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Abstract 
RF processing of S uperconducting accelerating cavities is 

achieved through a change in the electron field emission (FE) 
characteristics of the RF surface. We have examined the RF 
surfaces of several single-cell 3 GHz cavities, following RF 
processing, in a Scanning Electron Microscope (SEM). The 
RF processing sessions included both High Peak Power (P ::; 
50 kW) pulsed processing, and low power (::; 20 W) continu
ous wave processing. The experimental apparatus also inI cluded a thennometer array on thc cavity outer wall, allowing 
temperature maps to characterize the emission before and after I RF processing gains. Multiple sites have been located in cav
ities which showed improvements in cavity behavior due to 

Q RF processing. Several SEM-Iocated sites can be correlated =_ <0 with changes in thennometer signals, indicating a dircct rela
-~ - ;g tionship between the surface site and emission reductio~ due tor:- -~ RF processing. Infonnation gained from the SEM investiga

~ --- ~ tions and thermometry are used to enhance the theoretical 
~ model of RF processing.
If. _ CJ 
. .~ 1. lNTRODUCTION 
_ - ~ The HPP experimental program was initiated in order to 

Q investigate high power RF processing as a method of reducing 
and understanding field emission in superconducting accelerator 

- cavities. Results of this program have been presented at pre
vious and present Particle Accelerator Conferences.[I].[2] An 
extensive description of the entire HPP program can be found 
in the recently completed Ph.D. dissertation associated with 
this work.P] 

We repon here on the effon to characterize the microscop
ic effects of RF processing. Surface investigation studies of 
the cavities in the HPP program was initiated with the goal of 
finding physical evidence of processing on the RF surface. 
We were encouraged by the findings of the Mushroom cavity 
project[4] at Cornell, in which a specially designed, nonaccel
erating cavity was examined in a Scanning Electron Micro
scope (SEM) following RF cold tests. Multiple phenomena 
were encountered in the high electric field regions of the cav
ity. indicating a strong link to field emission activity. 

In order to better establish the link between surface fea
tures and RF processing. the experimental apparatus included 
an array of 100 thermometers placed in ten boards of ten resis
tors. spaced at 36 degree intervals around the azimuth of the 
cavity. Thennometers such as these have been a common di
agnostic tool in SRF work for the last ten years. 

SEM investigation of the cavities involves dissection of 
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the single cell cavities in order to facilitate investigation of the 
RF surface . and is the final step performed on a test cavity. 

II. PHYSICAL EVIDENCE OF RF PROCESSING 
Ultimately it is desirable to gather microscopic informa

tion on field emission sites. DC field emission studies[5] have 
shown that these are micron or submicron features, for exam
ple, superficial panicles. Even with guidance from thermome
try. where the resolution is of the order of a few square 
millimeters. location of such minuscule features after dissec · 
tion of a cavity presents a significant challenge . Fonunatcly, 
as this study shows, if the emission site processes. or under
goes significant change during cavity operation, then the addi
tional features associated with the processing event make it 
substantially easier to locate the site. 

Several sites were found which have both a significant 
thermometry signal, a change in signal after processing, and 
an associated surface feature. One example stands out above 
the rest, as the clearest processing event, therefore we will 
expand upon this site here. This site was found in a cavity 
(designated 1-5) which was RF tested specifically with the 
goal of limiting the run to one or two processing events. 
More examples of SEM located processing sites, as well as 
other phenomena can be found in references [3] and [6]. 

Figure 1 shows the Qo vs. Ep.ak plots from the three CW 
power rises of this experiment. The initial CW power rise 
was limited by heavy FE at Epcak = 32 MV/m. HPP process
ing was then performed with PRF = 2 kW. tRF = 630 ~c. 
Peak fields during processing reached 49 MV/m. The second 
CW measurement was limited at 34 MV/m. again by heavy 
FE. The second HPP session was performed with Pu =3.5 
kW, tu = 630 1lSCC. Peak fields during processing reached 54 
MV/m. In the final CW session. Epcat reached 36 MV/m, 
again limited by FE. 
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Figure L Qo vs. Ep<at curves from low power measure
ments on single-cell cavity 1-5. 
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Figure 2. Temperature map measured at Epeak = 31 MY1m 
in the first CW power rise. 
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Figure 3. Temperature map measured at Ep<ak = 36 MY1m 
in the final CW power rise, following HPP processing. 

Figure 2 is a temperature map of the cavity taken during 
the first CW measurements, at Epeak = 32 MY 1m. The temp
erature map shows that the cavity was clearly dominated by a 
single emission site, located near the upper iris of the cavity 
board number 8. Figure I shows that, in addition to HPP pro
cessing, a processing event took place in the initial CW rise 
of the cavity, marked by the arrow. Inspection of the tempera
LUre maps reveal that this event was accompanied by a reduc
tion in the heating at the dominant site shown in Figure 2. 

Figure 3 is a temperature map taken during the final CW 
measurement, at Epwk = 36 MV/m. Note the reduced scale of 
the plol. While emission is still present, the site at the upper 
iris of board 8 is no longer dominating the cavity behavior. 
The change in heating is attributed to a change in FE charac
teristics through RF processing. 

Given the measured change in heating, we then model the 
emission heating characteristics, before and after RF process
ing. In order to model the emission heating, we use a simula
tion[7J which assumes that the emission current is consistent 
with the enhanced Fowler-Nordheim (F-N) theory of emission: 

C A 2 B ¢I3)
IFN = T (f3 E) ex~-"""""fJ£ (1) 

where IFN is the FE current, E is the local surface electric field, 
¢ is the work function of the metal, C and B are constants and 
f3 and A are the F-N field enhancement factor and eminer area, 
respectively . The present best model of the enhancement 
allows for both geometrical and material mechanisms of field 
enhancement, Furthermore, while no definite physical signifi· 
cance can be attributed to f3 or A, they are still useful quan
tities for characterizing the nature of eminers. 

We therefore wish to extract values of f3 and A in order to 
better understand RF processing and its effect on emission 
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Figure 4, Comparison of measured and simulated tempera
ture along board 8, in the first CW power rise. 
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Figure 5. Comparison of measured and simulated tempera
ture along board 8, in the final CW power rise. 

sites. The method of extracting these values is to vary f3 and 
A in the simulation to best match the simulated with meas
ured temperature signals on the cavity over several different 
electric field values. The field distribution of the fundamental 
mode of a cavity is such that emitted electrons follow 
trajectories with no azimuthal change, therefore all healing due 
to an emission site will be along a single board, S is the dis
tance from the cavity equator along the cavity surface. 

Figures 4 and 5 show the measured and simulated tem
perature signals along board 8 for the initial and final CW 
measurements on cavity 1-5, respectively. Simulation of the 
initial CW rise assumes the emission source at S = -3.7, f3 = 

200, and A = 3.2 X 10. 9 cm2• The simulation of the final CW 
power rise assumes S = -3.7, f3 = 300, and A = I X 10. 13 cm2 , 

Given this agreement between measured and simulated 
thermometry, the cavity was dissected and put into the SEM, 
for examination in the region indicated as the processed emis
sion site. The examination was successful, as one "starburst" 
feature was detected. Photographs of this starburst are shown 
in Figures 6 and 7. No other surface phenomena were detected 
in a position to eplain the change in emission characteristics. 

As with most starbursts, the feature is dominated by a 
darkened (as viewed in the SEM) burst region, with diameter 
approxiarntely 200 microns. At the center of this starbursl are 

4 



10 

Figure 6. SEM photograph of the starburst region found in 
cavity S3Cl·5. The starburst and craters arc located in a posi 
tion to explain the processing event. 

Figure 7. SEM photograph of the central region of Figure 
6. Contaminant materials include Ca, Ti, C, and O. 

several small (10 microns) crater regions, which appear to 
have become molten. The craters are shown in Figure 7. 

The working model for RF processing, and the creation of 
a starburst is that as fields are increased, the emission current 
increases until the resistive losses become so high that the 
emitter melts/vaporizes. The event appears to be explosive in 
nature, as evidenced by the splash appearance of man y crater 
regions. A more complele description of this model can be 
found in references [3] and (6]. 

Examination of X-ray information in the SEM indicate 
that contaminant materials at this site include Calcium, Car
bon, Oxygen, and Titanium. The crystalline appearing fea
tures are called "etch pits," and are an pitting phenomena 
which occur frequently in cavities which are acid etched fol
lowing high temperature baking. These pits appear through
out the cavity, and therefore are not thought to be significant 
to cavity behavior. 

In all, we have examined 6 cavities following HPP pro
cessing. The general rule we have found is that the higher the 
fields that the cavity is exposed to, the more starbursts are 
found. This is consistent with the model presented above, as 
higher fields are capable of processing more sites. 

This phenomena is demonstrated more conclusi vcly, by 
examining the radial distribution of starbursts in the cavities. 
Figure 8 shows such a distribution, superimposed with the 
relative electric field as a function of radius and aligned with a 
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Figure 8. Radial distribution of "St.arburst" phenomena 
found in all examined single-cell cavities, plotted along with 
relative surface electric field . 
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T AllLE 1: CO\TAMINANT ELE\1E:\TS FOU\O C\ 

STARllURSTS IN HPP CAVITIES 


Element Starbursts Element Starbursts 
Indium 19 Calcium 1 
Iron II Silicon I 
Copper 4 Oxygen 1 
Chromium 2 Carbon 1 
Titanium 2 

quarter cavity profile . The starbursts are well concentrated in 
the high field region of the cavity. again supporting the model 
presented above. 

Finally, in Table I. we present a listing of the various 
cont.arninant materials detected in starburst in single-cell cavi
tics. 
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Abstract 

Superconducting cavities are under operat ion or construc
tion for acceleration of electrons and heavy ions at several 
laboratories. At present gradients around 5 MV1m, beam 
current up to 10 rnA and operating experience exceeding 
10,000 h are typical values. The advantage of supercon
ducting RF is the high cw accelerating gradient, the low 
operating cost to establish RF voltage and the favourable 
cavity shape for a low loss factor. Ongoing progress in im
proving Niobium material, simplifying design and fabrica
tion, understanding of performance limitations and invest
ing cures against field emission promise to increase the op
erating gradient at reduced investment costs. High beam 
current applications are investigated to take advantage of 
the small higher order mode impedance. The most chal
lenging development is the use of superconducting cavities 
for a TeV Linear Collider (TESLA). 

I. INTRODUCTION 

For more than ten years superconducting cavities are un
der use in accelerators. At several laboratories different 
types of low f3 cavities operate under routine conditions to 
boost the energy of heavy ions. They produce cw gradi
ents above the capability of normalconducting resonators 
and work reliable and cost efficient. This paper deals with 
cavities designed for f3 = 1 applications. A recent review 
of low f3 superconducting cavities is given in [1]. 

Superconducting cavities are used to accelerate electrons in 
linacs (Darmstadt, Frascati, HEPL, JAERl, Saclay) and in 
storage rings (CERN, DESY, KEK). A recirculating linac 
with 160 m of superconducting cavities is under construc
tion at CEBAF [2]. In total about 800 m of superconduct
ing resonators are under operation or construction. Several 
105 cavity-hours of operating experience demonstrate the 
mature character of this technology. Detailes of the expe
rience gained at different laboratories can be found in [3] . 
Improvements are expected in raising the operating gradi
ent, lowering fabrication costs and in reliability of auxil 
iary equipment (input- and HOM couplers, windows, etc) . 

In this paper recent developments and future projects are 
discussed. 

II. 	 RECENT PROGRESS IN 
CAVITY TECHNOLOGY 

A. Niobium material 

Superconducting cavities are produced from sheet mate
rial by electron beam welding. The mass production of 
Niobium has a high stand!ird in respect to the purity of 
the bulk and the cleanliness of the surface. Considerable 
improvements have been gained in raising the thermal con
ductivity by further refinement during the melting pro
cesses. As measure of the (temperature dependent) ther
mal conductivity the value of RRR (.Residual .Resistance 
Ratio: R300KI R....2K) is often quoted. Nb material with 
RRR = 300 is available in large quantities, an improve
ment by a factor of ten compared to that ten years ago. 
A high thermal conductivity stabilizes excessive heat flux, 
thus increasing the breakdown value of a quench . 

A further increase of the thermal conductivity can be 
reached by Ti solid state gettering. The completed cav
ity is fired for several hours around 1400 °c together with 
some Ti material [4] . This purification process is especially 
valuable to heal mistakes during fabrication (e.g. bad vac
uum in the e--welder) . A maximum value of RRR 1000 
at a cavity has been reported recently [5]. 

B. Cleaning procedures 

Field emission is the main effect in limiting the accelerat
ing gradient in superconducting cavities. The low AC-loss 
of a superconductor makes the cavity sensitive to any addi
tional loss mechanism. Another consequence of field emis
sion is the dark current in linacs. Dust particles (metallic 
or dielectric) on the surface are the most likely source of 
field emission although other" irregularities" or intrinsic 
surface properties cannot be completely excluded. Clean
ing of the surface by chemistry (Bep: Jiuffered Qhemical 
Eolish) and thorough rinsing is essential to suppress field 
emission. An automized chemical cleaning facility has been 


