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summary 

In the past a variety of diagnostic methods have 
been developed which allow to sense the “overall” 
behaviour of superconducting r. f. cavities. Besides 
these methods temperature and X-ray mapping tech- 
niques as well as visual inspection give a more 
detailed insight into energy loss and electron 
phenomena of a superconducting cavity. With these 
techniques regions with increased r.f.-losses or 
electron emitting areas can be localised. It is 
hoped that these techniques together with surface 
diagnostic methods will give a better insight in the 
nature and causes of weak spots and will provide 
means for avoiding or eliminating such regions by 
adequate surface treatments. 

Since the beginning of work on superconducting 
cavities the diagnostic methods allowing an infor- 
mation on the “inner life” of a superconducting 
cavity have been constantly developed and improved. 
1n a first stage information were mainly gained by 
the r.f.-signals transmitted and reflected by the 
cavity. It is astonishing how many information a 
careful analysis of the amplitude, frequency and time 
behaviour of r.f. signals alone can already reveal 
like e.g. the overall losses, their nature, field and 
time dependence, the coupling factors, resonant and 

/ non-resonant electron loading, higher mode exci- 
tation, nature and behaviour of field limitations and 
breakdowns. Even some localisation of regions with 
increased r.f.-losses or of breakdown regions can be 
obtained in cavities where different modes can be 
excited. 

During the 1970 a variety of methods have been 
developed and refined allowing much more specific 
insight in some cavity properties and their de- 
pendence on surface treatments, field level and 
operating temperature. They include the measurement 
of temperature increases at the cavity wall and the 
detection of electrons, X rays and light originating 
from the cavity. The state of the art has been 
reviewed recently in an excellent survey by H. Pie1 1 

and I therefore will concentrate in the following 
mainly on the latest developments and results. 

1. Detection’ of light 

We believe that visual observation of the cavity 
interior during operation has not yet been exploited 
to its full potential and could supply information on 
the inner life of a cavity in a simple way. There 
are a few possible sources of light inside a S.C. 
cavity. It is known that light emission can 
accompany electron emission and breakdown phenomena 
in vacuum*. This light could be used for a locali- 
sation of electron sources and an analysis of its 
spectrum could give additional information on the 
nature of the emission process and the surface 
impurities involved. Light can also be produced by 
glowing microparticles which are heated up in a 
r. E.-field. A visual observation of parts of the 
cavity walls has already been applied at Cornell3 

and Karlsruhe 4 and has allowed to localise dust 
particles at the cavity wall. This method could be 

sed as a routine diagnostic for many 
:;;:;i;p*Y. 

2. Observation of bubbles inside the He-bath 

r.f. breakdowns can be localised by the bubbles 
they produce inside the He-bath surrounding the 
cavity. Very often regions prone to breakdowns are 
known and by placing a few thermometer resistors 
above this region and by analysing the temperature 
signals and their time delays the breakdown point ca.n 
be localised. Recently this method has allowed the 
localisation of thermal breakdowns due to an r.f. 
joint in a 500 MHz test cavity at Karlsruhe5. 

In multicell cavities where many resistors would 
be needed a direct visual observation of bubbles is 
useful. In this way breakdowns with a stored energy 
down to 0.01 Ws have already been localised6. For 
cavities with a much larger stored energy a very 
crude observation system can already be sufficient 
for bubble detection. At Karlsruhe an evacuated 
endoscope for low temperature applications has been 
developed and tested7. We believe that such an 
instrument can be an excellent and very simple tool 
for the routine control of breakdowns in multicell 
cavities. 

3. Temperature measurements at the cavity wall 

One of the most powerful diagnostic methods is 
the temperature measurement of the cavity wall. There 
are at least two reasons for this: most energy loss 
mechanism one can think of in a S.C. cavity will 
finally heat up parts of the cavity walls. As the 
temperature is measured at the cavity wall phenomena 
can be localised with a greater precision than by any 
other measurement performed outside the cryostat. 
Since its first application at HEPL in 1972* the 
method has been developed and refined considerably 
and has been mainly used for the localisation of 
breakdowns. Recently a major improvement of this 
method has been obtained by using a subcooled 

(*I We note that a visual observation of the gas 
discharge used in He-processing or in ion 
bombardment cleaning of a cavity in an extremely 
convenient way for controlling the discharge. 
Another application of an optical system would 
be dust detection: it is known that some kinds 
of dust particles can be made visible by shining 
UV-light on a surface. In this way it could be 
checked during operation if dust particles 
originating e.g. from the vacuum system are 
deposited on the cavity surface where they are 
suspected to produce additional r.f. losses and 
possibly electron emission. This method is 
already applied successfully at CERN for 
checking the cleaniness of a cavity surface 
after a chemical treatment. 
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He-bath9t1 (typical bath conditions: T = 2.2 K and 
p = 1000 mbar). Its special heat transport properties 
combined with the use of carbon thermometers in close 
thermal contact with the cavity wall allows to mea- 
sure temperature increases at the cavity wall with 
high sensitivity and spatial resolution. For cavities 
with a rotational symmetry having smooth outer walls 
a rotating frame with carbon resistors sliding under 
spring tension around the cavity can be used. In 
this way a comparatively small number of thermometers 
and associated information channels can give a pre- 
cise temperature map of a cavity: spatial resolution 
of about 2 cm and a range of temperature increase 
from mK to about 2 K has been obtained". In fig. 1 
the layout of a 500 MHz single cell cavity to which 
temperature mapping has been applied is shown. In 
fig. 2 three typical temperature maps obtained at 
three different acceleration fields for this cavity 
are given. Fig. 3 shows a two dimensional plot of 
the temperature increase seen by one of the re- 
sistors. The power loss corresponding to a given 
temperature increase AT has been obtained from a 
calibration measurement 11. In fig. 4 we give a 
typical distribution of the mean power loss seen by 
the 39 resistors along the angle 'p (i.e. the 
latitude dependence of the r.f. losses). Plots of 
this kind allow a comparison with the field 
distributions E2 and HZ along the coordinate S. 
In fig. 5 a temperature map of the 500 zz, 4-cell 
cavity recently tested at CERN is shown . 

Temperature maps of this kind have allowed to 
gain a more detailed and more direct insight in r.f. 
losses and electron loading inside a superconducting 
cavity. Some phenomena for which up to now only 
indirect evidence was available have been made 
directly visible. In the following I would like to 
illustrate this by a few examples. 

(a) r.f. losses 

It has since long been demonstrated that r.f. 
losses cannot be distributed homogeneously throughout 
the cavity walls from the observation of r.f. break- 
downs, from an analysis of the Q value dependence on 
field level and by direct temperature measurements 
with fixed resistors. These observations have been 
fully confirmed by the temperature maps'l. In fig. 2 
the inhomogeneity of the temperature increases can be 
clearly seen and fig. 3 confirms that r.f. losses are 
sometimes produced by many distinct regions and can 
vary considerably over distances smaller than the 
spatial resolution of the scanning thermometers 
("" 2 cm). 

Besides the normal BCS losses there exist large 
regions with increased losses which are mainly con- 
centrated in the regions where the magnetic and the 
electric surface fields are both large. For all 
surface treatments which have been applied up to now 
to the CERN 500 MHz test cavities (i.e. chemical 
polishing, rinsing with methanol or water, ion bom- 
bardment cleaning and oxipolishing) r.f. losses 
always reach their minimum in the region where the 
magnetic field is at its maximum and the electric 
field vanishes (this region incidently always in- 
cludes weldings!). Therefore we conclude that these 
losses cannot be explained by metallic losses alone 
and dielectric losses must be assumed. This conclu- 
sion is illustrated by the power loss distributions 
of fig. 4. The higher these losses are the more they 
show a dielectric behaviour. The overall field 
dependence of these losses which are dominating the Q 
values is quadratic up to the highest surface fields 
obtained (Ep 5 10 MV/m, HP z 150 G). The rather 
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uniform losses outside the high loss regions corres- 
pond to surface resistances of the order of RBCS at 
4.2 K and 500 MHz. 

Besides these more uniform loss regions isolated 
points with enhanced r.f. losses have been localised 
in different parts of the cavity wall. A typical 
example is given in fig. 3(c). Lossy points of this 
kind can exist right from the beginning of r.f. 
measurements or can be produced by electron impact 
and probably also by dust particles falling during 
operation (preferentially) on the bottom parts of the 
cavity. These losses can be much larger than the 
mean cavity losses; they do not contribute signifi- 
cantly to the residual resistance of the cavity. 

(b) Non resonant electron loading 

Very interesting results have been obtained by 
combining temperature maps with electron trajectory 
calculations. In fig. 2(c) a temperature map ob- 
tained under strong electron loading conditions is 
shown. The dominant features are large temperature 
increases extending along the whole cavity body but 
confined to a few definite meridians. The half width 
of these temperature increases corresponds to a line 
like heat source. Temperature distributions of this 
kind can be fitted by the following assumption'l: 
a point like electron source (which does not show up 
itself in the temperature plot) emits electrons which 
are accelerated by the electric r.f. field and which 
for the TMolo mode remain within the meridian plane 
of the source. The electron impact on the wall 
produces the temperature distributions shown. In 
order to understand the nature of the electron 
emitting points extensive computer calculations have 
been made. The trajectories are calculated for 
different emission phases 9 with respect to the 
electric field E = E, sinwt and each family is cha- 
racterised by an emission point sp and the accelera- 
tion field Eat,. As the nature of the emission 
process can be either field emission or thermionic 
emission we have to make the further assumptions that 
the emission is either described by a Fowler-Nordheim 
law where emission phases around tl = 90" are favoured, 
or by a Richardson law where the emission is assumed 
to be independent of 8. In the case of the field 
emission hypothesis the trajectory family has to be 
characterised in addition by the field enhancement 
factor 6. The work function of the emitting source 
is unkown and is assumed to be equal to the one of 
niobium (0 = 4 eV). 

The power deposited by the accelerated electrons 
along the meridian of the source is calculated and 
compared with the measured power loss derived from 
the temperature increase along one trajectory family. 
A typical fit is shown in fig. 6 and allows to locate 
the electron source with a precision of a few mm at 
the cavity wall. 

We have analysed up to now 19 electron trajec- 
tories, some of them at a few different acceleration 
fields: in no case the assumption of thermionic 
emission has given a reasonable fit; we therefore 
conclude that field emission dominates the behaviour 
of the electron sources. Similar conclusions have 
been found for the Karlsruhe 500 MHz test cavity13. 
With one exception all electron sources are located 
at the region of maximum electric field, i.e. at the 
iris rounding of the 500 MHz cavity (fig. 1). 17 out 
of 19 sources were located at the bottom part of the 
cavity which was always measured in the vertical po- 
sition. This could support the idea that dust par- 
ticles or condensation products from residual gases 



are involved in the emission of electrons. There is 
another argument for the fact that localised impu- 
rities may be at the origin of electron sources and 
that is their small number and the dependence of this 
number on the electric surface field level Es. After 
a standard chemical polishing of 20 pm followed by a 
rinsing with dust free methanol or water the source 
density remains astonishingly small up to the highest 
field levels reached. If one assumes a region for 
which holds 0.9 Ep < Es< Ep (Ep: peak electric field) 
as a possible source for electron emittors then a 
typical source density of 4 1 source/l0 cm' is found. 
ObviousLy such small source densities are hard to 
explain by surface defects like grain boundaries, 
oxide inhomogeneities, microcraks, protrusions and 
the like. A "rare event" statistics produced e.g. by 
dust particles could be a possible explanation. 
Typically the effect of electron sources manifests 
itself on the temperature maps (and by X ray emis- 
sion) at a field level of E 

6 MV'm' the'r n"mber rises within an additional ~'= ield increase of 0.2 MV/m 
and reaches a constant value up to the highest field 
values which we were able to reach (Ep % 10 w/m). 
It would be again difficult to explain this step 
function behaviour with high density surface defects. 

Temperature plots can also be combined with the 
excitation of other modes in a cavity. This can give 
additional information on the distribution and nature 
of r.f. losses and electron phenomena. In fig. 7 we 
give an example of a temperature map corresponding to 
a TEr,, mode. The dipole character of this 
mode is clearly seen. 

The temperature maps have shown that a chemical 
polishing of a few um creates a new r.f. surface 
without memory for any previous imperfections. 
However, new defects always appear after such a 
treatment. The unequaled precision with which heat 
losses, quench regions and electron sources can be 
localised with the field mapping technique makes 
possible to treat specifically such imperfections 
without retreating the whole surface. This method 
has been applied at Wuppertal14 with great success 
to a 3 GHz 5 cell cavity. Surface defects have been 
removed locally by mechanical grinding followed by a 
slight chemical polishing of less than 5 m. The 
maximum acceleration field could be increased by a 
threefold application of this procedure from 1.8 to 
5.5 MV/m. 

The possibility for localising precisely a very 
small number of electron sources and lossy regions on 
a surface with a total area of the order of % 1 m* 
has lead us at CERN to the development of a small 
scanning electron microscope which can be introduced 
inside a 500 MHz cavity 15. Preliminary tests have 
shown that in some cases electron sources and 
isolated bossy regions can be associated with special 
features of the surface. The analysis of these 
results is going on. 
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Fig.1 Layout of 500 MHz test cavity. A: r.f.- 
input; B, C; r.f. probes, Dl-DlO: X-ray 
detectors, Rl-R39: resistors for temperature 
mapping; W: weldings. The coordinate system 
used is indicated. Dimensions are in mm. 
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Fig. 2 Temperature map of the cavity of fig. 1 for 
three different accelerating fields. The 
surface of the cavity body is projected on a 
plane. On the x axis the distance along a 
circle of constant latitude is plotted. The 
y axis shows the number of resistors. The 
temperature increases are plotted along the z 
axis. 

Fig. 3 (a,b) Temperature profiles measured by 
resistor 4 along its path around the cavity 
for 2 different acceleration fields. (c) 
Same for resistor 10. The peak at ‘p = 130” 
corresponds to a lossy point, the two other 
peaks correspond to electron trajectories. 
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Fig. 4 Mean value of r.f. power dissipated at the 
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asymmetry. For comparison the EZ and H’ 
distribution for the TM,,, mode are given. 

in r TiptpEP4:WFt FlJr, ‘tSlil 
1653-r 

SO=-2416 

p -700 

1 I I I I 1 I I I i 

* 

EeI ( keV) 

250 

0 
-30 s, 0 30 

-s 

Fig. 6 Fit of measured power loss of an electron 
trajectory family along its meridian. The 
measured values are indicated by crosses. 
The fit parameters and the electron impact 
energies are also given. The source location 
is indicated by an arrow. 
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Fig. 5 Temperature map of a 4-cell 500 MHz 
.acceleration cavity operated in a rrmode. 

The map is similar to the one of fig. 2. 
r.f.-losses are concentrated at the bottom 
cell. E,,, = 2 MV/m. 

Fig. 7 Temperature map of the one-cell 500 MHz test 
cavity excited in a TE, ,,-mode. 
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