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Abstract

Superconducting materials such as niobium have been
extremely useful for accelerator technology but require low
temperature operation 2 K. The development of high tem-
perature superconductors (HTS) is promising due to their
operating temperatures being closer to that of liquid nitro-
gen 77 K. This work aims to determine the high-power RF
performance of these materials at X-band (11.424 GHz). We
have tested several types of rare earth barium copper oxide
(REBCO) materials, such as films deposited by electron-
beam physical vapor deposition, coated conductors soldered
to a copper substrate, and solid pucks formed from powder.
RF testing was done via a hemispherical TE mode cavity
that maximizes the magnetic field and minimizes the electric
field on a 2-inch sample region. We will report on surface
resistance vs temperature measurements at high power,as
well as RF testing of a pulse compression cavity lined with
REBCO coated conductors.

INTRODUCTION

Superconducting rf (SRF) materials such as niobium (Nb)
have been extremely useful for improving rf cavity efficiency
but require extremely low temperatures for operation ~ 2-
4K [1-3]. Niobium cavities at 1.3 GHz have been able
to reach quality factors over 10!, as compared to room
temperature normal conducting rf (NCRF) cavities which
typically reach quality factors of 10* — 10° at the same
frequency [2].

The development of high temperature superconductors
(HTS) is promising due to their significantly higher transition
temperatures. Rare earth barium copper oxides (REBCO)
are particularly interesting because their critical temperature
of approximately ~90 K. Furthermore, REBCO is commer-
cially available as coated conductors (CC) and in constant
development in form of other coatings, making it suitable for
resonant structures. HTS cavities could be cooled by liquid
nitrogen instead of liquid helium, drastically reducing the
cryogenic infrastructure required for operation. Structures
coated with HTS materials could be used as high Q devices
such as linearizers, deflector cells, axion cavities, and pulse
compressors [4-06].

A key drawback of using any superconductor are limita-
tions on the induced surface magnetic field, which can cause
the structure to rapidly transition. This normally limits the
gradient of niobium structures to gradients on the order of
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Figure 1: Cross-sectional view of the hemispherical cavity
within the cryostat. The sample holder (purple) allows for
2 inch samples (red) to be easily swapped out for rf mea-
surements. The fields on the sample (insert) have azimuthal
symmetry due to the TE023 mode within the cavity. Fields
are shown for 1.6 kW of input power.

50MV/m [7]. This is about five times less than their NCRF
cavities, which can operate at gradients up to 250 MV/m [8].
Thus it is vital to understand the transition dynamics of RE-
BCO in order to benchmark them against niobium for use in
SREF cavities.

EXPERIMENTAL SETUP

Two distinct classes of REBCO samples with differ-
ent coating techniques and surface treatments were tested,
coated conductor tape samples and vapor deposited film
samples. For further details on these samples please refer to
our previous proceedings [9]. These samples were tested at
varying power levels within a hemispherical cavity designed
to have a TE(),5 mode at 11.424 GHz [10]. This mode mini-
mizes the electric field on the sample surface and maximizes
the magnetic field. We can model these fields with high
precision by using ANSYS HFSS simulation tools, and even
determine the rf response in frequency space. This allowed
us to properly conduct steady-state measurements of the SRF
characteristics when applying low power (<1 mW).

At higher power (>1kW), the cavity is used for time do-
main measurements of superconducting transition dynamics
for a given surface magnetic field. The hemispherical cav-
ity is coupled into a TE); circular waveguide that can be
connected to either a vector network analyzer (VNA) or an X-
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band traveling wave tube (TWT) that can provide up 1.6 kW
pulses over 8us. The VNA by comparison provides less
than 1 mW to the cavity. A schematic of the hemispherical
cavity installed in the experimental cryostat can be seen in
Fig. 1. The base of the cavity is designed to allow for 2 inch
samples to be easily swapped out for rf measurements [10].

HIGH POWER TESTING

With the steady-state performance well characterized, the
next step was to measure transition dynamics by applying
stronger surface fields to the sample. These measurements
were performed from 100 W to 1.6 kW of input rf power,
which can provide 2 to 11 kA/m surface magnetic field. Each
pulse was 8 us long, with a repetition rate of 100 Hz. For-
ward power was ramped up at each temperature setpoint,
in order to better ascertain the relationship between sample
conductivity and applied surface field near the transition
point. Figure 2 shows an example of reflected power mea-
surement from the cavity. The exponential decay during the
rf pulse represents the state of the cavity as it fills with rf
energy, while the decay after the pulse represents the state
of cavity afterwards.

This second decay was fit to an exponential function, with
a time constant T that is inversely proportional to the total
quality factor of the cavity based on Q, = —f,/ 7T, where
fo is the resonant frequency of the cavity in MHz. Prior
analysis of the steady-state data determined that the external
quality factor (Q,) was roughly constant over the temperature
range of interest (4 K to 100 K). This meant that Q, could
be determined from the following equation:

r_1 1
QO Qt Qe .
Thus with this internal quality factor we can extract the

contribution of the sample and in turn its conductivity based
on the following:
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The sample quality factor (Q,) can be obtained from the
internal quality factor (Q), which is a combination of Q,
and the quality factor of the cavity itself (Q.,,). From here,
the rf conductivity of the sample (o) is determined by using
areference conductivity for bulk Cu o,y and then measuring
a reference Q; ,..r for the cavity with a bulk Cu sample in it.
The reference conductivity for copper is 58 MS/m, which
would give a Q ,..pof 1.5x 10° [11]. These values would be
used to extract the conductivity of the sample as a function
of temperature and applied power.

These results are summarized in Fig. 3. While the film
sample was able to reach a higher conductivity that is closer
to the ideal value, it also was more drastically affected by
applied fields and began transitioning closer to 86 K instead
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Figure 2: Plot of reflected power (blue) from cavity at 81 K
for 1600 kW input power. At this power level, the assumption
that the quality factor is constant during the rf pulse (orange)
does not fit this decay accurately.
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Figure 3: Plots of conductivity for both REBCO samples at
the end of the rf pulse, with the shaded regions representing
the range of values as a function of forward power, between
100 W (upper limit) and 1600 W (lower limit).

of the expected critical temperature of 89 K. However in
order to properly understand the transition dynamics for
these samples, we would need to study in more detail how
quickly these transitions occur within the rf pulse.

Looking at the decay in reflected power during the rf pulse,
initial attempts at fitting the data to a constant quality factor
were not successful, as shown in Fig. 2. To correct for this,
a time-varying model of the internal quality factor was used
to correctly fit the data [12]. This revealed that the initial
quality factor was close to the steady-state values, before
rapidly dropping over several microseconds, as shown in
Fig. 4. Comparing the effective conductivity of the sample
during the pulse to the steady-state measurements of the
sample allows us to infer how much of the sample transitions
during the pulse, shown in Fig. 4b. At most about 70% of
the sample has transitioned once the cavity fields saturate,
implying that effective heating induced by these fields is not
enough to warm the entire sample past the critical point.

To better map out where these points of near total transi-
tion are, the decay in reflected power during the pulse was
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Figure 4: (a) Plot of reflected power (blue) from cavity at
81 K for 1600 kW input power. At this power level, the as-
sumption that the quality factor is constant (orange) does not
fit this decay accurately. However if a time-varying Q model
is used (purple), the data can be fit correctly, extracting Q, as
a function of time (red). Once the rf power is turned off, the
quality factor quickly slowly with time as power dissipates
within the cavity. (b) Based on the characteristics of the
cavity, the applied field to the sample can also be extracted
(red), allowing us to estimate the conductivity of the sample
as a function of time (red).

compared to an exponential fit assuming a fixed time con-
stant. Based on the y?Z value of this fit exceeding a certain
threshold, the surface fields and temperatures corresponding
to the onset of the transition boundary can be identified, as
shown in Fig. 5. As with Fig. 3 above, the deposited film
sample begins to transition at a slightly lower temperature as
compared to the tape sample, but the overall slope is similar
for both samples. This suggests that the relation between
surface magnetic field and critical temperature is approx-
imately linear. This would mean that the trend in critical
point is due to the HTS reaching a critical current boundary,
as opposed to a critical temperature boundary which would
scale with the square of the applied field [13].
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Figure 5: Plot of the points where a near total transition
during the pulse occurs, with the film sample (blue) starting
to transition at slightly lower temperatures than the tapes
sample (orange). Both of these trends are roughly linear, but
more data at higher field strength will clarify this.

Based on pulsed surface heating models, we expect the
average temperature rise within the sample to be no more
than 0.1 K [14]. This does not account for any hot spots
that may occur from gaps, surface impurities, or areas of
bad electrical or thermal conductivity [15]. Furthermore,
since we can determine that the conductivity of the sample
saturates as the cavity fields saturate, any effective heating
induced by these fields is not enough to warm the entire
sample by the requisite amounts for a transition.

Thus far we have tested these materials up to 11 kA/m peak
surface magnetic field, which would generate an accelerating
gradient of roughly 3 MV/m in a standard SRF cavity [2].
Understanding these limits and mechanisms behind them
will be the subject of future study as we prepare to test these
samples with up to 2 MW of rf power in order to observe
transitions at lower temperatures. These studies will be
crucial to determining the utility of HTS cavities made from
REBCO materials for high power rf applications.
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