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Abstract

At CERN a compact Quadrupole Resonator has been developed for the RF characterization of
superconducting samples at different frequencies. In this paper, results from measurements on
bulk niobium and niobium filmon copper substrate samples are presented. We show how
different contributions to the surface resistance depend on temperature, applied RF magnetic
field and frequency. Furthermore, measurements of the maximum RF magnetic field as a
function of temperature and frequency in pulsed and CW operation are presented. The study is
accompanied by measurements of the surface properties of the samples by various techniques.
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Abstract

At CERN a compact Quadrupole Resonator has been
developed for the RF characterization of superconducting
samples at different frequencies. In this paper, resuis fr
measurements on bulk niobium and niobium film on copper
substrate samples are presented. We show how different 600F {
contributions to the surface resistance depend on temper- 00k ig j?:;?:-;—
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as a function of temperature and frequency in pulsed and o 5 10 15 20 25 30

CW operation are presented. The study is accompanied by BImT]

measurements of the surface properties of the samples by

various techniques. Figure 1. Surface resistance at 400 MHz (2.5K (blue),

4K (magenta)) and 800 MHz (2.5K (black), 4K (red))
of a micrometer thin niobium film sputtered on top of a
INTRODUCTION copper substrate. The lines show predictions from a least

The surface resistancis of superconducting cavities squares multiparameter fit to a data set comprising 209 val-

can be obtained by measuring the unloaded quality factHFSRS(B’ £,71).
Qo [1],
Rs= 2 1
5= o 1) SURFACE |MPEDANCE

where G is the geometry factor of the cavity, dependent ) . ,
only on the cavity shape and not on its size or matefil. In this paper results on bulk niobium and on a microm-

can therefore be accurately obtained by a numerical simter thin niobium film sputtered on top of a copper sub-
lation. The surface resistand® may vary strongly over strate are presented. The reactor grade (RRR 50) bulk nio-

the cavity surface and the value obtained is the average PlUm sample was prepared by buffered chemical polishing
over the whole surface [1]. A convenient way to invesﬂja’cp)- Precautions were tgken that the acid temperature
tigate the surface resistance of superconducting mageri&lid not exceed 15C to avoid a larger surface resistance
is to examine small samples, because they can be manuf§at'séd by hydrides [7]. The second sample is a niobium
tured cheaply, duplicated easily and used for further serfa fillm DC magnetron sputtered with a normal incident an-
analyses. An overview of different systems for the RF chafl€ On t0 a copper substrate. This sample was first tested
acterization can be found in [2]. Measurements with a higlf 1998, then kept under normal air and retested in 2011.
precision can be performed using an RF-DC compensatiGPth samples were rinsed with ultrapure wateret bar
technique [3]. One of the devices exploiting this techniqu@€fore being mounted in the Quadrupole Resonator.
is a four-wire transmission line half-wave resonator using The residual resistance of the bulk niobium sample
a TE;-like mode, called the Quadrupole Resonator. scales quadratically and therefore identically as the BCS
The resonator was originally designed to measure thresistance with frequency. The field dependent surface re-
surface resistance of niobium film samples at 400 MHzistance can best be fitted by a quadratic increase of the
the technology and RF frequency chosen for the LHC @&CS resistance with applied magnetic field [3].
CERN. The device was used to measure the surface reSiStq, the niobium on copper sample the scaling of the

tancelat 420 Mlgz Offbull)k, r;:og"ﬂmz‘gg% niobium gn ri:()‘:":’et?esidual resistance with frequency is linear, indicatitigeo
samples [4, 5, 6], geogr 'Sd 520'8 MH todexten bt ehme%ss mechanisms. The field dependency of the surface re-
§ur|efm|e;nt ][arr:ge to : an Zandto probe the Crifiiance s also different. An exponential increase going
ical field of the samples. into saturation for higher fields is found, see Figure 1. Lo-
*Work supported by the German Doctoral Students program of th_gallzed states in NiD; a_HOW tunneling O_f nor_mal electrons
Federal Ministry of Education and Research (BMBF) in the superconductor, if the energy gained is larger than th
f tobias.junginger@cern.ch energy gapA. This tunneling model can explain the field




dependent surface resistangé€ observed: %
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with ¢ = 2kAe,/eS. Wherex = (1.6-5.3) nm is the decay E zz
=]

constant of the wave function into NOs, €, = 10-15 the
relative dielectric constant of N5, R%), the electrical
surface resistance at 400 MHzthe elementary charge and
8 the static field enhancement factor [8, 9, 10].

The electrical fieldZ on the Quadrupole Resonator o ol o 0 o4 os 06
sample surface scales linearly with frequency for a given 1-(T/T,)?
magnetic fieldB, as required by the law of induction as

applied to the geometry in between the crooked endingjgre 2: Quench field of a bulk niobium sample at 400
of the rods and the sample. For a peak magnetic fie{daq) and 1200 MHz (black). The field was measured using
B,=10mT, the peak electric field 18, =0.35(0.70)MV/Im  ghqrt puises (dots) and in CW operation (squares). After

for 400(800) MHz, respectively. These values are small, aqgitional chemical etching the values obtained in CW
compared taok,-field levels on elliptical cavities, but the jreased significantly (triangles).

area of high electric field is larger. In elliptical cavititee

surfaceF field is mainly concentrated around the iris of

the cavity, in the Quadrupole Resonator it is approximatelgnergetically favorable at a field level below the Ginsburg

spread over the same area on the sample surface as the mamdau prediction. The field levels found can be explained

netic field. The fact that the mean valuesiyfc../Bmean by the vortex line nucleation model (VLNM) based on a

for elliptical cavities and the Quadrupole Resonator arthermodynamic energy balance [14, 15]. A detailed analy-

comparable is a valuable asset for the latter if real accedis is presented in [3].

erator cavity surfaces are to be studied. When measured in CW the quench field becomes depen-
Figure 1 shows a small part of the data analyzed comlent on frequency and surface properties. In early tests the

sisting of 209 valuesis(B, f,T). The lines show the re- bulk niobium sample quenched at low field levels due to

sult from a least squares multiparameter fit to the whola local defect. A second etching (BCP 1) yielded

data set. Three parameters desctit{é3) via the tunnel- higher field levels, still below the values found for short

ing model: 3=40-200, E4=0.9 MV/m andR,,=601r2. pulses, see Figure 2. The fact tiatvs. 1{7../T)? gives a

The parameteA=16.4 K mainly accounts for the tempera-straight line is an indication that an intrinsic supercaortelu

ture dependence via the BCS resistance. The residual resisg field limitation is found for all curves. For the CW mea-

tance at 400 MHzR, s 400=268 12 was derived assuming surements this can be explained by a local defect heating its

a linear relation between residual resistance and frequensurrounding area. When the temperature in the vicinity of

as found in the data and in previous publications on sputtéie defect exceeds the field dependent critical temperature

coated niobium films [11]. An uncertainx R/R=10% the quench occurs.

for each value ofR was assumed, mainly accounting for

errors from calibration and non-linearity of the field mea- SURFACE ANALYSES

surement giving a2=190 for the 209 values. Values for

1200 MHz were not included in the analysis due to limited The samples have first been analyzed using a light micro-

available amplifier power at this frequency. scope. The niobium on copper sample is found to comprise
substructures and holes of several tensuof on the film,
CRITICAL FIELD see Figure 3. On the right side of Figure 3 one can clearly

see grain boundaries on the bulk niobium sample. The

The critical field under RF exposure has been investdiameter of the Quadrupole Resonator samples is 75 mm.
gated using pulses just long enough that the stored energljis size is too large for most surface analysis systems. A
in the cavity reaches steady state (pulse lergms), and technique allowing contactless profile and surface rough-
in continuous wave (CW) operation. ness measurements of the whole samples is white light in-

When short pulses are used the critical field is found tterferometry. The bulk niobium sample surface was found
be independent of frequency. For the bulk niobium sante be rougher than the Nb on Cu surface. Typical values for
ple the critical field under RF exceeds the thermodynamitie average and rms roughnésg R, are 200(300) nm for
critical field B, of the material. The value found can bethe niobium on copper and 900(1100) nm for the bulk nio-
understood by a superheating field which can be calculat®ilim sample over an area of 3¥2234um. In the vicinity
from Ginzburg-Landau theory [12, 13]. For the niobiumof grain boundaries the roughness of the bulk niobium sam-
on copper sample the critical RF field is lower thBa.  ple may be even higher. At an interface between three grain
The sample has a low mean free path and therefore a higbundariesk,/R,=3130(4100) nm was measured. Figure
Ginzburg-Landau parameter. Therefore flux entry becomdsshows a 3D image of this surface area.
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Figure 3: Micrographs of the sample surface of a microme-
ter thin niobium film sputtered on top of a copper substrate
(left) and a bulk niobium (right) sample. [4]
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Figure 4: Surface profile of a bulk niobium sample in the [8]
vicinity of a boundary between three grains obtained from 9
white light interferometry. The surface area displayed is[ ]
312 x 234um.
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SUMMARY AND OUTLOOK

Results from RF measurements and contactless surface
analysis on a bulk niobium and a niobium film on a coppe‘rﬂ]
substrate sample have been presented. The 75 mm diameter
samples have now been cut into smaller pieces for further
surface analysis (AFM, UFM and XPS). The Quadrupole
Resonator will be used for other materials than niobium

such as NpSn, Mg,B [16] or multilayers [17] of super- [12]
conducting and insulating layers in the future.
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