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We present an experimental characterisation of the electrical properties of 3D-printed Niobium. The study was per-
formed by inserting a 3D-printed Nb post inside an Aluminium cylindrical cavity, forming a 3D lumped element
re-entrant microwave cavity resonator. The resonator was cooled to temperatures below the critical temperature of
Niobium (9.25K) and then Aluminium (1.2K), while measuring the quality factors of the electromagnetic resonances.
This was then compared with finite element analysis of the cavity and a measurement of the same cavity with an Alu-
minium post of similar dimensions and frequency, to extract the surface resistance of the Niobium post. The 3D-printed
Niobium exhibited a transition to the superconducting state at a similar temperature to the regular Niobium, as well as
a surface resistance of 3.1 x 10~* Q. This value was comparable to many samples of traditionally machined Niobium
previously studied without specialised surface treatment. Furthermore, this study demonstrates a simple new method
for characterizing the material properties of a relatively small and geometrically simple sample of superconductor,
which could be easily applied to other materials, particularly 3D-printed materials. Further research and development
in additive manufacturing may see the application of 3D-printed Niobium in not only superconducting cavity designs,

but in the innovative technology of the future.

Devices made of superconducting materials are utilized in
many areas of physics and engineering. For example, su-
perconductors are applied in microwave oscillators, particle
accelerators, gravitational wave detection, quantum technolo-
gies, and various tests of fundamental physics' "%, owing to
their low-loss, zero DC electrical resistance, high resonant
quality factors, and other properties. Embedding of super-
conducting qubits in superconducting resonant cavities has
been the foundation for circuit quantum electrodynamics ex-
periments and has markedly improved the coherence times of
these qubits! 412,

For use in these fields, the quality of production of these
devices is set to a high standard. Niobium (Nb) has gained
interest as a material of choice for superconducting devices
due to its unique properties, such as the highest supercon-
ducting transition temperature amongst all pure metals (9.25
K!%). However, Nb especially is difficult to machine, and con-
sequently the manufacturing of superconducting cavities and
other devices, especially those with complex geometries, is
expensive and time consuming!”.

The growing field of additive manufacturing, also known
as 3D-printing, has meant that the manufacturing of cer-
tain parts can be fast and inexpensive, and complex de-
signs can be realised®19  Also, waste material and labour
are reduced when compared with traditional manufactur-
ing. Additive manufacturing has in recent years been used
to produce microwave resonator cavities for use in atomic
clocks®*2l! and ferromagnetic resonance spectroscopy?22.,
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The high-precision and versatile nature of 3D-printing has
been used to produce superconductors with complex ge-
ometries that are unattainable by conventional manufacturing
techniques'/2#2>.  Clearly, 3D-printing has the potential to
lead the manufacturing of superconducting cavities and other
superconducting devices. This is of particular appeal for ap-
plications with Nb which, as stated, is difficult to machine
by traditional methods. However, it is not generally known
which properties of superconducting materials like Nb are re-
tained when they are 3D printed. Nor if these materials will
retain their superconductivity at low temperatures at all.

Consequently, this work aims to assess the feasibility of ap-
plication of 3D-printed Nb to superconducting technology, by
investigating the electrical and superconducting properties of
a sample produced via Selective Laser Melting of Nb pow-
der, by measuring the properties of electromagnetic modes in
a resonant cavity containing the sample. This technique pro-
vides a powerful tool for determining material properties, and
similar techniques (typically relying on the production of en-
tire resonant cavities, or surfaces within those cavities) have
been applied to a range of materials. A 3D-printed Nb rod
was produced, and inserted into a microwave resonant cav-
ity, forming a re-entrant cavity. This cavity was cooled to
cryogenic temperatures, and the quality factors of the reso-
nant modes were measured. By comparing the measured val-
ues with those predicted from finite element modelling (FEM)
of the system, we are able to extract material properties such
as surface resistance.

This method of material characterization, using a physically
small post constructed of the material under test, is a sim-
ple, inexpensive, and efficient means of characterizing mate-
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rial properties, and could be readily applied to a range of other
materials, both 3D-printed and otherwise. Conveniently, this
method requires only a relatively small and simple structure
to be produced, as opposed to constructing an entire resonant
cavity or some other more complex geometry.

A re-entrant cavity is a hollow, conducting resonant cavity
containing a conducting rod?®*%?, A distinct feature of a re-
entrant cavity is the existence of a gap between the top of the
rod and the lid of the cavity. The cavity supports a series of
electromagnetic resonant modes>"*!. The size of the gap be-
tween the post and the lid determines the capacitance of the
effective lumped LC resonator, and hence strongly influences
the resonant frequency of the cavity. For a given resonant re-
entrant mode in the cavity, majority of the electrical energy is
focused into this gap axially, whilst majority of the magnetic
energy is concentrated radially about the post, in an azimuthal
direction. Consequently, a re-entrant cavity can be viewed as
an inductive post shorted with a lumped capacitor. An exam-
ple of the field distributions in a re-entrant cavity is shown in
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FIG. 1. Electric (left) and magnetic (right) field distributions in a re-
entrant cavity. The cavity diameter was 16 mm, its height 8 mm, the
diameter of the post is 2 mm and the gap spacing between the top of
the post and the cavity roof is approximately 0.7 mm.

The intrinsic quality factor of a resonator, Qy, describes the
losses of the resonator. For an enclosed resonator, these losses
are resistive, due to currents induced in the conducing walls.
In the case of the re-entrant cavity, the total losses from the
walls and post can be decomposed into,
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Here Q,,415 is inversely proportional to the losses in the walls
of the cavity, and Qs is inversely proportional to the losses
in the post.

There are other sources of loss, such as loading of the cavity
by field-sensing probes Qropes, and external losses Q. due
to, for example, small holes or gaps in the conducting walls
of the resonator, and so any direct measurements of the qual-
ity factor of the resonator will always yield the loaded quality
factor, Oy, a parameter that incorporates all losses of the res-
onator. We can represent this as
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In this study, we will use this relationship to determine the
losses and material properties of the 3D-printed post.

The geometry factor of a resonance, G, denotes the ratio of
the magnetic field in the volume of the cavity to the magnetic
field on the surface. The geometry factor is defined as,
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where @ is the angular frequency of the mode, H is the mag-
netic field component of the mode, H the tangential magnetic
field, and L is the vacuum permeability. This parameter pro-
vides an avenue to examine the losses of a given mode, in-
dependent of the material. As stated, the primary loss mech-
anism in the conducting walls of a closed cavity is resistive
losses due to currents induced by the oscillating magnetic field
of the resonant mode. Consequently, the geometry factor is
proportional to the intrinsic quality factor, and is related to Qg
and the surface resistance of the material by

G
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Here R, is the surface resistance of the relevant material. Im-
portantly, relationship @) holds assuming that the surfaces in
the cavity all have the same surface resistance, but it can eas-
ily be extended such that each term contributing to Qy, (e.g.
QO post> Qwails In this case) has its own relationship between Q,
G, and R; as per (@). For example

QO — (Rpost + Rwalls ) ! ’ (5)
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where the inverse relationship owes to the fact that losses add
in parallel. Here R, is the surface resistance of the post,
Ryaiis is the surface resistance of the walls, Gy is the geom-
etry factor of the post and G, is the geometry factor of the
wall. Furthermore, assuming that the losses from probes and
external factors are small (i.e. Qprobess Qext = Opost> Owalis)s
the measured (or loaded) quality factor becomes very close to
the intrinsic quality factor such that

Rpost Rwalls )71 ) (6)
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To compute the separate geometry factors, one simply com-
putes (@), but with the surface S defined as the relevant sur-
face, either the post or walls of the cavity.

Now we can see that by measuring the loaded quality factor
of a resonator such as a re-entrant cavity under the appropriate
conditions, and computing geometry factors with FEM of the
resonances, we can extract material properties such as Ry
and R,,,; with enough measurements. The Nb post under test
was produced using Selective Laser Melting (SLM), an ad-
ditive manufacturing process, on a Realizer SLM100 using a
laser power of 200 W, scan spacing of 100 um, layer thick-
ness of 50 pum and laser scan speed of 250 mm/s. The Nb (Nb)
powder used to produce the post had a purity of 99.5 percent



FIG. 2. Al cavity base with polished 3D-printed Nb post attached.

and had an average particle size of 34 um. Before printing the
chamber was purged with high purity Argon, and the Oxygen
content was maintained at below 0.1 percent. Figure [2] shows
two 3D-printed Nb posts viewed under a microscope, the pol-
ished post on the right was used for the experiment.

The post was soldered to the base of a cylindrical, pure Alu-
minium (Al) cavity to form the re-entrant cavity. The funda-
mental re-entrant mode was selected for study. FEM of the
fields and cavity are presented in figure [T} The room temper-
ature properties were measured with a Vector Network Anal-
yser (VNA).

The probes were positioned such that their coupling param-
eters at room temperature were < 10~4, guaranteeing that the
losses due to probes would be small compared to material
losses (ie Qpropes > Qo), and (6) would hold. The re-entrant
cavity was installed inside a dilution refrigerator equipped
with a 7 T superconducting magnet, which for this experiment
served as a superconducting shield to isolate the experiment
from ambient magnetic fields. The re-entrant cavity was con-
nected again to a VNA, situated outside the refrigerator, with
sufficient attenuation distributed along the input line to reduce
the propagation of room temperature thermal noise into the
experiment, and both cryogenic and room temperature am-
plifiers placed along the output line to ensure an appropriate
signal to noise ratio for data anaylsis.

The re-entrant cavity was cooled and temperature stabilised
at various cryogenic temperatures. At the base temperature,
20 mK, the frequency of the fundamental re-entrant mode was
measured as 6.236 GHz. At each temperature, the power of
the input signal was swept across a range of values and the
transmitted power as a function of frequency was recorded.

In order to extract the material properties from (6), more
data was required. Given we have two unknown quantities
in (6)) for each measured Q; value at each temperature, ie R post
(Nb) and R,,4;;5 (Al), we require two sets of Q; measurements,
which can then be turned into two simultaneous equations of
the form (6) at each temperature.

In order to separate the Al losses from the Nb losses, and
provide this second set of simultaneous equations, a new cav-
ity base with a pure Al post with approximately the same
height as the Nb post was manufactured. This base was at-
tached to the cavity from the previous run. In this case, Rpos
and R,,4/5 in (6) would be identical (both being the surface re-

sistance of Al), allowing for their value to be acquired directly
from the measured quality factor, Oy, and geometry factors
derived from FEM. This value for the surface resistance of Al
at each temperature could then be substituted into the equa-
tions generated from the first run, with the Nb post, and used
to solve for the Nb surface resistance.

The same procedures of cooling the cavity in the dilution
refrigerator, measuring transmitted power as a function of fre-
quency and performing power dependence analysis were con-
ducted on the second re-entrant cavity. The base temperature
frequency was 6.351 GHz.

The data for both cavities at all temperatures and powers
were fitted with the following equation to extract the quality
factors:
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In equation P, is the incident power, P4 is the trans-
mitted power, mys is the resonant frequency of the mode and
B1 and B, are the coupling parameters of the input and output
probes. The measured quality factors exhibited no obvious
dependence on input power, other than at the base tempera-
ture of 20 mK. This is shown in figure 3] for the Nb cavity,
but a similar dependence was observed in the Al cavity. The
degradation in the quality factor at low input power observed
is due to the presence of a two level systems associated with
a spurious loss mechanism. At low input power to the cavity,
this mechanism absorbs energy and causes loss. At high input
powers, the two level system is saturated and is no longer a
source of spurious loss. At all temperatures in both cavities,
the optimum measured quality factor was taken as the quality
factor for analysis.

The extraction of quality factors at various temperatures for
the two re-entrant cavities produced data sets of quality factor
versus temperature, as shown in figure @ The quality fac-
tor versus temperature for the re-entrant cavity with the Nb
post displays two distinct “jumps" in the quality factor. This
is expected, owing to the fact that the cavity is composed of
two distinct superconducting materials, with different transi-
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FIG. 3. Power dependence of quality factor at 20mK.
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FIG. 4. Graph of quality factor versus temperature for both re-entrant
cavities. The expressions for expected values of Oy, on the right hand
side are given as an example, to show how the simultaneous equa-
tions are constructed. These expressions relate to the Nb post cavity.

tion temperatures. The jump at 7.6 K represents the Nb tran-
sition to the superconducting state. The divergence from the
accepted value for this transition, TCN b =925 K, can be at-
tributed to fact that the temperature sensor in the dilution re-
frigerator is spatially separated from the Nb post, resulting in
the temperature of Nb lagging that of the sensor during the
cooldown procedure, only coming to thermal equilibrium af-
ter a stable temperature is reached and sustained. The jump
at approximately 1 K in both figures matches closely with
the well-known superconducting transition temperature of Al,
TA' =1.2K.

To compute the geometry factors required for the extraction
of R; values from these simultaneous equations, a re-entrant
cavity model was constructed in COMSOL Multiphysics. A
parametric sweep of the post height allowed the geometry fac-
tor of the walls and post to be determined for the two re-
entrant cavities, which are at slightly different frequencies.
The geometry factors, frequencies, and measure Qy, values for
both cavities are show in table 1.

Consequently, the surface resistance of the 3D-printed Nb
post, Ry, and the surface resistance of the pure Al, R4; could
be determined at specific temperatures. With Gyay and Gpost
being calculated from FEM, R4, can be calculated from (6)),
using the measured Qy values for the Al post cavity, given
Rpost = Ryalis in this case. Now, considering the Nb post cav-
ity, the values of Ry; at a given temperature can be substituted
for Ryans in @ Using the measured Qy,(T) values for the Nb
post cavity (shown in figure , Rpost = Ry, can be solved.

The resulting calculated resistance values for Al and Nb
give R3S [omkx = 3.14x 1074 Q, RS |homkx = 1.79 x 107* Q at
the base temperature of 20 mK when both materials are in the

: Freq. | Gpost | Gwal oL
Cavity | Giz)| (@ | (@) [300K[20K[ 2K [0.02K
Nb Post| 6,236 123.13| 157.32| 396 | 1947 9292 | 288.730
All Al| 6321 126.23| 159.52| 589 | 7000| 7916/ 390,481

TABLE I. Cavity parameters and Q factors at various temperatures.
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superconducting state, and Ryp|10x = 0.0385 Q and Ry;10x=
0.0101 Q in the normal conducting state, at 10 K. As expected,
the surface resistances of the materials when they are super-
conducting are orders of magnitude less than when they are in
the normal conducting state.

COMSOL modelling of small, empty cylindrical cavities
yields low order TE and TM modes with GHz frequencies,
and geometry factors on the order of ~100 to ~1000. If such
cavities were to be constructed with the 3D-printed Nb stud-
ied here they would be expected to present quality factors on
the order of 3 x 10° to 3 x 10°, calculated using equation
and the derived stvi value. Previously, we have measured un-
treated Nb resonant cavities to have quality factors ranging
from ~ 10* to ~ 107. As the quality factor is mainly limited
by the surface resistance, it can be deduced that the surface
resistance of 3D-printed Nb is comparable, or in some cases
even better than that of regular, untreated Nb. The consis-
tency of the measured resistance values with previously ob-
served Nb also demonstrates the value of the characterisation
technique presented here. With only a small, 3D-printed Nb
sample, we are able to extract the material properties with rel-
ative ease.

We have demonstrated a simple technique for characteriz-
ing the surface losses of materials. The method involves in-
serting a small, cylindrical sample of the material under test
into a larger cylindrical cavity to form a re-entrant cavity, and
then cooling the composite cavity to cryogenic temperatures.
Through a combination of temperature and power dependent
resonant quality factor measurements, and FEM, the surface
resistances of the various materials in the cavity can be ex-
tracted from the experimental data. This technique has been
applied to the characterization of a 3D-printed Nb post, find-
ing a surface resistance value of 3.14 x 107% Q at 20 mK,
and a superconducting transition temperature of 7.6 K. The
measured value of surface resistance is consistent with previ-
ous measurements of non-3D-printed Nb, demonstrating the
power of the technique, which may be applied to other mate-
rials.

This work demonstrates that Nb can be 3D-printed without
the loss of its appealing superconducting properties. This is
promising, as Nb is a material of choice for superconducting
systems in a range of physics and engineering applications,
but it is notoriously difficult to machine. These measurements
deal with untreated Nb - surface resistance measurements con-
ducted on treated Nb have shown values of approximately
1nQM. Such treatments could be applied to 3D-printed Nb in
future for lower surface resistance. 3D-printing of supercon-
ductors, and specifically Nb, has immense potential for future
research, and may produce new applications which will be of
great benefit in physics and engineering.
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