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Abstract

A calorimetric technique enables precise measurements
of the surface resistance Rg of superconducting samples.
One of the devices exploiting thistechnique at multiplefre-
guenciesisthe Quadrupole Resonator. Its measurement ca-
pabilities and limitations are discussed and compared with
similar devices. Results on bulk niobium and niobium film
on copper samples are presented. It is shown how different
contributions to the surface resistance depend on temper-
ature, applied RF magnetic field and frequency. Further-
more measurements of the maximum RF magnetic field as
afunction of temperature and frequency in pulsed and CW
operation are presented.

INTRODUCTION

The surface resistance Rg of superconducting cavities
can be obtained by measuring the unloaded quality factor

Qo .
@a (1)

where G is the geometry factor of the cavity, dependent
only on the cavity shape and not on its size or material. G
can therefore be accurately obtained by a numerical simu-
lation. Rg may vary strongly over the cavity surface and
the value obtained is an average over the whole surface [1].

A more convenient way consists of investigating small
samples. They can be manufactured and duplicated at low
cost. RF cavities excited in the TEp;; mode with a sam-
ple attached as the cover plate are often used for material
characterization. The TEg;; mode is chosen, due to its
convenient field configuration, i.e. no magnetic field and
therefore no RF currents across the joint, where the de-
mountable end plate sample is attached to the cavity and
a vanishing €electrical field over the whole cavity surface,
helping to avoid multipacting, see Figure 1.

There are two techniques to derive the surface resistance
of the attached sample. The first one is the end-plate re-
placement technique. It requires a reference sample of
known surfaceresistance Rg. After the quality factor of the
cavity with the reference sample attached has been mea-
sured the reference sample can be exchanged by another
sample of unknown surface resistance. From the change
in Q-value the surface resistance of the sample can be de-
rived. For systems relying on the end-plate replacement

Rg =
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Figure 1. False color plot of the surface magnetic field B
inacylindrical pillbox cavity excited in the TEy;; mode.

technique sample, cavity and bath temperature are always
identical. Therefore for these systems cavity design aims
for a high magnetic field level on the sample compared to
the cavity. An overview of different cavity geometries can
befoundin[2].

In acalorimetric system the sample and host cavity tem-
perature are controlled independently. A DC heater (resis-
tor) and at least one temperature sensor are attached to the
backside of the sample, allowing to control itstemperature.

Currently there are three cal orimetric systems for the RF
characterization of superconducting samplesin use.

e A cylindrical TEq11/TEg;2 cavity enabling measure-
ments at 4 and 5.6 GHz has been developed in collab-
oration between CEA Saclay and IPN Orsay [3, 4].
Recently a modified version has been constructed and
commissioned [5].

o At Jefferson Laboratory (JLAB) a sapphire loaded
TEp;; cavity for measurements at 7.5 GHz has been
recently commissioned [6].

e The Quadrupole Resonator at CERN is the only sys-
tem running at frequencies of interest concerning ac-
celerator applications. It has been used since more
than ten years [7, 8, 9] and has been recently refur-
bished for measurements at 400, 800 and 1200 MHz

(2].

The calorimetric technique applied by these three sys-
tems is explained in the following section. Afterwards a
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Figure 2: In a calorimetric system the surface resistance of
a superconducting sample is derived from a DC measure-
ment.

short description of each device and the results obtained by
them are given.

THE CALORIMETRIC TECHNIQUE

Compared to the end-plate replacement technique, the
cal orimetric technique has the advantage of high sensitivity
and independence of a reference sample. The drawbacks
are ausualy more complicated design and the fact that the
measurement temperature always needs to be higher than
the bath temperature.

A calorimetric measurement consists of two steps, see
Figure 2;

1. The temperature is set to the temperature of interest
by applying a current to the resistor on the backside
of the sample. The power dissipated Ppc,; is derived
from measuring the voltage across the resistor.

2. The RF is switched on and the current applied to the
resistor islowered to keep the sample temperature and
the total power dissipated constant.

The power dissipated by RF, Prr is the difference be-
tween the DC power applied without RF, Pp¢; andthe DC
power applied with RF, Ppce. Pgrr is directly related to
the surface resistance Rg of the sample and the magnetic
field on the sample surface B,

1
Prr = Ppc1 — Ppcz = 3.2 /RSBQdS- 2
Ko
Sample
Assuming Rs to be constant over the sample surface area
and independent of B, equation (2) smplifiesto

1
Prr = Ppci — Poca = FRS /BQd& 3
Ho

Sample

which can be rearranged to yield an expression for the sur-
face resistance:

R — 2u3(Ppc1 — Ppez)
s [ B2ds

Sample

4
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A constant ¢, relating the peak magnetic field on the sam-
ple surface B;, to its integrated value over the sample sur-
face can be introduced and calculated numerically for a
given mode
B2
c1 = —b
| B2dS

Sample

®)

To derive B,, from an RF measurement a second con-
stant c,, relating Bg to the stored energy in the cavity U is
introduced. Its value must also be calculated numerically,

B2
Cy = Fp (6)

The loaded quality factor 1, of a cavity equals

wU

QL:?L_

wT, )
where the loaded power Py, is the power dissipated in the
cavity and radiated into the couplers, while 7 is the corre-
sponding decay time. Inserting (6) in (7) yields

Bp = \/CoTh,. (8)

For the Quadrupole Resonator the constants ¢; and ¢,
were derived by two different computer codes, (see Table
1), based on the finite integral (CST Microwave Studio®)
and thefinite element method (Ansoft HFSS®). Thevalues
agree within 6 %.

With the constants ¢; and ¢, (4) becomes an expression
of constants and measurands:

(Poc1 — Ppoce)
CQTPL ’

Rs = 2udcy 9)
In case non critical coupling is chosen Pr, must be derived
from the forward and the reflected power (Pf and P,):

P, =2P 5P x P,

with minus/plus for an under/over coupled input antenna.
This principle is applied in the sapphire loaded cavity
equipped with two adjustable couplers[6].

The Quadrupol e Resonator uses afixed coupling instead.
The device is equipped with two strongly overcoupled an-
tennas (coupling factor ~ 100 each). The resonator acts
like a narrow band filter. Only a small, negligible amount
of the power coupled inis dissipated in the resonator walls.
Since the coupling geometries of the input and the output

(10)

Table 1: Field parameters of the Quadrupole Resonator cal-
culated with CST Microwave Studio/Ansoft HEFSS

fIMHZ] ci1[1/m?] c [T%1])
399.6/399.4  14.08/14.31 0.105/0.104
803.1/803.2  14.03/14.88 0.105/0.105

1211.1/1208.8 15.69/15.40 0.121/0.116

02 Cavity performance limiting mechanisms
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Figure 3: Experimental set-up of the TEy;1/TEq1o cav-
ity (1=cylindrical cavity, 2=static heater, 3=thermometers,
4=vacuum insulation jacket, 5=calibrated thermal sensor

[4)).

antennato the resonator are identical, the coupling factor as
seen from the input coupler is 5 =1 (critical coupling, no
power is reflected). The assumption that the input power
equals the output power can be made yielding Py = P,
where P; and P; aretheforward and the transmitted power.
This alows to make the approximation Py, = 2P; = 2P,.
To derive P, it is therefore possible to measure only the
transmitted power at athird sufficiently weakly coupled an-
tenna.

The disadvantage of this setup is that Q¢ the quality
factor of the cavity itself can not be measured directly.
A direct comparison of the calorimetric results with a
non calorimetric RF measurement can only be made if
the sample is quenched and the coupling changes from
strongly overcoupled to strongly undercoupled [10].

TEp11/TEp12 CAVITY FROM IPN
ORSAY/CEA SACLAY

The TEg11/TEq12 cavity from IPN Orsay/CEA Saclay is
acylindrical niobium cavity designed for measurements of
the surface resistance of superconducting Nb and NbTiN
thin films sputtered on removable copper disks.

The goa was to develop a system with improved accu-
racy, especialy at 4 K, compared to a cylindrical niobium
cavity, which used the end-plate replacement technique, re-
lying on areference sample. It gave a resolution of about
+1000n2 at 4K.

The devel oped cal orimetric system consists of acylindri-
cal cavity and athermometric part. The thermometric part
islocated in avacuum insul ation jacket, where a dismount-
able assembly with a static heater and 24 thermometersis
installed, see Figure 3 [4].

02 Cavity performance limiting mechanisms
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Figure 4: Top:Surface resistance of niobium on copper
samples as afunction of the applied magnetic field B mea-
sured at 4 GHz. Bottom: Micrographs of the sample sub-
strates. A correlation between substrate roughness, residual
resistance and resistance increase with applied field can be
made[3].

The cavity has been used for systematic studies of the
surface resistance of sputtered niobium on copper samples.
Substrates of different roughness have been investigated.
A correlation between surface roughness and surface resis-
tance could be made, see Figure 4. The residual resistance
of the thin film samples was found to scale linear with fre-
quency [3].

Recently a modified cavity based on the same geometry
has been developed for further thin film studies[5].

SAPPHIRE LOADED CAVITY FROM
JEFFERSON LABORATORY

The sapphire loaded cavity was designed to measure
the SRF properties of samples sufficiently small to be ac-
commodated in commercia surface characterization in-
struments, surface treatment facilities and laboratory-based
thin film deposition equipment.

Placing a sapphirerod in the middle of acylindrical cav-
ity lowers the resonant frequency, allowing to install sam-
ples of 50 mm diameter as end plate in a 7.5GHz cavity,
see Figure 5.

Being designed for thin film studies of new materials,
such as Mg, B or Nb3 Sn the cavity has been commissioned
with abulk niobium sample brazed on to a copper substrate

(6].
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Figure 5: SIC system overview. A. Sapphire rod, B. Nio-
bium cavity body, C. RF coupler, D. TE; cavity, E. Choke
joint, F. Sample on copper support plate, G. Stainless steel
thermal insulator, H. Copper ring, |. RF leakage pickup
coupler, J. Heater, K. Thermal sensor, L. Port for vacuum
and wires. (Vacuum port of the cavity is not shown) [6].

Figures 6 and 7 depict the surface resistance Rg and the
change in RF penetration depth A\ as afunction of sample
temperature T'.

Materid parameters of the sample were derived by a
least sguares multi-parameter fit to BCS theory [11,
12]. For a fixed critical temperature 7'.=9.26K, the fit-
ting parameters A/ kT, =1.842, London penetration depth
AL, =36.1nm, BCS coherence length £y =32.7nm, mean
free path £ =256 nm, penetration depth at 0K Ao =45.3nm
and aresidual resistance R, = 1.54 u£2 were derived [6].

These parameters are consistent with theory and other
measurements [13] and demonstrate the capability of the
sapphire loaded cavity. Note that the parameters were
obtained by one least squares fit to the complete data set
containing the surface resistance Rg and the change in
penetration depth A\.

QUADRUPOLE RESONATOR FROM
CERN

The Quadrupole Resonator is a four-wire transmission
line half-wave resonator using a TE,; -like mode.

The resonator was originaly designed to measure the
surface resistance of niobium film samples at 400 MHz,
which are the technology and RF frequency chosen for the
LHC at CERN. The device was used to measure the sur-
face resistance at 400 MHz of bulk niobium and niobium
on copper samplesaround 10 yearsago[7, 8, 9]. It hasbeen
refurbished in 2008 and since then used for samples of the
same material. The measurement range was extended to 3
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Figure 6: Surface resistance as a function of sample tem-
perature for a bulk niobium sample brazed on to a copper
substrate. The line shows the BCSfit [6].
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Figure 7: Penetration depth change versus sampletempera-
turefor abulk niobium sample brazed to a copper substrate.
Theline shows the BCSfit [6].

different frequencies and also the critical field of the sam-
ples has been investigated.

In the Quadrupole Resonator the cover plate of acylinder
attached to the cavity in a coaxial structure serves as sam-
ple, see Figure 8. Inside this coaxial structure the RF fields
are exponentially decaying. This ensures that the power
dissipated inside this 1 mm gap and especialy at the end
flange and joint of the sample cylinder is negligible. This
is true for al excitable TE,;-like modes up to 2.0 GHz
[14]. In principal 5 modes could be excited and used for
RF measurements. At CERN equipment for 400, 800 and
1200MHz is available. Note that RF equipment like am-
plifiers or circulators is usually narrow band. To perform
tests at the three frequencies two different pre-amplifiers
(each 5W, one covering the range up to 500 M Hz, the other
one the range between 700 and 2200 MHz) and three dif-
ferent main amplifiers (500 W for 400 MHz and 200 W for
800MHz and 1200MHz) are used. For each frequency a
dedicated circulator is needed. The rest of the used RF
equipment covers the whole frequency range.

02 Cavity performance limiting mechanisms
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Figure 8: Layout of the niobium Quadrupole Resonator
with mounted sample cylinder and a thermometry cham-
ber housing a DC heater (resistor) and temperature sensors

9.

Six calibrated silicon diodes are placed inside the ther-
mometry chamber. Four of them are directly placed be-
low the position of maximum magnetic field on the sam-
ple, while two of them are pressed by a piston to the inner
wall of the sample cylinder. These two diodes are therefore
at a position of lower temperature. This allows to derive
the thermal conductivity if sample and sample cylinder are
made of the same material [2].

The host cavity consists of two 2mm thick niobium

cans for convenient handling and cleaning of the device.
These cans are flanged to each other in the middle of
the resonator, where the screening current on the cavity
surface vanishes for the modes at 400 and 1200MHz.
For the 800MHz mode the screening current has a
maximum at this position. Since the field is strongly con-
centrated around the rods in the middle of the resonator,
excitation and measurements at 800 MHz are not perturbed
by losses at this flange. They are so low that the system
remains strongly overcoupled at fields up to 40mT at
800MHz. The maximum field at the flange between the
upper and the lower can is only 0.53% of the maximum
field on the sample.

02 Cavity performance limiting mechanisms
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Surface Impedance

So far the Quadrupol e Resonator has been used with bulk
niobium and niobium on copper samples. A reactor grade
(RRR =2 50) bulk niobium sample was chemically etched
(BCP). Precautions were taken that the acid temperature
did not exceed 15°C to avoid higher surface resistance
caused by hydrides [15]. A niobium film was sputtered
with anormal incident angle to a copper substrate and first
tested in 1998. The sample was since then kept under nor-
mal air, before having been tested againin 2011. Both sam-
ples were rinsed with ultrapure water at ~ 5bar before be-
ing mounted to the Quadrupol e Resonator.

Material parameters are derived from least square BCS
fits to penetration depth measurements, similar to the ones
obtained for the sapphire loaded cavity displayed in Figure
7. The values derived for the Quadrupole Resonator sam-
ples are shown in Table 2. They could be better predicted
for the the niobium on copper sample. Here the uncertainty
in A)g is derived from the standard deviation from three
measurements at 400, 800, 1200 MHz. The bulk niobium
sample has a lower thermal conductivity than the niobium
on copper sample. The uncertainty in the temperature dis-
tribution on the sample and its effect on the obtained value
Ao give the higher uncertainty. The residua resistance
ratio RR R was calculated from the empiric relation

llnm] =2.7- RRR 11
while the Ginzburg Landau parameter « is derived from
[16],

AT 2¢/B)AMTD? - (1= (£)?)
o, m SoAL '

This expression is obtained from the fact that the BCS and
the Ginzburg Landau coherence lengths &y and g1, are
both correlated to the fluxoid quantum @ [ 17].

The derived parameters have been used to analyze data
of the surfaceresistance Rg of both samples. Figures9 and
10 display Rg for low field (<15 mT) in the temperature
range between 2 and 10.6 K.

Above T, =9.25K all curves areflat, because in the nor-
mal conducting regime the surface resistance only slightly
depends on temperature. In this temperature regime the

(12)

Table 2: Material parameters used for the data analyses of
the surface resistance and the critical field. Values are ob-
tained from least square BCSfits to penetration depth mea-
surements

Sample Ao [nm] RRR k (0K)

Bulk niobium 36-44 26-86  1.13-1.69
Niobiumon copper 64.7+0.7 7.6+0.3 3.65+0.08
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Figure 9: Surface resistance of a bulk niobium sample for
three frequencies at low field (<15 mT) as a function of
temperature. Inthe normal conducting regimeaboveT'. the
surface resistance was aso derived from 3 dB bandwidth
measurements.

surface resistance of the sample Rg can also be derived
from a non-calorimetric 3 dB bandwidth measurement. If
the sampleis normal conducting the coupling changesfrom
over to undercoupled and a precise measurement of R g by
the 3 dB bandwidth method is possible [10].

The residua resistance depends on frequency for both
samples. For the bulk niobium sample the residual re-
sistance scales identically to the BCS resistance approxi-
mately quadratically if an additional non frequency depen-
dent residual surface resistance of ~ 7 n(2 is assumed. For
the niobium on copper sample the scaling is smaller than
quadratic, indicating other |oss mechanisms.

Thefield dependency of the surfaceresistance, displayed
in Figure 11 for niobium and in Figure 12 for niobium
on copper aso gives a hint for different loss mechanisms.
While the niobium curves show a quadratic increase with
field, the Nb on Cu curves show an exponential increase
going into saturation for higher fields.

Data of the niobium sample consisting of 181 quadruples
(Rs, B, f, T) has been analyzed by a least squares fit to
a recently published model [18, 19, 20] in the following
referred to as” percolation model”. An error AR/ R of 4%
was assumed for &l data points.

All parameters derived from penetration depth measure-
ments, Table 2 were set constant. The percolation model
allows for an increasing surface resistance with field al-
ready for temperatures below the percolation temperature
T’. This effect is not found in the data. Thereforeit is as-
sumed to be negligible and this contribution is set to zero.
The residual, the BCS and the field dependent (nhon lin-
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Figure 10: Surface resistance of a niobium film on copper
sample for three frequencies at low field (<15 mT) as a
function of temperature.
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Figure 11: Surface resistance of a bulk niobium sample at
400 MHz for 2K (blue), 2.5K (green), 3K (orange), 4K
(magenta) and 4.5K (red). Solid curve: Fitting result from
percolation model [18]. Dashed curve: Fitting result as-
suming a quadratic factorization of the BCS resistance.

ear) resistance should all follow the same frequency depen-
dency and are thereforefitted to the same parameter k. Fur-
ther fit parameters are the penetration depths of the resid-
ual Ay and the non-linear resistance Ax, a purely ohmic
and thereforefield, frequency and temperatureindependent
contribution Ryres2 and the superconducting energy gap A.
In addition, the data has been analyzed using a simple
quadratic factorization of the BCS resistance instead of the
non-linear resistance from the percolation model

B 2
R = Rpcs <1+’}/<B—p> )

where B.=190mT is the thermodynamic critical field.
The derived fit parameters for both models can be found
in Table 3. Inthe Quadrupole Resonator thelocal R¢ onthe

(13)
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Figure 12: Surface resistance of a niobium on copper sam-
ple at 800 MHz for 2.1K (blue), 2.5K (green), 2.9K (or-
ange), 3.5K (magenta) and 4K (red).

sample is under-estimated from the average R by afactor
of 0.55. Thishasbeen included in the analyses, assuming a
quadratic increase of Rg with B whichiswell foundin the
data. A detailed description how to correlate the measured
value R toitslocal value can befound in [18].

The analyzed data of the niobium on copper sample
consisting of 157 quadruples (Rs, B, f, T) cannot be
reasonably fitted by one of the models used for the bulk
niobium data. Two effects need to be included: The expo-
nential increase can be explained by including losses from
interface tunnel exchange between the superconductor and
the adjacent oxides [21], while non quadratic losses can
be explained by hysteresis[22]. A detailed analysis of the
datawill be presented elsewhere [23].

Critical Field

Calorimetric systems not only enable to measure the sur-
face impedance of the samples attached. Also the critical
field under RF of the samples can be investigated. One can

Table 3: Parameters derived for least square fits to two dif-
ferent modelsfor the surface resistance

Parameter Percolation Quadratic Literature
Model Fit BCSfit value

T'[K] 2.06 - 2.015[18]

k 1.96 1.95 2[13]

Ay [nm] 7.2 79 -

Az [nm] 106.0 -

RRes2 [nQ] 7.25 7.21 -

A[K] 18.9 18.7 16-18[13]

v - 20.4 -

Quadruples

(Rs, B, f,T) 181 181

X2 213.6 192.6 -

02 Cavity performance limiting mechanisms
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Figure 13: Critical field under RF (short pulses). Left:
Niobium on copper sample. Right: Bulk niobium sample.
Solid line: Prediction from vortex line nucleation model.
Dashed line: Prediction from Ginzburg Landau model.

easily determine, without further diagnostics, if a quench
happened on the host cavity or on the sample, simply by
measuring the sample temperature the moment the quench
occurres. If the temperature rises above T'. the quench was
on the sample, otherwise it must have been on the host cav-
ity.

The critical field under RF exposure has been investi-
gated using pulses just long enough that the stored energy
in the cavity reaches steady state (pulse length =~ 2 ms) and
in continuous wave (CW) operation. Different field levels
and dependencies on frequency have been found.

If short pulses are used the critical field is found to be
independent on frequency. Critical fields above the ther-
modynamic critical B. have been measured [24, 25, 26].
The results are explained by a superheating field Hg, ei-
ther derived from Ginzburg-Landau-Theory [27, 28] or by
a thermodynamic energy balance [29, 30, 31].

For the data analysis the vortex line nucleation model
(VLNM) [31] and the approximate formulas from [28] in
thefollowing named ” Ginzburg Landau model” (GLM) are
used. For both models H;, depends on the Ginzburg Lan-
dau parameter x. Itsvalueis calculated from equation 12,
with A\(7T, 1) derived from measurement and £, = 39 nm and
Ar, =32nm taken from literature [13].

For high values of x the GLM predicts H;, higher than
the VLNM. Thisisthe case for the niobium on copper sam-
ple. For the bulk Nb sample Hyy, is predicted to be higher
for the VLNM. For both samples the lower limitation is
met. Thereforeit is possible that both mechanisms set lim-
its to the maximum field under RF in superconducting cav-
ities, see Figure 13.

To measure the critical field in CW, first B, is set to a
fixed level. Then the sample temperature is slowly raised
until the quench occurs. Usually a sudden temperature
raise above T is observed the moment the quench occurs.

The quench field is found to scale with frequency like
B, o f70-46%0-13 'sea Figure 14. Thiscannot be explained
by a commonly used model based on a normal conducting
defect surrounded by the superconductor . This model pre-
dicts B, o« f7925 [1]. Thefactthat B, vs. 1-(T./T)?
givesasdtraight lineisan indication that afield limitation is
found. The fields are limited to lower values compared to
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Figure 14: Quench field in CW measured at 1200 (red
squares) and 400 MHz (blue squares). Top left: Usually a
sudden temperature raise above T is observed the moment
the quench occurs.

pulsed operation. This can be explained by a local defect
heating its surrounding area. When the temperature in the
vicinity of the defect exceeds the field dependent critical
temperature the quench occurs.

SUMMARY AND OUTLOOK

Currently there are three calorimetric systems for the RF
characterization of superconducting samplesin use. Two of
them, the TE11/TEq12 cavity from IPN Orsay/CEA Saclay
and the sapphire loaded cavity from JLAB have been re-
cently commissioned, while the third one, the Quadrupole
Resonator, has been recently refurbished.

All systems are equipped with high resolution tempera-
ture sensors (= 0.1 mK), enabling them to detect a heating
corresponding to Rs ~ 1n{} at B, = 5mT, see Table 4.
The highest field on sample B, has been achieved by the
Quadrupol e Resonator, limited by a quench at 60mT. The
sapphire loaded cavity is currently limited by the available
amplifier power, while TEy11/TEy1o cavity has achieved
fields up to 40 mT in the past.

So far hone of the three systems has been used for mea-
surements of materials other than niobium. The results on
the niobium samples prove the capability of the calorimet-
ric method and the three devices. The cavities are now
commissioned and ready for measurements of new mate-
rials like NbsSn, Mg,B [32] or multilayers [33] of super-
conducting and insulating layers.

To reveal the intrinsic properties of the samples under
test, it is necessary to correlate the RF measurements to
surface analyses measurements. This will be done for the
samples tested by the Quadrupole Resonator in the future.

The high precision of the calorimetric method has re-
cently gained much attention and further instruments are
currently under development in several laboratories.
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Table 4: Overview of calorimetric systems for the RF char-
acterization of superconducting sample currently in use.

TEp11/ Sepphire Quadrupole
TEp12 loaded Resonator
cavity cavity
f[GHZ] 4.0/5.6 75 0.4/0.8/1.2
Sample
diameter [cm] 12 5 75
Max. field
obtained on
sample B, [mT] 40 14 60
Resolution at
B,=5mT [nQ] 143 12 0.44
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