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Thermal stability of superconducting Nb cavities at 3 GHz 
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Fachbereich Physik, Bergische Universit& Wuppertal, Germany 

Abstract 

Even in field emission free cavities the expected fundamen- 
tal field limit H,I(TB) cannot be achieved, yet. This is due 
to a local or global transition of the critical temperature 
T,(H), caused by anomalous loss mechanisms like geomet- 
rical surface defects, foreign material, adsorbed gases, etc. 
This paper presents the results of model calculations, sim- 
ulating the temperature distribution in the niobium sheet 
with varying magnetic surface field. Especially, the influ- 
ence of the thermal conductivity of the niobium is studied. 
Finally the calculated data are compared to some experi- 
mental results at 3 GHz. To fit the observed Qo(E,,,) de- 
pendence, several assumptions about the local and global 
part of the anomalous losses are discussed. 

1 INTRODUCTION 

For the construction of a superconducting linear collider 
for electrons in the 300GeV regime (TESLA-project [l]), 
cavities with acceleration gradients in excess of E,,, = 
20 hlV/m are desirable. Such values are within reach to- 
day: even in multicell cavities [2, 31 However, the repro- 
ducibility suffers from the breakdown of superconductiv- 
ity, thermally induced by local surface defects or by field 
emitted electron currents [4]. Since 1989, niobium with a 
very low Ta-concentration is available in Russia [5]. As re- 
ceived, this shee,t material has a residual-resistance-ratio 
of RRR M 500 .- 800. Postpurification (solid state get- 
tering of interstitial oxygen) can increase this value to 
RRR x 2000 [5]. Thus, the thermal stability of super- 
conductivity can be increased significantly compared to 
today’s cavities with a typical RRR x 300 - 500. 

To quantify the improvements, which t,he new mate- 
rial provides with respect to maximum surface field and 
minimum decrearse of the unloaded quality-factor Qo(E), 
we have developed a computer simulation code [6]. It 
solves the heat :Row equation on a two-dimensional lat- 
tice, assuming a rotational symmetric temperature dis- 
tribution in the vicinity of local defects. The temper- 
ature dependences of the BCS-part of the surface resis- 
tance (R,(T) = RB~~(T) + R,",Oa + Rn), the thermal 
conductivity A(T), and the Kapitza-resistance RK(:(T) at 
the Nb/He-interface are taken into account. Data about 
the most important quantity, X(T), have been measured 
at Wuppertal and Saclay on samples of different purity. 
12~ was taken from the literature [7]. The homogeneous 
part of the residual resistance (Rbzam) and the resistance 
of local defects (RD) were assumed to show neither field 
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Figure 1: Expected breakdown limit for different defect 
sizes. The parameter is the RRR (we Fig.3). -$ = 

4.18 * corresponds to the S-band S-DALINAC cavit,ies 

[3]. (TB < 2.1 K, f = 3GH2, !i!, = 8mR. RF:: = Ofi, 
D = 2 mm). 

nor temperature dependence. 
In addition to the calculation of the quench limit, the 

program determines the temperature distribution inside 
the Nb sheet. Thus, it can be checked, if thermometry in 
superfluid helium is still useful. .4nother feature is to cal- 
culate the optimum operation temperature for the cavity. 
Finally, the field dependence of the A?‘(T) = 7;\rb(r) - Tn 
and the Qo can be simulated. 

2 THERMAL STABILITY OF LOCAL 
DEFECTS 

Assuming one local, normal conducting defect, of radius 
r~ and surface resistance RD = 8mfl (corresponding to 
Nb at 10K and 3GHz), Fig.1 presents the surface field 
strength, where t,he thermal breakdown is expected to oc- 
cur. For these calculations. the thickness of the Nb sheet 
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Figure 2: Temperature dt,prndence of the quench field 
strength (RRR zz 2000, Rrl = 81119, 11 = 21nm, R:zF = 
09, f = 3GHz) 

was set to D = 2 mm; a homogeneous part of the rcsid- 
ual resistance was neglected. The bath temperature has 
no significant &ect, on the quench limit Fl, as long as 
the cavity is cooled with superfluid helium (e.g. Fig.2 
for RRR 2: 2000). Today, the best S-band single-cell 
cavities with RRR z 300 - 500 reach quench limits of 
Ii, = 135ntT [8]. corresponding to a local defect of less 
than 5/1ttt in radius (Fig.1). Eve11 for such a small defect, 
thr quench field strength would improve by M 20%#, if the 
cavities \vcte built from the now IIRR z 2000 tnat,erial. 
Taking 5 = 4.18 mT 

hi\ /III 
(corresponding to the S-band S- ‘ccc 

DALINtlC cavities [3]) E,,, = 38 hlV/tn is within reach. 
Thus, the new material is very attractive for applications. 
needing high field strengths. 

3 TEMPERATURE DISTRIBUTION 
AT LOCAL DEFECTS 

In case of a temperature-independent, thermal conduc- 
tivity, the isotherms around a small defect form half- 
spheres and the temperature decreases proportional t,o 
l/r - just like the electrical field around a point charge 
in a homog,encous dielectric. However, the thermal con- 
ductivity of niobium changes significantly with temper- 
ature (Fig.3). Fig.4 gives an example of the resulting 
AT(r) = ?‘N~(T) - TB dependence around a defect with 
Ro = 8rrtR and TD = 1Opn1 at EI = 58 mT for RRR x 40 
and RRR ::: 2000, respectively. In the reactor grade nio- 
bium (RRR x 40), X(7’) stays more or less constant at 
low temperatures T < 3.5 K. Thus, the temperature de- 
cays proportional to l/r along the whole sheet thickness 
except the first 20pm close to the defect (Fig.4). There,, 
the slope reduces, as X(T) increases with T. In the high 
purity Nb (RRR M 2000)X(T) increases more steeply and 
monot,onously with T. Thus, AT(r) decays slower, ap- 
proaching the l/r dependence close to the Nb/He inter- 
face, where T and X(T) are quasi constant. Starting front 
a much lower AT at the defect, t.he AT-signal at the LHe 
side is higher than in reactor grade niobium. 

11 
I I 3 4 5 10 

r WI 

Figure 3: Thermal conduct.ivity of Nb samples. RRR 40: 
annealed; 120, 300, 480, 960: as received; 2000: RRR 480 
postpurified at 135O’C. The relat,ion RRR z 4 X(4.2 K) 
is still valid at RRR x 2000. 

Fig.5 present,s thr field dependence of A.7’ for Nl, of dif- 
ferent purity. Close to the defect, the temperature increases 
less, the larger the RRR value is, reflecting the X(7’) de- 
pendence. At the Nb/He-interface AT = RK. ($$)B in- 
creases nearly proportional to H2 in all cases because 
(g)B = c(X) (g)RF and (E)HF o( 1f2. The individ- 
ual slope c(X) is a direct response to the X(T) depen- 
dence (see Fig.2). The detectable signal amplitude for 
thermometry in superfluid helium is not governed by the 
RRR(cx X(4.2 K)) but by the X(T) at lower temperatures. 
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Figure 4: Temperature decrease around a local defect 
(‘0 = lO/lm, RD = 8mR, TB = 1.4K, H = 58mT). 
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Figure 5: Field dependence of the temperature increase 
a) at the local defect b) at the Nb/He-interface opposing 
the defect (Ro := 8 rnfl, fD = lOpm, TB = 1.4 K). The 
parameter is the RRR. 

4 COMPARISON WITH 
EXPERIMENTAL DATA 

As expected from Fig.5b, thermometry in sf helium should 
detect ATrx Hz. However, experiments show AT increas- 
ing exponentially with the local rf surface field - at least 
close to local defects [4]. This behaviour cannot be sim- 
ulated using a field- and temperature-independent resid- 
ual resistance (!?F,“:” + RD). In addition, R, = c is (20 
observed to increase proportional to H2 in many experi- 
ments [a], though the bath temperature is constant within 
3 mK and no field emission is present. Checking all reason- 
able combinations of (rD, RD, R,h,4"), our simulation runs 
showed that the experimentally observed Q-degradation 
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and quench limit H, cannot be explained with the assum- 
tion of a few localized defects (Ro # f(T, H)) (Fig.6). 
Thus, the effect might be due to a large number of small 
defects (adsorbed gases, oxides, hydrides,...), causing small 
Q-switches that cannot be detected individually. This idea 
is supported by our investigations of small pillbox cavities 
(M 20 GHz), where such Q-switches could be detected one 
by one [9]. 

5 CONCLUSIONS 

For accelerators needing high gradients and Qo values 
(e.g. linear colliders like TESLA) the new niobium with 
RRRz 2000 is very attractive. Thermometry in sf he- 
lium will still be a useful tool to localize and characterize 
anomalous losses. Thermal model calculations show that 
the often observed Qo(E) decrease with increasing field 
strength cannot be explained by a few local defects. The 
effect must be due to a very large number of small bad 
spots or even homogeneously distributed losses, showing 
the correct field dependence. Thus, it can be expected: 
that the slope of the Qo(E)-curve reduces as the purity of 
the niobium increases. 
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Figure 6: Field dependence of R, = g at TB = 1.5K. 
Simulation was calculated assuming PD = 1.3mm, RD = 
90pR. Other values yield even smaller AR, and/or H,. 


