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Abstract

This work aims to explore the high-power RF performance
of high temperature superconducting materials at X-band
(11.424 GHz). We tested two kinds of rare earth barium
copper oxide (REBCO) coatings. One was applied with a
film deposition and the other with a soldered tape, both on
a copper substrate. Testing was done in a hemispherical
cavity with a TE mode due to its ability to maximize the
magnetic field on the sample. These REBCO samples has
conductivity on the order of 10 GS/m which was more than
an order of magnitude greater than copper samples. These
measurements were then used to find the design parameters
for a full 3D cavity that is to be coated with REBCO.

INTRODUCTION

Superconducting materials such as Niobium (Nb) have
been extremely useful for RF accelerator technology but
require low temperatures for operation ∼ 2-4 K [1–3]. The
development of high temperature superconductors (HTS)
is promising due to their transition temperature in excess
of 80 K. HTS accelerators could be cooled by liquid nitro-
gen versus liquid helium which is expensive to operate and
much more expensive to build due to the additional cryo-
genic infrastructure. Nb structures have been able to show
conductivity >10 GS/m [4] at 4 K compared to room tem-
perature normal conducting copper structures that typically
have conductivity 𝜎 ≈ 100 MS/m [5].

The drawback of using Nb is that, unlike copper room
temperature structures where the gradient is limited by break-
downs caused by high peak surface fields, the limiting factors
in superconducting accelerating structures are the high in-
duced magnetic field which causes the structure to quench.
This normally limits the gradient of Nb structures to gradi-
ents on the order of 35 MV/m [1–3]. This is close to an order
of magnitude less than their normal conducting counterparts
that can operate at gradients in excess 200 MV/m [6,7].

Structures made or coated with HTS materials could be
used as accelerating structures themselves, but their main
use may be in high Q devices such as linearizers, deflector
cells, and pulse compressors.

REBCO can be used as its critical temperature of ∼90 K is
above the 77K operating regime of these devices and can be
easily formed into tapes and other coatings for accelerating
structures.
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REBCO DISCS FABRICATION PROCESS
Two distinct REBCO samples with different coating tech-

niques and surface treatments were subjected to testing. The
first coating technique, illustrated in Fig. 1a), utilised com-
mercially available 2D coated conductors (CC) from Fu-
jikura that were 12 mm wide. In this scenario, numerous
CCs were initially soldered onto a copper disc, followed by
delamination between the REBCO and buffer film [8]. This
approach resulted in the REBCO being the topmost layer.

For the second sample, the REBCO was deposited via
electron-beam physical vapour deposition with inclined sub-
strate deposition, covering the entire surface of the copper
disc. A MgO buffer layer was first thermally evaporated and
reactively grown on the copper substrate, which was tilted
by approximately 30∘. The REBCO then nucleated on the
inclined MgO plane, resulting in the REBCO 𝑐-axis having
an inclination angle of approximately 30∘, as depicted in Fig.
1b) [9].

Figure 1: Sketch of the samples: a) soldered REBCO-CCs
on copper and b) directly grown REBCO on MgO on copper.

SLAC TESTING FACILITY
Samples were tested at lowe power in a hemispherical

cavity designed to have a TE23 mode so that the electric
field on the sample surface is negligible while the magnetic
field is maximized across the surface to be able to measure
the quench field of the sample. The hemispherical cavity
is coupled into a TE11 circular waveguide that can also be
connected to a 50 MW X-band klystron (11.424 GHz) that
can provide up to 2 µs pulse length. Due to the power con-
straints of the two-stage cryostat, a maximum of only 1 MW
can be put into the cavity. A schematic of the hemispherical
cavity installed in the experimental high bay can be seen in
Fig. 2. The measurement plane is approximately 3 m from
the sample [4].

COLD TEST RESULTS
The Quality factor of the REBCO sample (𝑄𝑠) can be

obtained form cold test measurements by obtaining the in-
trinsic quality factor (𝑄0). which is a combination of 𝑄𝑠 and
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Figure 2: Schematic of Test Stand.

Q of the cavity (𝑄𝑐𝑎𝑣) in Eq. (1). 𝑄0 is derived from a Q
circle fit of the complex 𝑆11) reflection coefficient.

1
𝑄0

= 1
𝑄𝑠

+ 1
𝑄𝑐𝑎𝑣

(1)

Where 𝑄𝑠 can be used to derive the RF conductivity of the
sample (𝜎𝑠) using a reference conductivity 𝜎𝑟𝑒𝑓 then HFSS
can be used to find a reference 𝑄𝑠,𝑟𝑒𝑓. knowing that Q ∝ √𝜎
then the 𝜎𝑠 is Eq. (2):

𝜎𝑠 = 𝜎𝑟𝑒𝑓(
𝑄𝑠

𝑄𝑠,𝑟𝑒𝑓
)2 (2)

To determine the 𝑄𝑐𝑎𝑣, we tested a Nb and Cu sample.
As the Nb is at 4K, we treat the Nb sample as a perfect
conductor meaning that the 𝑄0 ≈ 𝑄𝑐𝑎𝑣 due to 𝑄𝑠,𝑁𝑏 » 𝑄𝑐𝑎𝑣
where the 𝑄𝑐𝑎𝑣 at 4K is 1.9375×105. The Cu sample can to
used to derive the functional form for 𝑄𝑐𝑎𝑣(Temp.) by fitting
the 𝑄0(Temp.) as 𝑄𝑐𝑎𝑣(Temp.) = c×𝑄0(Temp.) where c
is a constant. As the Bloch-Gruneisen law shows that the
conductivity of the sample and the cavity are the same, the
functional form is the same but scaled by a constant, see
Fig. 3a. The Bloch-Gruneisen equation and the National
Institute of Standards show that 𝑄0(Temp.) can be described
by a modified logistics equation in Eq. (3) [5]:

𝑄0(𝑇𝑒𝑚𝑝.) = 𝐴 + (𝐾 − 𝐴) ∗ 𝑇𝑒𝑚𝑝𝛽

(1 + 𝐶 ∗ 𝐸𝑥𝑝−𝐵∗𝑇𝑒𝑚𝑝)𝛼 (3)

Where A represents the upper asymptotic limit, K repre-
sents the lower asymptotic limit and K, B, C, 𝛼, 𝛽 are our
fitting coefficients. A is a constrained parameter defined by
Eq. (4) and 𝑦0 is also a fitting parameter.

𝐴 = (1 + 𝐶)𝛼 ∗ 𝑦0 − 𝐾
(1 + 𝐶)𝛼 − 1 (4)

By fitting the 𝑄0(Temp.) for Cu (see Fig. 3b) with the
corresponding difference between the measured and fitted
data (see Fig. 3c) and combining with the Nb results allows

Figure 3: (A) 𝑄0, 𝑄𝑐𝑎𝑣, 𝑄𝑠 form HFSS simulation from
using the conductivity at a given temperature derived from
Bloch-Gruneisen. (B) Fitting 𝑄0(Temp.) from Eq.( 3) and
Eq.( 4) for Cu data,(C) the difference between measured
and fit v. Temp. (D) 𝑄0 (Temp.) for Cu and Nb use to find
𝑄𝑐𝑎𝑣(Temp.) for Cu cavity (dashed line).

Figure 4: Quality factors of REBCO taped and deposited
samples for their 𝑄0 ,𝑄𝑐𝑎𝑣, 𝑄𝑠 for REBCO sample both had
a critical temperature of 88K.

Figure 5: Conductivity (𝜎) for the deposited and taped RE-
BCO sample use the reference conductivity of 43 GS/m.

us to obtain a 𝑄𝑐𝑎𝑣(Temp.)(see Fig. 3d). This was used to
extract the Q of any sample. Note that the dip in the Q factor
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Table 1: Summary of cold test results for copper and REBCO
taped and sputtered samples at 4 K and 80K show factor of
20 improvement over copper.

Sample 𝑄0 𝑄𝑒 𝛽 𝑄𝑠 𝜎𝑠

4K

Cu 1.1*105 1.6*105 0.69 2.5*105 150 MS/m
REBCO

1.9*105 1.3*105 1.4 4.2*106 42 GS/mSputtered
REBCO

1.7*105 1.3*105 1.3 1.4*106 15 GS/mTaped

80K

Cu 9.2*104 1.5*105 0.63 2.3*105 134 MS/m
REBCO

1.4*105 1.3*105 1.1 1.3*106 4 GS/mSputtered
REBCO

1.2*105 1.3*105 0.90 6.0*105 2.6 GS/mTaped

at 100 K is due to the cavity mode passing through and
being superimposed upon a waveguide mode. The exact
cause and a model to decouple these modes are still under
development. Other waveguide modes can appear due to
change in alignment metal to metal contacts waveguides
from experiment to experiment

At low temperature 𝑄0 is dominated by the cavity as 𝑄𝑐𝑎𝑣
« 𝑄𝑠. The taped sample was about a factor of four less than
the deposited sample (see Fig. 4) but was an order of magni-
tude greater than copper. Using the 𝑄𝑠 from Fig. 4 and Eq. 2
the RF conductivity can be found for both the deposited and
taped REBCO samples see Fig. 5. The Reference conductiv-
ity for REBCO is 43 GS/m, from HFSS, the 𝑄𝑠,𝑟𝑒𝑓 for the
deposited sample is 4.2×106 and the taped geometry with
copper between the tapes is 2.4×106. These are summarized
for both 4 K and 80 K in Table 1.

DESIGN OF HTS CAVITY
Using the values in Table 1, we then set out to develop a

single cell cavity whose cavity walls are REBCO. To do this,
we cannot consider conventional clamshell design cavities
as current limitations in the fabrication of REBCO prevent it
from being deposited on highly complex curvilinear services
without impeding the REBCO crystal structure needed for
superconductivity. This is why we investigated the taped
samples as REBCO tapes can now be easily and cost effec-
tively be manufactured in meters in length. As the cavity
walls must be flat, we developed a cavity geometry with an
octagon cross-section. Each of the eight segments of the
wall can be independently installed and disassembled to be
coated with the tapes. This also allowed for us to use fillets
in between each of the segments. These fillets can then be
adjusted to add a small gap uniformly around the structure
that can be used to tune the structure. The cavity and fillets
were then encased in a copper vacuum canister, as seen in
Fig. 6, almost resembling an orange like cross-section.

Figure 6: Mechanical drawing of pulse compressor.

Figure 7: Pulse compressor ’s (A) E field and (B) H field
both in arbitrary units.

This cavity will be coupled into the TM01 circular waveg-
uide from the klystron that powers the hemispherical cavity.
The goal of this project is to develop a single cell structure
with a high stored energy that also has a fill time that is
compatible with the standard X-band klystron that can pro-
vide pulse length up to 1 µs.At the klystron frequency of
11.424 GHz this set the 𝑄𝑒 ≡ 71, 779. This constraint of
the beam aperture radius of 5.7 mm. This also led to an ex-
tremely overloaded cavity 𝛽 = 39.554 due to the extremely
high 𝑄0 of 201178 due to the high conductivity of the HTS
and the low 𝑄𝑒.

This pulse compressor should be able to compress the RF
pulse length from 1 µs down to to ns scale while still having
minimal pulse heating due to being in its superconducting
state. The electric field and magnetic field are seen in Fig. 7
listed in arbitrary units. For Klystron power of 25 MW, the
maximum electric field on the surface will be 618 MV/m,
the maximum magnetic field will be 3.1216 MA/m and the
electric field on axis will be 1.8 GV/m.
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