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Abstract—Identifying the loss mechanisms of niobium cavities
enables an accurate determination of applications for future .
accelerator projects and points to research topics required to T
mitigate current limitations. For several cavities an increasing NS
surface resistance above a threshold field, saturating at higher } ______ I
field has been observed. Measurements on samples give evidence scNb  xfo Nbodde  x=d
that this effect is caused by the surface electric field. The @ T -
measured temperature and frequency dependence is consistent [heloclizdsatedosetothe | f_ | e feeee
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| INTRODUCTION Fig. 1. Current flow (red arrows) and voltage gain (black ws)pfor (a)
Superconducting cavities made of niobium are nowadagdocalized state on top of the niobium-oxide layer and (bgeldo the
routinely reaching surface resistanc&s as low as a few niobium/niobium-oxide interface (x - distance from niobiumklium-oxide
. .interface,A - energy gap of the sc niobiunjr - Fermi level, ,Ey - Valence
nQ2 at surface magnetic fields above 100mT correspondiBghg of the niobium oxideFc - conduction band of niobium oxide, d -
to peak electric fields of over 50 MV/m, some performinghickness of niobium oxide layer). The RF field E lifts the opied localized
close to the theoretical limit of the materiall]{ Nevertheless States abovere+A, from where they tunnel back into the sc niobium and
. . . dissipate the energy gained.
many open questions concerning the field dependendesof

exist. Especially in the medium field region between a few
and about 100mT differently prepared cavities show differenq/0r NbQ). This exchange is caused by the surface electric

field dependencies. Some cavities exhibit an increasimgesofig|q 1 penetrating only the oxide and not the superconductor,
a decreasing surface resistance. Especially cavitieapdby allowing for an exchange of electrons with gained energy

coating a micrometer thick niobium film on a copper substraie 5 current) by quantum mechanical tunneling between th
exhibit a strong increase dts with field. This paper focuses nigpium and its oxide (Fig. 1). Here we follow Halbrittef][

on cavities which show an increasirgs with field. and take it as given that (i) the RF period is much shorter
compared to the relaxation time of the occupied states in the

Il. ELECTRICAL LOSSES FROM INTERFACE TUNNEL oxide, (i) the tunneling process is instantaneous, andl (ii
EXCHANGE the oxide thickness is much shorter than the range of the

Several authors have pointed out that there are several lagmneling electrons. When the RF electric field is negative, t
mechanisms involved which need to be addressed individuatimpty localized states are filled with electrons by quantum
to obtain a better understanding and possibly mitigater thenechanical tunneling. The rising RF electric field lifts ithe
impact for specific cavities. Here we present a loss mechaotential energy until it exceeds: + A for a positive electric
nism of electrical origin, already observed, though notHer surface field. This threshold energy is reached first for the
quantified, in prototypes of superconducting bulk niobiurocalized states far outside on top of the niobium-oxide, fo
cavities for the Large Electron Positron Collider at CERMhich the voltage gain is maximum. The corresponding sur-
[2]. These losses yield aRs increasing above a thresholdface electric field is the threshold fielth. From that moment
field saturating at higher field] and can be explained by theon the electrons are tunneling back into the sc niobium, upon
interface tunnel exchange model (ITE).[ITE assumes that which they dissipate the energy gained. As the electrom rel
electrons are exchanged between states in the supercmgduand dissipate once per RF perié§ depends linearly on the
Nb and localized states in adjacent dielectric oxides.@¥p RF frequencyf. Within the superconducting energy gap 2



of about 5Qum). The first measurement was performed after
chemical polishing (BCP). Afterwords the cavity was in situ
baked atl20 °C. Then several hydrofluoric (HF) rinsings were
done to remove about 10 nm of the outer surface layeiThe
dashed lines show fits to the ITE model with one additional
parameter, an additional resistangg which is assumed to be
independent of field. This parameter accounts for losses fro
thermally activated particles and residual losses fronemotiot
further specified origin as well. For the analysis it is assdm
that the field dependence is mainly due to ITE and therefore
R is taken as constant. The totAk is thus assumed to be

R InQ)

> Baking

& HF Rinsing RS = RE(E) —+ RO. (4)

o 5 10T [?VIOV/m] 25 30 3% 40 The phenomenological fit parameters (also found in
P Tab. 1) correspond to physical meaningful parameters

Fig. 2. Surface resistance of an elliptical 1300 MHz bulkbmion cavity at (compare with Y] and quotations therein  and 8][

2K. The lines show fits to the ITE model (E4. Data taken by Romanenko [9]) as 8*=1, =10, Ec — Er=0.05eV, A=1.18meV,
etal. [ d=1.65nm and(znt)=6.7.10'> 1/(eVn?), before ands*=1,

e,=10, E. — Er=0.05eV, A=1.33meV, d=1.27nm and

Thereforg there exists a th_reshold electric fielt] dgpending [10]) but fit neatly the value of Nb@ (0.1 eV [L1]). Hence
on the thickness of the oxidéand onA, below which there " 5ji7ed states participating in the exchange could

is no current and hence no RF loss. In a quantitative analy%ﬁ found in the NbQ for which the value ofe,=10 is
Halbritter calculated the surface resistance for ITE lssse consistent with [7]. Recent results show that ’after mild

[4]: e e b/E o b/EO 0 baking the total thickness of the oxide layer is reduced,
Rs = Rgsn|€ /" — € , Bz E (1)  but the thickness of the NbOlayer enhancedd], which is
consistent with an enhancegf ., and correspondingznr).
Another explanation for such a small. — Ef is that the
Ae, localized states are found at crystallographic shear plame

The parameter®s .., b and E° are defined by

_ 2kAe, E 27 fug

— 0
b Gre 0 lssa™ (QH)zy/f[GHZ]’ E"= edB* ) the Nb,O,. These are created by the Np®uilding blocks
ith sharing sides instead of indices].[ After HF rinsing the
wi , threshold seems to disappear. Nb@ well-known for its
k= \/2m (Bo— BR)/h, y ' = (znT)e . 3) non-solubility in water and HF. This suggests that the state

€0Er are rather located in the crystallographic shear planes of

Here R§ ., is normalized to 1GHz to facilitate comparisor{\lb2o5 and not in Nb@Q. , _
of data sets obtained at different frequencies. The meanind" Summary the analysis of the TESLA shaped cavity shows

of the physical parameters is the following and Er are that there is a threshold effect as predicted by the ITE model

the energies of the conduction band and the Fermi enerl

the surface resistance. The contribution of ITE to thedfiel
respectively:(znt) is the averaged product of the density 0g]épendent surface resistance is enhanced by mild baking and
trapped electron states; and the distance of the localize

gmitigated by HF rinsing. This can be correlated to the oxide
states from the niobium/niobium-oxide interfage d is the |2Yer being altered by these processes. InspectingZ-ane
thickness of the oxidez,

is the relative dielectric constant:Might argue that the threshold field of the surface resistanc
5 is the geometric field enhancement factor of the metdis @t 7-12MV/m could be result of two opposing effects.
due to surface roughnessi, e, &g,

W and 7 are the usual For the first oneRs may drop with the field, as observed by
physical constants, such as the electron mass and elec[tjri%]

and for the second on&s may increase with field. We
charge, vacuum permittivity, vacuum permeability and Ban cannot refute this argument entirely. However, by virtuéhef
constant, in this order. The energy change in the oXiag’/s,

is in the order of a few meV enough to overcome the energy

barrier TABLE |
) PARAMETERS DERIVED FOR A LEAST SQUARES FIT TdEQ. 4 OF A BULK
NIOBIUM CAVITY (CF. FIG. 2).
[1l. EXPERIMENTAL RESULTS BCP  120°C baking HF rinsing

A. Tesla type bulk niobium cavity RE i nQ | 18.4-0.8 22.3:0.9 14.0E1.4

. . g E%inMV/m | 7.1£1.2 10.5£0.5 4£2501

Figure 2 shows Rs as a function of the peak electric field b in MV/m 26.911.2 3013 4414

Ey at 2K of a 1.3 GHz elliptical TESLA shaped][ cavity. Ro in nQ 16.64+0.4 9.24+0.09 11.6:0.2

It was manufactured of fine grain bulk niobium (grain size R? for Eq.4 | 0.9987 0.9988 0.9885



excellent fits of the ITE model to the data at higher fields its 450 ;
validity for the data before HF rinsing is suggested. o 45K

400+ 4.5 K fit o |
o 3.0K C ==
B. Niobium on Copper quarter wave cavity asol LTTTU3OKA e -
The High Intensity and Energy On-Line Isotope Mass Sep- -
arator (HIE-ISOLDE) is a facility currently under consttiot = 300r
at CERN. It comprises a superconducting linac of quarterewav =,
cavities produced by niobium on copper sputtering tectgyolo ~ * 25°]
Relevant cavity parameters for the analysis presenteddrere 001
the magnetic and the electric geometry facteér30.34 1f)
and Gg=29.16 1f) respectively, the ratio between peak electric 1501
and magnetic fieldEpc/Bp=0.56 MV/m and the resonance
frequency of 101.28 MHz. In an early stage of the project a 100 s n 5 2 o 2

cavity has been produced which yielded a surface resistance 0 B [mT]
exceeding the design value by almost a factor of ten, see °
Fig. 3. The surface resistance was measured at 3 and 4.5il 3. Surface resistance of a HIE-Isolde quarter-wavétyay 3 and 4.5 K.
to separate residual and BCS losses. Both curves showhauncertainty is about 5% for each data point. Measuremere performed
threshold effect suggesting the ITE model is applicablehefY M- Therasse and I Mondino (CERN).
The data for each temperate has been individually fitted to Eq
4. Within the standard fit errors (95 % confidence bound;}, _ ) _ )
see Tabll, R, is equal for both temperatures showing th p_llowmg. When analyzing surface reS|stanqe data obtained
the losses are dominated by the residual resistance. Tke otMth the Quadrupole Resonator several things have to be
phenomenological fit parameteR€ ., b and E° can be cor- taken into account to compare the results to cavity data.
related to a set of physical parameters with meaningfulesaluOne advantage is that the heat flow on the sample surface is
as 5*=1, ¢,=10, F, — Fr=0.01eV, A=1.04meV, d=1.7 nm completely lateral and therefore there is no thermal feeklba
and (xn7)=3.610'7 1/(eVn?). A critical assessment of theseeffect [L5]. The field configuration of accelerating cavities is
numbers lies however beyond the scope of this paper. Theoeneral such that the magnetic and the electric geometry
major difference compared to the TESLA type cavity is thEctor are almost equal. .qu the sample surface area of the
larger RE .., which can be explained by a larger value ofuadrupole Resonator this is not the case. By the caloritnetr
trapped electron states. (RF-DC compensation) technique explained in detail 1if] [

In summary the analysis of the HIE-Isolde cavity confirm§ne obtains the power dissipated under Ré directly. Using
that there is a threshold effect as predicted by the ITE modBf field distribution on the sample and in the entire resmimat
in the surface resistance. The threshold field is indeperafen Volume one can derive the magnetic surface resistdicef

temperature as predicted by the model. the sample using

C. Quadrupole Resonator measurements Rs — 2413 Pre (5)
In order to test whether the losses accounted for by ITE [ |B|?dS

scale linearly with frequency as predicted by the model a Sample

cavity test is not suitable. The Quadrupole Resonatdfip a
unique device enabling to tefs of superconducting samples This formula assumes that all losses are caused by the
over a wide parameter range. It features two excitable madesurface magnetic field. If however one would assume that all
400 and 800 MHz with identical magnetic field configuratiotPsses are caused by the surface electric field,

on the sample surface. The ratio between electric and magnet
field for these two modes is proportional foFor example for

210 B
a peak magnetic field3,=10 mT, the peak electric fields are RS = ”O—ZdeS. (6)
E,=0.52 and 1.04 MV/m for 400 and 800 MHz, respectively €o sanflme |E]

[15]. This feature allows for a separation of magnetic and

electrical losses from measurement data by comparison wit{gS 0 be used to calculate the electric surface resistaBice
theoretical models as will be explained and carried out & t ) o E .
or most accelerating cavitidds ~ Rg holds. Note that this

does not mean that the losses from electric and magnetioorig

TABLE Il are equal, but that the magnetic and the electric geometry

FIT PARAMETERS INTERFACE TUNNEL EXCHANGE MODEL TO factors are equal. For the Quadrupole Resonator with its
HIE-ISOLDE CAVITY DATA narrow gap structuré?s ~ RE does not hold. For example a

TinK | Rn®  RE Q]  E°[MV/m]  b[MV/m] R2 power Pre dissipated on the sample at 400 MHz corresponding

3 ‘ 19353  6500:2200 54102 35016 09985 to an Rs of 1nQ) corresponds to amkE of 53.5M2. An
45 | 1s&t4 41008200 5.0:0.4 93 09973 interesting feature of the Quadrupole Resonator is thattine
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Fig. 4. Surface profile from the niobium film sample obtaineshfrAFM.

) . : B, [mT
The lateral resolution of the image is 4 nm. » [mT]

Fig. 5. Surface resistancBs of a niobium film sample tested with the
Quadrupole Resonator at 400 MHz (2.5K (blue), 4 K (magenta))8&00 MHz

between electric and magnetic field is frequency dependéabK (black), 4K (red). Each data poinks was obtained under the
and scales like assumption that all losses are solely caused by the surfaceetadield.

The lines show predictions from a collective least squarekipavameter fit
to Eq. 8. The total data set comprises 183 valwes(f, T, B, E).

|E|?dS/ / |B]2dS « f2. (7)

Sample Sample The field dependence of both terms are considered small
compared to the ITE losses. For the BCS surface resistance
This means that a powePgrr dissipated at 800 MHz corre- A A\ e—A/ksT
sponding to anks of 1 nQ corresponds to aiE of 13.4M).  Recs = pgw’coRRR- (T, l)Sﬁ In < )T
For details seed). . o BE NS S

To test the properties of ITE a sample is required for whidfi US€d, which is a good approximation in the dirty limit.
these temperature independent losses remain dominant up@Y field surface resistance and penetration depth change
relatively large temperatures. This condition was obwiindn€asurements have shown that this sample has a low RRR and
for a micrometer thin niobium film sample sputtered on #erefore the dirty limit approximation is reasonabfg. No
copper substrate, which was kept under normal air for fgrameter offgcs is varied to minimizey”. All are obtained
years. Using XPS the thickness of its surface layer was fouff@m different measurements. While RRR add are taken
be significantly larger as a reference bulk niobium sampfePm low field surface resistance measurementss taken
prepared by BCPJ. The thin film has a grain size of a fewfrom penetration depth change measurements. For dettls re
nm as measured by atomic force microscopy se&Fihis is to [3]. o
several orders of magnitude smaller than typical valuesnef fi 1he complete data set consisting of 183 valtigsf, T', £)
grain bulk niobium surfaces prepared for acceleratingtiessii Nas been collectively fitted to Eg8 with five fit pa-
Oxides formed between grain boundaries can significanfigMeters. A x?=167.9 was obtained for the fit param-
increase the interface area through which the tunnelinggee €ter values of R§ ,717000£500 112,  5=1.06£0.10 MV/m
occurs. and £°=0.61G£0.015 MV/m, Ry=275£7 n at 400 MHz and

_ 5
Using the Quadrupole Resonator the sample was measujﬁé’(ii'somE11 n{2 at 800 MHz. The value of” is slightly lower

at 400 and 800MHz over a temperature range betweenﬂ’?n the number of data points indicating that the experiaien

and 4.5K. In general the Quadrupole Resonator enables atil&gertgllilnw was a bit_ ovelresti(;nated. f . B for th
measurements at 1200 MHz. However for the sample inves- or ! ustrat|o? fg IS E(TE fasba hu?ctlon ob> or tEe
tigated here thermal runaway was observed for fields abgggnperatures of 2.5 an or both frequencies in ’Hg.

about 10mT. That is why no data measured at 1200 MHz T\Qis corresponds to about one fifth of the complete data set.

included in the analysis. The complete data set consists I\J)T]tgsthbaetetr? S;IacduIﬁg%ﬁtf?;eeig%g}gxdcljjei?tladgglile?:(t)il\?élf?é a

: : 5
183 valuesRs(f, T, B, E). It has been collectively fitted to a ™.
single set of parameters. In order to do this&had to be single set of parameters the frequency depende@ris to be

extended to account for the BCS losses for each temperatpfzrléen into account. Subtracting the fitted valuesiof f) and

and frequency. The total surface resistance is now coreside e calculateditses(f, T') individually from each data point
to be RE(E) can be calculated from Ed. This data is plotted in

Fig. 6.
Rs = R5(E) + Ro(f) + Recs(f,T). (8) For this sampleR§ s, is three orders of magnitude larger
than for the bulk niobium TESLA type cavity, corresponding
Unlike for the analysis above heig, only accounts for the to a higher density of trapped states similar to what has been
residual losses from sources other than ITE. BCS losses fréonnd for the HIE-Isolde quarter wave cavity also produced
thermally activated particles are accounted forRyes(f, 7). from sputtering niobium on a copper substrate. The onset

o ©)



et AL Comparison with the thermal contact resistance model

8000 -
i The thermal contact resistance model was recently proposed
6000 - ¢° 1 to explain the field dependent losses in Nb/Cu cavities and
[ 1 samples [€]. The basic idea of the model is that the super-
4000 1 conducting film is not perfectly in contact with the copper
zoooi {  substrate but locally detached without peeling off. Unduer t
i H } ] influence of the RF field, these microscopic spots heat up due
ol 2 Ll 1- P 1 to the suppressed cooling until they go into a local thermal
i %%ff ] runaway and are driven into the normal conducting state.

R¢f[nQ]

~2000 |- 1 The stronger the RF field, the more micro-quenches occur

00 03 0 s 2o 25 30 and contribute to the overall surface resistance with their

E, [MV/m]

normal resistivity. Each overall performance curilg can be
described by the local surface resistari¢ég and a statistical
Fig. 6. Electric surface resistance at 400 MHz (2.5K (bldei, (magenta)) distribution function of contact reS'StansféRB):

and 800 MHz (2.5K (black), 4K (red)) of a niobium film sample.eTsame
data is plotted as in Figh, here under the assumption that all field dependent

oo
losses are caused by the surface electric fidtdes and Ro have been Re(Th. Br) = Re(Th. Br. R Rr)dRg. 10
subtracted from each data point and the fit curves. s (To, Bp) 0 s (To, Bp, ig) f (1te)d 1 (10)

Rs is derived from measurements via measuring the quality

field E° is one order of magnitude smaller for the sampldactor @ for cavities (with Bs = G//Q) or via a calorimetric
which might be correlated to the roughness of the Samm@ethod for Quadrupole Resonator samples. A distribution
in the nanometer scale, as measured by AFM, seedFigfunction can then be derived by inverting Exf).
For further surface analytic measurements on this sample inVe process the data of the niobium film sample measured in
comparison to bulk niobium surfaces refer &.[Also here, the Quadrupole Resonator in the context of this model: Based
the phenomenological fit parameteR§ __, b and E° can be ON f[heRs(T) measurements the temperature increagefor
correlated to a set of physical parameters with meaningfyldiven contact resistance is calculated via
values asf3*=12, ¢,=10, E; — Er=0.01eV, d=2.0nm and 1 B\ 2
(xnT)=1.210'8 1/(eVn?). A critical assessment of these num- AT = Rg §Rs <p> (11)
bers lies however beyond the scope of this paper. Ho

In summary the analysis of the niobium on copper sarand fed back intaRs(T") — Rs(T'+ AT') for each frequency
ple measured with the Quadrupole Resonator confirms thed bath temperatuf® combination. As a result the thermal
threshold effect observed for the cavity data shown abovéinaway field Byuenchis derived as function of contact resis-
It is also confirmed that this threshold does not depend &H1ce values which can then be used to transkf€B;, Rs)
temperature. The strong frequency dependendesafbserved iNto Rs (Bp, Bguency). We follow [16] where the integral in Eq.
can be explained by electrical losses taking into accoumt thO is approximated by appropriate discretization procedures
Quadrupole Resonator’s frequency dependent ratio betwedil Uselts (Bp, Bquenc to obtain a set of distribution function
electric and surface magnetic fields. A collective fit to thBoints which can then be fitted with an anlaytic expressioa. W
ITE model of a |arge data set Comprising two frequencies aRgocess all available data sets, but discard sets with hess@
several temperatures gives an excellent representatidheof Points for the distribution function and sets where the ctaad

data suggesting the ITE model is indeed applicable to tfggor of the fit is bigger thai0 %. The remaining data sets
data. along with their distribution function are shown in Fig.The

distribution functions of the300 MHz data agree moderately
well with each other; however with large standard errors. We
calculate the weighted average of the distribution fumstiof

A variety of surface resistance data from different cathe 800 MHz data across all temperatures and find that the
ities and samples have been fitted to the ITE model. Thg800MHz,4.5K) even lies outside the weighted standard
Quadrupole Resonator measurements showed smaller thregiviation f .
old fields £, compared to the cavity data. This variation The model also allows for an estimate of the corresponding
can for the most part be attributed quite naturally to gurface fraction of detached film from the substrate via
variation of the oxide thickness with the applied treatment oo

Agetached= / f (Rg, noicu) dRg noicw: - (12)

IV. DISCUSSION

ray photoelectron spectroscopy (XPS) measurements on this
sample have shown that the oxide layer of this sample is thick
compared to a bulk niobium sample for which no ITE lossdsor the800 MHz data we find on average

have been measured][ Also in [3] the data has been analyzed

with different theorea;c]if:al mod([all. The huge difference hya t Agoo getached= (0-058 % 0.008) % (13)

field dependenks for the different frequencies in combinationwhich is the typical order of magnitudéd].

with the frequency dependent rati),/ £, strongly suggests From the400 MHz data sets only the.5 K set remained.
an electrical loss mechanism. The resulting distribution function is similar to the0() MHz,

min(Rg)



10° : : by the surface electric field. These findings are consistéht w
the predictions of the ITE model and in contradiction witlk th
thermal contact resistance model.

Our results allow to better understand the field dependent
surface resistance of superconducting niobium. This can be
used for the development of future accelerating cavitias. |
particular a possible explanation for the larger field deleen
surface resistance found in some cavities produced of uniobi

10}

10°F

100}

Distribution Function f(Rp ni/c.) (W/(cm?K))

T a0z 25K e B0MMLasK  — jwoommnaow | | films on copper substra_ltes_, a technology widely used fotyavi
109 | & B00MHz 25K - --- fl400MHZ 25K)  —— /800 MHz 45K) | ] operation at 4.2K 19, is given by the ITE model.
¢ 800 MHz, 3.5K —— f(800 MHz, 2.5 K) —— Average f(800 MHz)
@ 800 MHz, 4.0 K —— (800 MHz, 3.5 K)
104;01 10 10° 10*
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