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This paper contains results of the three-dimensional simulations of the surface topography
evolution of the niobium superconducting radio frequency cavities during isotropic and
anisotropic etching modes. The initial rough surface is determined from the experimental
power spectral density. The simulation results based on the level set method reveal that the
time dependence of the root mean square roughness obeys Family-Viscek scaling law. The
growth exponential factors §§ are determined for both etching modes. Exponential factor for
the isotropic etching is 100 times lower than that for the anisotropic etching mode reviling
that the isotropic etching is very useful mechanism of the smoothing.
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INTRODUCTION

Superconducting radio frequency (SRF) cavities
have blossomed into the most promising technology
for many proposed accelerator-based projects [1]. Var-
ious physical and chemical characteristics of the SRF
cavity surfaces strongly affect the particle accelerator
performances, such as particular the average acceler-
ating field and the cavity quality factor. The exten-
sively used material for construction of SRF cavities is
niobium (Nb) which has the highest critical transition
temperature, sufficiently high critical field for SRF ap-
plications and adequate properties for fabrication.
Preparation of cavity walls built of Nb has been recog-
nized as one of the main problems in SRF accelerator
technology [2].

Considerable efforts have been devoted in devel-
oping of the surface preparation processes that will re-
duce roughness, allow formation of the surfaces with
smaller grain boundaries and lower the level of impuri-
ties, embedded in bulk niobium. In preparation of Nb
SRF cavities, different techniques are commonly ap-
plied to achieve the inner surfaces of cavities smoother
with minimal defects and impurities, including buffered
chemical polishing (BCP), electropolishing (EP), buf-
fered electropolishing (BEP) and centrifugal barrel pol-
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ishing (CBP) [2, 3]. The first three involve chemical re-
actions, while the last one is based on mechanical fric-
tion. EP generates a smoother surface than BCP and
allows pushing the cavity gradient above 40 MV/m. On
the other hand, BEP can produce an order of magnitude
smoother surface than that by the EP and is more than 25
and 5 times faster than those of EP and BCP, respectively.
Additionally, CBP limits the use of harsh chemicals,
which would decrease the environmental impact of the
surface treatment process while increasing the smooth-
ness of the surface. Finally, related to the plasma etching,
Ar/Cl, microwave plasma based processes could also be
used for reducing surface roughness and the presence of
Nb-oxides and other contaminants that result in the deg-
radation of SRF cavity characteristics [4, 5].

The performance of an SRF cavity is typically
described by plotting the resonance quality factor (Q),
inversely proportional to the dissipative resistance, vs.
accelerating gradient. An important class of perfor-
mance deficit in the push to ever-higher gradient is a
decrease in QO with increasing gradient — O-drop.
Smoothing of the cavity surface includes eliminating
both sharp surface features that cause non-field-emit-
ter quenches and small features that contribute to
Q-drop.

In this paper, we have studied the influence of
different etching modes (isotropic and anisotropic) on
reduction of the cavity surface roughness. In order to
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simulate a realistic situation, the initial rough surface
is generated based on the experimental data for the
power spectral density (PSD) curve taken from [6], us-
ing the modified convolution method [7]. The etching
of'this surface is modeled using level set method in the
manner similar to that described in [8]. The changes in
the surface morphology during different etching
modes have been followed in order to obtain complete
insight into the smoothing process. The smoothest
cavity will have the lowest surface area and thus the
lowest total surface resistance.

SIMULATION MODEL

The first element of our simulation model is the
artificially produced rough surface that corresponds to
an “untreated” Nb surface [6]. The interface width R,
or root mean square (rms) roughness, that is the rms
height of a surface around its mean value, is commonly
used to illustrate the rough surface. It is given by R, =

[(1/N)Z§V : h2 1Y2, where N is the number of the
scanning pomts and the heights /; are measured from
the mean line [9, 10]. The value of R is strongly de-
pendent on the scan size and the particularities of the
area being scanned and it cannot be used to compare
data between different types of instrumentation. A sur-
face may seem to be smooth to an instrument with a
low lateral resolution with small surface defects that
can only be detected by an instrument with a higher
lateral resolution. In this situation, one instrument
would measure a small roughness parameter, while the
other would measure a large roughness parameter on
the same surface. Besides, the roughness measure-
ment considers only vertical information; it does not
give any information about the lateral topography of
surface features. Nevertheless, another statistical
characteristic, namely power spectral density (PSD),
offers more information about the surface topography
[3, 6, 9]. It was recently shown that the PSD based de-
scriptions of surfaces are less dependent on instrumen-
tal effects when measuring parameters such as surface
roughness and correlation length. Power spectral den-
sity (denoted by W in this paper) denotes the spa-
tial-frequency spectrum of surface roughness in in-
verse-length units. Two-dimensional power spectral
density W, is a function of the surface heights /4 (x, ),
it represents the squared amplitude of surface features
plotted against the spatial frequency of those features,
defined as limiting integral form for continuous data
sets [11]

Wy (fxsfy)=
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where f; and f; are the spatial frequencies of the surface
roughness and are related to the lateral dimensions of

the surface features and L” is the surface area. This
function determines the relative contributions of all
the spatial frequencies for an ideal measurement of an
infinite surface in the limiting case from zero fre-
quency (an infinite surface area) to an infinite fre-
quency (infinitely small area). In real experiments top-
ographic images of surfaces are recorded on finite
samples digitizing data in one dimension (at N-N
points), so one-dimensional PSD W(f;) is defined by
periodogram [11, 12]
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where (NV/2) <m <(N/2)— 1, Ax=L/N1is the spacing be-
tween data points in the profile, /(x), are the height
values of the profile data points x = nL/N, and discrete
spatial frequency is f, = m/L. K(m) is a factor which
equals to 1 except that K(£N/2) = 1/2 at the ends of the
power spectrum. A window is often inserted in the
summation in order to condition the profile data and
eliminate spurious effects caused by non-zero terms at
the end points. Spectral estimation from real data is
limited by the bandwidth limits, aliasing, trending, and
statistical instability. Real data are recorded over a fi-
nite length and sampled at a finite interval so reliable
spectral estimates can only be performed over a lim-
ited range of surface frequencies

%>f>% 3)

which means that the minimum spatial frequency is
limited by the recorded length, while the maximum is
limited by the half of the sampling interval-Nyquist
frequency.

Two-dimensional PSD W, is necessary to gener-
ate initial rough surface, but the measurements provide
only one-dimensional function W,. The general rela-
tionship between the one-dimensional (2) and two-di-
mensional (1) power spectral densities is given by

W)= [ (fo f) 4

If two-dimensional spectral density ¥, is known;
it is relatively easy to obtain one-dimensional W,. The
inverse, however, is not possible in general case, except
for an extreme anisotropic and an isotropic surface [13].
If we assume that the surface is isotropic, i. e.,
1 =f7 + f7 eq. (4) can be re-written in the form

fdr
NS

In this case, the required link between W, and W,
is the inverse Abel transform

d d

A
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Since the measured PSD W, is limited on the up-
per side by the Nyquist frequency, in order to accom-
plish the integration fromf to « in eq. (6), in actual cal-
culation we extrapolated W, by an analytical
expression, as it is described in [13].

In this way obtained two-dimensional PSD W7, is
used to generate initial random rough surface that cor-
responds to the experimentally measured one-dimen-
sional PSD ;. Here the modified convolution algo-
rithm described in details in [7] is used. The evolution
of this surface during the etching process, which is the
main objective of this paper, is simulated using the
level set method [14].

The level set method is a highly robust and accu-
rate computational technique for tracking interface
surfaces by representing a surface using an auxiliary
function@ (x, £) at a certain time ¢, called the level set
function. The initial surface is represented as the zero
level set of the function and its time evolution is caused
by forces or fluxes of particles reaching the surface in
the case of the etching process. The velocity of a point
on the surface normal to the surface will be denoted by
R (x, #), and is called the velocity function. For the
points on the surface this function is determined by
physical models of the ongoing processes, in the case
of etching by the fluxes of incident particles and subse-
quent surface reactions. The time evolution of the
level set function is described by the Hamilton-Jacobi
equation [14]. The simulation results presented here
are obtained using our three-dimensional simulation
package based on the sparse field method [15] for
solving level set equations. In these simulations the
surface velocity function R (x, #) for isotropic or
anisotropic etching was modeled by simple analytical
relations. In the case of the isotropic etching the de-
pendence of the surface velocity on the incident angle
is described by the expression R = R, (isotropic in all
directions). The velocity functions R = Rcos(f) corre-
sponds to the ideally anisotropic etching where repre-
sents the angle between the normal to the surface and
the direction of the incoming particles. Actually, in the
real etching processes both modes are present. Al-
though these are the simplest forms of angular
dependences, they describe the anisotropic etching
process quite correctly. The physical sputtering mech-
anism, which usually has a significant contribution to
the plasma etching of semiconductors, can be ne-
glected in the case of niobium surfaces [5].

RESULTS AND DISCUSSION

The initial surface (100 pm % 100 pm) deter-
mined from the one-dimensional PSD W (f) taken
from fig. 6 in ref. [6] relating to an “untreated” Nb sur-
face is shown (as inset) in fig. 1 together with W,(¥).
The rms roughness of this surface is R, ~ 1 um, butitis
scaled with factor 5, in order to be noticeable in the fig-
ure.
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Figure 1. Experimental power spectral density (PSD)
taken from ref. [6]. The initial rough surface
(100 pm x 100 pm) is in inset

The pictures below display the time evolution of
the initial surface achieved by our level set simulation
package based on the sparse field method for solving
three-dimensional level set equations that describe the
morphological surface evolution during etching pro-
cess. The etching of Nb surface in Ar/Cl, plasma is
dominantly of chemical nature, meaning that the etch-
ing rate is determined by the concentration of reactive
species in the plasma and that the etching rate is isotro-
pic R = R,. The three-step etching process, described
in [5], comprised a cleaning step, a fast removal step,
and a smoothening step. The first step performed in
pure argon is not of interest for the present analysis.
The second, fast removal step, is characterized by high
etching rate and significantly reduces influence on the
surface roughness. The smoothening step is very ef-
fective in reducing roughness, at the expense of lower
etching rate. In fig. 2. the time evolution of initial sur-
face (shown in fig. 1.) during anisotropic etching pro-
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Figure 2. The time evolution of the initially rough surface
induced by anisotropic plasma etching (R = R, cos 0 with
Ry =1 pm/min)
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Figure 3. The time evolution of the initially rough surface
induced by isotropic etching (R = 0.5 pm/min)

cess is shown. The etching rate is taken to be R =
= Rycos0, with Ry=1 pm/min in accordance with [5].
Obviously, the anisotropic process does not reduce
roughness significantly. The time evolution during
isotropic process is presented in fig. 3. The etching
rate is taken to be lower, R = 0.5 pm/min, but the sur-
face roughness is efficiently reduced. Besides, the ob-
tained surface topography is very similar to some of
experimental plasma-treated samples (see fig. 9. in
[4]).

Simulation results, presented here, are in accor-
dance with the previously published results [8] which
confirmed that the isotropic etching mode smoothests
surfaces successfully, while the anisotropic process is
much less effective, which is in line with the simula-
tion results shown here [8]. When the etching is isotro-
pic all surface elements are etched away with the same
etchrate R, though in the anisotropic case the surface
elements inclined to the horizontal plane are etched
with the rates proportional to Rycos6, that is smaller
than R,. As aresult the smoothing by anisotropic etch-
ing process is significantly slower, as can be seen from
figs. 2. and 3.

The dynamics of smoothing process i. e., the
time dependence of rms roughness R, is presented in
fig. 4. In both etching modes, R, decreases with the
etching time following ## Family-Viscek scaling law
[16], where the growth exponents 3 are different for
isotropic and anisotropic case.

CONCLUSIONS

In this paper the sparse field method for solving
three-dimensional level set equations that describe the
smoothing of the initially rough niobium surface is ap-
plied. The initial rough surface is created from the ex-
perimental one-dimensional PSD function. The two-di-
mensional PSD, necessary for surface formation, is
reconstructed from one-dimensional PDS, under the as-
sumption of isotropy. For both etching modes, the rms

tls]

Figure 4. The time dependence of the rms roughness
during the isotropic and anisotropic etching. Simulation
results are presented by symbols, while lines show fits to
the simulation data

roughness decreases with the etching time following ¢#
scaling law. The exponential factor for the isotropic
etching is 100 times lower than that for the anisotropic
etching mode. The simulation results shown here, con-
firm that the surface roughness could be reduced by the
isotropic etching, while the anisotropic etching is not an
effective mechanism of smoothing, which is in accor-
dance with the experimental data. Unfortunately, there
are no measurements that describe the PSD before and
after the plasma etching process, so we were not able to
compare our simulation results with them. Simulation
results, presented here, can be used in order to optimize
the parameters of the etching processes required in gen-
erating the high quality niobium surfaces for supercon-
ducting radio frequency cavities.
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Bpanucias M. PABEHOBWH, [lerap 1. BEJIUYEB,
Mapuja [I. PAIMWIOBUHh-PABEHOBHUh

TPOOJMMEH3NOHA/IHE CUMYJAIMJE ITOBPIIMHCKE TOIIOTPA®UJE
HUOBUJYMCKHX CYIHEPIIPOBOIHUX PANNO-OPEKBEHTHUX ITYIIbBUHA

Pap cangpzku pesynrare TpOAUMEH3UOHAIHUX CUMYyJIallija €BOJIyLHje IOBPLIMHE CyNIEPIPOBOJHUX
paguo-(peKBEeHTHUX LIyIJBUHA Ofl HMOOWjyMa TOKOM H30TPOIHOI M aHM3OTPOIHOI IIpolieca Harpu3ama.
[MoueTHa noBpimMHa ofipebeHa je U3 excnepuMeHTANHO JOOUjeHe CIEeKTpallHe T'yCTHHE cHare. PesynraTu
cUMyJIalyje 3aCHOBAHU Ha METOU HUBO CKYIOBA IOKAa3yjy fia BPEMEHCKA 3aBUCHOCT CPEAHEr KBapaTHOT
OfiCTylama XpamaBOCTH TOBpIIMHA 3af0BoJbaBa Family-Viscek-oB 3akoH cKammpama. Pakropn
eKCIIOHeHIIMjaTHOT pacTa ofipeheHn cy 3a 06a Mopia mpolleca Harpm3ama NoTBpbyjyhu ma je m30TpomHo
Harpusame MHOTO e(pMKaCHUjU MEXaHU3aM paBHaHa NoBpIMHA. OBJie IpecTaB/beH! Pe3yITaTH CUMYyJIalyja,
MOTY ce KOPHCTHUTH 3a ONTHUMU3AIMjy mapameTapa Ipoleca Harpu3ama KOjUi Cy HEONXOAHH Y TeHepHucamby
TIOBPIIIMHA Off HIOOHMjyMa BUCOKOT KBAJIUTETA 32 CYNEPIPOBOJIHE PAIO-(PPEKBEHTHE IIyIUbHHE.

Kmwyune peuu: cyiiepiipo8o0Ha paouo-ppexseHiiHa utyilbuna, Huoobujym, moogurxavyuja iiospuiuHe



