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I. Introduction 

During the last twelve years various diagnostic techniques 

have been used.to clarify the origin of field limitations 

in superconducting cavities. These methods and the corre- 

lation between the specific experimental observations and 

known energy loss mechanisms are well described in the talk 

of H. Pie1 at the first workshop on RF superconductivity. l 

Most of than shall not be rediscussed here, since they 

have not been improved essentially in the meantime. Never- 

theless, all of these methods have proven to be useful 

tools for the understanding of the phenomena, as for in- 

stance the detailed analysis of the RF signal , the detec- 
tion of free electron currents inside the resonator by probes 

and measurements of the X-radiation or the light emitted from 

the cavity. 
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Since the development of systematic temperature mapping of 

the outer cavity wall immersed in a subcooled Helium bath 

at CERN in 1979 there has been a lot of progress in the 

achieved field levels especially of multicell accelerating 

struct~res.~-~ This diagnostic technique has proven to be 

a reliable means of accurately locating sources of enhanced 

FE'-losses within a Niobium resonator and allows therefore 

a guided removal of defects, which are known to be the prime 

causes for q~enching.~ The main advantage of temperature 

mapping with a rotating chain of carbon resistors in a 

subcooled He bath compared to other temperature measurements 

with fixed sensors or in a saturated He bath (for instance 

breakdown location by detection of second sound waves ') 

consistsin the enhanced sensitivity which allows to 

determine the spatial distribution of RF-losses even for 

field levels far below quenching. As each energy loss mecha- 

nism will finally lead to an increased temperature of the 

cavity wall, principally all field and Q-limitations can be 

localized and identified. Therefore, this talk will be 

concentrated on the development of the temperature mapping 

technique and on what we have learned so far about defects. 

In the first part I will discuss the dependence of the tempe- 

rature mapping technique on different bath cooling conditions, 

on the thermal conductivity of the cavity wall and the rf 

frequency. The influence of these parameters on the spatial 

resolution and the present sensitivity limits are described. 

For the most interesting case of temperature mapping under sub- 

cooled He bath conditions the results of calibration measure- 

ments are given, which correlate the measured temperature 

signals to the local heat flux on the cavity wall and which 

therefore allow the study of the energy loss mechanisms in a 

quantitative way. In the second part I will try to give a 

systematic characterization of localized defects which have 

caused quenching of superconducting Niobium cavities and which 

have been analyzed by the subsequent inspection of the cavity 

surface. This will give clues to the origin and suggestions for 

elimination of defects. 
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Temperature mapping technique 

One of the main aims of a systematic temperature mapping 

is to determine the heat loss distribution in the cavity 

surface for different field levels to get a more detailed 

insight into the energy loss mechanism of a superconduc- 

ting cavity. Unfortunately, we cannot measure the real 

interesting temperature distribution on the inner cavity 

surface. Any scanning resistor thermometer system will 

detect the temperature not only of the resonator wall but 

also of the surrounding liquid. For a quantitative deter- 

mination of the locally dissipated power by the thermo- 

meter response therefore we have to consider the heat 

transport processes in the cavity wall and in the liquid 

Helium as well as the heat transfer coefficient at the 

metal-Helium interface. These are obviously influenced 

by the thermal conductivity and the thickness of the 

cavity wall and by the bath cooling conditions. 

A useful means for investigation of the relative influence 

of the different parameters are model calculations 3 ,  

by which the thermal equilibrium situation over a metal- 

disc heated on one side by the electromagnetic field and 

cooled on the other side by liquid helium can be simulated. 

In Fig. 1 the result of such a calculation l 3  for a normal 

conducting pointlike defect (radius rD = 150 um, dissipated 

power pD = 40 mW) on a niobium wall of thickness d = 2 mm 

and of typical thermal conductivity (corresponding RRR = 40)14 

is shown. Compared are the temperature profiles (axial) from 

the defect location to the helium bath for three different 

cooling conditions. Because of the same order of the heat 

transfer coefficients l 5  in nucleate boiling He I (at bath 

temperature TB = 2.5 K) and superfluid He I1 (at TB = 2.0 K) 

the corresponding temperature increase AT (z) = T (2) - TB 
in the Niobium region look similar, resulting in an outer 

wall temperature increase of about 320mK. On the contrary 
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Fig. 1: Temperature profiles (axial) in a Nb wall of typical 

thermal conductivity (corresp. RRR = 40) due to the 

RF power loss of a defect (40 mW) for different bath 

cooling conditions. 
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in the case of subcooled He I (TB = 2.5 K, pressure 1000mbar) 

we obtain an enhanced AT(z = d) 1.34 K due to the re- 

duced cooling ~apability.~ It is worthwhile to mention 

that this sensitivity enhancement factor of about 4 is 

much less than the maximum expected one ( = 30, see Fig.6). 
This is caused by the radial growth of the heated outer 

wall area in the subcooled case, which leads to a decreased 

heat current density d .  

Compared to the solid the heat transport processes in the 

liquid Helium are much more complicated.16 The temperature 

distributions shownin the Helium region of Fig. 1 are 

roughly estimated to demonstrate the consequences for tempe- 

rature mapping. For subcooled He I the heat transfer is domi- 

nated by free convection cooling, which can be laminar or 

turbulent depending on the orientation of the metal sur- 

face. ' ' l Both cases will result in different temperature 

profiles of the boundary layer, which is expected to be of 

comparable size as the thermometer resistor.1° For satura- 
2 ted He I above 6 8 r n W / c m  nucleate boiling starts l 9  

leading to an undefined temperature fluctuation at the 10- 

cation of the resistors. For He I1 the enormous thermal 

conductivity due to the superfluidity causes a sharp drop to 

the bath temperature just on the metal surface. For all three 

bath cooling conditions the sensitivity and the accuracy of 

a temperature mapping system will strongly depend on the 

efficiency of the thermometers, which can be defined as 

the ratio of the measured temperature signal AT to the 

real wall temperature increase. For Q+l, i.e. for thermo- 

meters ideally isolated from the Helium bath, quantitative 

temperature mapping could be done not only in subcooled 

He I but also in superfluid He 11. 

There have been some efforts to enhance n of the mostly 
used Allen Bradley carbon resistors (typ. 100 Q, 1/8 W) 
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by grinding off the bakelite insulation or by additional 

copper tube h0usings.l Also insufficient spring tension and 

thermal isolation of the resistors against the springs 

influence T I . ~ ~  At CERN the covering of the resistors with 

silicon rubber led to an increase of TI from typically 0.25 
to about 0.75' while at Cornell by the use of manganin wires 

and embedding material for thermal isolation ~120.9 have been 

achievedW2O These experiments confirm the assumption 
that the normally used carbon resistors measure to a large 

extent the temperature of the surrounding liquid. 

At this point the absolut temperature resolution limit 

of the carbon thermometers shall be mentioned, which 

corresponds to the fluctuation of the temperature signals 

without any heat source. With the standard thermometer 

resistor systems at CEFW, DESY and WUPPERTAL typical 

values of AT = 1-2 mK can be achieved, which are limited 

by the AC noise picked up by the wiring between the resis- 

tors and the data acquisition systems. 

Favourable are multiplexer systems working at Helium bath 

temperature. Some types of multiplexers show sufficiently 

low power consumption without any remarkable increase of 

switching time (for instance Nat-Semi Cond. CD 4051BCJ 21 

and Valvo HEF 4051 22)w At DESY recently an improved tempe- 

rature resolution limit of AT - < 0.4 mK has been realized 

with a new AC (10 kHz) readout rechnique, which includes 

a higher dR/dT of the carbon resistors ( "  500 Q), cold ampli- 
fiers and cold  multiplexer^.^^ At CEFW (Cornell) with a single 
resistor AT~0.25 (0.01) mK was reached by using a lock in 
techniq~e.'~'~~ By technical improvements like these at 

least a qualitative temperature mapping at very low field 

levels should be possible in subcooled He I. For a quanti- 

tative determination of low residual losses we have to 

keep in mind that the cooling conditions will change from 

laminar to turbulent convection above some critical heat 

current density. l 
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As long as we cannot improve the temperature resolution 

limit and the efficiency of the thermometersldrastically, 

temperature mapping far below quench field level will not 

be possible under He I1 bath cooling conditions, i.e. 

not below TB = 2.3 K. For investigation of residual 

Q-limitations of Nb cavities this restricts the obser- 

vable local surface resistance R to the well known BCS- 

value, which scales for frequencies below 3 GHz approxi- 
2 

mately like RBCS(2.3 K, f) = 10-~i2 f [~~z](for RRRr 

Moreover for the analysis of field limitations especially 

for high frequencies the increasing temperature of the Nb 

surface lead to additional losses due to the exponential 

growth of RBCS = e - 18/T [K] , i.e. the higher the 

RF frequency the lower the achievable field levels, at 

which temperature mapping in subcooled He I can be done. 

In any case the spatial resolution of the scanning thermo- 

meter systems for the localisation of defects and electron 

currents (typically 5 3 mm16 is reduced for increa- 

sing field levels by the additional losses due to the BCS 

surface resistance. The spatial resolution also depends on 

the thermal conductivity and the thickness of the cavity 

wall. For the demonstration of these dependencies I will 

first discuss the results of the model calculations. In 

Fig. 2 the radial temperature profiles AT(r) at the inner 

and outer Nb surface in subcooled He I are shown, which 

are produced by the same defect mentioned already for Fig. 

Compared are the results for two different thermal con- 

ductivities K (corresponding to RRR = 40 and 80 24) and 
RF frequencies (500 MHz and 3 GHz, H = 150 Oe, constant 

PD = 40 mW). At the inner surface (Fig. 2a) the better 

thermal stabilisation of the defect with increased K can 

be seen clearly, corresponding to a higher quench field 

level of this defect for RRR 80.25 Far beside the defect 

a general heating of the Niobium wall ( Tiw-Towe 5 mK 

against the subcooled bath can be recognized especially 

for 3 GHz. The temperature response at 
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Fig. 2: Temperature profiles (radial) at the inner (a) and outer 

(b) Nb wall due to the RF power loss of the same defect 

as in Fig. 1 (rD = 150 urn, H = 150 Oe, const. PD = 40 mW) 

for different RRR values and RF frequencies under sub- 

cooled bath conditions (TB = 2.5 K) . For comparison ( 3  GHz) 

also the temperature increase at the outer wall for 

nucleate boiling He (TB = 2.5 K) is given. 
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the outer wall (Fig. 2b) is lowered and relatively smeared 

out for increasing K and f. Further calculations have shown 

that the ratio of the maximum observable AT(r = o) to the 

minimum AT (r > >  rD) becomes smaller with increasing field 

level and decreasing defect size. 

These considerations have been fully confirmed by recent 

measurements on Nb cavities of improved thermal conductivi- 

ty.26 With these cavities up to now the highest accele- 

rating field levels at CERN ( 5 0 0  MHz, up to -14 MV/m) and 

Wuppertal (3 GHz, up to - 16.5  MV/m) have been achieved, 

which may be explained by the better thermal stabilisation 

or the absence of large defects. In Fig. 3a a temperature 

map of the 5 0 0  MHz cavity is shown. Relatively large areas 

with increased temperature are visible, and the tempera- 

ture peaks seem to be not as sharp as those, which are oh- 

served usually with cavities of lower K (Fig. 3b). This 
flattening of the temperature maps becomes very obvious for 

the 5 0 0  MHz Nb-Cu cavities at CERN.~' The temperature map of 

the 3 GHz cavity (Fig. 4) exhibits a nearly homogenous hea- 

ting of the whole surface up to about 900 mK. Here the ther- 

mal conductivity only plays a minor role just to allow very 

high field levels, at which the cavity surface will warm up 

due to the already substantial BCS losses, which exceed the 

losses from small defects. This explanation was confirmed by 

time domain measurements, which has proven that the warm up 

started at the equator. Therefore, at field levels above 

1 0  MV/m temperature mapping in subcooled He I cannot be 

applied for 3 GHz Nb cavities. 

Nevertheless, at lower frequencies or at lower field levels 

subcooled He I is up to now the only possible bath cooling 

condition for a quantitative determination of the heat loss 

distribution inside a superconducting cavity. For this pur- 

pose the correlation between the dissipated power and the 

temperature increase AT measured by a thermometerhas to be known. 
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Fig. 3: Temperature maps of different Nb cavities (CERN) 

a) 500 MHz, HERAEUS material (RRR= 110), at Eacc =8.2 M V / ~  

b) 350 MHz, KBI material (RRR= 40), at Eacc = 5.2 MV/m 

In both cavities quenching occured at the equator without precur- 

sors. In addition for b) quenches occured sometimes at the peak- 

- 386 - 
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Fig- 4:  Temperature map of a 3  GHz Nb cavity of high thermal 

conductivity (HERAEUS material, RRR = 1 3 5 ) .  In this 

cavity up to now no quench has been observed. The maximum 

Eacc = 16 .5  MV/m (He 11) is limited by a strong field 

emission of electrons ( 8  = 1 3 5 ) .  Homogenous heating 

occurs due to the high field levels and the exponen- 

tially increasing BCS surface resistance, which lead 

to a strong decoupling of the cavity from 14 to 4.3 M V / ~  

in subcooled He. 
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As the heat flow dependson the thickness and the thermal 

conductivity of the wall, it is more convenient to corre- 

late AT against the heat current density d at the outer 
cavity wall. At CERN a special experimental setup (Fig. 5) 

was used to calibrate the carbon thermometers. l By 

simulating the heat source in a cavity and its cooling 

mechanism the following result was obtained: 

mW OT[~K] = 03i3) d [ ~ 2 ~ 0 * 7 4 t 0 * 0 5  for Q - < loo G ) ,  T ~ =  2 . 5  K 

In Fig. 6 the measured data are compared with the theoreti- 

cally expected wall temperature increase for nucleate boi- 

ling and subcooled He I. Since the theoretical slope for 

natural turbulent (laminar) convection is 0.75 (0.80)~'r~~, 

the conclusion was drawn that the cooling is governed by 

turbolent convection and that the efficiency n of the car- 
bon thermometers is only 0.25. Because of this large influ- 

ence of the surrounding liquid for real scanning thermo- 

meter systems however, it will be more precise to expect 

at least a varying efficiency n(s) 

where S describes the position of the carbon resistor and 

f(TB) takes into account the relativ change of the proper- 

ties of He I with the bath temperature.This will be regarded 

best by a "in situ" calibration of the scanning thermometer 

syst~s,i.e. by measuring AT for a known RF power loss 
distribution in the cavity. At Wuppertal this was realized 

for the scanning system of the 20 cell accelerating struc- 

ture ( 3  GHz) by choosing TB = 3.7 K in order to get 

dominant BCS-Losses, which have been more than one order 

of magnitude higher than the residual losses in the cali- 

bration measurement. The decreasing of AT with increasing 
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Tig.6: Temperature increase AT at R3 (see Fig.5) for different total heat 

losses and corresp. heat flux densities. The resistor has detected 

only about 25% of the expected Nb walltemperature increase.18 
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T can be approximated by the correction function B 

where the exponent x(TB) is only slightly varying with TB. 

Measured mean values of X are 1.9t0.5 and 1.2t0.110, 

from theory ' 28 we expect = 1; 1 1  in the temperature 

range 2.2 to 4.1 K. The absolut value of the sensitivity 

a depends on the orientation of the cooling surface l 7  

and will be higher for regions with ponrcooling conditions. 

By averaging of the measured AT over all azimuths and all 

resistors of relatively same position (concerning RF-field 

distribution and cooling condition) we have found a strong 

variation of the product a * n  (S) between 33 and 400 mK/ 

* 0*75 for resistors at the equator and iris respec- (mW/cm 1 
tively-l0 It should be mentioned that we have used the 
model calculations l 3  to transform 6 from the inner to the . 
outer cavity wall. In the case of the special calibration 

device (Fig. 5 )  this has been proven to be justified.29 

Obviously our calibration result means that AT-maps can be 

easily misinterpreted concerning the iris regions. In Fig. 7 

this is demonstrated by the comparison of a original measured 

AT-map (Fig. 7a) with the resulting &map of the 20 cell 

accelerating structure (Fig. 7b). 

Once a scanning thermometer system is calibrated, princi- 

pally it will be possible to determine the power loss 

distribution or even the Q, of a cavity by temperature 

mapping. For multicell structures this can be applied to 

check the field distribution at LHe-temperature. Compared 

to direct measurements very good agreement was obtained 

for a 2 cell 500 MHz cavity 27 and for the 20 cell 3 GHz 

structure. Moreover a guided detuning for the supression 

of a quench in a 4 cell 500 MHz cavity has been reported.27 

In many experiments with 350 and 500 MHz cavities the spa- 

tial distribution (see Fig. 3b) and the absolut value of 
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360' 
Fig.7: Temperature map (a) and corresponding &map (b) of the 20 cell ac- 

celerating structure ( 3  G H Z ) . ~ ~  Quenching occured at a mean field 

level of E = 4 . 2  MV/m in cell no.19 (arrow, 6 5 O ) .  The sharp peak acc 
at the iris no.7 is caused by a defect of dielectric nature. 
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residual losses due to frozen in magnetic flux was deter- 

miried "' 3 1  ' 32, by which the contribution of the different 
less known origins of residual losses 3 3  can be estimated 

to be typically below a corresponding Rres r 30nn (po L ~ o ~ ~ ) . ~ ~  

The most interesting application of &mapping, however, 

consists in the investigation of the origin of electron 

loading phenomena and quenching, i.e. in the understanding 

of the nature of electron emitters and of field limiting 

defects. For both the knowledge of the linelike or point- 

like dissipated power and its dynamic evolution with in- 

creasing field level is of fundamental importance. Together 

with electron trajectory calculations 6 r 3 4 r 3 5  pointlike 

field emitters can be localized.36 From the maximum tolera- 

ted defect power just below quench the size of a normal 

conducting loss area can be concluded, if the thermal con- 

ductivity of the wall is known.15 In Fig. 8 new results of 

model  calculation^^^ for the presently available RRR- 

values of Nb sheet material are given, showing an almost 

linear dependence of Pm,, on the defect radius rD. Moreover 

from PmX, r and the local magnetic field the surface D 
resistance RD of the defect can be estimated. At Cornell 

in a test series of a 1.5 GHz ,cavity 3 8  by this method 

average values of rD=(52t14)rm and R,, = (1.8fl.l)-10-~n 

at Zlok 
= 33021 10 Oe have been found for quenching defects 37, 

which proves the normal conducting nature of these defects. 

Model calculations with an improved program l 2  have shown 

that small defects can create around itself a normal con- 

ducting niobium ring far below quench field level (Fig. ga). 

This leads to an additional increase of the dissipated 

power with increasing field level (Fig. 9b) and should be 

detectable by an enhanced temperature response 

compared to the normally observed n=1.5 . 6 
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Pig.8: Maximum tolerable power loss of the defect area ( f = 3  GHz,TB=1.8K) 

versus defect radius for different available RRR values of the 

Nb wall (6.2 mm)." (compared to Ref.37 the deviation for rD,lOOum 
are due to different thermal conductivity functions) 

- 393 - 

Proceedings of SRF Workshop 1984, Geneva, Switzerland SRF84-22



Fig.9: Computer simulated existence of normal conducting rings 

around a typical defect (rD = 100 pm, R,., = 8 ~ o - ~ n )  l : 

a) Temperature profile (radial) at the inner cavity wall 

(H-215 Oe, f=500 MHz, TB=2.5 K subcooled) 

b) Enhanced power loss at high field levels due to the ring 

SRF84-22 Proceedings of SRF Workshop 1984, Geneva, Switzerland



A special effect of a suddenly enhanced temperature 

response appears, if small regions of the superconducting 

surface are nearly thermally isolated, which can be easily 

simulated by model calculations. These have shown l 2  that 

at a certain field level Hs the bad cooling condition lead 

to a thermally induced phase transition to the normal 

conducting state. Depending on the size of this area 

quenching must not occur simultanously. In this case only 

a small drop of the cavity Q. results, which disappears 

at a lower recovery field level H < H . So this kind of 
r S 

defect can be switched on and off at certain field levels. 

Such Q-switches have been observed for a lot of cavities, 

rather accentuated for small cavities, i.e. high frequen- 

~ies.~' In Nb-Cu cavities 2 7  and Nb3Sn cavities ' O  they 

often limits the achievable Q, at high field levels. Prin- 

cipally a Q-switching behaviour can be caused also by a 

magnetically induced phase transition due to a reduced criti- 

cal field of a weak spot .4 Recently such a' weak spot 

has been identified in a 20 GHz Nb3Sn cavity r 2  by its 
T 2 quadratic dependence on bath temperature Hs (T) = H~ ( 0 )  (1- (F) , 
C 

giving Tc= 9.9 K and Hs(0) = 26 Oe (if the weak spot is located 
in maximum H field region) . 
Enhanced temperature responses of defects up to n = 3 have 

been measured in a series of experiments with a 500 MHz 

cavity 6, sometimes associated with Q switches. Electron 

loading phenomena show up even a much stronger increase of 

wall temperature. From all the above we can conclude, 

that it is not possible to scale temperature maps in advance 

for a prediction of the next quench field level after the 

guided removal of the old defects. 
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III. Classification of defects 

In a wide sense defects are all those irregularities of 

a real cavity surface, which lead to additional RF' power 

losses compared to that of an ideal superconducting sur- 

face. At first we can separate defects, which limit 

up to now only the achievable Q. of cavities due to re- 

sidual losses 3 3  like frozen in magnetic flux cores, 

surface oxides, gas adsorbates and all particles of 

foreign material in the submicron range. Some of these 

may also influence electron loading phenomena, which will 

be reported in other I shall concentrate 

on field limiting defects leading to quenching. In 

former times these have been called generally weak spots4' , 
knowing that there are a lot of possible reasons for the 

local heating of the cavity surface as for instance 

large bad spots of enhanced residual losses or of reduced 

critical magnetic field and heat sources due to the im- 

pact of high intensity and high energy electrons. Since 

systematic temperature mapping allows not only the locali- 

sation of quenching areas but also the distinction of the 

different reasons for quenching, we have learned somewhat 

more about the nature of the corresponding defects by 

the subsequent inspection of the cavity surface. 

For the inspection of the inner cavity surface generally 

endoscope or telescope systems are used, by which defects 

above a minimum size of about 50 pm can be observed. 

This is already a magnification of about 5 compared to 

the resolution limit of the human eye. Much higher 

magnifications can be reached of course with scanning 

electron microscopes (SEM), which in addition often allow 

elemental analysis down to Neon ( 2  = 1 0 ) .  The inspection 

of defects with a SEM however requires the destruction 

of the cavity, which has been carried out at CERN for some 

3 GHz cavities.Alternatively for low frequencies special 
SEMs can be developed by using the cavity as its own 

vacuum chamber. At CERN such a SEM (without elemental 
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analysis) has been built for 500 MHz cavities.44 If the 

defect can be found by these methods, at least some scraped 

material may be analysed. 

During the last years systematic temperature mapping and 

subsequent inspection of the quenching area has become 

a routine work at many laboratories, sometimes including 

the chemical analysis of defects. A lot of Niobium cavities 

have been investigated by these means up to now. In these 

experiments various kinds of field limiting surface defects 

have been identified, which we can divide into two main 

classes : 

A) Regions of foreign materials 

B) Geometrical irregularities of the Nb surface. 

It is convenient to subdivide both classes into several 

categories due to their special visual appearence: 

A 1 ) Central spot with dark looking halo f 4 5  f46 (Fig. 10a) 

The diameter of the halo often exceeds 1 mm. Following 

elements (Z>10) have been found: Cu, Fe, Mg, Zn, Pb, ... 
It seems that the halo arises due to the RF 

field, sometimes accompanied by a strong permanent 

degradation of Q0 and E,,,. In Fig. 1 1  the corresponding 

change of the temperature map of such a halo is 

demonstrated. 

A 2 )  Small dark spots 2 7 ,  consisting of Cl, K, Ca, Al, Pb, 

S, Si, .... 
They are often localized in the near of couplers and 

joints 

A 3) Drying stains 2 7  f 4 5  (Fig. lob) , consisting of K, Cl, P, 
Ca, Na ... 
They are most likely produced by wet surface treatments 

and are presumed to be of dielectric nature. 

A 4) Small Crystals 4 5  (Fig. 10c), consisting of S,Ca, Cl, K ... 
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Fig. 10: Examples for defects consisting of foreign materials4 acc 

a) Central spot with dark looking halo ( g  4 mm),light obs. 2.9 MV/m 

b) Drying stain. ( 0  440 um;K,Cl,P) with small crystal, H reg. 3.4 MV/m 

c) Small crystal ( g  50 um;S,Ca,Cl,K) two in H field region 10.7 MV/m 

d) Metallic inclusion ( = g  360 um;W) at T I G  weld 4.5 MV/m 
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Fig.11: Changing of the temperature maps of a 3GHz Nb cavity46 due to 

the arising of a "halo" defect a) before first quenching 
b) after the first quenches c) after about 1h of RF processing 
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A 5) Metallic inclusions 27*45f47(~ig. 10d) , consisting of 
W, Ta, Fe, Pb, Zn, ~l .... 
They exist already in the Nb Sheet material 

or will be produced during the fabrication of the 

cavity. 

B 1)  Weldinq beads 45-4 (Fig. 12a) 

They mostly cause a switching behaviour before quenching 

and can easily be feeled with the fingertips. 

B 2) Holes with sharp edges 2 7  r 4  (Fig. 12b) 

They have been observed only in TIG welds. 

B 3) Whiskers and scratches 45*4 6  (Fig. 12c) 

They appear after grinding with burrs or other tools. 

B 4 )  Microfissures - *48 (Fig. 12d) 
They are often associated with welds. 

B 5) Porosity of welding 47 

This occurs especially in the overlap region of two 

welds. 

Surely this list of categories may be enlarged by some others, 

since I have summarized only the accessible ones. However, 

there is an important difference between both classes. While 

class A categories will cause different kinds of losses due 

to their electrical conductivity, as for instance dielectric 

losses or normal conducting metal losses, B categories have 

to become at first normal conducting in the RF field due to 

their poor thermal contact to the bulk material. Most of these 

defects are of rather trivial nature and have given valuable 

hints for the improvement of the fabrication and preparation 

of the Nb cavities, as for instance grinding of the weldings, 

looking for discoloured spots after anodizing of the cavity 

and final rinsing with demineralized, dustfree water. A 

straight forward consequence to get rid of most of these 

defects is the tumbling method developed at DESY.~' In Fig.13 
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Fig.12: Examples for defects due to geometrical irregularities 
acc 

a) ~ b - s ~ h e r e ~  ($8 80 pm) causing Q-switching , H field reg . 6.8 MV/m 

b) Hole with sharp 130 pm) 3 of them in TIG weld 3.7 MV/m 

C) scratches4 ( = 0.1 X 3 mm) due to grinding 7.3 MV/m 

d) ~icrofissures~ ( = 20 X 500 pm) in -TIG weld 3.2 MV/m 
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~ig.13: Temperature maps of the second cell of a 9 cell cavity (DESY) before 

(a) and after (b) tumbling. 49 The quench area of (a) is indicated. 
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this is demonstrated by the comparison of temperature maps 

of the second cell of a 9 cell structure (1 GHz) before and 

after tumbling. Although a correlation between special cate- 

gories and the corresponding quench field levels cannot be 

recognized, the more recent experiments have shown that 

defects at the welding seams (especially B 4 and B 5) are 

the most severe ones for field levels above 5 MV/m. More- 

over it must be mentioned, that at these quench field levels 

often defects cannot be found anymore without optical magni- 

f ication. 

Hidden defects at highquench field levels H are not really 
9 

astonishing, if we remember the model calculations. In Fi9.14 

for the available ~ R R  values the dependence of H on the size rD 
9 

and the surface resistance % of a normal conducting defect 
is shown. For a given thickness (d = 2 mm) and thermal con- 

ductivity (K (4.2 K) = RRR/4 W/mK) of the Nb wall rD will 
decrease about quadratically with increasing H As %=m- 

g' 
(normal skin effect assumed) for a given H the defects will 

be even smaller at low frequencies, which is the reason for 

choosing the product rD-% as axis in Fig. 14. In the case 

of category B defects (Nb ! )  because of o a RRR we can con- 

clude further H = (RRR) 'I4, which favours higher RRR mate- 
9 

rial in addition to the better thermal stabilisation of 

such defects. 

Recent experiments with cavities of improved thermal con- 

ductivity 2 6  show indeed no quenching due to defects up to 

field levels of about H = 500 Oe (corresponding Eacc - - P 
14 MV/m. 500 MHz) and H = 700 Oe (Eacc 

P 
= 16.5 MV/m, 3 GHz) , 

but in the 500 MHz cavities sometimes electron induced quenches 

occur at the equator due to m~ltipacting.~~ At the correspon- 

ding electric peak field levels of E = 30- 40 MV/m mostly 
P 

strong field emission loading limits the achievable field level, 

which can be influenced by He-ion sputtering. Moreover by this 
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Fig.14: Quench field level H versus the product radius times Q 
surface resistance of a defect for the same conditions 

as in Fig.8 

method (or even by high field RF processing) sometimes new 

defects have been created (see Fig. 15) or lossy 

spots disappeared. 1 9 r 4 6  It has been assumed often that dust 

particles, which may be emitters of electrons, can be 

evaporated at high electric field levels. For the investi- 

gation of these phenomena, which change during the opera- 

tion of a cavity, beside systematic temperature mapping 

other diagnostic techniques have to be applied again, 

especially the scanning X-ray detectors. 
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Fig.15: Temperature map of a 500 MHz Nb cavity (HERAEUS mat. RRR=110) 
before (a) and after (b) He-ion sputtering (6h) 
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IV. Concluding remarks 

Twelve years ago P.B.Wilson suggested a statistical 

model for magnetic field breakdown. From the enhanced 

probability of finding defects with increasing cavity 

surface he concluded that at lower frequencies lower 

breakdown fields have to be expected. This will be 

surely true on the average, if we don't localize and 

remove the field limiting defects. The guided repair 

of cavities, i.e. the application of systematic tempe- 

rature mapping and other locally sensitive diagnostic 

techniques, has proven to be one of the means to 

achieve roughly the same field levels at all frequencies. 

It is hoped that temperature mapping remains a useful 

tool in the understanding of field emission loading, 

which is the next limitation to be overcome. 
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