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Abstract = B

A calorimetric technique enables precise measurements max
of the surface resistandgs of superconducting samples. — |
One of the devices exploiting this technique at multiple fre
guencies is the 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
a function of temperature and frequency in pulsed and CW
operation are presented.
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INTRODUCTION ) e
_ _ ~ Figure 1: False color plot of the surface magnetic fi|d
The surface resistancks of superconducting cavities in a cylindrical pillbox cavity excited in the T, mode.
can be obtained by measuring the unloaded quality factor

Qo,

G technique sample, cavity and bath temperature are always
Qo' (1) identical. Therefore for these systems cavity design aims

for a high magnetic field level on the sample compared to

where G is the geometry factor of the cavity, dependen{he cavity. An overview of different cavity geometries can
only on the cavity shape and not on its size or matefial. be found in [2]

can therefore be accurately obtained by a humerical simu- In a calorimetric system the sample and host cavity tem-

Itﬁ:()nél zso?tzyn\é?jry jrr]o:ggaozeg tgftﬁzv'tgoslgrfa?; :; erature are controlled independently. A DC heater (resis-
val : IS Verage ov w su [ r) and at least one temperature sensor are attached to the

A Tore_?rc]) nvemer;)t way cc;ns;sts gf m:jnzstlglgtn:g ds”:?l ackside of the sample, allowing to control its temperature
sampies. They can be manulactured and duplicated & OWCurrently there are three calorimetric systems for the RF

cost. RF cavities excited in the i mode with a sam- Cr]aracterization of superconducting samples in use.
ple attached as the cover plate are often used for materia

characterization. The T mode is chosen, due to its e A cylindrical TEy;1/TEq;2 cavity enabling measure-
convenient field configuration, i.e. no magnetic field and  ments at 4 and 5.6 GHz has been developed in collab-
therefore no RF currents across the joint, where the de- oration between CEA Saclay and IPN Orsay [3, 4].
mountable end plate sample is attached to the cavity and Recently a modified version has been constructed and
a vanishing electrical field over the whole cavity surface,  commissioned [5].

helping to avoid multipacting, see Figure 1. _

There are two techniques to derive the surface resistance® At Jefferson Laboratory (JLAB) a sapphire loaded
of the attached sample. The first one is the end-plate re- TEon cavity for measurements at 7.5GHz has been
placement technique. It requires a reference sample of recently commissioned [6].
knoyvn sgrface resistande;. After the quality factor of the « The Quadrupole Resonator at CERN is the only sys-
cavity with the reference sample attached has been mea- ; : . .

tem running at frequencies of interest concerning ac-

sured the reference sample can be exchanged by another C ;

. celerator applications. It has been used since more
sample of unknown surface resistance. From the change
. . than ten years [7, 8, 9] and has been recently refur-
in Q-value the surface resistance of the sample can be de- .
. ; bished for measurements at 400, 800 and 1200 MHz
rived. For systems relying on the end-plate replacement 2]
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Federal Ministry of Education and Research (BMBF) The calorimetric technique applied by these three sys-

T tobias.junginger@cern.ch tems is explained in the following section. Afterwards a

Rg =




Temperature Power A constant ¢ relating the peak magnetic field on the sam-

Temperatwe__ | _ ple surfaceB,, to its integrated value over the sample sur-
of Interest / face can be introduced and calculated numerically for a
given mode
Batt Q? Bg 5
atn =
Temperature_> S F—-—-—--- - - - “ f B2d4S” ( )
Q.,D : g" Sample
| = _ To derive B, from an RF measurement a second con-
1DC on YREon | time[s] sant g, relating B2 to the stored energy in the cavityis
s “—20< introduced. Its value must also be calculated numerically,
32
Figure 2: In a calorimetric system the surface resistance of C2 = Fp (6)
a superconducting sample is derived from a DC measure-
ment. The loaded quality factop)y, of a cavity equals
. . . . WU
short description of each device and the results obtained by QL= P WwT, (7)

them are given.

where the loaded powd?,, is the power dissipated in the
THE CALORIMETRIC TECHNIQUE cavity and radiated into the couplers, whilés the corre-
sponding decay time. Inserting (6) in (7) yields
Compared to the end-plate replacement technique, the

calor_imetric technique has the advantage of high sertyitivi B, = /coTPL. (8)

and independence of a reference sample. The drawbacks

are a usually more complicated design and the fact that theFor the Quadrupole Resonator the constantard ¢

measurement temperature always needs to be higher theare derived by two different computer codes, (see Table

the bath temperature. 1), based on the finite integral (CST Microwave St#ljo
A calorimetric measurement consists of two steps, seand the finite element method (Ansoft HFSS The values
Figure 2: agree within 6 %.

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

(Poc1 — Poc2)
CQTPL ’

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

Rs = 2u(2)c1 9)
2. The RF is switched on and the current applied to thg, case non critical coupling is choséh must be derived
resistor is lowered to keep the sample temperature af@m the forward and the reflected powé?; @nd P,):
the total power dissipated constant.

The power dissipated by RPxr is the difference be- Pu=205 VI x I,
tween the DC power applied without RP,; and the DC
power applied with RFPpc2. Prr is directly related to
the surface resistandes of the sample and the magnetic
field on the sample surfade,

(10)

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 Quadrupole Resonator uses a fixed coupling instead.
1 9 The device is equipped with two strongly overcoupled an-
Prr = Ppci — Ppez = 212 /RSB ds. ) tennas (coupling factor 100 each). The resonator acts
Sample like a narrow band filter. Only a small, negligible amount

AssumingRs to be constant over the sample surface are%f_ the power coupled in is dissipated in the resonator walls.

and independent g8, equation (2) simplifies to ince the coupling geometries of the input and the output

1
Prr = Ppc1 — Ppca = ﬁRs /BQdS, €))

5 Table 1: Field parameters of the Quadrupole Resonator cal-

Sample culated with CST Microwave Studio/Ansoft HESS
which can be rearranged to yield an expression for the sur- f[MHz] c1[1/m?] Co [T2/J]
face resistance:

) 399.6/399.4  14.08/14.31 0.105/0.104
Re = 2HoPoo1 = Pooa) (@) 803.1/803.2  14.03/14.88 0.105/0.105

[ B2dS

Sample

1211.1/1208.8 15.69/15.40 0.121/0.116
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Figure 3: Experimental set-up of the JiE/TEy;> cav-
ity (1=cylindrical cavity, 2=static heater, 3=thermonrste
4=vacuum insulation jacket, 5=calibrated thermal sens
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antenna to the resonator are identical, the coupling fastor Figure 4: Top:Surface resistance of niobium on copper
seen from the input coupler j$=1 (critical coupling, no Samples as a function of the applied magnetic fielchea-
power is reflected). The assumption that the input powd&tred at 4 GHz. Bottom: Micrographs of the sample sub-
equals the output power can be made yieldihg= P,, Strates. Acorrelation between substrate roughnesspisid
whereP; andP, are the forward and the transmitted powerfesistance and resistance increase with applied field can be
This allows to make the approximatidh, = 2P; = 2pP,. made [3].

To derive Py, it is therefore possible to measure only the
transmitted power at a third sufficiently weakly coupled an-

tenna The cavity has been used for systematic studies of the

. . . . surface resistance of sputtered niobium on copper samples.

The dlsadvantage_ of this setup is th@ the qua_llty Substrates of different roughness have been investigated.

fact<_)r of the cav_|ty itself can not _be measured d|r_ectIyA correlation between surface roughness and surface resis-

A direct comparison of the calorimetric results with at&?nce could be made, see Figure 4. The residual resistance
f

non cannmgtnc RF measurement can.only be made the thin film samples was found to scale linear with fre-
the sample is quenched and the coupling changes fro

(ﬁﬁency [3].
strongly overcoupled to strongly undercoupled [10]. Recently a modified cavity based on the same geometry

has been developed for further thin film studies [5].

TEp11/TEp12 CAVITY FROM IPN SAPPHIRE LOADED CAVITY FROM
ORSAY/CEA SACLAY JEFFERSON LABORATORY

The TEy;1/TEo:2 cavity from IPN Orsay/CEA Saclayis  The sapphire loaded cavity was designed to measure
a cylindrical niobium cavity designed for measurements ahe SRF properties of samples sufficiently small to be ac-
the surface resistance of superconducting Nb and NbTidbmmodated in commercial surface characterization in-
thin films sputtered on removable copper disks. struments, surface treatment facilities and laborat@sebl

The goal was to develop a system with improved acctuthin film deposition equipment.
racy, especially at 4 K, compared to a cylindrical niobium Placing a sapphire rod in the middle of a cylindrical cav-
cavity, which used the end-plate replacement technique, rigy lowers the resonant frequency, allowing to install sam-
lying on a reference sample. It gave a resolution of aboyiles of 50 mm diameter as end plate in a 7.5 GHz cavity,
+1000 M at 4 K. see Figure 5.

The developed calorimetric system consists of a cylindri- Being designed for thin film studies of new materials,
cal cavity and a thermometric part. The thermometric paguch as MgB or Nb;Sn the cavity has been commissioned
is located in a vacuum insulation jacket, where a dismountvith a bulk niobium sample brazed on to a copper substrate
able assembly with a static heater and 24 thermometers[&.
installed, see Figure 3 [4].
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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 BCS fit [6].

Figure 5: SIC system overview. A. Sapphire rod, B. Nio-
bium cavity body, C. RF coupler, D. Tk cavity, E. Choke

joint, F. Sample on copper support plate, G. Stainless ster 120
thermal insulator, H. Copper ring, |I. RF leakage pickup
coupler, J. Heater, K. Thermal sensor, L. Port for vacuun

140 -

100 i
/

and wires. (Vacuum port of the cavity is not shown) [6]. E'BO /
=< 60
S
Figures 6 and 7 depict the surface resistaRgeand the 40 /
change in RF penetration dept as a function of sample - /

temperaturd’. /
Material parameters of the sample were derived by ¢ 0 : ‘

least squares multi-parameter fit to BCS theory [11, - 7 TIK] 8 9 10
12]. For a fixed critical temperaturé.=9.26 K, the fit-
ting parametersa\ /kT. =1.842, London penetration depth
AL =36.1nm, BCS coherence leng¢h=32.7 nm, mean
free path! =256 nm, penetration depth at OX§ =45.3nm
and a residual resistanég; = 1.54.) were derived [6].
These parameters are consistent with theory and other

measurements [13] and demonstrate the capability of hxerent frequencies and also the critical field of the sam-
sapphire loaded cavity. Note that the parameters Web?es has been investigated.

obtained by one least squares fit to the complete data Sthn the Quadrupole Resonator the cover plate of a cylinder

containing the surface resistanég and the change in s .
penetration depti )\, attached tp the cawty ina poaxml_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 especially at the end
QUADRUPOL E RESONATOR FROM flange and joint of the sample cylinder is negligible. This
CERN is true for all excitable Tk -like modes up to 2.0 GHz
[14]. In principal 5 modes could be excited and used for
The Quadrupole Resonator is a four-wire transmissioRF measurements. At CERN equipment for 400, 800 and
line half-wave resonator using a Tflike mode. 1200 MHz is available. Note that RF equipment like am-
The resonator was originally designed to measure tt@ifiers or circulators is usually narrow band. To perform
surface resistance of niobium film samples at 400 MHZgsts at the three frequencies two different pre-amplifiers
which are the technology and RF frequency chosen for tiieach 5 W, one covering the range up to 500 MHz, the other
LHC at CERN. The device was used to measure the susne the range between 700 and 2200 MHz) and three dif-
face resistance at 400 MHz of bulk niobium and niobiunderent main amplifiers (500 W for 400 MHz and 200 W for
on copper samples around 10 years ago [7, 8, 9]. It has be@®0 MHz and 1200 MHz) are used. For each frequency a
refurbished in 2008 and since then used for samples of tldedicated circulator is needed. The rest of the used RF
same material. The measurement range was extended tedliipment covers the whole frequency range.

Figure 7: Penetration depth change versus sample tempera-
ture for a bulk niobium sample brazed to a copper substrate.
The line shows the BCS fit [6].



TO PUMPING INPUT PROBE PORT
(Output not shown)

Surface Impedance

So far the Quadrupole Resonator has been used with bulk
niobium and niobium on copper samples. A reactor grade
(RRR=50) bulk niobium sample was chemically etched
(BCP). Precautions were taken that the acid temperature
did not exceed 15C to avoid higher surface resistance
RESONATOR caused by hydrides [15]. A niobium film was sputtered

with a normal 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 again in 2011. Both sam-
ples were rinsed with ultrapure water=ats bar before be-

1
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oaRT 2 RESONATOR ing mounted to the Quadrupole Resonator.

o Material parameters are derived from least square BCS
N NN fits to penetration depth measurements, similar to the ones

i i obtained for the sapphire loaded cavity displayed in Figure
- \ N GAP (1mm) 7. The values derived for the Quadrupole Resonator sam-
‘i ;gw/% SuicoNDIODE ples are shc?wq in Table 2. They could be better prediqted

o HeATER for the the niobium on copper sample. Here the uncertainty

NoBUM e i s A in A\ is derived from the standard deviation from three
| | il measurements at 400, 800, 1200 MHz. The bulk niobium

= i i T acuumport sample has a lower thermal conductivity than the niobium
aameen | ———F I : on copper sample. The uncertainty in the temperature dis-
B! j:EP tribution on the sample and its effect on the obtained value

50 MM INSTRUMENTATION ANy give the hlgher UnCertainty. The residual resistance

FEEDTHROUGH

ratio RRR was calculated from the empiric relation

Figure 8: Layout of the niobium Quadrupole Resonator llnm] =2.7- RRR (11)
with mounted sample cylinder and a thermometry cham- _ . )
ber housing a DC heater (resistor) and temperature senst%"e the Ginzburg Landau parameteris derived from

AT 2/ AT D? - (1— (%)2)'

§aL T SoAL (12)

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 samThis expression is obtained from the fact that the BCS and
ple, while two of them are pressed by a piston to the innghe Ginzburg Landau coherence lengthisand g, are
wall of the sample cylinder. These two diodes are therefotgoth correlated to the fluxoid quantubg[17].
at a position of lower temperature. This allows to derive The derived parameters have been used to analyze data
the thermal conductivity if sample and sample cylinder aref the surface resistand®; of both samples. Figures 9 and
made of the same material [2]. 10 displayRg for low field (<15 mT) in the temperature

The host cavity consists of two 2mm thick niobium'@nd€ between 2 and 10.6 K.

cans for convenient handling and cleaning of the device. AboveTC:_9.25 Kall curves are flat, k_)ecause n the_nor-
These cans are flanged to each other in the middle mal conducting regime the surface resistance only slightly

the resonator, where the screening current on the cavityyPends on temperature. In this temperature regime the

surface vanishes for the modes at 400 and 1200 MHz.

For the 800MHz mode the screening current has a

maximum at this position. Since the field is strongly conTable 2: Material parameters used for the data analyses of
centrated around the rods in the middle of the resonatdhe surface resistance and the critical field. Values are ob-
excitation and measurements at 800 MHz are not perturb&ined from least square BCS fits to penetration depth mea-
by losses at this flange. They are so low that the systegurements.

remains strongly overcoupled at fields up to 40mT at Sample Ao [nmM] RRR Kk (0K)

800 MHz. The maximum field at the flange between thée Bulk niobium 36-44 26-86 1.13-1.69

upper and the lower can is only 0.53 % of the maximum Niobium on copper 6420.7 7.6:0.3 3.65-0.08
field on the sample. . -arU. . .
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Figure 10: Surface resistance of a niobium film on copper
T/T sample for three frequencies at low field 15 mT) as a
function of temperature.
Figure 9: Surface resistance of a bulk niobium sample for
three frequencies at low fieldcl5 mT) as a function of 190
temperature. In the normal conducting regime abifivihe [
surface resistance was also derived from 3 dB bandwid 80
measurements.

surface resistance of the samg can also be derived
from a non-calorimetric 3 dB bandwidth measurement. | I o—® ]
' i i | _e e o0 ooee0 o 00 0 U
the sample is normal conducting the coupling changes fro 20k - )—@- -
. S Bn B 2 an an 2
over to undercoupled and a precise measuremeRdiy i ]
the 3 dB bandwidth method is possible [10]. ol e

The residual resistance depends on frequency for ba 0 10 20 30 40 50
samples. For the bulk niobium sample the residual re B [mT]
sistance scales identically to the BCS resistance approxi-

mately quadratically if an additional non frequency depengigyre 11: Surface resistance of a bulk niobium sample at
dent residual surface resistance~of nQ} is assumed. For 400 MHz for 2K (blue), 2.5K (green), 3K (orange), 4K
the niobium on copper sample the scaling is smaller thafhagenta) and 4.5K (red). Solid curve: Fitting result from
quadratic, indicating other loss mechanisms. percolation model [18]. Dashed curve: Fitting result as-

The field dependency of the surface resistance, displaygdming a quadratic factorization of the BCS resistance.
in Figure 11 for niobium and in Figure 12 for niobium

on copper also gives a hint for different loss mechanisms. .

While the niobium curves show a quadratic increase witfa") resistance should all follow the same frequency depen-
field, the Nb on Cu curves show an exponential increaiEncy and are therefore fitted to the same parantefenr-
going into saturation for higher fields. ther fit parameters are the penetration depths of the resid-

Data of the niobium sample consisting of 181 quadruple%aI Ay and the non-linear resistancer, a purely ohmic

. and therefore field, frequency and temperature independent
(Rs, B, f, T) has been analyzed by a least squares fit {gna there .
a recently published model [18, 19, 20] in the foIIowingcont”bUtlonRReSQ and the superconducting energy gap

referred to as "percolation model”. An errarR/ R of 4% In addition, the data has been analyzed using a simple
was assumed for all data points ' quadratic factorization of the BCS resistance insteadef th

. . non-linear resistance from the percolation model
All parameters derived from penetration depth measure-

ments, Table 2 were set constant. The percolation model 2

allows for an increasing surface resistance with field al- R = Rpcs (1 +7 (;) ) (13)
ready for temperatures below the percolation temperature ¢

T'. This effect is not found in the data. Therefore it is aswhereB.=190 mT is the thermodynamic critical field.
sumed to be negligible and this contribution is set to zero. The derived fit parameters for both models can be found
The residual, the BCS and the field dependent (non lina Table 3. In the Quadrupole Resonator the Id@abn the
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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- easily determine, without further diagnostics, if a quench

ange), 3.5K (magenta) and 4K (red). happened on the host cavity or on the sample, simply by
measuring the sample temperature the moment the quench

occurres. If the temperature rises ab@vehe quench was
sample is under-estimated from the aver&geby a factor on the sample, otherwise it must have been on the host cav-
of 0.55. This has been included in the analyses, assumingtya
guadratic increase dig with B which is well found in the The critical field under RF exposure has been investi-
data. A detailed description how to correlate the measureghted using pulses just long enough that the stored energy
value Ry to its local value can be found in [18]. in the cavity reaches steady state (pulse lergthms) and
The analyzed data of the niobium on copper sampli& continuous wave (CW) operation. Different field levels
consisting of 157 quadruplesk§, B, f, T) cannot be and dependencies on frequency have been found.
reasonably fitted by one of the models used for the bulk If short pulses are used the critical field is found to be
niobium data. Two effects need to be included: The expandependent on frequency. Critical fields above the ther-
nential increase can be explained by including losses fromodynamic criticalB, have been measured [24, 25, 26].
interface tunnel exchange between the superconductor aflle results are explained by a superheating fiélgd ei-
the adjacent oxides [21], while non quadratic losses caher derived from Ginzburg-Landau-Theory [27, 28] or by
be explained by hysteresis [22]. A detailed analysis of tha thermodynamic energy balance [29, 30, 31].
data will be presented elsewhere [23]. For the data analysis the vortex line nucleation model
(VLNM) [31] and the approximate formulas from [28] in
the following named "Ginzburg Landau model” (GLM) are
Critical Field used. For both modelEy;, depends on the Ginzburg Lan-
. ) dau parametet. Its value is calculated from equation 12,
Calorimetric systems not only enable to measure the sygjip (T, 1) derived from measurement ag¢l= 39 nm and
face impedance of the samples attached. Also the criticg] =32 nm taken from literature [13].
field under RF of the samples can be investigated. One cang, high values of; the GLM predictsH,, higher than
the VLNM. This is the case for the niobium on copper sam-
ple. For the bulk Nb samplél, is predicted to be higher
Table 3: Parameters derived for least square fits to two difer the VLNM. For both samples the lower limitation is

ferent models for the surface resistance. met. Therefore it is possible that both mechanisms set lim-
Parameter Percolation Quadratic Literature its to the maximum field under RF in superconducting cav-
Model Fit BCS fit value ities, see Figure 13.

To measure the critical field in CW, firg®,, is set to a

U
;;F 1 21%% 1_95 2'021 ?1[31]8] fixe_d level. Then the sample temperature is slowly raised
Ay[nm] 7'2 7'9 ) un_tll the quer_lch occurs. Usually a sudden temperature
Az [nm] 106 0 raise abovd is Qbsgrved the moment the quench occurs.
Rpes2 [NQ] 7 2'5 7921 ) The quench field is fpund to sca_le with frequency_hke
A [FZ] 18.9 18.7 16-18 [13] B, o« f~046+0-13 see Figure 14. This cannot be explained
v . 20'4 ) by a commonly used model based on a normal conducting
Quadruples ' defect surrounded by the superconductor . This model pre-
(Rs, B, f,T) 181 181 dicts B, o _f‘o-_25 [1]. The fact thatB,, vs. 1(_TC_/T)_2
% 213.6 192 6 ) gives a straight line is an indication that a field limitatisn

found. The fields are limited to lower values compared to




Table 4: Overview of calorimetric systems for the RF char-
acterization of superconducting sample currently in use.

TEp11/ Sapphire  Quadrupole

= TEo12 loaded Resonator
£ 30 cavity cavity
= 20 f[GHZz] 4.0/5.6 7.5 0.4/0.8/1.2
Sample
10 diameter [cm] 12 5 7.5
| Max. field
0:)‘ 0.1 0.2 0.3 0.4 0.5 0.6 obtained on
1-(T/T)? sampIeB1D [mT] 40 14 60
Resolution at
B,=5mT [n] 1.43 1.2 0.44

Figure 14: Quench field in CW measured at 1200 (red
squares) and 400 MHz (blue squares). Top left: Usually a

sudden temperature raise ab@vds observed the moment

the quench occurs. ACKNOWLEDGMENT
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