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Abstract

We report on a laser surface treatment of high purity ni-
obium (110) single crystals. Typical surface defects like
scratches, pits, sharp rims and holes were eliminated by a
focused pulsed ns-laser beam. A laser fluence of about
0.68 J/cm? and 40 - 80 pulses per spot were required to in-
duce well detectable surface modifications. The remelted
surface was sufficiently smooth, but exhibited also a num-
ber of wave structures. Thus, the surface roughness slightly
increased with increasing number of pulses. Finally, boil-
ing traces and pum-deep ablation were observed and studied
as well. Local field electron emission measurements
showed no emission up to 700 MV/m from a moderately
remelted area below the boiling point.

INTRODUCTION

Interior surfaces of Nb cavities are nowadays treated by
buffered chemical polishing (BCP) and electropolishing
(EP). However, even after the polishing procedures and a
surface cleaning with N», high pressure rinsing with ul-
trapure water or dry-ice, the remaining number of surface
defects and particulates that lead to parasitic field electron
emission (FE) is still large, and, as a consequence, acceler-
ation gradients of the BCP/EP treated cavities are limited
to 45.5 MV/m [1]. An additional drawback of BCP/EP is a
waste of a large amount of hazardous acids.

Laser polishing (LP) appears to be a promising alterna-
tive, which is feasible also for a large quantity production.
It is conceivable to apply LP not only instead of BCP/EP,
but also as an additional final step in the preparation of cav-
ities. The laser beam can be easily coupled into a cavity
using a motorized mirror fixed on a linear stage, which is
guided along the cavity axis in such a way that any point
of the interior of the cavity can be illuminated. The pro-
cessing speed would depend primary on the spot size and
thus on the laser fluence. In dependence on process param-
eters an initial surface roughness can be reduced from sev-
eral tens of um down to several hundreds of nm [2]. Fur-
thermore, earlier studies have shown that a sufficient
smoothing effect of the Nb surface is possible under pulsed
ns-laser illumination [3, 4]. In general, the melting depth
of Nb depends strongly on the laser fluence and can reach
several hundred nm [5]. As soon as the liquefied metal
starts to boil, more surface defects are produced than elim-
inated. Hence, the maximum laser fluence suited for a suc-
cessful smoothing treatment is expected to be limited. The
common approach is thus a multi-pulse illumination using
a fixed laser fluence.

For our study a high purity niobium (110) single crystals
with residual-resistance ratios of above 250 were used.
Their initial surface roughness (Rq, root mean square
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value) was 9 - 16 nm after the standard BCP/EP procedure
and the high pressure rinsing with ultrapure water. After the
laser treatment the surface was analysed using a scanning
electron microscope (SEM, JEOL JSM-6510) and a com-
bined system (FRT MicroProf) of an optical profilometer
(OP) and an atomic force microscope (AFM). Finally, local
FE measurements were performed with a FE scanning mi-
croscope (FESM) using tungsten cone needle anodes of
30 - 100 pm in diameter for typical working distance of
10 - 30 pm [6].

EXPERIMENTAL SETUP

The laser treatment was done in a vacuum chamber as
shown in Fig. 1 with a pressure around 4x10° Pa. The sam-
ple was positioned on a rod in the middle of the chamber,
applying a perpendicular illumination by a pulsed Nd:YAG
laser (EKSPLA NT342A-SH) with a pulse duration of
3.5 ns, wavelength of 355 nm and repetition rate of 10 Hz.
The spot position on the sample and the spot size was set
by moving and tilting a focusing lens (focal length 75 mm).
The typical spot exhibited a Gaussian profile with 1/e>-
width of ca. 210 um. Basically the sample holder was sep-
arated from the ground, thus electrical signals induced dur-
ing the illumination process could be measured as well.

_Vacuum Connection

Figure 1: Overview photo of the vacuum chamber used in
the experiment. The inset shows the inner part of the sys-
tem, in particular the sample holder.

RESULTS

Transition from Laser Melting to Laser Ablation

In the following, the samples were exposed to a focused
laser beam at different positions, see Fig. 2. The applied
laser fluence (F) at the surface was in the range from ca.
0.68 J/cm? to ca. 4.27 J/cm? and the number of pulses (N)
on each spot was varied from 20 to 200 pulses.

A remarkable surface melting occurred for laser fluences
of above 0.68 J/cm? and at least 40 pulses, see inset 1 of
Fig. 2. Moreover, as shown in the inset 2 of Fig. 2, pro-
nounced pinholes and cavities appeared in the illuminated
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% area for the following parameters: F = 1.4 J/cm?, N = 80;
8F =207 Jem?, N = 60; F = 2.89 J/cm?, N = 40;
ZF =3.53 J/cm?, N = 20. These features were most likely to
E_be caused by vapour bubbles that appear during the boiling
44 [7]. A further increase of laser power and number of pulses
g resulted in a significant irregular removal of material lead-
2ing to pm-deep craters with pm-high edges, see inset 3 of
% Fig. 2. Remarkably, the occurrence of the destructive laser
2 ablation was actually not expected at all for laser fluences
ibelow 5 J/cm? [7]. Hence, the repetition rate of 10 Hz was
= obviously too high for the illuminated surface to calm
£ down between the pulses.

Any distribution of this work must maintain attribution to the aut|

< Figure 2: Nb sample after the laser treatment at different
& places with increasing laser fluence, F, and pulse number,
5 N, as indicated by the corresponding arrows. The insets

© present the spot shapes measured with SEM for (1)
DF 0.68 J/cm?, N =40; (2) F = 2.89 J/cm?, N = 40; and (3)
8F 2.89 J/em?, N = 160.

é Smoothing Effect of Laser Treatment
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Flgure 3: (a) and (c) SEM micrographs of several repre-
sentative surface defects prior to laser illumination. (b) and
(d) represent typical smoothed regions after laser illumina-
tion with F = 0.68 J/cm?, N = 120.
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No boiling traces were observed in the experiment for a
laser fluence of 0.68 J/cm? and maximum applied pulse
number up to 200. Typical sharp surface defects like
scratches and holes could be efficiently eliminated due to
the melting at this fluence level as demonstrated in Fig. 3.

Surface Roughness and Laser-Induced Defects

The surface topography of remelted regions, which exhib-

ited no boiling traces, was analysed in terms of Rq and the
power spectral density (PSD). The behavior of R, for rep-
resentative segments (50 x 50 pm?) of the illuminated area
with the corresponding initial roughness is presented in
Fig. 4a. It follows that the overall roughness was more sen-
sitive to the laser fluence then to the total number of pulses.
The maximum measured roughness (Rgqmax) for
F = 0.68 J/cm? was around 50 nm, thus slightly higher than
the initial value of ca. 20 nm. Moreover, a kind of satura-
tion above N = 140 for the magnitude of laser induced de-
fects can be suggested. On the other hand, Rgmax of ca.
190 nm and 140 nm was measured for F = 1.4 J/cm? and
F = 2.07 J/cm?, respectively. Hence, despite a positive ef-
fect of the surface smoothing, a higher laser fluence sys-
tematically led to a significant increase of roughness and
laser-induced defects.

288 — T
1

1803 (a A
170 3 | /
160

150 /
140 v /
130 //

T T T

—m—[nitial

After laser treatment:
—eo—0.68 J/cm?
—A—1.40 J/em?
—v—2.07 J/em?

INRARRRR

1

T
0 20 40 60 80 100 120 140 160 180 200 220
Number of Pulses, N

PSD, nm’

After laser treatment:
1074 | —— 0.68 J/em’, 40 Pulses

1 |---- 140 J/em’, 80 Pulses

10 . ' ,

10° 107 107 .
Spatial Frequency, nm

Figure 4: Surface roughness, Ry, vs. number of pulses, N,
for different values of the laser fluence as measured with
AFM in (a). Here the initial roughness of the illuminated
regions is presented as well. (b) PSD plot of the initial sur-
face in comparison to the laser treated surface.
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The peaks in the PSD analysis at about 0.4 pm and
12 um in Fig. 4b suggest that typical laser-induced defects
were wave structures. Two different kinds of them could
be identified as described further.

Fringes with a distance of around 400 nm to each other
dominated for a low laser fluence and a small number of
pulses, see Fig. Sa. They were also observed at the bound-
aries of the melted spots. This kind of wave structures is
known to result from an interference of the incident, line-
arly polarised laser beam with electromagnetic waves scat-
tered at the surfaces [8]. So in general, the distance be-
tween the fringes in this case depends on the laser wave-
length and its incident angle on the surface. Moreover, the
fringes run typically perpendicular to the polarization of
the laser beam.
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Figure 5: AFM micrographs of laser treated areas for (a)
F =0.68 J/cm?, N =40 in and (b) F = 1.4 J/em?, N = 80.
Insets show profiles along the propagation direction of the
outstanding wave structures as described in the text.

Different wave structures were created in particular at
the middle part of the melted spots and appeared rather in
the form of circular fringes. They exhibited wavelengths of
around 10 um and contributed significantly to the overall
surface roughness, see Fig. 5b. Our assumption is that their
shape possibly reflects a behavior of a liquefied metal in
terms of periodic pressure fluctuations, which occur di-
rectly after the laser illumination.
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Field Emission from Laser Smoothed Surface

Two local FE studies are exemplarily presented in
Fig. 6, i. e. one was carried out for an initial surface with
typical defects as shown in Fig. 3a and the other for the
laser treated surface with F = 0.68 J/cm?, N = 200, . g. see
inset 1 of Fig. 2. In both cases an erratic activation of emit-
ting structures was observed during the up cycle as far as
the emission current raised to several pA. Then a reduced
FE-threshold resulted for the down cycle. Furthermore, ad-
ditional craters appeared in the investigated areas, which
hinted on an explosive break down, i. e. an explosive elec-
tron emission [9]. Remarkably, the FE-threshold for the la-
ser treated spot before the break down was found to be
around 750 MV/m in spite of the above discussed wave
structures, and thus significantly higher in comparison to
the value of ca. 150 MV/m for the untreated surface with a
typical surface defect (see Fig. 3a). A more detailed analy-
sis of the I-E-curves and a possible correlation and model-
ling between the processing parameters and FE-behavior is
ongoing.
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Figure 6: Cathode current, I, vs. macroscopic electrical

field, E, for laser treated (F = 0.68 J/cm?, N = 200) and

untreated surfaces. The doted arrows emphasize the volt-

age cycle applied to the cathode.

CONCLUSION

Local LP of niobium (110) single crystals was realised
for laser fluences of around 0.68 J/cm?. Sharp surface de-
fects, which could not be removed by electropolishing and
other methods, were efficiently smoothed by the laser illu-
mination. In dependence on the processing parameters, i.
e. F and N, the laser treatment induced different wave-like
structures with magnitudes up to several hundreds of nm.
Nevertheless, the laser treated surface exhibited rather high
FE breakdown thresholds of up to 750 MV/m. Thus, LP
appears to be a very promising polishing technique for the
further improvement of interior surfaces of superconduc-
tive cavities.
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