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ABSTRACT

Test cavities to characterize superconductor samples are of great interest for the development of materials suitable for superconducting
radio frequency (SRF) accelerator systems. They can be used to investigate fundamental SRF loss mechanisms and to study the material
limitations for accelerator applications. Worldwide, this research is based on only few systems that differ in operating frequency, sample
size and shape, and the accessible parameter space of frequency, temperature, and RF field strength. For useful performance predictions
in future accelerators, it is important that the operating parameter range is close to that employed in accelerating systems. Since 2014, the
Helmholtz-Zentrum Berlin has operated such a system built around a redesigned Quadrupole Resonator (QPR). It is based on a system
originally developed at CERN. Important new design modifications were developed, along with new measurement techniques and insight
into their limitations. In the meantime, an increasing number of laboratories are adopting the QPR for their measurement campaigns. This
paper provides a comprehensive overview of the state-of-the-art, the wide spectrum of measurement capabilities, and a detailed analysis of
measurement uncertainties, as well as the limitations one should be aware of to maximize the effectiveness of the system. In the process, we
provide examples of measurements performed with Nb3Sn and bulk niobium.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0046971
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I. INTRODUCTION

Material properties determine and limit the performance of
superconducting radio frequency (SRF) cavities, both in terms of
attainable accelerating gradient and quality factor. After decades of
research, superconducting cavities made from bulk niobium can be
consistently produced with quality factors above 10" and acceler-
ating gradients above 30 MV/m. Beyond bulk niobium, significant
improvements remain possible, however, as compound supercon-
ductors such as Nb3Sn, NbN, and MgB; exist where all have higher
critical temperatures (T.) and superheating fields (Hgp).!

As manufacturing cavities from bulk material are not practi-
cal for compound superconductors, thin film coatings on niobium
or copper cavities present themselves as a good option. Common

techniques to assess the quality of deposited thin films, such as
XRD or electron microscopy, are insufficient in determining the
RF properties relevant for SRF cavities. For this, a dedicated mea-
surement of the superconducting material properties when exposed
to a high RF field is necessary. Before going through the extensive
effort of developing often complex 3D cavity coating techniques, it is
highly desirable to first analyze the fundamental material properties.
The most promising materials and coating techniques can subse-
quently be applied to full cavities. Several such sample test cavities
exist.” © However, most of these operate in a frequency, tempera-
ture, or RF field range that is not directly applicable to accelerating
cavities.

The one design that readily can access the relevant ranges of
all these parameters is the so-called Quadrupole Resonator (QPR),
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whose state-of-the-art version is discussed in detail in the follow-
ing. As we will see, the QPR can be an ideal tool to characterize
superconducting samples in RF fields at different frequencies, in a
wide range of sample temperatures and RF field strengths. A mul-
titude of parameters is directly accessible, e.g., surface resistance,
RF quench field, penetration depth, and critical temperature. Fur-
thermore, quantities of the superconducting as well as the nor-
mal state can be derived, such as DC critical fields, energy gap,
Ginzburg-Landau parameter, RRR, or normal state resistivity. How-
ever, a detailed investigation and analysis of systematic uncertainties
and limitations is required to fully exploit the QPR’s capabilities. In
the following, we provide a comprehensive review of these aspects
with measurement examples.

A. Quadrupole resonator

The QPR, originally designed at CERN in 1997, is shown
schematically in Fig. 1. Four hollow niobium rods are suspended
from the top plate of the niobium screening cylinder and are con-
nected in pairs right above the sample surface. The whole resonator
is immersed in liquid helium. A subset of the RF eigenmodes in
such a geometry is strongly focused around the rods, and the res-
onance frequency is determined by the length L of the rods fo ~ 57
not by the dimensions of the screening cylinder. These modes sub-
ject the sample to an RF magnetic field, which is a prerequisite for
all measurements described below. They have quadrupolar symme-
try, hence the name quadrupole resonator. A color map of the RF
magnetic field on the sample surface is provided later in Fig. 9. The
flat sample is welded to a niobium tube, which is separated from
the screening cylinder by a coaxial gap. RF modes below a threshold
(cutoff) frequency decay exponentially in the coaxial gap, which is
necessary to limit the field at the normal conducting flange connec-
tion, whose heating otherwise would lead to measurement bias. This
field suppression works most efficiently for quadrupole modes, and
it is therefore mandatory to avoid the excitation of lower symmetry
modes in the cavity.

A heater and temperature sensors are mounted to the bottom of
the sample, allowing a calorimetric measurement of the surface resis-
tance, as described in Sec. IV A. As the sample and the resonator are
thermally decoupled, measurements can be performed at arbitrary
temperatures, even above 9.2 K, the critical temperature of niobium.
The penetration depth of the sample material can be measured via
the frequency shift observed when heating the sample. Short high
power RF pulses are used to probe the RF critical field.

Il. DESIGN AND PRODUCTION

The design of the quadrupole resonator has many degrees
of freedom, allowing and requiring thorough RF, thermal, and
mechanical simulations. The RF design places upper bounds on the
maximum attainable field at which sample measurements can be
performed. Thermal effects need to be considered as they are a major
source of measurement bias and mechanical stability and resonances
can greatly limit the attainable results in practice.

A. RF design

To measure superconducting samples with very low surface
resistances at high fields, an optimal RF design would be one in
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FIG. 1. Cross-sectional view of the quadrupole resonator. It consists of two pairs of
hollow rods welded into a niobium cylinder at their top end and interconnected with
two hollow pole shoes at their bottom end. The field antennae can be attached at
four CF35 ports at the top face of the resonator, and a sample can be attached to
a CF100 port underneath the rods. When operated at a quadrupole mode, the RF
magnetic field is focused onto the sample underneath the pole shoes.

which the peak magnetic fields are concentrated across the sample
surface, while peak magnetic and electric fields remain low on the
rods and screening cylinder: This can be expressed as maximizing
the peak field ratios Hgmple/Hrods and Hyample/Erods. Increasing the
2
magnetic field homogeneity on the sample surface @Hz)“—‘“"‘e

sample

measurement resolution while reducing bias. Furthermore, the heat-
ing on the normal conducting flange at the end of the coaxial cutoff
tube needs to be kept as low as possible. Here, it is useful to define a
heating parameter,

improves
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8= fsample ”H”st (1)
fﬂangeHHszS ,

which should remain above 10° at any rate to accommodate the dif-

ference in surface resistance between the superconducting sample

and the stainless steel flange.

An optimized geometry was reached by varying each of the
geometric parameters individually and within typical boundaries
allowing for mechanical tolerances.!"'? The radius of the niobium
rods and the distance between the sample and rods were identified
to be critical parameters. Increasing the radius of the rods reduced
the peak electric field significantly, while decreasing the distance
between the sample and the rods improved the peak magnetic field
ratio, at the cost of lower field homogeneity. Whereas the heating
parameter § appears to have improved as well, it remains a major
source of measurement bias especially at the higher harmonic mea-
surements (Table I). For future experiments, it may be a good idea
to lengthen the coaxial cutoff tube; for compatibility reasons with
the CERN setup, this was omitted in the Helmholtz-Zentrum Berlin
(HZB) design.

B. Mechanical design and production

The mechanical design of the HZB QPR is shown in Fig. 1. It
deviates from the CERN design in the following points:

1. The top and bottom plates of the screening plate are
inclined, allowing liquids to flow out naturally during surface
treatment.

2. The niobium rods are rolled from 3 mm sheets. They are hol-
low to allow superfluid helium to efficiently cool RF power
dissipation during operation.

3. The wall thickness of the screening cylinder was reduced to
2 mm, and a flange connection in the middle of the screen-
ing cylinder was removed. While this significantly reduced the
cost of the cavity, it also decreased its mechanical stability and
increased its susceptibility to microphonics.

The reduced stability leads to a high pressure sensitivity of the QPR,
with df/dP = —960 Hz/mbar being roughly three orders of mag-
nitude higher than for TESLA cavities.”* The static Lorenz force
coefficient is also very high df/dB = —0.96 Hz/mT>—a peak mag-
netic field of 100 mT leading to a detuning of roughly 10 kHz.
Unavoidable vibrational modes of the rods, coupled strongly to the
cavity fields, pose further challenges to the RF control system, as

TABLE I. Comparison of figures of merit between the baseline and the optimized
design for the first quadrupole mode. The coaxial cutoff length was increased to
86.4 mm. Earlier publications state 8z = 2.1 - 108, which is valid for the initial cutoff
length of 78.5 mm.

Parameter Baseline design HZB design
Hsample/Hrods 0.81 0.89
toH ample /E 4.76 mT/(MV/m) 7.69 mT/(MV/m)
2
H Dsampte 0.18 0.16
sample
) 1.65 - 10° 3.8 - 10°
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further discussed in Sec. I11. The QPR was manufactured by Niowave
Inc., in 2014.

C. Surface treatment

After production, superconducting cavities routinely go
through a series of surface finishing procedures to ensure high gra-
dients and quality factors. The treatment performed on the QPR
followed the standard procedure for high grade niobium cavities:'*

o degreasing,

e 150 ym Buffered Chemical Polishing (BCP),

e high temperature 600 °C bake,

e 10 ym light BCP,

e rinse to resistivity in ultrapure water (18MQ cm),
o high pressure rinse,

o low temperature 120 °C bake.

Even though the quadrupole resonator differs significantly
from the elliptical cavities for which these procedures have been
optimized for, all procedures could be performed with minor tool-
ing adaptations and without significant issues. Note that the removal
rate during the etching process is dependent strongly on the acid
flow rate, which is significantly higher around the rods and loops
compared to the outside of the screening cylinder. As an ultrasonic
device for measuring the material removal during the procedure
can only be placed on the outer wall, one must be aware that more
material is actually being removed from the rods and loops. As the
distance between the rods and sample strongly affects the calibra-
tion constant defined in Eq. (3), it was explicitly remeasured after
the BCP using an indium crush test.

lll. DIAGNOSTICS AND OPERATION

The QPR sample is top-hat-shaped, a sketch is shown in Fig. 2.
For testing operation, it is inserted into the sample port of the res-
onator from below and attached vacuum-tight. Its top surface is

Cernox
temperature

sensor

roove for
T\ dium gasket

FIG. 2. Modified sample chamber and adapter flange. A heater is positioned axially
underneath the face of the sample. Cernox temperature sensors are mounted at
dedicated positions around the heater.
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covered with (or made of) the actual material to be tested. It serves
as the actual sample and is exposed to the RF field generated in the
resonator chamber, with the maximum RF magnetic fields occur-
ring immediately underneath the pole shoes. The sample’s outer
cylindrical surface, when brought into place, acts as an inner con-
ductor of a coaxial line, reducing RF leakage out of the sample
port of the resonator. Hence, the entire sample chamber assembly
is an active part of the resonator and has to be treated similar to
the cavity regarding surface quality, cleanliness, and manufacturing
tolerances.

The sample design was devised with the desire to avoid a weld-
ing step anywhere along the sample preparation procedure, in par-
ticular subsequent to the application of a coating procedure of a
possibly temperature sensitive SRF film. In this design, the Nb cylin-
der is separable from the double-sided CF100 flange, which is in turn
attached to the resonator. This was implemented by preparing sam-
ple cylinders with a Nb flange welded to their bottom, which can be
mounted on a matching flange machined into the CF100 using an
indium gasket. The sample chamber is closed from below by a blank
flange hosting multipin feedthroughs and a dedicated pumping line
(not depicted in Figs. 1 and 2).

The double sided CF100 flange is manufactured such that the
sample surface is positioned immediately underneath the pole shoes,
with the gap distance ranging between 0.5 and 1 mm. This gap is the
most critical parameter of the entire QPR. Positive height adjust-
ment (i.e., bringing the sample closer to the pole shoes) of the sample
chamber is possible by machining the flange, which might be nec-
essary after repeated steps of sample etching or polishing. Negative
height adjustment and to some extent tilt adjustment are possible
by copper spacers that can be placed between the sample flange
and double-sided CF100 flange. After mounting the sample cham-
ber into the resonator, the actual gap between the sample surface
and pole shoes is calculated from the measured frequency of the first
quadrupole mode.'?

A small sawtooth-shaped groove was worked into the CF-
100 flange to serve as a fixture for an indium wire that is placed
within prior to attaching the sample. The indium wire serves as a
vacuum seal and thermal and electrical contact between the sam-
ple and flange. A good thermal contact ensures sufficient heat
removal from the sample and helps us to obtain a well-defined
temperature reference point at the sample chamber bottom with
respect to the heated sample top to enable a calorimetric measure-
ment. Indium remnants on the niobium part after disassembly, if
needed, can be easily dissolved by etching with dilute hydrochloric
or nitric acid. Having one detachable part of high purity niobium
enables contamination critical procedures, such as heat treatment in
UHYV furnaces, e.g., for diffusion coating with Nb3Sn or nitrogen
doing/infusion.

The flat bottom of the sample is equipped with threaded holes
(M2.5 and M4) for mounting diagnostics and a heater. In addition,
the bottom part of the sample chamber can be used to host additional
diagnostics.

The DC heater (R ~ 50Q) for active control of the sample con-
sists of a nichrome wire wrapped around a copper rod. Nichrome is a
non-magnetic alloy with high resistivity at cryogenic temperatures.
The thermal contact to the copper rod is enhanced by the indium
foil and epoxy glue. A twisted pair of cables is used to eliminate DC
magnetic fields generated by the heater current. This is crucial since

ARTICLE scitation.orgljournal/rsi

systematic studies on trapped magnetic flux, thermocurrents, and
cooldown dynamics require active heating during the superconduct-
ing transition. For temperature measurements, calibrated Cernox
sensors are used (CX-1030-CU-1.4L, Lake Shore Cryotronics). Sen-
sors are attached with M2.5 titanium screws through the clearance
hole to the sample. All diagnostics and screws are ferromagnetic free.
Heater and temperature sensors are powered by an LS336 controller.
The DC heater power is measured using two digital multimeters (see
Sec. IV C 1 for details).

The QPR is operated in a vertical liquid helium bath cryostat.
Due to the coaxial design of the sample chamber and resonator bot-
tom, the sample is thermally decoupled from the resonator since the
direct thermal contact only exists at the CF100 flange, which is also
in direct contact with the liquid helium bath. The cryostat pressure
is actively stabilized (typically +60 ubar), and the bath temperature
is kept constant at all times (typically 1.8 K), while arbitrary sam-
ple temperatures above the bath temperature can be selected using
the DC sample heater. The cryostat is equipped with two magnetic
shields, suppressing the earth magnetic field to <1 T at cryogenic
temperatures.'’

In the RF system, a phase locked loop is used to operate the
QPR at stable RF field.”” The low-level RF system is made broad
band to cover the frequency range of 400 MHz up to 1.3 GHz
with minor adaptions only."* For each quadrupole mode, dedicated
power amplifiers and circulators are available.

During operation, dealing with microphonics has been a
major challenge. Figure 3 shows the detuning of the operational
quadrupole mode—peak to peak; the resonance frequency is shifted
by several 100 Hz, which needs to be compensated for by the RF con-
trol system. This is similar to the bandwidth of the resonator of about
340 Hz, given by the strongly coupled input antenna. The dominant
frequency component in the detuning spectrum is found at approx-
imately 100 Hz. This frequency corresponds to several vibrational
modes of the niobium rods, which may be excited by pumps or other
external sources.'>'® Modulations of the RF power source may also
couple to these vibrational modes and must therefore be diligently
suppressed.

300

200}

100}

Detuning [Hz]
=)

—100}

—200

—3005 20 40 60 80 100
Time [ms]

FIG. 3. Detuning of the first quadrupole mode shown in the time domain.
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IV. MEASURING RF SURFACE RESISTANCE

The main purpose of the QPR is to perform precision mea-
surements of the RF surface resistance at different frequencies and
as a function of temperature and RF field strength. The compar-
atively low frequency of the first quadrupole mode provides high
sensitivity to residual resistance at low sample temperature since
the BCS resistance is very low. This aspect is difficult to access with
other sample test systems, which generally must operate at higher
frequency where the BCS resistance tends to dominate. Further-
more, the surface resistance is measured with a calorimetric com-
pensation technique enabling absolute measurements without the
need for cross-calibration to a reference sample. The thermal decou-
pling of the sample assembly and surrounding resonator allows
for measurements in a wide range of temperatures that can be
adjusted quickly. This is important to directly distinguish between
the residual resistance and temperature-dependent BCS resistance.

A. Calorimetric measurement technique

The calorimetric measurement principle uses an RF-DC com-
pensation technique consisting of three steps:

1. Without the RF field, the sample is heated to the temperature
of interest. In thermal equilibrium, the required heater power
is recorded using a four-wire setup (Ppc ).

2. The RF is switched on to the power level of interest, and a
proportional-integral-differential (PID) control loop reduces
the heater power to stabilize the temperature of interest again
(Ppc2).

3. Once thermal equilibrium is reached, the RF dissipated
power is given by the difference in heater power Pgiss = APpc
= Ppc1 - Ppca.

The average surface resistance is then given by

2Pgjss APpc

Rs = =40 % > (2)
fsample ” H H 2ds H?ample
with the RF calibration constant
H
o= sample (3)

fsampleHHHZdS.

As usual for cavity measurements, the peak RF magnetic field on the
sample H sample 18 derived from the measured RF power level at the
pickup antenna P;. The calibration constant ¢; for each quadrupole
mode is obtained from simulations'” and corrected for the actual gap
distance between the sample surface and pole shoes.””

Obviously, the surface resistance measurement is restricted to
a regime where Pgiss < Ppci. To increase the measurable RF field
range, pulsed RF power is used. For standard operation, a pulse
period of 133 ms and duty factors down to 30% are used, providing
reliable results. This choice of pulse repetition rate prevents exci-
tation of microphonics by Lorentz force detuning at the dominant
mechanical modes near 100 Hz.

B. Experimental results and measurement limitations

The QPR has already been used to characterize various
samples, materials, and surface preparation techniques such as bulk

ARTICLE scitation.orgljournal/rsi

niobium,'>'>!” Nb coated on copper,'® NbsSn,'>!??* and NbTiN
coatings, including an S-I-S" multilayer structure.'>'*?! In the fol-
lowing, two exemplary datasets are presented, obtained from a bulk
niobium sample and a thick film of Nb3Sn on niobium.

1. NbsSn sample

A Nb3Sn sample was prepared at Cornell University using the
coating procedure commonly applied to single cell cavities.”” For
a detailed analysis of this sample, see Ref. 15, and the critical field
measurement was published in Ref. 19.

Surface resistance data are available for temperatures in the
range of 2-10 K and RF fields of 10-70 mT, limited at high
field by RF heating. Measurements were restricted to the first two
quadrupole modes at frequencies of 414 and 846 MHz due to instru-
mentation issues at that time. A TESLA-shaped elliptical cavity
would need to be operated at Eac = 2.3-16.4 MV/m to achieve
the same peak magnetic fields.'” Similar maximum accelerating
fields were achieved with NbsSn coated cavities.”” Note that the
Nbs3Sn coating covers all exterior surfaces of the sample chamber.
For that reason, RF losses on the sidewall of the sample are neg-
ligible and do not cause any bias in surface resistance measure-
ments at high temperature, assuming a high-quality film on the
sidewall.

Exploring the parameter space of the sample temperature and
RF field strength, the surface resistance was measured in datasets of
varying RF field at constant temperature each. This is more time effi-
cient than varying the temperature at constant RF field since after
every change in sample temperature the reference heater power has
to be recorded after a steady state has been reached. During post-
processing, Rs(T) curves are extracted for each value of the RF
field.

Figure 4 shows exemplary curves of surface resistance vs RF
field, which also present the measurement limitations for that sam-
ple: Toward the low RF field, the measurement uncertainty increases
due to the small relative change of DC heater power (see also
Sec. IV C 4). This especially impacts the data analysis of Rs(T) at
10 mT toward increasing temperature despite the fact that the BCS
surface resistance is significantly higher. The maximum RF field
accessible at a given sample temperature is limited by RF heating,
i.e., the surface resistance. Note that at high temperature, an increas-
ing range of RF field can be accessible, even though Rs increases
strongly with temperature. Analyzing Rs(T'), heating limits the min-
imum temperature on each curve since the RF field level is kept
constant. The impact of high surface resistance is especially visible at
846 MHz: At 50 mT, data are available above 5 K only, which results
in only few points on this Rs(T) curve. In that case, BCS fits have
non-negligible uncertainties due to the very limited number of data
points.

2. Bulk niobium sample

A bulk niobium sample was characterized at 414 and 846 MHz.
For each Rs(T) curve, the BCS approximation

is used to extract the residual resistance Rres, BCS scattering
parameter a, and superconducting energy gap A. Note that a is nor-
malized to the first quadrupole mode frequency. We neglected the
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FIG. 4. Rs of Nb3Sn vs RF field at (a) 414 and (b) 846 MHz. Measurements toward
higher fields are limited by RF heating. At low field, the uncertainty increases with
temperature due to the small relative change in heater power.

weak frequency dependence of a since the deviation of Eq. (4) from
the full BCS calculation in Refs. 24 and 25 is less than 1.3% for
frequencies of 0.4 up to 1.3 GHz. Figure 5 shows the resulting param-
eters for both measurement frequencies as a function of RF field. Fit
data are available at integer multiples of 10 mT, and error bars show
the overall measurement and fit uncertainty.

After subtracting RF field independent residual resistance val-
ues of 23 and 73 n(Q for 414 and 846 MHz, respectively, from mea-
surement data, the temperature dependent BCS resistance is shown
as a function of RF field in Fig. 6. At low fields of 10 and 20 mT, the
data perfectly match the expectation of Bacs o< f2. Correspondingly,
this excludes significant frequency specific systematic errors of the
RF measurement system. Toward the higher RF field, the increase in
Rgcs is suppressed at higher frequency. Note that systematic errors
due to losses in the coaxial structure may affect the Q-slope behav-
ior and also depend on frequency (see Sec. IV C). Comparing the
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FIG. 5. Bulk Nb BCS fit results vs RF field at 414 and 846 MHz showing the (a)
scattering factor, (b) energy gap, and (c) residual resistance. The error bars show
the overall measurement and fit uncertainty.
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FIG. 6. Temperature dependent BCS surface resistance vs RF field for a bulk
Nb sample after subtracting RF field independent Rrs of 23 and 73 nQ for
414 and 846 MHz, respectively [see Fig. 5(c)]. The ordinates are linked by
(846/414)% ~ 4.2, i.e., a quadratic frequency dependence would yield perfectly
overlapping curves.

observed rise of Rpcs to the fit parameters in Figs. 5(a) and 5(b),
this can be consistently attributed to the scattering parameter a. The
obtained A values are compatible with a mean of 1.87 meV that is
independent of the RF field and frequency. Such a behavior of a
agrees with empirical extensions of the BCS model of Eq. (4), intro-
ducing a polynomial dependence on the RF field in order to describe
the non-linear BCS effects and medium-field Q-slope.”® Note that
from the literature a lower value of A = 1.5 meV is expected.”’

The residual resistance is nearly independent of the RF field for
both frequencies [see Fig. 5(c)]. Assuming a field independent scal-
ing factor of 73/23 ~ 3.2 corresponds to a frequency dependence of
Ryes o< f 163 Similar scaling has been observed before on multi-mode
test cavities and seems to be typical for bulk niobium.”**’ Note that
the fit uncertainty given by error bars in Fig. 5(c) is dominated by the
systematic RF measurement uncertainty of 9.2% (see Sec. IV C 4).
This is mainly relevant when comparing different frequencies since
RF calibration errors systematically shift the entire dataset obtained
at one quadrupole mode. In the case of the scattering parameter a,
the statistical uncertainty of the fit is larger than the RF measurement
uncertainty, while the energy gap A is independent of such system-
atic shifts. For a detailed discussion how measurement errors impact
BCS fit parameters, see Ref. 30.

C. Resolution, accuracy, and precision

The surface resistance measurement uncertainty depends on
properties of the sample such as its thermal conductivity and the
surface resistance itself. For that reason, no universally applicable
quantitative analysis can be provided. However, the thermal conduc-
tivity of the sample chamber assembly is dominated by the stainless
steel bottom flange. Up to now, all bulk niobium samples did not
show significant differences in their thermal behavior. For that rea-
son, a summary is given in Table I, based on realistic assumptions as
discussed in the further course of this section. For a detailed analysis,
the reader is referred to Ref. 15.
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TABLE II. Summary of surface resistance measurement uncertainties and limitations.

Quantity Value

Typical accuracy of Rs w/o bias 9.2%
0.5nQ at gy Hgg = 10 mT

Mini lvable R
HHmum resotvable £ in general: 50 nQ(mT)?

Systematic bias of Rs at Q3 >25 n()
Systematic uncertainty of Rs due <1%
to temperature gradients
Calorimetric accuracy of heater <0.3%
power measurement
Minimum RF field level 5mT
Accuracy of Hrr 6.5%
Vertical AT between the RF

<5mK

surface and temperature sensor

1. Calorimetric accuracy and temperature stability

A LakeShore LS336 device is the central unit of the calorimetric
measurement, reading out up to four temperature sensors and pow-
ering the DC heater. The output of the internal PID controller is a
variable current source with 16-bit digital resolution. In the worst
case, one bit of the DAC corresponds to a current step of 30.5 yA or
a 47 nW step in heater power at a load resistance of 50 Q. The RMS
noise of the current source of 0.12 A is negligible.

The DC heater power is obtained from a four-wire measure-
ment. Hence, systematic errors from a temperature dependent resis-
tance are excluded and insulation failures can be detected.

The heater voltage is measured with an HP 34401 A multimeter
having a worst-case accuracy of better than 660 yV. This is below
the step size defined by the current source Vep = 50Q-30.5 A
= 1.5 mV and hence no limitation of the measurement system. How-
ever, voltage noise coming from the electromagnetic interference
may disturb the voltage measurement.

The heater current is measured with a Keithley 2100 multime-
ter. It has a resolution of at least 1 yA, which is significantly better
than the D/A resolution of the current source. The accuracy of the
device limits the overall current accuracy to about 0.3% in the worst
case.

For sample temperatures up to 20 K, the PID controlled heater
provides temperature stability better than 1 mK, typically close to
the resolution limit of 0.1 mK. The temperature accuracy is set by
the calibration accuracy of the respective temperature sensors. In
terms of Cernox® sensors, this is +5 mK for temperatures below
10 K, increasing up to £9 mK at 20 K.

2. Gradients of temperature and RF field

The RF-DC compensation technique for surface resistance
measurements relies on the assumption that any RF dissipation
on the sample surface leads to the same thermal response as the
exact same amount of DC heater power. As discussed below (see
Sec. IV C 6), this assumption is violated e.g., by RF heating of addi-
tional parts of the sample chamber like the bottom flange. However,
this effect can be suppressed by using a superconducting mate-
rial on all parts of the sample chamber and copper coating on the
flange.
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Another source of systematic error comes from asymmetries in
sample heating and temperature gradients on the sample “disk.” By
construction, the PID controller relies on one temperature sensor
at the bottom surface. However, the lateral distributions of heating
(RF vs DC) differ. This intrinsic property of the QPR is studied with
a thermal simulation.” The DC heater (diameter 10 mm) is placed
in the center of the sample bottom surface. For RF dissipation, the
squared magnetic field on the sample surface is used as a boundary
heat source. Exemplary horizontal temperature profiles for 50 mW
of heating power (RF or DC) are shown in Fig. 7.

Comparing the scenarios of DC heating and RF heating in the
high-field region yields a temperature response at the reference sen-
sor location (r = 24.1 mm) that is very similar [see Fig. 7(b)]. The
deviation of 0.5 mK is close to the resolution limit of the tempera-
ture sensor (AT = 0.1 mK). For the low field region, a deviation of
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FIG. 7. Exemplary simulation results for 50 mW of heater power applied to the
different boundary heat sources individually. The temperature profiles are shown
for (a) the RF surface and (b) the sample bottom where the temperature sensor is
mounted. The radial position of the temperature sensor is indicated by a vertical
black line.
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—2.5 mK is observed. This justifies the assumption of RF-DC com-
pensation in case the sensor is mounted below a high-field region.
The curves for RF heating shown in Fig. 7 correspond to the max-
imum RF field, representing a worst-case scenario. Lower RF fields
yield intermediate results with a less temperature difference at the
reference location.

The vertical temperature gradient across the thickness of the
sample is shown in Fig. 8 for DC and RF heating. The difference
between DC and RF heating is less than 5 mK for sample tempera-
tures below 6 K and hence negligible. In the case of a bulk niobium
sample (RRR 300), this vertical temperature difference would yield
a systematic underestimation of the true surface resistance on the
permille level.

A potentially significant mismatch of measured values for R
and Hgr arises from field-dependent surface resistance (Q-slope).
Furthermore, in the case of a nitrogen doped sample, where the sur-
face resistance decreases with increasing Brr over a certain range, the
field level of minimum surface resistance is shifted systematically'**!
due to the fact that the RF field is inhomogeneous across the sample.
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FIG. 8. Vertical temperature gradient AT = Tig, — Tsensor at the location of the
reference sensor. “Low field” and “high field” denote the cases of mounting the
sensor on the same radius but below the location of lowest respectively highest
RF field.
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However, the RF field profile on the sample is known from simula-
tions, enabling numerical methods that correct for such effects in the
offline data analysis.'*** A color map of the RF field on the sample
is shown in Fig. 9. Note that in any case, the lateral uniformity of Rs
is required. Localized heating, e.g., by defects or multipacting, can
hardly be investigated.

3. Helium-bath stability

The pressure stability of the liquid helium bath has an influence
on the heater power and hence the thermometry precision. Mea-
surements show that the pressure fluctuations of the vertical bath
cryostat depend on the helium level inside the bath cryostat, ranging
from +40 up to +80 pbar. At the operating temperature of 1.8 K, this
corresponds to fluctuations of a sample temperature of £0.6 mK."”

During Rs measurements, the sample temperature is actively
controlled, which transforms temperature changes in the LHe bath
into heater power changes APpeyer. Using a thermal simulation of
the sample chamber system leads to APpeyer on the order of 20 yW.
Obviously, this error source limits the entire setup at sample tem-
peratures that are very close to the helium bath temperature. For
T 2 1.825 K, the resulting error is less than 6%, quickly dropping
with increasing temperature. This impact can be suppressed further
by using a sufficiently long averaging dataset of several minutes.

4. RF measurement accuracy and overall surface
resistance accuracy

The RF power measurement accuracy contributes significantly
to the overall Rs accuracy. Keysight U2042X A power meters are used
with an accuracy of +0.18 dB or +4.1% for all relevant frequencies
and power levels. Approximately 0.2 dB have to be added due to the
uncertainty of RF cable losses, yielding an overall RF power mea-
surement uncertainty of 0.4 dB or 9.2%, in the following denoted

as &,
RE
Using Eq. (2), the propagation of uncertainties yields the rela-
tive error
2 2 2
1
(&) i) (&) ®
Rs APpc 2\ RF
140
120
100
E
£ 80 —
E 3
- 60 &
40
20

30 -20 -10 0 10 20 30
X [mm]

FIG. 9. RF magnetic field on the sample surface at the first quadrupole mode. At
higher harmonic quadrupole modes, the magnetic field on the sample changes
only very little, which would not be visible in this representation.
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assuming

%o _ % TR 900, ©6)

Q P, RF
For the RF field, we obtain

(5)-Ga) -G -3%) o
B 2Q¢ 2P, 2\ RF
and hence
1
o . 92% = 6.5%. 8)

B 2
Note that for og,, the heater power uncertainty op,,. is normalized

to the difference APpc = Pgiss. This is important for measuring Rs

. 0] N 0] .
at low field or at high temperature where % = % can become
DC diss

very large. Restricting the useful measurement range to \/ZZ;—DDCC

< % %S sets a lower boundary on APpc and hence Pg;ss. Depend-
ing on the actual surface resistance, this translates into a minimum
RF field required for this measurement. For RRR 300 niobium with

Rres = 5 nQ), a value of typically 5 mT is obtained.

5. Minimum resolvable surface resistance

At very low temperature, where the BCS resistance is negligible,
the resolvable surface resistance sets a limit on the minimum resid-
ual resistance that can be measured. Fitting data for Rs(T) might
yield a lower Rres; however, deviations from the implied theoreti-
cal model cannot be resolved in that case. At sample temperatures
close to the helium bath temperature, measurements are not limited
by the smallest resolvable change in heater power—as that would
only be 47 nW and hence correspond to an incredibly low sur-
face resistance—but by the equivalent heater power change due to
helium pressure fluctuations. Close to the helium bath temperature,
APheater ~ 12 yW yields Rs = 0.5 nQ at yyH = 10 mT [see Eq. (2)].
This value decreases quadratically with the RF field to ultimately
Rs =0.003 nQ) at the QPR quench limit of 4, H = 120 mT. In general,
the resolution parameter

RS,min[’l(z)H2 =2 C1 HEAPDC,min = SOHQ(mT)Z (9)

can be defined. These values apply to the first quadrupole mode,
and for higher harmonic modes, the minimum resolvable surface
resistance increases by about 20% due to ¢ increasing with fre-
quency. Note that only the RF contribution via ¢; is an intrin-
sic property of the resonator. The resolution can be improved by
decreasing the thermal conductivity of the sample chamber assem-
bly, which reduces the DC heater power that is required to com-
pensate temperature fluctuations caused by the liquid helium bath.
However, the low thermal conductivity leads to low Ppci, limiting
Rs measurements at high RF fields due to heating.

6. Systematic bias due to parasitic losses

In the calorimetric RF-DC compensation technique, all RF
losses occurring on the sample chamber are interpreted as surface
resistance of the sample. Hence, parasitic losses lead to a system-
atically overestimated Rs. Up to now, the lowest surface resistance
measured with the QPR at HZB was 8 nQ) at 2.25 K and the first
quadrupole mode on a RRR 300 bulk niobium sample.'? At the third
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quadrupole mode, inconsistent data have been observed, which we
attribute to insufficient damping of the RF field in the coaxial struc-
ture of the sample chamber, resulting in high parasitic losses at the
bottom stainless-steel flange.

Using a combined electro-magnetic/thermal simulation work-
flow, the calorimetric compensation is reproduced, allowing one to
estimate this systematic error.'® In terms of RF dissipation, the sam-
ple chamber is divided into three domains: sample surface, coaxial
wall, and bottom flange. Using the eigenmode solver in CST MWS,
RF fields inside the QPR are simulated and the damping coefficient
8i [see Eq. (1)] is evaluated for each domain and each quadrupole
mode, where the surface integral in the denominator is taken of the
domain i. The dissipated power in each domain is given by

1 R i
Pi = = ———Pample = 5 Psamples (10)
: 61' Rsample e Rsample e

introducing the loss coefficient y; = %. R; denotes the surface resis-
tance of a domain.

In general, the impact of parasitic losses on the measured Rs
depends on the sample material, temperature, and RF field strength.
The necessary Rs(T) is calculated using the numerical BCS code
SRIMP** for niobium with RRR 300 and Ryes = 10 nQ. The surface
resistance of stainless steel is assumed to be independent of temper-
ature (see Table IIT). For the surface resistance accuracy, the worst
case occurs if all heating comes from RF dissipation; hence, the DC
heater is off and APpc = Pgiss = Ppci, corresponding to the maxi-
mum CW REF field at a given temperature. In the following, the RF
field is set to 85% of the maximum possible value, representing a
typical scenario.

Figure 10 shows the resulting ratio of dissipated power at the
flange to the power dissipated in the sample. Compared to Pfange,
the contribution of the coaxial wall can be neglected: Assuming non-
ideal niobium with ten times higher residual resistance yields PIZ -
= 5% at low temperature, further decreasing to 0.5% in the regime of
dominating BCS losses.

The loss coefficient y, as defined above is given in units of resis-
tance (or nQ2) and seems to give a resistance contribution. However,
this provides only a rough estimate since the RF-DC compensa-
tion technique cannot measure RF dissipation directly but com-
pares power levels at constant temperature. Hence, the temperature
rise or the distortion of the temperature distribution on the sample
chamber has to be evaluated, which then yields the surface resis-
tance contribution. In order to do so, a thermal simulation of the
sample chamber is set up modeling all data acquisition steps. The

TABLE IIl. RF parameters describing the additional losses on the coaxial wall and
bottom flange. For Rg of stainless steel, ocryo = 2 - 105((2m)‘1 and the normal skin
effect is assumed.3?

QI (433 MHz)

Q2 (866 MHz) Q3 (1315 MHz)

Ocoax 202 206 211
Sflange 3.8 - 10° 2.7 -10° 1.5 - 10°
Rsss304 29 mQ 41 mQ 51 mQ
Yflange 7.6 nQ) 15nQ 34 nQ
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FIG. 10. Ratio of RF dissipation on the normal conducting bottom flange and a
niobium sample with Rres = 10 nQ).

resonator itself does not have to be taken into account since the
sample chamber and resonator are thermally decoupled.

Figure 11 shows the resulting systematic overestimation of
Rs. For temperatures above 4.5 K, increasing numerical noise is
observed, especially at high frequency. This is due to the steep
increase in BCS surface resistance on the sample surface and
hence the vanishing power ratio of flange heating to sample heat-
ing (see Fig. 10). Then, the impact of ARs gets negligible since
AR/R decreases below the overall measurement accuracy. Counter-
intuitively, the normal conducting flange with a surface resistance
independent of temperature and RF field does not only contribute as
additional residual resistance but may also impact the BCS behavior
of the measured Rs.

In order to suppress this significant systematic error, the surface
resistance of the bottom flange has to be reduced. Options might be

30
25+ ——meas. Rs - true Rs (Q1)|
——meas. Rs - true Rs (Q2)
. meas. Rs - true Rs (Q3)
S 20+ 1
£
[%2]
o
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101 1
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FIG. 11. Systematic errors in Rs for a RRR 300 niobium sample with Rres = 10 nQ.
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a copper or superconductor coating of the areas exposed to RF or
even the use of a bulk superconducting flange. The surface qual-
ity of the sample chamber’s cylindrical wall seems manageable in
the case of niobium samples. However, additional complications
arise for multilayer coatings and measurements at high tempera-
tures: Depending on the coating setup and the used technique, high
quality coatings of the sidewalls are complicated if not impossible. In
this case, the substrate—typically bulk niobium—will cause a tem-
perature dependent increase in Rs and impede measurements above
9.25 K.

V. MEASURING RF PENETRATION DEPTH

Heating up a superconductor close to its critical temperature
leads to an increasing penetration depth A(T) ~ Ao//1 — (T/Tc)*.
In general, this is equivalent to an increasing magnetic volume with
the corresponding change in resonant frequency Af < 0. For the
QPR, the sample can be heated separately, leading to a shift in reso-
nant frequency only due to the penetration depth of the RF sample
surface,

AA:)L(T)—A0=—§JCZAJ‘, (11)
0

with Ay and f representing the approximately temperature inde-
pendent values at low temperature. The geometry factor G is given
by the RF sample surface only,

~ wyonPR|H\2dV

= , 12

jSample|H|2dS ( )
and is computed with electromagnetic simulations. For quadrupole
modes, G increases approximately linear with frequency.

Note that the resonator is kept at constant temperature
throughout the entire measurement, stabilized by the superfluid LHe
bath at typically 1.8 K. The maximum expected frequency shift is
|Af| ~ 1, ..., 20 kHz. However, its measurement is disturbed by the
superimposed microphonics and changes in environmental pres-
sure. The decreasing liquid helium level of the bath cryostat leads to
a drift of center frequency of about —1 kHz/h, which has to be cor-
rected in the data analysis. Pressure fluctuations coming from the
cryogenic system cause frequency fluctuations of about +50 Hz on
the timescale of 1 min. For that reason, careful averaging is required,
which also suppresses microphonic detuning.

An automatized setup using a computer controlled vector net-
work analyzer (VNA, Agilent E8358A) is used for measurements.'
This enables data acquisition at multiple resonant modes during
one thermal cycle. Exemplary measurement data for a bulk niobium
sample are shown in Fig. 12, together with fits according to Eq. (11).
Reference points at low temperature before and after the thermal
cycle are used to derive the pressure sensitivity of each mode and
to correct the systematic drift due to the decreasing level of lig-
uid helium. Values for critical temperature (T.) and penetration
depth at 0 K are obtained from non-linear fits using Eq. (11). For
calculating the electron mean free path and RRR, the relations*

A (13)

A0 K) = Ay .

ARTICLE scitation.orgljournal/rsi

NS 414 MHz
2 ,|| x 846MHz
3 1286 MHz
25}
%
3t |
35} !
-4 . . . . .

6 6.5 7 7.5 8 8.5 9 9.5
Sample Temperature [K]

FIG. 12. Frequency-shift measurement and penetration-depth fits for three
quadrupole modes recorded during one thermal cycle.

TABLE IV. Penetration depth measurement for a bulk niobium sample. The error bars
give the statistical fit uncertainty.

Frequency 414 MHz 846 MHz 1286 MHz
T. (929£001)K  (9.33+£001)K (9.39+0.09) K
A (0K) (58 +4) nm (67 £6) nm (57 +7) nm
A 32 nm (fixed) Reference 25
& 39 nm (fixed) Reference 25
4 (27 +6) nm (18 £5) nm (27 £ 14) nm
RRR 10+£2 7+2 10+5
and”
/
RRR = (14)
2.7 nm

were used. The results are given in Table IV. The computed pen-
etration depth values at all three quadrupole modes are consistent
within their uncertainties. This agrees with the expectation that the
superconducting penetration depth does not depend on frequency.

VI. MEASURING THE RF CRITICAL FIELD

Investigating the highest accelerating gradient achievable with a
superconducting cavity, the intrinsic material limit is set by the crit-
ical magnetic (RF) field. Measuring at different temperatures gives
access to both the critical field extrapolated to 0 K and the critical
temperature,

Here(T) = Hore (0 K)(l—(TI)Z) (15)

C

Thanks to the thermal design of the QPR sample chamber, arbitrary
and highly stabilized temperatures above the liquid helium bath tem-
perature are possible. This is especially relevant since, given by the
quench limit of the QPR at about 120 mT, the sample has to be
heated significantly in order to reduce its critical field.

The RF critical field is measured using single rectangular pulses
of RF power. Software triggering of the RF signal generator enables
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non-periodic pulses of arbitrary separation, which in turn ensures
the stable sample temperature prior to each pulse. A quench sud-
denly decreases the quality factor of the QPR, leading to a drop in
transmitted RF power. For power measurements, fast power meters
(Keysight U2042XA) are used, providing a time resolution of down
to 50 ns. From the trace of such a pulse, the RF quench field can
directly be taken from the peak value. Figure 13 shows four exem-
plary pulse traces of transmitted RF power, converted to the peak RF
field on the sample, for a Nb3Sn sample. The LS336 device used to
read out the temperature sensors, attached to the bottom surface of
the sample, provides a maximum data rate of 10 samples/s. This is
too slow to resolve the temporal evolution of the quench, but useful
to distinguish between a quench of the sample or of the resonator
itself.

The requirement to measure the critical field by observing a
sudden decrease in transmitted power triggered by a quench puts
limits on the loaded quality factor of the QPR and the measurement
resolution. The unperturbed loaded quality factor of the entire sys-
tem (Q ) has to be high enough that it can be dominated by the par-
tially normal conducting sample surface after a quench occurred. On
the other hand, strong overcoupling and low values of Q; are desired
to minimize the quench time and RF heating. Assuming the initial
situation of strong overcoupling (Qr ~ Qjypy) and a quenched sam-
ple quality factor of at most Q4 = Qippue> the minimum detectable
quench size Aq can be estimated,

wU 20U
Qsq = = (16)
P, sample RSAqH
20U 2/45
A (17)

q= = ,
QinputRS,nc H? RS,nc TLC2

. 1 rr2 2772
with Pample # 3 RsncH Ag, Qippue = @71, and ¢ = ygH JU. Rsnc
denotes the normal conducting surface resistance, which can vary
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FIG. 13. Exemplary pulse traces for a Nb3Sn sample. A constant pulse length of
20 ms was used. The RF quench field is given by the peak value. The post-quench
behavior changes with temperature since it depends on thermal properties of the
sample and on RF characteristics like Lorentz-force detuning and Q. Adapted
from S. Keckert et al., Supercond. Sci. Technol. 32, 075004 (2019). Copyright
2019 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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widely, e.g., in the range of 0.6 mQ for high-purity niobium in
the anomalous limit”® up to about 24 mQ for NbTiN.*® This
corresponds to minimum quench sizes of Aq = 0.7 —29 mm?* (.
= 1.8 ms for the first quadrupole mode). In other words, a material-
independent resolution criterion can be defined,

2
2o _ Aq - Rspe = 17.5 mQ mm’. (18)
TLC2

Investigating the pulse traces shown in Fig. 13, the actually
quenched sample area can be estimated. The quench does not only
decrease Q; but also shifts the resonant frequency by several kHz,
which is much larger than the cavity bandwidth of 80-100 Hz. If one
assumes that the phase locked loop (PLL) loses lock for a few mil-
liseconds (see Fig. 13), the QPR can be regarded as undriven and the
decrease of stored energy is described by an exponential decay with
time constant 7q < 7. Since in practice Qg < Qjuput> 7q is dominated
by the quenched sample area, which can be derived using Eq. (17).
If the assumption that the PLL loses lock is not valid, the decay is
slowed down, leading to an underestimated quench area. This effect
is visible in the pulse traces shown in Fig. 13 for T > 17 K: Due to
the increasing penetration depth close to T, the jump in resonant
frequency decreases. Eventually, the PLL keeps lock and the peak
in transmitted power is less distinct. In this case, fits to the post-
quench behavior are meaningless to deduce the quenched sample
area. A detailed analysis of the RF quench field for the NbsSn sample
is given in Ref. 19.

In general, a defect-free sample has to be assumed, otherwise
the quench location would not be in the high-field region, lead-
ing to a significant overestimation of the actual quench field. In the
high-field region, temperature differences in the vertical or horizon-
tal direction are close to the sensor calibration accuracy and hence
negligible. Note that this only applies to the situation before the RF
pulse. More important are temperature dynamics during the RF rise
time, which are studied in Sec. VI A.

A. Systematic error due to RF heating

The intrinsic source of systematic error for the H.rr mea-
surement technique presented above originates from RF heat-
ing during the RF rise time. Approaching T., the critical field
becomes increasingly temperature dependent; hence, the RF rise
time has to be short enough to limit RF heating to an acceptable
level. Significant heating will cause the observed critical field to
be underestimated systematically due to an underestimated sample
temperature.

In cavity measurements, pre-quench RF heating was identified
to be a major issue, even when using a MW rated klystron. Quench
times of 50-200 ys led to errors due to heating of about 40%.”” For
the QPR, the dependence of the observed quench field on the RF
rise time, and hence the amplifier forward power, was studied in a
dedicated measurement. Since the term “rise time” is a characteris-
tic quantity of the pulse shape that does necessarily tell how long the
RF power is actually rising, instead the expression “quench time” (t4)
is used in the following. It measures the duration from switching on
the RF power until a quench occurs. The forward power rise time can
be neglected since it is less than 15 ns. Figure 14(a) shows the mea-
sured quench time as a function of forward power. A nitrogen-doped
bulk niobium sample was used for this test; all points were taken
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FIG. 14. Duration of the rising RF field until a quench occurs as a function of
forward power (top) and corresponding RF quench field (bottom). The data were
measured on a N-doped bulk niobium sample at 8.6 K and 412 MHz.

at sample temperatures of 8.6 K and 412 MHz. With increasing RF
power, the quench time drops, hence reducing the possible amount
of unwanted heating. More important, Fig. 14(b) shows the impact
of thermal issues on the obtained quench fields. Extrapolating the
linear trend for tq — 0, the systematic underestimation of Hcgr at
tq = 2.5 ms amounts to about 1 mT or 3%. This is well within the RF
measurement uncertainty of about 6.5%. Furthermore, the amount
of RF heating on the sample surface can be estimated: Extrapolating
the value of y Hcrr(8.6 K, tq = 0) = 35.8 mT to 0 K using Eq. (15)
yields p Hg, ~ 264 mT(T. = 9.25 K). Reducing the critical field at
8.6 Kby 1 mT corresponds to a temperature rise of AT = 20 mK.
Time-resolved simulations underscore the QPR’s potential for
critical field measurements.'” For temperature dynamics during an
RF pulse, the thickness of the sample disk of 7-10 mm suppresses
significantly the temperature rise when compared with values esti-
mated for thin-walled (~3 mm) TESLA-type cavities. Especially
when measuring at T > 4.2 K, single-cell cavities have to be oper-
ated in gaseous helium featuring very limited cooling. A thicker
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sample, as in the case of the QPR, allows for quench times being
larger by a factor of 5-10 at the same level of peak temperature rise.
In turn, the required RF forward power is reduced further as com-
pared to a TESLA-shaped single-cell cavity. Hence, one can forego
using high-power klystrons for quench-field measurements in the
QPR.

VIl. CONCLUSION

Within the last few years, the QPR at HZB advanced from the
commissioning phase to a state, where versatile, routine testing of
samples to analyze a multitude of parameters is possible. The high
performance in surface resistance measurements at the lowest oper-
ating RF mode was already demonstrated early on Ref. 12, while
for higher harmonic modes, significant work on the RF system was
needed. The measurement capabilities were continuously expanded
beyond the surface resistance, enabling RF characterization of sam-
ples with respect to quench field, penetration depth, and critical
temperature. From those directly measured values, quantities such
as DC critical fields, mean free path, RRR, and Ginzburg-Landau
parameter can be derived. Low-power measurements above T pro-
vide access to the bulk RRR and the normal state resistivity.

Studying the capabilities of the QPR revealed important practi-
cal and theoretical limitations that were are not obvious and perhaps
even counterintuitive in the design phase. Great care must thus be
taken when analyzing and interpreting the data. The most impor-
tant practical limitation is set by parasitic RF losses on parts of the
calorimetry chamber other than on the sample surface of interest.
In particular, at higher harmonic frequencies, this prevents sur-
face resistance measurements in the low nQ range, which, in fact,
is required if fundamental limits of superconductors and possible
alternative materials to niobium are investigated. Hence, the find-
ings of this work can be used to lay out the path toward a significant
evolution of a next-generation quadrupole resonator.
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