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Abstract 
RF processing of Superconducting 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 I 
50 kW) pulsed processing, and low power (I 20 W) continu- 
ous wave processing. The experimental apparatus also in- 
cludcd a thermometer array on the cavity outer wall, allowing 
tcmpcrature maps to characterize the emission before and after 
RF processing gains. Multiple sites have been located in cav- 
ities which showed improvements in cavity behavior due to 
RF processing. Several SEM-located sites can be correlated 
with changes in thermometer signals, indicating a direct rela- 
tionship between the surface site and emission reduction due to 
RF processing. Information gained from the SEM investiga- 
tions and thermometry are used to enhance the theoretical 
model of RF processing. 

I. INTRODUCTION 
The HPP experimental program was initiated in order to 

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.[*]~[2] An 
extensive description of the entire HPP program can be found 
in the recently completed Ph.D. dissertation associated with 
this work.E3] 

We report here on the effort 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. 
WC were encouraged by the findings of the Mushroom cavity 
projectL4] 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- 
turcs 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. Thermometers 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 studie$j have 
shown that these are micron or submicron features, for exam- 
ple, superficial particles. 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. Fortunately, 
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 l-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. Epeok plots from the three CW 
power rises of this experiment. The initial CW power rise 
was limited by heavy FE at Eped = 32 MV/m. HPP process- 
ing was then performed with PRF = 2 kW, [RF = 630 ysec. 
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 PRF = 3.5 
kW, tRF = 630 psec. Peak fields during processing reached 54 
MV/m. In the final CW session, Repeat reached 36 MV/m, 
again limited by FE. 
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Figure 1. Qo vs. Epeok curves from low power measure- 
ments on single-cell cavity l-5. 
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Figure 2. Temperature map measured at Epeot = 31 MV/m 
in the first CW power rise. 
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Figure 3. Temperature map measured at Epeok = 36 MV/m 
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 MV/m. 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 1 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- 
ture 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 Epeok = 36 MVjm. Note the reduced scale of 
the plot. 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- 
tiont71 which assumes that the emission current is consistent 
with the enhanced Fowler-Nordheim (F-N) theory of emission: 

[FN=.CA@E)2ex -B4q 4 P( 1 BE (1) 
where IFN is the FE current, E is the local surface electric field, 
Q is the work function of the metal, C and B are constants and 
p and A are the F-N field enhancement factor and emitter 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- 
cancc can be attributed to fi or A, they arc still useful quan- 
tities for characterizing the nature of emitters. 

We therefore wish to extract values of /I 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 /? 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 heating 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 l-5, respectively. Simulation of the 
initial CW rise assumes the emission source at S = -3.7, p = 
200, and A = 3.2 x 10e9 cm2. The simulation of the final CW 
power rise assumes S = -3.7, p = 300, and A = 1 x 10-r3 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 
approxiamtely 200 microns. At the center of this starburst are 
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Figure 6. SEM photograph of the starburst region found in 
cavity S3Cl-5. The starburst and craters are 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 0. 

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 many crater 
regions. A more complete 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- 
turcs 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 conclusively, 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 “Starburst” phenomena 
found in all examined single-cell cavities, plotted along with 
relative surface electric field. 

TABLE 1:CONTAMISANT ELEMIXNTS FOUND IN 
STARBURSTS IN HPP CAVITIES 

Element Starbursts Element Starbursts 
Indium 19 Calcium 1 
Iron 11 Silicon 1 
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 1, we present a listing of the various 
contaminant materials detected in starburst in single-cell cavi- 
ties. 
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