of the FWGMRs and the ellipsoidal cav-
ities are shown respectively in TABLE. [land TABLE. [}

The resonant modes in the FWGMR and the ellip-
soidal cavity can be driven by a pin coupler through the
coupling tunnel at the top of the cavity (Fig. a) and
Fig. a)). The coupling strengths to the modes are de-
termined by the location of the coupling tunnel and the
length of the coupling pin. They are chosen to be nearly
critically coupled or under coupled to the modes of inter-
est.

The multi-mode resonators are installed in a dilution
refrigerator and cooled to 20 mK for measurement (see
Appendix @ We measure the reflection spectra of the
resonant modes and extract internal quality factors us-
ing the circle fitting method [31I]. When measuring the
spectra of the differential modes in the FWGMR, i.e.,
the DWGMs, the DFMs, and the DFWGMs, we observe
strong frequency fluctuations due to the electromechani-
cal coupling between the microwave and the mechanical
resonances of the planar components, which are driven
by the vibration induced by the pulse tube cooler of the
dilution refrigerator. To eliminate the frequency fluctua-
tions, we switch off the pulse tube cooler when measuring
the spectra of these modes; no appreciable temperature
change is observed during the measurement.

After measuring the internal quality factors, we extract
the material loss factors using the methods discussed in
section [T} Fig. [] compares the predicted internal qual-
ity factors with the measured internal quality factors for
the modes in the FWGMR (device F4) and the ellip-
soidal cavity (device E3(eb)). The diagonal line of slope
1 represents the ideal situation when the predicted values
are equal to the measured values. The red circles are the
modes used to extract the material loss factors. The blue
circles are the modes that are not used in the material
loss analysis.

The predicted internal quality factors are generally
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FIG. 4. Comparison between the measured internal quality
factors and the predicted internal quality factors of the modes.
Red (blue) circles are modes that are used (not used) in the
material loss analysis. Some of the error bars are smaller than
the size of the points and are not visible in these plots. (a)
FWGMR (device F4): 1. DWGM-1, 2. DFM-2, 3. CWGM, 4.
CAV-2, 5. DWGM-2, 6. DFWGM, 7. DFM-1. (b) ellipsoidal
cavity (device E3(eb)): 1. TM310, 2. TE211, 3. TEO11, 4.
TM210, 5. TE111, 6. TE311.

consistent with the measured values. However, we ob-
serve significant deviations in some of the modes, which
could be due to inaccuracies in the participation matrix
or other factors that are not taken into account in the loss
model. For example, imperfections in the manufacturing
and assembly processes could result in deviations from
the nominal geometry and induce inaccuracy in the par-
ticipation matrix. Additionally, the loss model assumes
that the material properties are frequency independent
over the frequency range of the experiment (3 GHz to 12
GHz) and spatially homogeneous over the devices, which
may not be entirely accurate. For example, defects in the
raw material or imperfections in the machining processes
could potentially lead to spatial variations of the mate-
rial properties. As a result, resonant modes with different
electromagnetic field distributions will experience differ-
ent average losses. Finally, unknown loss channels that
are not included in the loss model could induce additional
variations in the predicted quality factors.

The internal quality factors of the modes involved in
the material loss analysis, their participation factors, and
the extracted material loss factors are shown in TA-
BLE. [l and TABLE. [[, for FWGMRs and ellipsoidal
cavities, respectively. The surface resistance, the scaled
loss tangent, and the seam resistance per unit length of
the high-purity aluminum and the aluminum alloy with
various surface treatments are compared in Fig. a—c).
Circles and squares represent the material loss factors
extracted from FWGMRs and ellipsoidal cavities respec-
tively. Downward arrows indicate the upper bounds of
the corresponding material loss factors.

While there is no substantial difference in microwave
losses between untreated aluminum alloy (6061Al) and
untreated high-purity aluminum (5N5Al), we observe a
significant sample-to-sample variation in the surface re-
sistance of the high-purity aluminum devices. The sur-
face resistances extracted from the FWGMRs are an or-
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FIG. 5. Extracted material loss factors and their power dependence. The surface resistance (a), the scaled loss tangent of
the surface oxide (b), and the seam resistance per unit length of the joint (¢) of untreated aluminum alloy (6061Al), aluminum
alloy with 25 pm of surface material removed by diamond turning (6061A1 DT25), untreated high-purity aluminum (5N5Al),
chemically-etched high-purity aluminum (5N5Al etched), chemically-etched high-purity aluminum with 25 pm of surface ma-
terial removed by diamond turning (5N5AIl etched DT25), high-purity aluminum with 150 um of surface material removed by
diamond turning (5N5A1 DT150), hand-polished aluminum alloy coated with 600 nm of e-beam evaporated aluminum (6061A1
HP ebAl), diamond-turned aluminum alloy coated with 600 nm of e-beam evaporated aluminum (6061A1 DT25 ebAl), and
diamond-turned aluminum alloy coated with 1.6 pm of DC magnetron-sputtered aluminum (6061A1 DT25 spAl). Circles and
squares represent results from the FWGMRs and ellipsoidal cavities respectively. The points with downward arrows represent
the upper bounds. (d, e, f) Photon number dependence of the surface resistance (d), the scaled loss tangent of the surface oxide
(e), and the seam resistance per unit length (f) extracted from the FWGMRs. The symbol and color scheme are the same as
in (a, b, ).

der of magnitude higher than those of the ellipsoidal cav-
ity, which may be due to variations in the quality of the
materials or machining processes. This discrepancy in
material quality is significantly reduced after applying a
chemical etching process. The high-purity aluminum de-
vices are etched with Transene aluminum etchant type
A at 50°C for 2 hours to remove approximately 100 wm
of aluminum, followed by a DI water rinse to remove the
etchant and then by a blow-dry with nitrogen [I]. This
process produces aluminum surfaces with more consis-
tent material quality and substantially reduces the sur-
face resistance of the aluminum (5N5Al etched). The

sensitivity of the DFM to surface dielectric loss.

To investigate the physical origin of the improvements
in material quality due to the chemical etching process,
we manufacture two pieces of flat square samples using
the same batch of high-purity (5N5) aluminum, simi-
lar machining processes, and handling procedures as the
high-purity aluminum resonators studied in this work.
One of them is chemically etched using the same recipe
for etching the high-purity aluminum resonators. We use
these samples as proxies for the high-purity aluminum de-
vices and characterize their surfaces using transmission

average surface resistance of the high-purity aluminum is
improved by a factor of 44 and its variation is reduced
from 92% to 50%. Similar phenomena were also observed
in other studies [I,[9]. Additionally, the chemical etching
process reduces the scaled loss tangent of the aluminum
surface oxide by a factor of 5. Notably, this reduction
was only measurable by the FWGMR due to the high

electron microscopy (TEM).

Fig. [0 shows the cross-section of an untreated 5N5
aluminum sample. The grain size of this sample ranges
from several hundred nanometers to a few micrometers.
Moreover, we observe damage at about 100 nm below the
surface of the sample (Fig.[6p), which could be generated
during the machining processes [32], B3]. The observed
large fluctuations in the surface resistance of the 5N5 alu-



FIG. 6. Cross-sectional high-angle annular dark-field scan-
ning TEM (HAADF-STEM) images of an untreated 5N5 alu-
minum sample. A layer of platinum is deposited on the sur-
face of the sample during the TEM sample preparation. (a)
Grains in the bulk aluminum. (b) Subsurface damage in the
aluminum.

S Sy

Al L-edge

O K-edge

Al L-edge

il

60 80 100 120 140 160 520 540 560 580 600
Energy loss (eV)

O K-edge

Intensity (a. u.)
Intensity (a. u.)

60 80 100 120 140 160 520 540 560 580 600
Energy loss (eV)

FIG. 7. Cross-sectional HAADF-STEM image of (a) a bare
5N5 aluminum and (b) an etched 5N5 aluminum with Al L-
edge and O K-edge EELS spectra from AlOx (red) and Al
(black). The grainy material in the upper part of both im-
ages is a layer of platinum added during the TEM sample
preparation.

minum devices may be coming from the spatial variations
in the subsurface damage, which can be removed by the
chemical etching process, leading to improved and more
consistent material quality. This also implies that other
machining or surface processing techniques that can re-
duce subsurface damage could potentially improve the
material quality.

As discussed in section [[I] the reduction in the scaled
loss tangent could be caused either by a thinner sur-
face oxide or by improved oxide quality. In order to
understand the origin of the improvement, an indepen-

dent measurement of the actual oxide thickness is needed.
Here, we use TEM to measure the thickness of the alu-
minum oxide layer on untreated and chemically etched
high-purity aluminum samples (Fig. E[) Electron energy
loss spectra (EELS) were acquired from both AlOx (red)
and Al (black), confirming the surface oxidation of the
Al. The untreated aluminum surface has an inhomo-
geneous oxide layer, the oxide thickness ranging from 3
nm to 16 nm with average thickness tya,0 = 8.82nm
(Fig. [?h), which corresponds to tandy = 0.109. On the
other hand, the etched aluminum surface has a uniform
oxide layer with thickness tya,0 = 3 nm (Fig. @3), which
corresponds to tan dg = 0.055. These results suggest that
the observed improvement in the scaled loss tangent is
coming from both the reduction of the oxide thickness
and an improvement in the oxide quality. Note that the
scaled loss tangent measured in this work is an average
value over the cavity surface, whereas the oxide thick-
ness measured from the TEM image is localized around
a small area of the sample. To quantify the variation in
the surface oxide’s loss tangent, further confirmation of
the oxide thickness on a large scale is necessary.

As suggested from the TEM study, improving the sur-
face quality of the material could potentially reduce its
microwave losses and result in more consistent material
loss properties. Besides chemical etching, an alterna-
tive method to improve the surface quality of materi-
als is diamond turning, which is a precision machining
process to uniformly remove material using a precision
CNC lathe and a diamond-tipped cutting tool. It is a
chemical-free process that can create mirror-finished sur-
faces with consistent surface quality (average roughness
on the order of 10 nm). Here, we diamond turn the sur-
faces of the multi-mode resonators to study its effect on
the microwave loss of aluminum. The average roughness
of the diamond-turned aluminum surfaces is around 20
nm, which is about 50 times smaller than the untreated
aluminum surfaces (see Appendix . Fig. shows an
aluminum ellipsoidal cavity after diamond turning.

Although there is no improvement in aluminum al-
loy after removing 25um of material with diamond
turning (6061A1 DT25), the microwave losses of the
high-purity aluminum are significantly improved after a
150 pm diamond turn (5N5A1 DT150) (Fig. . Tts sur-
face resistance and scaled loss tangent are reduced to
roughly the same level as the chemically etched high-
purity aluminum, indicating that diamond turning may
be a chemical-free alternative to etching high-purity alu-
minum. To evaluate the effects of combining chemical
etching with diamond turning, we performed a 25 um
diamond turn of the chemically etched high-purity alu-
minum FWGMR. The surface resistance is improved by
a factor of 2.2, and the scaled loss tangent is improved
by a factor of 4.4 (5N5AIl etched DT25) after diamond
turning.

In addition to diamond turning, thin-film coating is
another method to create high quality superconduct-
ing surfaces [27H29]. Here, we use ellipsoidal cavities
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FIG. 8. Reflection spectrum of the the TM311 mode of the
hand-polished ellipsoidal cavity coated in e-beam-evaporated
aluminum (device E3(eb)) (a) and its internal quality factor
as a function of average photon number (b). The red curve
in (a) is the result of the circle fit, its internal quality factor
is indicated by the black arrow in (b).

to characterize the microwave losses of aluminum thin-
film deposited on polished aluminum alloy surfaces and
diamond-turned aluminum alloy surfaces. Prior to thin-
film coating, The cavities are either hand polished (HP)
(device E3) or diamond turned (DT) (device E4) to im-
prove the average surface roughness to the level of a
few tens of nanometers before thin-film coating. They
are coated with 600 nm of e-beam evaporated aluminum
(6061A1 HP ebAl and 6061A1 DT25 ebAl). Following
the first measurement, device E4 is coated with 1.6 pm
of magnetron-sputtered aluminum on top of the 600 nm
of e-beam evaporated aluminum (6061A1 DT spAl).

The thin-film coating process improves the microwave
losses of all three ellipsoidal cavities. Their surface resis-
tances are reduced to the same level as the chemically-
etched high-purity aluminum. Their scaled loss tangents
are improved below the system’s measurement sensitiv-
ity, with upper bounds at the same level as the chem-
ically etched high-purity aluminum. Additionally, thin
film coating produces lower seam resistances than any
other surface treatment by over 2 orders of magnitude.
In particular, the sputter-coating method produces seam
resistances lower than the measurement sensitivity of the
system. As a result, the internal quality factors of the
modes in these devices are very high due to the small loss
participation factors and the improved microwave losses.
The internal quality factor of the seam loss-insensitive
mode (TEj311) of device E3(eb) reaches above one billion
without appreciable power dependence (Fig. , which is
as good as the conductive loss-sensitive mode (TEg11) of
the chemically-etched aluminum ellipsoidal cavity. The
thin-film coating method therefore provides a path to-
wards achieving high coherence without the need for bulk
high-purity aluminum, which is both costly and difficult
to machine.

10

(a) FWGMR Elipscav  Stub Rect
1010 — —*— cavity cavity
I
= 108 |- I I I I
6 106 - I I
104 1 1 1 1 ; 1 1 1 1 1
B Seam
= MA

Cond

0.00

CAV ssssss—

A4 e —

z
rl/ rtot
o o -
vl ~ o
o ] o
1 I 1
DFM = ]

DWGM =
DFWGM =

TE211l jesess—

TEO11 f=

TM110 |

CWGM =
TE110 f=

FIG. 9. (a) The predicted quality factors of the resonant
modes in the FWGMR, ellipsoidal cavity (Ellipscav), coax-
ial stub cavity (Stub cavity), and rectangular cavity (Rect
cavity) using the average surface resistance, scaled loss tan-
gent, and seam resistance per unit length of the chemically-
etched high-purity aluminum, i.e., Rs = 500£250n{2, tané =
0.03340.021, and 7seam = 2619 uQ2-m. (b) The relative con-
tributions of the surface conductive loss (Cond), the surface
dielectric loss (MA), and the seam loss (Seam) of the modes
in (a).

Finally, by extracting the material loss factors as a
function of circulating photon number, we can study
the power dependence of the microwave losses in the
FWGMRs as shown in Fig. |p| (d-f). While the surface
resistance and the seam resistance per unit length show
no appreciable power dependence for all of the devices,
the scaled loss tangent of the diamond-turned chemically-
etched high-purity aluminum (purple circles) decreases
when the average photon number increases above the
critical number n, = 10%, and continues to decrease be-
yond the system’s measurement sensitivity at (7 > 10°).
This indicates that the microwave loss of its surface ox-
ide is limited by two-level systems (TLS) with a critical
electric field E, ~ 3V/m, which is of the same order
of magnitude as the critical electric field observed in [9]
(E. ~2V/m). On the other hand, no appreciable power
dependence in the scaled loss tangent is observed in the
other devices up to 7 ~ 109, which clearly shows that
diamond-turning modifies the properties of the surface
oxide on the high-purity aluminum.

The extracted material loss factors can be used to esti-
mate the loss contributions from the various loss channels
and predict the internal quality factors of other device
made with the same materials and fabrication processes.
Here, we analyze the losses in chemically-etched high-
purity aluminum superconducting cavities (Fig. E[), in-
cluding the multi-mode cavities studied in this work, as
well as the coaxial stub cavity [0, B4] and the rectangular
cavity [II, 22], which are widely used as quantum mem-
ories in superconducting quantum circuits [23H25]. Note
that we are considering 100 wm of misalignment between



the two halves of the cavities when calculating their seam
loss. The predicted internal quality factors are consis-
tent with the experimental observations in this work and
other studies [1}, [0, 20, 22, 34] (Fig. [Oh). The fractional
contributions of the surface conductive loss (Cond), the
surface dielectric loss (MA), and the seam loss (Seam) of
these devices are shown in Fig. [Gp.

As discussed in Sec. [ the differential modes
(DWGM, DFWGM, DFM) in the FWGMR are insen-
sitive to seam loss, with less than 20% of their loss com-
ing from the seam (Fig. [Op). In particular, the DFM
and the DFWGM have more than 50% of the loss from
the MA interface. On the other hand, the modes in the
ellipsoidal cavity only have less than 20% of loss com-
ing from the MA interface, which is consistent with the
higher measurement sensitivity to the scaled loss tangent
in the FWGMR.

Although the quarter-wave mode in the coaxial stub
cavity and the TEj;;9 mode in the rectangular cavity
have similar internal quality factors (Fig. [Oh), the ori-
gins of their losses are different. The quarter-wave mode
is insensitive to seam loss: 60% of the loss comes from
the residual resistance in the superconductor, and 40%
of the loss comes from the microwave absorption in the
surface oxide. In contrast, about 41% of the loss in the
TE1190 mode comes from the seam, 30% comes from the
residual resistance in the superconductor, and only 29%
comes from the microwave absorption in the surface ox-
ide. This indicates that the quality factor of the TEq1q
mode can be further improved if one can eliminate the
loss from the seam, which can be achieved by improving
the seam quality [B], [I7, B5], or creating the cavity with
a seamless architecture [26].

It is important to note that even though we operate
the aluminum superconducting cavities at 20 mK, which
is significantly lower than its superconducting transition
temperature, we still observed a significant amount of
surface conductive loss from the superconductor. The
corresponding surface resistance is much higher than the
prediction from the BCS theory, and the origin of the ob-
served residual surface resistance remains unknown. For
the chemically etched high-purity aluminum studied in
this work, the average surface resistance is 500 £ 250 nf2,
which is higher than the surface resistance of aluminum
thin film on crystallized substrates that is typically below
2500 [14].

In addition to the superior surface resistance, thin film
superconductors can also create joints with very low seam
loss [B, 22]. This suggests that constructing 3D super-
conducting resonators with crystalline substrate and su-
perconducting thin film can further improve the quality
factors by reducing the material loss factors. This ap-
proach has been demonstrated using evaporated indium
thin films and micromachined silicon substrates [5], 22].

Another promising approach for improving the co-
herence of superconducting resonators is to create hy-
brid 3D superconducting resonators that combine tradi-
tional or micromachining-based 3D superconducting en-
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closures with on-chip components made with crystalline
substrates and superconducting thin film. The on-chip
components not only have superior material quality than
bulk superconductors, they can be used to engineer the
electromagnetic field distribution of the resonant modes.
Careful design of the hybrid structure can lead to opti-
mized loss participation factors of both the enclosure and
the on-chip components, resulting in significant improve-
ments in the device coherence [36] [37].

VI. CONCLUSIONS

We have introduced a method to measure microwave
losses of materials using multi-mode resonators. We have
presented two types of multi-mode superconducting cav-
ity resonators for the study of microwave losses in bulk
superconductors: the FWGMR, and the ellipsoidal cav-
ity. These losses include the surface resistance of the su-
perconductor, the scaled loss tangent of the surface oxide,
and the seam resistance per unit length of the joint. We
have used these multi-mode resonators to measure the
microwave losses of aluminum alloy and high-purity alu-
minum, as well as quantify the effects of chemical etching,
diamond turning, and aluminum thin-film coating on the
microwave losses.

We have found that the chemical etching process not
only improves the surface resistance of the high-purity
aluminum, but also reduces the scaled loss tangent of
its surface oxide. We have studied high-purity aluminum
and the chemical etching process using transmission elec-
tron microscopy (TEM). We observed subsurface damage
in the aluminum and varying thickness of surface oxide
in the untreated aluminum sample, whereas the surface
of the chemically etched aluminum sample had a more
uniform surface oxide layer. Besides chemical etching,
we also studied the effect of diamond turning. While
no improvement in the microwave losses is observed in
aluminum alloy, diamond-turning high-purity aluminum
lowers the surface resistance and scaled loss tangent to
levels similar to chemical etching. Moreover, we found
that the scaled loss tangent of the chemically-etched
high-purity aluminum improves with increased average
cavity photon number after diamond turning, which indi-
cates that its surface dielectric loss is limited by two-level
systems (TLS) and the diamond turning process modifies
the TLS properties of the surface oxide.

In addition, the internal quality factor of the TMgz1
mode in the aluminum alloy ellipsoidal cavity improves
above one billion after its surfaces are polished and
coated with e-beam evaporated aluminum thin film. We
found that coating polished or diamond-turned surfaces
with aluminum thin films not only improves the surface
resistance and the scaled loss tangent, but also signif-
icantly reduces the seam resistance per unit length by
more than three orders of magnitude. Unlike the chem-
ical etching process, which would reduce the precision
of the parts’ dimensions, diamond turning and thin-film



coating can produce parts with very high precision and
excellent surface finishing. More importantly, being able
to create very high-quality seams enables the realization
of superconducting cavities and enclosures with more
complicated geometries, which is critical to scaling up
cavity-based superconducting quantum devices [5], 22].

Finally, the methods introduced in this paper are not
limited to studying microwave losses in bulk supercon-
ductors.  Similar concepts can be applied to design
on-chip superconducting devices to measure microwave
losses in superconducting thin films and substrate materi-
als, as well as quantify the effects of fabrication processes,
which are crucial to the development of high-coherence
superconducting quantum devices.
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TABLE 1.
chemical etching with aluminum etchant type A at 50°C for 2 hours.

which is determined by the frequencies of the modes (see Appendix .
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Data from the FWGMRs. 5N5AlL high-purity (99.9995%) aluminum. 6061Al: 6061 aluminum alloy. etched:
DT25: Diamond turned 25 pum of cavity surfaces.
DT150: Diamond turned 150 um depth of cavity surfaces. Gap indicates the distance between the two planar components,

. Rs (n2)
Device . Freq Qc Qint 1/G6 Yseam s
(gap) ~ Merial o Mode Gy ey a0 /) AL oy R
F1 DWGM-1 5.590 3.2 0.047 0.46 6.4%x107% 24x1074 41.8+2.4
(65 wm) 5N5Al DFM-2 7.997 0.36 0.43 1.1x1072 59x1076 80x10°° 0.32 £0.02
H CWGM-1 10.862 6.4 1.74 55x107%  1.5x1077 2.0x 1073 153+ 16
F1(e) EN5AL DWGM-1 5.756 7.0 3.2 0.37 51x107% 4.0x10~* 0.44 £ 0.11
(80 pm) otched DFWGM-1  6.465 1.5 12 69x1072 18x107% 22x10* 0.029 + 0.006
b CWGM-1 10.879 12 59 56 x 1073 1.6x 1077 80x10~* 12.5+ 1.3
F2 DWGM-1 6.043 0.44 0.17 0.16 22x107% 4.0x107% 215+ 1.1
(155 wm) 5N5Al DFM-1 3.696 1.6 0.96 45%x1072 15x107% 6.3x10% <0.22
Hm CWGM-1 10.873 5.7 0.88 54x1073 2.0x10"7 1.8x 1073 512 + 32
F2(e) EN5AI DWGM-1 6.040 4.1 3.5 0.17 2.3x107% 57x10"¢ 0.78 £0.10
(150 um)  etched DFM-2 10.562 1.1 x 102 8.7 70x107%  1.9x107% 12x107*%  0.055+0.003
" CAV-1 8698 1.1x1072 3.6x1072 62x107% 23x 1077 0.58 47.8+£2.4
F2(ed) 5N5AlL DWGM-1 5.790 5.5 6.0 0.46 6.2x107% 4.7x10"% 0.20 4 0.03
(68 wm) etched DFM-1 3.208 9.0 13 58x 1072 41x107% 54x10"* 0.0065 =+ 0.0013
H DT25 CWGM-1 10.881 37 19 53x1073 1.4x1077 6.9x 1074 72.8+3.9
F5(d) ENBAL DWGM-1 5.734 3.3 2.1 0.34 46x1076 1.4x104 0.95+0.11
(88 1um) DT150 DFM-1 3.281 23 5.0 53x1072 33x106 3.4x10¢ 0.030 =+ 0.004
pm CAV-1 8631 7.8x1073 24x107%2 6.1x1073 24x1077 0.28 152 +8
F3 DWGM-1 5.802 7.3 0.56 0.28 3.8x107% 27x10"% 5.96 £+ 0.21
(100 im) 6061A1 DFM-1 3.417 15 3.4 51x1072 2.7x107% 6.4x10~% < 0.023
H CAV-2E| 11.081 2.1x1072 65x1072 21x1072 82x1077 1.0 15.4+ 3.6
DWGM-1 5.784 0.86 0.77 0.42 57x107%  1.7x 1074 3.014+0.17
(523(‘1)1) 68%‘;1 DFM-1 3.183 3.0 3.67 57x1072 42x107% 57x10"% <0.010
H CWGM-1 10.865 26 7.97 58x 1073 1.6x10~7 6.6 x 1074 162 410
Fa DWGM-1 5.858 1.6 0.45 0.28 3.8%x107% 27x1074 6.48 +0.43
(100 pm) 6061A1 DFM-2 9.199 14 2.2 89x1073 35x107% 7.1x10°° 0.11 £+ 0.01
H CWGM-1 10.863 5.7 7.4 55x1073 1.5x1077 2.1x1073 39.1+3.5

2 To account for the additional uncertainty from the bulk dielectric loss of the screws and the washers, the relative uncertainty of the
measured loss rate €y is set to 20% for this mode (see Appendix .
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TABLE II. Data from the ellipsoidal cavities. 5N5Al: high-purity (99.9995%) aluminum. 6061Al: 6061 aluminum alloy. etched:
chemical etching with aluminum etchant type A at 50 °C for 2 hours. HP: Hand polished with sandpaper and finished with
alumina-based metal polishing compound (Pikal Care). DT25: Diamond turned 25 um of cavity surfaces. ebAl: cavity surfaces
coated with e-beam evaporated 600 nm aluminum thin-film. spAl: cavity surfaces coated with with magnetron-sputtered 1.6
pm aluminum thin film.

Rs (HQ)
3 B Freq QC Qint ]-/g Yseam
Device Material Mode (GHz) (x105) (x105) (1/9) PMA (/2/m) tand
T'seam (HQ . m)
TM310 11.556 0.12 0.21 3.0 x 1073 4.3x10°8 0.10 1.93 £ 0.08
El 5N5A1 TE111 8.450 46 183 2.8 x 1073 0.8 x 108 1.5 x 10~5 <0.14
TEO11 10.723 2.4 x 104 195 1.8 x 1073 6.7 x 1010 1.6 x 10—° 45.9+£2.3
EN5AI TM110 7.225 0.44 0.43 4.3 x 1073 3.3x 108 0.13 0.29 + 0.02
El(e) otched TE211  10.216 92 644 2.5 x 1073 1.6 x 1078 5.2 x107° <0.014
TEO11  10.731 7.0 x 103 12x10%  18x107%  6.7x10719 1.6 x107° 18.0 4 0.90
TMO020 10.001 0.1 0.29 3.3x 1073 3.9 x 1078 0.12 3.32+0.20
E2 6061A1 TE111 8.479 37 91 2.8 x 1073 0.8 x 10~8 1.5 x 1075 <0.26
TEO11  10.756 1.1 x 10? 150 1.8x107%  6.7x107!0 1.6 x107° 28.0+ 1.4
6061Al1 TM310 11.588 121 108 3.0 x 1073 4.3 x10~8 0.10 0.63 £ 0.028
E3(eb) HP TE211 10.267 795 600 2.5 x 1073 1.6 x 10~8 5.2 x 107° <0.015
ebAl TE011 10.783 4.7 x 103 863 1.8 x 1073 6.7 x 1010 1.6 x 10~° 0.070 £ 0.005
6061A1 TMO010 4.839 4.4 x 1072 0.25 6.1 x 10~3 2.8 x 108 0.15 9.65 £ 0.56
E4(d) DT25 TE111 8.482 17 32 2.8 x 1073 0.8 x 10~8 1.5 x 1075 <0.73
TE011 10.759 51 55 1.8 x 1073 6.7 x 1010 1.6 x 10~5 26.9+ 1.4
6061A1 TM310 11.573 3.8 x 103 87 3.0 x 1073 4.3x 108 0.10 1.62 £ 0.06
E4(eb) DT25 TE311 12.002 3.6 x 104 302 2.4 x 1073 2.5 x 108 7.0 x 1075 < 0.024
ebAl TEO11 10.759 1.4 x 10% 249 1.8 x 1073 6.7 x 10~10 1.6 x 10—5 0.065 + 0.006
6061Al1 TM210 9.457 2.6 x 103 536 3.6 x 10~3 3.9x 108 0.11 < 0.52
E4(sp) DT25 TE311 12.002 2.9 x 103 443 2.4 x 1073 2.5 x 1078 7.0 x 107° <0.048
spAl TEO11 10.758 4.5 x 103 424 1.8x 1073  6.7x 10710 1.6 x 1075 <0.017




Appendix A: Numerical solution and Monte-Carlo
analysis

As discussed in section [T, the analytical linear least-
squares algorithm does not ensure that the extracted ma-
terial loss factors are non-negative. In order to impose
this restriction, we use a numerical non-negative least-
squares algorithm and pair it with a Monte-Carlo analy-
sis to extract the loss factors and estimate their variance.
For each mode, we generate a distribution of the inter-
nal quality factors using normal distribution with means
and standard deviations equal to the measured values
and measurement uncertainties. We take 5000 samples
from each of these distributions and use nonlinear least
squares to extract the loss factors for each set of sam-
ples to obtain the distributions of the material loss fac-
tors. Fig. [L0|shows the distributions of the material loss
factors for selected devices in this work. The colored
histograms are the results of the Monte-Carlo numerical
approach and the dotted curves are the predicted distri-
butions from the linear least-square solution, which are
normal distributions with means equal to the solution
Eq.@ and variances equal to the diagonal elements of
the covariance matrix Eq.@. When the material loss
factors are within or not very far below the system’s
measurement sensitivity, both approach give consistent
results (Fig.[I0k,b). On the other hand, when one of the
material loss factor is far below the system’s measure-
ment sensitivity, the analytic solution Eq.@ could gives
negative solution whereas the numerical approach always
guarantee non-negative solution (the distribution of the
loss tangent in Fig. [L0k,d).

Appendix B: Resonant modes in FWGMR

In this work, we calculate the frequencies and the elec-
tromagnetic fields of the resonant modes in the FWGMR
with finite-element electromagnetic simulation. Fig.
I11ja) shows the resonance frequencies of the modes as
a function of the gap size. The frequencies of the DFMs
are very sensitive to the gap size, whereas the frequencies
of the DWGMs ,CWGMs, and CAVs are independent of
the gap size. As discussed in section[[TI} we determine the
gap size of the devices by matching the measured reso-
nant frequencies with the simulated resonant frequencies,
which are matched within 5% for the FWGMRs studied
in this work (Fig. [[I{b)).

Fig. shows the electromagnetic fields of selected
modes in a FWGMR with 100 wm gap. The loss
participation factors of these modes are shown in Ta-
ble. [ where pgier is the bulk dielectric participa-
tion factor of the dielectric screws and washers used in
the assembly, which we approximate as a single dielec-
tric object in the cavity. Fig. clearly shows that
the differential-whispering-gallery-modes (DWGMs) lo-
calized both the electric and the magnetic fields within
the gap between the planar components, whereas the
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differential-fork-modes (DFMs) mostly localize the elec-
tric fields within the gap. On the other hand, the electro-
magnetic fields of the common-whispering-gallery-modes
(CWGMs) and the cavity-like modes (CAVs) are more
spatially distributed throughout the truncated cylindri-
cal cavity. The very different electromagnetic field distri-
butions make these modes sensitive to different types of
microwave losses in the cavity, enabling the multi-mode
approach to characterize microwave losses of materials.
Fig. shows all nine projections of sensitivity maps of
the multi-mode system formed by the DWGM, the DFM,
and the CWGM in a FWGMR, with 100 um gap at the
interested range of material loss factors.

In addition to the modes used in material loss char-
acterization, there are modes that concentrate the elec-
tric fields in the dielectric screws and washers (CAV-2,
DIEL-1, and DIEL-2). These modes have very large bulk
dielectric participation factor (pgier on the order of 10_1),
which can be used to determine the upper bound for the
loss tangent of the dielectric components. The lowest up-
per bound observed in this work is given by the DIEL-2
mode of device F2(e), with internal quality factor equal
to 1.2 x 105 at 7 = 6, which correspond to loss tangent
less than 6.9 x 107%. This upper bound of loss tangent
can be used to estimate the bulk dielectric loss contri-
bution from the dielectric components. For most of the
modes used in material loss characterization in this work,
such as the DWGMs, DFMs, CWGM, and CAV-1, the
bulk dielectric loss from the dielectric components con-
tribute to less than 1% of their total internal losses. The
only exception is the CAV-2 mode in device F3, the bulk
dielectric loss from the dielectric components contributes
up to 14% of its total internal loss. It’s important to note
that the loss model used in this work doesn’t account for
the bulk dielectric loss from the dielectric components,
the uncertainty of this additional loss channel is equiva-
lent to extra uncertainty to the measured loss rate. To
take this effect into account, the relative uncertainty of
the measured loss rate €, is set to 20% for the CAV-2
mode in device F3.

Appendix C: Resonant modes in ellipsoidal cavity

Similar to the FWGMR, we calculate the frequencies
and the electromagnetic fields of the resonant modes in
the ellipsoidal cavity with finite-element electromagnetic
simulation. The electric fields of the seam loss-sensitive
modes, the seam loss-insensitive modes, and the con-
ductive loss-sensitive mode are shown in Fig. The
loss participation factors of selected modes are shown in
Table. [[V] All nine projections of the sensitivity maps
of the multi-mode system formed by the seam-sensitive
mode, the seam-insensitive mode, and the conductive
loss-sensitive mode are shown in Fig.
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FIG. 10. Statistical distributions of the material loss factors for device F4 (a), E3(eb) (b), E1(e) (c), and E1 (d). The histograms

are the results of the Monte-Carlo analysis with non-negative least-squares solution. The black dotted curves are the results of
the linear least-squares analytic solutions.
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FIG. 11. (a) Frequencies of the resonant modes of the FWGMR as a function of the gap between the two planar components.
Colored lines and symbols are the modes used in material loss characterization in this work. (b) Fractional difference between
the measured and simulated resonance frequencies of all the FWGMRs studied in this work. The color code of the mode is the

same as in (a).

Appendix D: Measurement setup

Fig. 16| shows the measurement setup of the resonator
measurement. The resonators are installed within a Cry-
operm magnetic shield inside a cryogenic-free dilution re-
frigerator with a base temperature of 20 mK. The input

port of the sample through a microwave switch. The re-
flected signal from the sample transmitted through the
microwave switch and the transmitted port of the direc-

microwave signal passes through a 20 dB and a 30 dB
attenuators on the 4K stage and the base stage of the di-
lution refrigerator, then enters the -10 dB coupling port
of a directional coupler and is directed to the coupling

tional coupler, then passes through two isolators at 20
mK and is amplified by a cryogenic HEMT amplifier at
4 K, which is further amplified with a room-temperature
low noise amplifier for analysis.
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FIG. 12. Electric and magnetic fields of selected resonance modes of a FWGMR with 100 um gap from finite-element simulation.
The isosurfaces in (a-i) represent the magnitude of the electric fields. The isosurfaces in (j-r) represent the magnitude of the
magnetic fields.

Appendix E: Surface roughness of different surface
finishing

Fig. compares the optical images and the aver-
age surface roughness (Ra) of the surfaces of 5N5 alu-
minum (5N5AI), 5N5 aluminum after chemically etched
with Transene aluminum etchant type A at 50°C for 2
hours (5N5Ale), 6061 aluminum alloy (6061Al1), 6061 alu-
minum alloy after diamond turning (6061A1 DT). The
average surface roughness (Ra) is measured by a stylus
profilometer with a 2 mm scan length. Among these sam-
ples, the as-machined 5N5 aluminum (5N5A1) surface has
the worst surface finishing. The average roughness of its
surface is equal to 1.71 um. The chemical etching pro-
cess removed approximately 100 um of the machined alu-
minum surface and improved the average surface rough-
ness to 617 nm. It also generates irregular micro-cavities
on the aluminum surface (Fig. [17] (e, f)), which are prob-
ably due to the non-uniform bubble formation during the
chemical reaction in the chemical etching process. On the
other hand, the as-machined 6061 aluminum alloy has a
better surface finish than the 5N5 aluminum. Its aver-
age surface roughness is equal to 590 nm, slightly better
than the SN5 aluminum after chemical etching. Its av-
erage surface roughness is further reduced to 23 nm after
removing 25 pum of the surface material with diamond
turning, ending up with a mirror-finished surface.
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TABLE III. The frequency and the participation factors of selected modes in a FWGMR with 100um gap. Here, 1/G is the
inverse geometric factor of the cavity, pma is the surface dielectric participation factor of the metal-air (MA) interface, Yscam
is the seam admittance per unit length of the cavity seam, and paie is the bulk dielectric participation of the dielectric screws
and washers in the assembly.

Mode Freq (GHz) 1/G(1/9Q) DPMA Yseam (/€2/m) Ddiel
DFM-1 3.434 5.1x 102 2.7%x107° 6.4%x 1072 1.7 x 1077
DFM-2 9.094 89 x 1077 35x 10°° 71x107° 23x107°

DWGM-1 5.816 28 x 107! 38x10°° 2.7 x 1072 82x10°°
DWGM-2 11.506 1.8 x 1071 5.0x 107° 1.7x 1072 7.9 %x10°°
DFWGM-1 6.480 6.7 x 1072 1.6 x 107° 2.0x 1074 3.2x 1077
CWGM-1 10.906 5.5 x 1072 1.5 x 107" 21x 1077 53 x 107°

CAV-1 8.621 6.7 x 1073 27 x 1077 32x 107! 15x 1073
CAV-2 10.994 21x1077? 8.2 x 1077 1.0 31x107 !
DIEL-1 2.986 52x 107! 37 x10°° 2.8 x 1072 2.7x 107!
DIEL-2 3.779 1.1x 10T 1.6 x 107° 1.2x 1072 1.1 x 1071
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0.8 0.8 0.8
0.6 06 © 107 0.6
0.4 0.4 E 10-¢ 0.4
0.2 0.2 0.2
0.0 0.0 1076 0.0
10-10 1076 1072 10710 1076 1072
(d) (e) Rs(Ohm) (f) Rs(Ohm)
102 1.0 1.0 1072 1.0
'E‘ 10-4 0.8 g 0.8 ’E\ 1074 A 0.8
g 10-6 06 & 06 & 166 0.6
€ 0.4 £ 0.4 € 0.4
& 100 0.2 & 0.2 & 100 "7 0.2
10°10 0.0 0.0 10-10 0.0
10710 10-10 1076 1072
(g) Rs (Ohm) (h) (I) Rs (Ohm)
1072 1.0 1.0 1.0
E 10-4 0.8 'E‘ 0.8 ’E\ 0.8
g 10-6 0.6 g 0.6 g 0.6
£ 04 £ 04 € 0.4
& 107 02 & 02 ¥ 0.2
10-10 0.0 0.0 0.0
106 103 10° 10°6 1073 100 10-6 1073 100
tan () tan (6) tan (6)

FIG. 13. Sensitivity maps of the multi-mode system formed by the DWGM, the DFM, and the CWGM in the FWGMR with
100 pm gap. (a, b, ¢) show the system’s measurement sensitivity to the material loss factors in the Rs; — tand plane evaluated
at Tseam = 102 puQ2 - m. (d, e, f) show the system’s measurement sensitivity to the material loss factors in the Rs — rscam plane
evaluated at tan§ = 5x 1072, (g, h, i) show the system’s measurement sensitivity to the material loss factors in the tan d — rseam
plane evaluated at Rs = 1 uf.

TABLE IV. Participation factors of selected modes in an ellipsoidal cavity.

Mode Freq (GHz) 1/G (1/9) DPMA Yseam (/€2/m)
TMO010 4.843 6.1 x 103 28 x10°° 1.5 x 1071
TM110 7.252 4.3 %1073 3.3x10°° 1.3 x 1071
TM210 9.475 3.6x10° 39x10°° 1.1 x 1071
TMO020 10.017 33x 10773 39x10°° 1.2 x 1071
TMO11 10.464 28x107° 27x107° 6.3x107°
TE111 8.513 28 x 1077 0.8 x 107° 1.5 x 10~°
TE211 10.260 2.5 x 1073 1.6 x 1078 52 x 107°

TEO011 10.778 1.8 x 1073 6.7 x 10710 1.6 x 1075
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FIG. 14.  Electric fields of selected seam-sensitive modes (SEAM), seam-insensitive modes (NON-SEAM), and conductive
loss-sensitive mode (COND). The isosurfaces represent the magnitude of the electric fields.
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FIG. 15. Sensitivity maps of the multi-mode system formed by the seam-sensitive mode, the seam-insensitive mode, and the
conductive loss-sensitive mode in the ellipsoidal cavity. (a, b, ¢) show the system’s measurement sensitivity to the material
loss factors in the Rs — tand plane evaluated at rseam = 102 pQ-m. (d, e, f) show the system’s measurement sensitivity to the
material loss factors in the Rs — rseam plane evaluated at tand = 5 X 1072 (g, h, i) show the system’s measurement sensitivity
to the material loss factors in the tan d — rseam plane evaluated at Rs = 1 uQ).
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5N5Ale 6061Al 6061Al DT

LRI

20 um 20 um

20 um

Ra=1.71um Ra=617 nm Ra =590 nm Ra=23 nm

FIG. 17. Optical images of the surfaces of as machined 5N5 aluminum (5N5Al) (a, b, ¢), 5N5 aluminum after chemically etched
with Transene aluminum etchatant type A at 50 °C for 2 hours (5N5Ale) (d, e, f), as machined 6061 aluminum alloy (6061Al)
(g, b, i), and 6061 aluminum alloy after diamond turning (j, k, 1). The average surface roughness (Ra) of these samples are
measured by a stylus profilometer with 2 mm scan length.
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