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Abstract

Recent advancement in superconducting radio frequency
cavity processing techniques, with diffusion of impurities
within the RF penetration depth, resulted in high quality
factor with increase in quality factor with increasing acceler-
ating gradient. The increase in quality factor is the result of a
decrease in the surface resistance as a result of nonmagnetic
impurities doping and change in electronic density of states.
The fundamental understanding of the dependence of sur-
face resistance on frequency and surface preparation is still
an active area of research. Here, we present the result of RF
measurements of the TEM modes in a coaxial half-wave nio-
bium cavity resonating at frequencies between 0.3 — 1.3 GHz.
The temperature dependence of the surface resistance was
measured between 4.2 K and 1.6 K. The field dependence of
the surface resistance was measured at 2.0 K. The baseline
measurements were made after standard surface preparation
by buffered chemical polishing.

INTRODUCTION

Superconducting radio-frequency (SRF) cavities are the
building blocks of modern particle accelerators that can
store and transfer electromagnetic energy with very little
dissipation [1]. High-quality factor in SRF cavities is not
only limited to particle accelerators but also emerging as an
application to quantum computing and quantum information
science [2-4] .

The performance of SRF cavities is measured in terms of
the quality factor (Q) which is inversely proportional to the
surface resistance (R;) as a function of accelerating gradi-
ent (E,..). Surface engineering with nonmagnetic impurity
doping (Ti, N, O) has been shown to reduce surface resis-
tance and improve the quality factor [5-7]. Nevertheless,
the fundamental understanding of the dependence of surface
resistance on frequency, surface preparations, and RF field
is still an active area of research [8]. In this contribution,
we have measured the frequency, temperature, and RF field
dependence of surface resistance using a half-wave coaxial
cavity. The benefit of using the same cavity for different
modes will eliminate the variability that comes when using
different cavities, although the same treatment is applied.

* Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics under contract DE-AC05-060R23177.
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CAVITY DESIGN AND
SURFACE PREPARATION

The quality factor is defined as the ratio of energy stored
(U) to the energy dissipation (P,) per rf cycle as:

wU _ 2afpo [, HPdV G

0 F TR G R

ey

where,
_ 2afopo JfJ, \HPdV
ffs |H|%dS

is geometric factor of the cavity and depends on the shape.
Here, fj, g, and [H]| represent the frequency, vacuum per-
meability, and peak RF magnetic field. R, represents the
surface resistance of the cavity which is expressed as the sum
of temperature independent R; and temperature dependent
Rpcs. The R; arise due to several intrinsic and extrinsic
factors and Ry is the result of RF dissipation by unpaired
quasi-particles in superconductors and is explained by BCS
theory of superconductivity [9]. A simplified expression for
Rpcs valid in the dirty limit and T << T, is [10]:
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where A depends on the material properties like penetration
depth, coherence length, Fermi velocity, etc. A is the energy

gap at 0 K, kp is Boltzmann constant, and 7. is the transition :

temperature.

Accelerating elliptical cavities are excited in TMy; mode
where the electric field is concentrated along the cavity axis
with peak magnetic field on the surface of the cavity. The
fundamental and higher-order transverse electromagnetic
wave (TEM) modes of the half-wave coaxial cavity have a
strong field on the center conductor that decays exponen-
tially towards the outer conductor [11-13]. Such identical
field distribution of the TEM modes on the center conductor
makes it an ideal platform to study the frequency dependence
of the surface resistance at different temperature, RF field
and for different surface treatments [14].

The length of the half-wave coaxial cavity used in this
experiment is [ = 457.55 mm, which determines the fun-
damental mode frequency (f) by the relation f = i The
TEM modes are sufficiently separated by other TM and TE
modes. Our modes of interest are fundamental and three
higher harmonics of the cavity. Figure 1 shows the E and B
profile of the first four TEM modes. The CST Studio Suite
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Figure 1: Electric and magnetic field distribution of the first four TEM modes of the half-wave coaxial cavity. The E-field
oscillates between the inner and outer conductors of the cavity and the B-field circulates around the center conductor.

simulation was done and used to calculate the RF parameters
as outlined in Table 1.

Table 1: RF Parameters of Four TEM Modes of the Half-
wave Coaxial Cavity

Modes f(MHz) G (Q)

TEM1 328 61.8

TEM2 657 123.0
TEM3 985 186.0
TEM4 1313 247.0

R (nQ)

S

The cavity was fabricated using the deep-drawing of the
parts and electron beam welding at Jefferson Lab. After the . . . .
fabrication, the cavity was subjected to ~ 150 um buffered 0.2 0.3 0.4 0.5 0.6 0.7
chemical polishing (BCP), followed by hydrogen degassing 1T (1/K)

at 800 °C for 3 hrs in an ultra-high vacuum furnace. After  Figure 2: The total surface resistance as a function of temper-

the furnace treatment, the cavity was again subjected to  ature for first 4 TEM modes. The lines are the least square
30 pm BCP, high-pressure rinse, and clean assembly of the  fits to extract R; and Ry (.

cavity with input and pick-up probes coupled to the magnetic
field. The cavity is evacuated and cooldown in Dewar with
liquid helium with residual magnetic field in Dewar < 5SmG.  modes with distinct rise in surface resistance starting at B,, ~
The baseline RF measurements consist of the Qg vs. 7 70mT. For TEM1 and TEM2 modes, the measurements
measurements at constant RF peak field B, ~ 10mT and  were stopped at B, ~ 80 mT, whereas the measurement was

10°F

Oo(B,) at2.0K. stopped at B, ~ 100 mT for TEM2 mode. The RF tests were
limited to lower peak field to prevent the additional increase
EXPERIMENTAL RESULTS in surface resistance due to residual flux being trapped during
it h.
RF Results cavity quene
Figure 2 shows the total resistance (R,) as a function of ~ Frequency and Q During Warm Up
temperature (1/T) calculated from the Q¢ (T') measurement The resonant frequency and loaded quality factor of 4

at B, ~ 10mT. Solid line represents the least square fit for ~ modes were measured during the cavity warm up. The
Ry = R;+Rpcs, where Rpcg is given by Eq. (3). Foralltem-  change in frequency is proportional to the penetration depth,
perature, R(TEM1)< R(TEM2)< R(TEM3)< R(TEM4).  whereas the loaded quality factor is converted to the sur-

. face resistance R, = G/Qg as shown in Fig. 4. The cavity
Field Dependence Test at 2 K transitioned to sui)ercondlfcting state at ~ 9.25 K. The data

Figure 3 shows the surface resistance normalized to B,, ~  in the superconducting state were fitted using the numeri-
10mT as a function of the peak magnetic field for all 4  cal solution of M-B theory [9] to get the information about
modes. The cavity quenched at B,, = 112+5mT for TEM4  the electronic mean free path and found to be 24743 nm
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Figure 3: QO(BP) at 2.0 K for first 4 TEM modes. The errors
in B, and R; are < 5% and 10%, respectively.

for TEM1, 248+4 nm for TEM2, 232+3 nm for TEM3 and
21243 nm, for TEM4 modes. Furthermore, the normal state
resistance follows ~ /f dependence.
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Figure 4: (a) The change in frequency Af = f — 70k
and (b) total surface resistance as a function of temperature
during warm up. The cavity show the transition to normal
conducting state at 7. ~ 9.25 K.

SRF Technology

Cavity design/fabrication/preparation/tuning

SRF2023, Grand Rapids, MI, USA
ISSN: 2673-5504

JACoW Publishing
doi:10.18429/JACol-SRF2023-WEPWBOS52

DISCUSSION

Frequency Dependence Analysis

To extract the frequency dependency RF losses, total resis-
tance (R;(7")) measured at B, ~ 10 mT is fitted using model
presented in Ref. [7]. The residual resistance is indepen-
dent of the temperature and is dependent on the frequency,
trapped magnetic field and purity of the niobium. Figure 5
(a) shows the frequency dependence of residual resistance
and follows f1-6¢. The frequency dependence of f1-33 was
previously reported in a similar cavity configuration [13].
The measurements done on quarter wave and half wave cav-
ity showed an increase in residual resistance with frequency
with no clear frequency dependence. Averaging over all the
available data, the residual resistance showed f 0.7 depen-
dence [15]. The large discrepancy in R; from current study
and in Ref. [15] could be due no available data below 2 K
showing the asymptotic behaviour in Ref. [15]. Neverthe-
less, the residual resistance in superconducting state shows
strong frequency dependence compared to the anomalous
normal conducting loss (~ £9-5). As mentioned, the residual
resistance due to trapped flux also has weak frequency de-
pendence (~ f9-9) creating some uncertainty in estimating
an exact residual resistance. Further studies are needed to
understand the frequency dependence of residual resistance.

The Rpcg resistance is temperature dependent part of the
total resistance (R;) and is plotted in Fig. 5 (b) for all four
modes. The Ry resistance was calculated by subtracting
R; from the total surface resistance. The Rgg follows f1-80
and f17! dependence at 4.2 and 2 K, respectively. Exactly
same frequency dependence of -8 at4.2 K and f!-7 at2.0K
is reported in Ref. [15]. The numerical calculation of Rzcg
based on the Mattis-Bardeen theory [9] using the material
parameters A/KpT,. = 1.85 and mean free path from the
AA(T) fits resulted in f1-79 at 42K and f 177 at 2.0 K. The
exponent of frequency dependence Rpg agrees well with
the calculated values at 4.2 K, however it is ~ 3% lower at
2.0K.

Calculation of True Surface Resistance

The surface resistance extracted using Qg = RQ give an
average surface resistance of the cavity, which is a good
estimation when the magnetic field is nearly uniform on
the cavity surface. For complex cavity geometry like the
half-wave coaxial cavity, the non-uniformity of the field
distribution makes it harder to estimate the true surface re-
sistance. To get more accurate information about the surface
resistance we have fitted the surface resistance R (B,,) using
the method developed in Ref. [16]. In this method, the exper-
imentally measured surface resistance Ry (B,,) is averaged
over the entire surface of the cavity and is expanded as:

— B ¢ B .
Ri(5) :ROZa,-(B—O)' )
i=0

where, R, the minimum surface resistance measured and
B is the maximum peak magnetic field. Then, the real
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Table 2: Summary of Fitting Parameters

Modes

Bo B Ba B3 Ry(mQ) a; as as
TEM1 1 145 176 2.01 1.48 0.77 -148 2.54
TEM?2 1 145 176 2.01 3.32 0.89 -1.64 1.74
TEM3 1 145 176 2.01 9.51 0.25 -0.93 1.2
TEM4 1 145 176 2.01 16.05 1.02 -292 278
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Figure 5: (a) Residual resistance as a function of frequency
at B, ~ 10mT, and (b) Rpcy as a function of frequency at
4.2 and 2.0K.

resistance is calculated as:

B L B .
Rreat( =) = Ry Blhaig)
i=0

&)

here, B (i) is a smooth, continuous, monotonically increasing
correction function determined by geometry of the cavity.
For the half-wave coaxial cavity, a polynomial of order three
(i=3) is a good fit and the fitting parameters are summarized
in Table 2. As seem from Table 2, the experimental data fit
well with same sets of j;, for given shape. The correction
factor of true resistance («;) differs for different frequency.
More analysis will be needed to compare the fitting param-
eters with respect to frequency, temperature and surface
preparations. Figure 6 shows Ry, ,; of all four TEM modes.
For B, > 40 mT, the true surface resistance deviate from the
experimentally measured average surface resistance for all 4
TEM modes.
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Figure 6: Surface resistance as a function of peak magnetic

field of the cavity. The solid lines are the true surface resis-
tance calculated using method developed in Ref. [16].

SUMMARY

We have presented the baseline RF measurements on half-
wave coaxial cavity with 4 different TEM modes to under-
stand the frequency dependence of RF properties by mini-
mizing the variability in surface preparation. The frequency
dependence of residual resistance is in consistent with pre-
vious results in half-wave coaxial cavity [11-13], but differ
from the measurement done using quarter-wave cavity [15].
The BCS surface resistance are consistent with the previ-
ous experimental results in both half-wave and quarter-wave
cavities [11-13, 15] as well as the numerical calculation.
Future studies will be focused on surface modification with
mid-T bake [6], low temperature baking in UHV [17] and
nitrogen [18] as well as the flux trapping sensitivity [19] to
understand the field and frequency dependence of surface re-
sistance. Recently, the cavity received 320 °C bake in UHV
and RF test will be performed in near future.

ACKNOWLEDGEMENTS

We would like to acknowledge Jefferson Lab production
staffs for fabrication, processing, assembly, cryogenic and
RF support.

SRF Technology

Cavity design/fabrication/preparation/tuning



21" Int. Conf. RF Supercond.
ISBN: 978-3-95450-234-9

(1]

(2]

(3]

[4]

[5]

[6]

[7]

[8]

191

(10]

ISSN: 2673-5504

REFERENCES

H. Padamsee, J. Knobloch, and T. Hays, RF Superconductivity
for Accelerators, New York, NY:J. Wiley & Sons, 1998.

P. Dhakal, “Superconducting radio frequency resonators for
quantum computing: A short review”, J. Nepal Phys. Soc.,
vol. 7, pp. 1-5, 2021.

N. K. Raut, J. Miller, R. Y. Chiao, and J. E. Sharping, “Magnet
strength dependence of levitated magnets in a microwave
cavity”, IEEE Trans. Instrum. Meas., vol. 71, pp. 1-7, 2022.
doi:10.1109/TIM.2022.3189643

A. Krasnok, P. Dhakal, A. Fedorov, P. Frigola, M. Kelly,
and Sergey Kutsaev, “Advancements in Superconducting Mi-
crowave Cavities and Qubits for Quantum Information Sys-
tems”, 2023. doi:10.48550/arXiv.2304.09345

P. Dhakal et al., “Effect of high temperature heat treatments
on the quality factor of a large-grain superconducting radio-
frequency niobium cavity”, Phys. Rev. Spec. Top. Accel.
Beams, vol. 16, p. 042001, 2013.
doi:10.1103/PhysRevSTAB.16.042001

E. M. Lechner, J. W. Angle, F. A. Stevie, M. J. Kelley,
C. E. Reece, and A. D. Palczewski, “RF surface resistance
tuning of superconducting niobium via thermal diffusion of
native oxide”, Appl. Phys. Lett., vol. 119, no. 8, p. 082601,
Aug. 2021. https://doi:10.1063/5.0059464

G. Ciovati, P. Dhakal, and A. Gurevich, “Decrease of the sur-
face resistance in superconducting niobium resonator cavities
by the microwave field”, Appl. Phys. Lett., vol. 104, p. 092601,
2014.doi:10.1063/1.4867339

H. Park, S. U. De Silva, and J. R. Delayen, “Investigation
of the Surface Resistance of Niobium Between 325 MHz
and 1300 MHz Using a Coaxial Half-wave Cavity”, in Proc.
LINAC’18, Beijing, China, Sep. 2018, pp. 395-397.
doi:10.18429/]JACoW-LINAC2018-TUPOO31

D. C. Mattis and J. Bardeen, “Theory of the anomalous skin
effect in normal and superconducting metals”, Phys. Rev.,
vol. 111, p. 412, 1958. doi:10.1103/PhysRev.111.412

J. P. Turneaure, J. Halbritter, and H. A. Schwettman, “The
surface impedance of superconductors and normal conduc-
tors: The Mattis-Bardeen theory”, J. Supercond., vol. 4,
pp. 341-355, 1991. doi:10.16007/BF00618215

SRF Technology

Cavity design/fabrication/preparation/tuning

SRF2023, Grand Rapids, MI, USA

(1]

(12]

[13]

[14]

[15]

(16]

(18]

[19]

JACoW Publishing
doi:10.18429/JACoW-SRF2023-WEPWBO52

H. Park, S. U. De Silva, and J. R. Delayen, “Superconduct-
ing Cavity for the Measurements of Frequency, Tempera-
ture, RF Field Dependence of the Surface Resistance”, in
Proc. SRF’15, Whistler, Canada, Sep. 2015, paper MOPB003,
pp- 70-73.

H. Park, S. U. De Silva, and J. R. Delayen, “Measurement
of Frequency, Temperature, RF Field Dependent Surface
Resistance Using Superconducting Half Wave Cavity”, in
Proc. SRF’17, Lanzhou, China, Jul. 2017, pp. 925-927.
doi:10.18429/]ACoW-SRF2017-THPBO80O

H. Park, S. U. De Silva, and J. R. Delayen, “Measurement
of Surface Resistance Properties with Coaxial Resonators -
Review”, in Proc. SRF’19, Dresden, Germany, Jun.-Jul. 2019,
pp- 374-380. doi:10.18429/JACoW-SRF2019-TUFUB7

A. Gurevich, “Superconducting Radio-Frequency Fundamen-
tals for Particle Accelerators”, Rev. Accel. Sci. Technol., vol. 5,
pp. 119-146, 2012. doi:10.1142/S1793626812300058

P. Kolb, Z. Yao, T. Junginger, B. Dury, A. Fothergill, M. Van-
derbanck, and R.E. Laxdal, “Coaxial multimode cavities for
fundamental superconducting rf research in an unprecedented
parameter space”, Phys. Rev. Accel. Beams, vol. 23, p. 122001,
2020. doi:10.1103/PhysRevAccelBeams.23.122001

J. R. Delayen, H. Park, S. U. De Silva, G. Ciovati, and
Z. Li, “Determination of the magnetic field dependence of
the surface resistance of superconductors from cavity tests”,
Phys. Rev. Accel. Beams, vol. 21, p. 122001, 2018.
doi:10.1103/PhysRevAccelBeams.21.122001

B. D. Khanal and P. Dhakal, “Insight to the Duration of 120
°C Baking on the Performance of SRF Niobium Cavities”,
IEEE Trans. Appl. Supercond., vol. 33, pp. 1-6, 2023.
doi:10.1109/TASC.2023.3235311

P. Dhakal, S. Chetri, S. Balachandran, P. J. Lee, and
G. Ciovati, “Effect of low temperature baking in nitrogen
on the performance of a niobium superconducting radio fre-
quency cavity”, Phys. Rev. Accel. Beams, vol. 21, p. 032001,
Mar. 2018.

doi:10.1103/PhysRevAccelBeams.21.032001
P. Dhakal, G. Ciovati, and A. Gurevich, “Flux expulsion
in niobium superconducting radio-frequency cavities of dif-
ferent purity and essential contributions to the flux sensi-
tivity”, Phys. Rev. Accel. Beams, vol. 23, p. 023102, 2020.
doi:10.1103/PhysRevAccelBeams.23.023102

WEPWB052
695

@©=22 Content from this work may be used under the terms of the CC BY 4.0 licence (© 2023). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

©



