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Project Overview 
 
 Preparation of cavity walls has been one of the major problems in superconducting 
radio-frequency (SRF) accelerator technology. Accelerator performance depends directly 
on the physical and chemical characteristics at the SRF cavity surface. The primary 
objective of this project is to develop a cavity surface preparation process which is 
superior in terms of cost, performance, and safety, to the wet chemical processes 
currently in use. Plasma based processes provide an excellent opportunity to achieve 
these goals and, in addition, offer a unique opportunity to provide an immunity to 
subsequent exposure to atmosphere through plasma passivation processes while the 
etched surface is still under vacuum and in an oxide free state. This is accomplished by  
exploring the effects of various types of electric discharge plasmas to minimize surface 
roughness and eliminate or minimize deterioration of cavity properties by oxygen, 
hydrogen and other chemical contaminants. 
 In the first year of the project, we have built and operated three different electric 
discharge systems (pulsed D.C., radio-frequency, and microwave) where we have been 
investigating effects of various plasma regimes on surface roughness, and the efficiency 
of electric discharges in eliminating the adverse effects of oxides and hydrides on the 
cavity performance. Presented here are the preliminary results on the proof-of-principle 
tests on bulk Nb discs. The analysis of processed samples was focused on surface 
roughness, where the comparison with conventional buffered chemical polishing (BCP) 
was readily available. 
 Preliminary results are very promising, since the electric discharge plasma etching 
has proven superior to BCP both in the size of features and sharpness of the boundaries 
and features between individual features at the surface. Images obtained with the optical 
microscope, the atomic force microscope (AFM), and the scanning electron microscope 
(SEM) show consistently the tendency of electric discharge plasmas to increase etching 
rates in the regions of enhanced electric field. This natural smoothing behavior leads to 
oblique shapes of the domains and virtual elimination of sharp edges. Papers describing 
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these results with the description of the apparatus and plasma diagnostics are being 
prepared for publication. 

Based on promising preliminary results, we are designing the single-cell plasma-
etching apparatus, which will be constructed and tested in the next year. The system will 
be a barrel type reactor with a flexible design to accommodate any type of power input. 
The SRF cavity will be the grounded electrode/conductor and discharges are designed to 
operate in the sheath mode, whereby the sheath form follows the curvature of the cavity.   

Based on the results obtained so far, we are confident that this project, upon 
completion, will provide a very valuable alternative to current SRF cavity processing   
technology. A plasma etching process may consist of different sequential etches in the 
same process for the purpose of providing a fast niobium removal of many tens of 
microns if required, followed by a slower etch tailored to provide a finished surface 
optimized for the best RF performance. We are focusing initially on the RF optimized 
surface, since removing bulk niobium is straightforward with many existing 
opportunities. 

 
Progress Report 
 
1. Introduction 
The primary objective of the present research is to minimize surface roughness and the 
presence of Nb-oxides and other contaminants that result in the degradation of SRF 
cavity characteristics. The approach consists of employing various techniques of the 
cavity surface modification involving electric discharge plasmas. Plasma etching 
provides a unique opportunity to explore Nb oxide-free surfaces by directly testing a 
cavity surface after processing without exposure to air. This technique also allows control 
of the final phase of SRF surface passivation involving plasma-controlled oxidizing or 
nitriding processes. The proposed experiment is devoted to the use of metal-to-discharge 
interfaces to generate an adequate environment for transformation of Nb oxides or other 
impurities from the surface of SRF cavity into removable volatile compounds. Due to the 
similarity with the operational conditions, the primarily, but not limited to, microwave 
electric discharge generation schemes are employed.  To define a proper combination of 
reactive gases in the mixture, the chemical properties of Nb compounds relevant to   
plasma etching processes are investigated. Niobium and its oxides are stable solid 
compounds with relatively high melting points. A possible chemical way of removing 
them from the surface of bulk Nb would be by transformation into volatile halogen 
compounds. Boiling points for such compounds are in a temperature range easily 
obtained in discharge plasmas. The proposed gas mixtures can contain reactive gases that 
are toxic and/or corrosive, but concentrations used in plasma etching processes are much 
smaller than concentration of acids used in BCP or electrochemical (EP) polishing [1] 
and are easily eliminated by automatic scrubbing before exiting the process tool. 
 In the first step, we exposed a limited number of Nb samples to reactive-ion 
surface modification in a fully automated industrial system [2] in order to explore the 
possibilities of developing the new technique. 
 This report is organized as follows. In the Section 2 we give a brief overview of 
prior work on Nb and Nb oxide films and the overview of properties of a target Nb-
halogenide and oxygen compounds to be used as carriers of contaminants from the bulk 
Nb surface. In Section 3 we describe the schemes of the experimental systems that are 
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being used in the proof-of-principle and optimization experiments. In Section 4 we 
discuss processing diagnostics and methods of sample characterization. In Section 5 we 
show and discuss the preliminary results obtained with samples treated with medium-
frequency pulsed discharges, and present a preliminary comparison of effects made with 
BCP and plasma-based treatment.  
 
2. Plasma etching of Nb and Nb oxides 
Niobium thin films and niobium pent-oxide etching in reactive discharge plasmas have 
been sparsely described in literature [3-12]. The plasma etching in all listed examples is 
based on formation of volatile niobium fluorides. Rarely, other gasses are added to the 
reaction mixture. Final values of etch rates reported in the literature show large 
variations, from few nm/min to few hundreds nm/min, even in cases where the same type 
of etch gas was used. This is a consequence of different preparation techniques of Nb thin 
films and different experimental conditions. Pressure, flow rate, and power density vary 
from experiment to experiment, leaving no room for simple conclusions. The only 
common feature in all listed experiments is the use of 13.6 MHz RF power supplies to 
produce plasma, typically in a parallel-plate reactor. These limited empirical results have 
been used as a starting point for present study of the inner surface modification of SRF 
cavities using low-pressure discharge plasmas. 

Bulk Nb used for fabrication SRF cavities comes in the form of metal sheets 
covered with a thin layer of oxides. In order to get low-roughness, oxygen-free surfaces, 
a reactive gas or proper combination of reactive gases for plasma etching must be used.  
A possible way of removing chemically the surface of bulk Nb and its oxides would be 
their transformation into volatile halogen compounds. Boiling points for these 
compounds are in the temperature range easily obtained in discharge plasmas. Halogens 
are delivered into the discharge either in pure form or in a form of a volatile compound, 
always diluted in a noble gas, usually argon. 
 
3. Description of experimental systems 
Our microwave cavity discharge, shown in Fig. 1 is a typical “barrel” reactor [13], 
capable of plasma etching at pressures up to 1 Torr. A microwave discharge has a more 
efficient transfer of energy from the microwave electric field to the gas, and as a 
consequence, higher electron densities and higher radical densities in the plasma. These 
plasma conditions are more favorable for plasma etching than for sputtering processes. 
Also, the higher gas temperature in the plasma contributes to a higher rate of chemical 
reaction and vaporization of products of chemical reaction. Biasing the sample can 
increase the small value of the sheath potential. In all experimental systems exhaust gas 
purifiers (“scrubbers”) are or will be applied. 

At present, the MW reactor is constructed and applied to plasma etching of 1”- 
diameter samples. Samples are placed on ceramic holders in central part of reaction 
chamber. Low background gas pressure is obtained using a system of mechanical and 
turbo molecular pumps, both corrosive gas resistant. The gas in the reaction chamber 
must have high constant flow rates, so that the reactive species lost due chemical reaction 
can be replenished and products of chemical reaction removed from the sample. Control 
of the gas flow is done through flow meters connected to controller. For chemistries that 
demand more than one reaction gas, the mixing chamber is placed in front of the reaction 
chamber to facilitate better mixing of gases. The reactor allows for the option of biasing 
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the sample. For the purpose of designing the optimal SRF cavity system we will also use 
our RF parallel plate reactor with a dielectric barrier, as shown schematically in Fig. 2. 

The third reactor type that has been used in this study is a repetitively pulsed d.c. 
diode system, operating in the voltage range 100 V – 20 kV at repetition rate between 
500 Hz and 10 kHz [2]. The principle of operation and diagnostics is shown in Fig. 3. 
This reactor is designed and operated by Varian as a doping system. In the present study 
it has been used for proof-of principle-demonstrations of bulk Nb plasma etching. The 
reactor can be used in the bulk mode and in the sheath mode. In the bulk mode, the 
sample is connected to the anode. In the sheath mode, shown in Fig. 3, the sample is 
connected to cathode. 
 
4. Process diagnostics and sample characterization 
The usual approach in characterizing electric discharge plasma is to apply mass 
spectrometry complemented with Langmuir probe measurements and determination of 
bulk electric characteristics of the plasma. At high electron densities, as in the case of 
microwave discharges, Langmuir probe measurements have to be supplemented by 
appropriate spectroscopic analysis of the discharge. 
 Besides giving an indication about development of process, Mass Spectrometry 
(MS) is the best tool to determine what kind of volatile reactive species are produced in 
the plasma discharges, which of them reacts with substrate surface and what are the 
products of reaction. MS information is necessary to get more detailed information on the 
reaction mechanism. Better knowledge of the reaction mechanisms will facilitate better 
control of the process and lead to better etch rates with smaller energy and feed gas 
consumption. 

We used the scanning electron microscope (SEM), digital video-microscope, and 
scanning probe microscope (SPM) for the inspection of the sample surface topology. The 
basic principle of SEM consists of scanning a focused electron beam (primary energy 
typically 2-10 keV) over the surface and simultaneously detecting electrons emitted from 
the surface. The intensity of this emitted signal is recorded as a function of the beam 
position. The formation a of topographical image is due to local variations of electron 
emissivity of the surface. In addition to simple imaging of surface topography, a local 
surface analysis in terms of composition can also be performed by the scanning electron 
microprobe. A picture of the surface is a combination of real three-dimensional features 
on the surface and surface composition. A digital video-microscope is essentially a high-
power, CCD–equipped inspection microscope with the ability for multifocus and side 
illumination. SPM was used for finer inspection of the roughness of the surface and 
measurements of grain and domain edge sharpness. 

For characterization of the surface composition X-ray Photoelectron spectroscopy 
has been used. In this instrument, the surface was irradiated by monochromatic photons, 
which excite electrons from occupied states into unoccupied states (within the solid), 
from where they are released into vacuum and detected by an electron-energy analyzer. 
Surface composition of the sample was not covered in this report, since the surface 
topology was our priority in this phase of work. 
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Figure 2. Scheme of the RF Parallel-Plate Generator. 

 

Figure 1. Microwave Plasma Reactor. 
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Figure 3. Scheme of the Pulsed d.c. Reactor (from Ref. [2]). 
 

5. Results  
In the course of the present work the plasma-processed samples are compared with (i) 
unprocessed, cleaned samples, and (ii) BCP processed samples. The work is still in the 
preliminary phase, but the results are very encouraging as shown subsequently. We 
completed one series of plasma etching on disk-shaped samples.  

Samples have been processed in the pulsed DC reactor (see Fig. 3), under three 
different conditions. Process control in the plasma-etching system consisted of plasma 
diagnostics and Residual Gas Analysis. The reactor gas was BF3 and the processing 
conditions are given in Table I. 
 
Table I.

Sample # Pressure (mTorr) Voltage (kV) Power density (W/cm2) 
1           20         1.20             0.3 
2           28         1.95             0.6 
3         250         0.54             0.012 

 
A typical residual gas spectrum is given in Fig. 4. Apart from the typical mass 

spectrum for BF3 plasma (peaks at 68, 49, 30, 19, and 11 atomic units) there is a set of 
relatively intense peaks in the region between 16 to 20 atomic units, suggesting high rate 
of release of oxygen and hydrogen from the surface, and a prominent peak at 28 atomic 
units, that may suggest significant amount of boron hydride oxide. 

All samples were transported to the diagnostic system exposed to room 
temperature air. At this phase of work we are focused on surface morphology. Once the 
reactor conditions are optimized to surface morphology, we will focus to surface 
composition and its effect on cavity losses. 
  

Nb Sample 
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                                                  (a) 

 
                                                    (b) 
Figure 4. Sample 1: (a) Residual Gas Spectrum, (b) Reactor Gas Spectrum. 
 
 
5.1. Optical Microscopy 
We used a KH-3000 3-D video microscope with a magnification of 10×350 to obtain 
qualitative comparison of details from the surface of the samples. The instrument is 
capable of observing non-flat samples by taking images from different focal planes and 
digitally merging them into single image with extended depth of focus. This general 
feature allows the estimate of inclusion depths and other particulars observed at the 
surface. Variable angle of illumination adds to the visual effects depicting surface 
roughness in more graphic detail.  
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Figures 5a,b,c show the digital micrographs from the surfaces of the samples from 
the same Nb sheet, (a) an untreated sample, (b) treated by BCP technique, and (c) treated 
in a  discharge plasma. The difference between the three samples is apparent.  

In the image of the untreated sample one can see large features (more than 50 µm 
long) up to 10 µm high. Samples treated by BCP have large but flattened features with 
sharp edges, and height differences up to 3 µm. In the plasma etched samples, the 
features are smaller by order of magnitude and more oblique, with average height in the 
order of 1-2 µm and individual solitary oblique blocks more than 2 µm high, that we 
qualified as artifacts due to surface preparation and handling. Deep, sharp inclusions do 
not exist in the plasma-etched surface. 

Using multifocus ability of the microscope, we could compare two parameters on 
digital micrographs that could serve as measures of surface roughness. One is vertical 
distance between the highest and the lowest point in the observed optical field, labeled 
here as “height”. Another parameter is the average domain size. Values of these 
parameters are listed in Table II for an untreated sample, a sample treated with BCP 
technique, and all plasma-treated samples.  
 
Table II.  

Sample Height (µm) Size (length) (µm) 
untreated 8.0                 57 

BCP 3.3                 64 
1 - plasma 2.3                   5.4 
2 - plasma 1.4                   3.7 
3 - plasma 3.5                   7.3 

 
We can explain this difference in plasma treated samples by the effect of local 

electric field in the electric discharge. The surface of Sample No. 1 was exposed to fields 
of more than 1 kV/cm. At the edges of domains, the electric field could have been 
enhanced to 10 MV/cm, leading to locally increased erosion, with the lapping or 
smoothing effect as a consequence. Sample 3, which was treated at high pressure (see 
Table I) and in fact higher field, due to the contraction of the sheath region in the plasma, 
shows a different size and shape of the domains at the surface (See Fig. 6). 
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   (a) 

 
   (b) 

 
                                        (c) 
Figure 5. Comparison of surface micrographs taken with KH-3000 digital microscope 
with magnification 10×350: (a) an untreated sample; (b) BCP sample, 8-layer multifocus; 
(c) plasma-etched (Sample No. 1, see Table I), 3-layer multifocus. In all cases the black 
line represents a distance of 10 µm. 
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Figure 6. Surface micrograph of Sample 3 from Table I. Distance of 10 µm is indicated 
with black line. 
 
5.2. Scanning Electron Microscopy    
Analysis and comparison of samples was made with an AMRAY 1800 scanning 
electronic microscope. The results are presented in Fig. 7. Differences in pattern are 
consistent with optical microscopy data. Sharp inclusions between features in the BCP 
sample give rise to strong electron emission shown by narrow bright strips in Fig. 7a. 
Oblique features of the features in the plasma-etched sample (see Fig. 7b) lead to more 
moderate electron emission, and the whole surface looks fuzzier, with few dominant 
details. 
 
5.3. Scanning Probe Microscopy    
Tri-dimensional imaging and surface roughness analysis was performed using a scanning 
probe microscope (multimode SPM, Veeco) operating in the tapping mode. The scanned 
area was 10x10µm2. Comparative analysis of three samples was made: a sample treated 
by BCP technique, and plasma-etched Samples No. 1 and 3 (see Table I for plasma 
conditions). Plasma-etched Sample No 2 has similar characteristics as Sample No 1, and 
the untreated sample had inclusions too deep for an atomic force microscope (see Table 
II). 

Tri-dimensional surface images of Sample No. 1 and BCP are given in Figs. 8 and 
9. They are showing the same pattern difference as the digital microscope and SEM 
images and confirm that plasma-processed surface tends to form smaller, oblique 
domains while the chemically polished surface tends to form large domains, separated by 
sharp and deep inclusions. 

Surface roughness parameters of the three samples, the average range in z- 
coordinate, root mean square (RMS) variation from the average z-coordinate, mean 
variation from the average z-coordinate Ra, and the effective surface area, are listed in the 
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Table III. Plasma-processed sample have much smaller range of the z-coordinate within 
the scanned area and other roughness parameters are comparable. 

 

 
                                                  (a) 

 
                                                  (b) 
Figure 7. Surface micrographs obtained with scanning electron microscope: (a) sample 
treated with BCP technique – magnification 500x, (b) plasma-etched sample 1 – 
magnification 1500x. Black lines indicate distance of 10 µm. 
 

Comparison between two plasma-processed samples shows that Sample No. 3 has 
consistently larger roughness parameters than Sample No. 1. This indicates that a strong 
variation of surface quality depending on plasma conditions as expected. Electric 
discharge plasma conditions have to be optimized in order to obtain best surface 
characteristics. 
 
Table III. 

Sample Z range (nm) RMS (nm) Ra (nm) Area (106 nm2) 
BCP 1213 151 105 101.24 

1 677 131 112 101.85 
3 985 155 116 102.10 
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Figure 8. Three-dimensional image of the plasma treated sample. 
 

    
Figure 9. Three-dimensional image of the BCP treated sample 
 
6. Concluding Remarks 
In order to find the best plasma conditions for etching of bulk Nb samples, three electric 
discharge systems have been designed, constructed and put in operation. 
 Preliminary tests on surface quality were performed. Success of surface treatment 
was measured by comparison with samples treated with buffer chemical polishing 
techniques. Three types of surface analytical instruments were used: digital imaging 
(optical) microscope, scanning electron microscope, and scanning probe microscope. 
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Results of the preliminary tests are promising. Samples compared with those treated 
conventionally show superior properties. 
 Tests have also shown that surface quality varies with electric discharge plasma 
conditions. Samples treated at low gas pressure, high sheath voltage, and high power 
density, have shown the best surface quality. Work on optimization is necessary in order 
to define best conditions for plasma etching. 
 An SRF single cell reactor has been designed as a barrel type plasma reactor. The 
reactor operates in the sheath mode so that the sheath follows the shape of the cavity. 
Design supports all three major types of discharges.  
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Second Year Project Activities and Deliverables 
 
The principal activity in the second year will be the transition to generic cavity 
experiments. Preliminary scheme of the ongoing design of the cavity-based electric 
discharge system is given in Fig. 10. It is a barrel-type reactor, which operates in the 
sheath mode. Therefore, the outside conductor is the cavity itself, which is grounded and 
acts as a cathode in the pulsed d.c. operation. In microwave operation, the system acts as 
a coaxial waveguide. In both cases, the sheath follows the curvature of the inner surface 
of the cavity, and the bulk plasma region is wide enough so that the shape of inner 
conductor (or anode) is irrelevant. The inner conductor is in the form of a perforated tube 
that is kept at the temperature of dry ice (or liquid nitrogen) and serves as a cryo-pump 
for volatile etching products. It is fed electrically through an isolated feedthrough. A 
reactant gas mixture flows in and out through separate ducts in the flanges. Arms of the 
cavity are etched in an additional step using the same coaxial principle, but with a shorter 
inner conductor. 

Flat sample treatment and analysis will remain important subject of the second 
year activity. The first group of activities will be to optimize plasma-etching process with 
respect to surface roughness and the elimination of sharp edges that could contribute to 
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RF power losses in the cavities. The second group of tasks is the analysis and treatment 
of surface contaminants. This activity will include a search for plasma composition 
(reactants and radicals) and conditions that provide minimal formation of oxygen and 
hydrogen compounds on the surface and minimize diffusion through the bulk.  
 

  
Figure 10. Schematic diagram of the SRF cell plasma etching reactor: 1 – cavity contour 
(electrically grounded); 2 – energized electrode (perforated conductor tube, connected to 
cryopump); 3 – plasma sheath; 4 – power supply; 5 – flange (equipped with electrical 
feedthrough and reactor gas inlet and outlet); 6 – isolator for blocking discharge. 
 
 Results achieved in this phase will be reported in a mid-year and end-year 
progress report. 
 
Third Year Project Activities and Deliverables 
 
Project activities in the third year will include testing and optimization of the single-cell 
plasma-etching reactor. In this period the decision will be made on the optimum plasma 
conditions. A large part of the third year will be devoted to the characterization of the RF 
properties and measurements of power losses in the single cell treated with the electric 
discharge plasma. Finally, the project will conclude with the proposed scenario for 
plasma treatment and passivation the inner surface of SRF cavities to prevent oxidation 
after treatment.  
 Results achieved in this phase will be reported in a mid-year progress report. At 
the end of the project’s third year a final report will be delivered. 
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Budget justification: 
 
Other Professionals:  Dr. Popovic is the key technical person for the project. He is paid 

1.8 mo/year by the project in the second and third year. 
Graduate Students: Marija Raskovic who is fully devoted to the project is paid from 

the different source of the Jefferson Laboratory. 
Fringe Benefits: Approximately 35% for fringe benefits is accounted. 
Travel: Travel expenses include costs of attendance on scientific meetings 

and workshops. 
Materials and Supp.: Include corrosive flow components, MW/RF components, reactive 

gas mixtures, air purifying components, vacuum components and 
supplies, and optical components and supplies. 

Other Direct Cost: Technical support for the design and construction of cavity etching 
plasma reactors. 

Indirect Cost:  Old Dominion University is charging 42% for the indirect cost. 
 
Two-year budget, in then-year K$ 
 

Item Second year Third year Total 
Other Professionals       18.0       18.0       36.0 
Graduate Students         0         0         0 

Undergraduate Students         0         0                 0 
Total Salaries and Wages       18.0       18.0       36.0 

Fringe Benefits         6.4         6.4       12.8 
Total Salaries, Wages and Fringe Benefits       24.4       24.4      48.8 

Equipment         0         0        0 
Travel         2.3         3.5        5.8 

Materials and Supplies         8.4         9.2      17.6 
Other Direct Cost         7.2         5.2      12.4 

Institution 2 subcontract         0         0        0 
Total Direct Cost       14.2       14.2       28.4 

Indirect Cost       17.7       17.7       35.4 
Total Direct and Indirect Cost       60.0       60.0      120.0 

 


