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Niobium is a technologically important material, which is typically used for superconducting radio-
frequency applications. Superconductive cavities made of niobium require contamination-free and smooth
surfaces to ensure the best performance of a particle accelerator. Interior surfaces of niobium cavities are
usually obtained by centrifugal barrel polishing, buffered chemical polishing, and electropolishing or a
combination of these methods. However, a standard inspection of the inner cavity surface after the
treatment still shows the presence of sharp features limiting cavity performance. Laser polishing is a
potential alternative or can be used as an additional final step for a more efficient surface treatment toward
higher electric field gradients. In the present study, a chemically polished (110)-oriented single crystal
niobium surface was processed with a focused pulsed laser with a pulse duration of 3.5 ns and a repetition
rate of 10 Hz. The laser fluence and the number of pulses were varied in the range from 0.68 up to
4.27 J=cm2 and from 20 up to 200, respectively. The magnitude of laser-induced surface structures and
boiling traces was systematically studied by means of scanning electron microscopy, atomic force
microscopy, and optical profilometry. Finally, the local field emission behavior was investigated and
correlated with the observed surface modifications. Typical current-field characteristics and a field
enhancement statistic of laser-processed areas are presented in the study. The surface processing with a
rather low laser fluence of 0.68 J=cm2 yielded high onset electric fields of 650–940 MV=m with field
enhancement factors below 10. The processing with a higher laser fluence and/or a higher number of pulses
resulted in boiledlike structures emitting at 70–190 MV=m.
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I. INTRODUCTION

The melting of thin surface layers by intense laser
illumination is an important phenomenon, which can be
used for surface polishing to a mirrorlike finish. The
successful application of laser polishing has already been
demonstrated for a number of metals, e.g., aluminum,
titanium, and steel alloys, as well as for fused silica [1–6].
An efficient melting with a laser beam can be achieved, in
particular, with nanosecond pulsed radiation [7]. Selective
and force-free processing without any impact of polishing
agents and wastes makes this method very attractive also
for industrial applications, avoiding any contaminations of
the surfaces with abrasives or chemicals. A reduction of the
surface roughness from initial values of several tens of
microns down to a submicron range was found to be

achievable for proper process parameters [8–10], i.e. laser
intensity, pulse duration, repetition rate, and total number
of pulses. For large area polishing, the feed rate and the
spatial overlap of individual laser pulses are also important.
In our study, the systematically varied key parameters were
the laser fluence (F) and the number of pulses per spot (N).
Finally, the local field emission behavior of laser-processed
areas was measured and correlated with the parameters of
the illumination and the created surface modifications.
Our target materials were flat, (110)-oriented high-

purity Nb single crystals with a residual-resistance ratio
of above 250, which are of particular interest for particle
accelerators, where niobium superconducting radio-
frequency (SRF) cavities are widely used. Since the
superconducting rf currents flow only in a thin surface
layer about 50 nm thickness, the preparation of smooth
surfaces is of key importance for the performance of the
cavity. Contaminations and surface defects may lead to
parasitic field electron emission and, as a consequence,
limit achievable acceleration gradients. Furthermore, the
mechanical forming of the cavities gives rise to a surface
damage layer of about 100 μm thickness which has to be
removed prior to the cavity operation at high field gradients.
Applying conventional polishing methods like buffered
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chemical polishing (BCP) and electropolishing (EP), Nb
cavities allow one to reach acceleration gradients of up to
45.5 MV=m [11,12]. The achievable acceleration gradient
is limited due to numerous sharp surface structures and
particulates, which exhibit high field enhancement factors,
leading to a strongly enhanced parasitic field emission or/
and a magnetic field enhancement [13–15]. Previous
studies of similar samples showed that it is not sufficient
just to remove the oxide layer by a heat treatment to limit the
number of parasitic field emitters [16]. Overall surface
damage should be repaired, and a high surface purity should
be achieved to improve the quality of SRF cavities. This
goal is feasible by remelting a surface layer with intense
nanosecond-laser pulses. Also, the traditional polishing
techniques involve some other issues, in particular, the
utilization of significant amounts of hazardous and corro-
sive liquids such as concentrated hydrofluoric (HF), nitric
(HNO3), sulfuric (H2SO4), and phosphoric (H3PO4) acids
[17], which can be entirely avoided using laser polishing.
Thus, laser polishing represents a promising alternative
for established polishing procedures or at least an additional
final preparation step, which can provide sufficiently
smooth surfaces of Nb, as was shown in earlier studies
[18]. Numerous sharp features of the BCP-treated poly-
crystalline Nb surfaces that may lead to parasitic field
emission and finally to a breakdown of superconductivity
could be successfully rounded. In additional, the purity of
the upper surface layer was improved. However, the grain
boundaries remained unchanged. In the present study, we
have followed the processing with a nanosecond-pulsed
laser by means of electron microscopy (SEM), optical
profilometry, and atomic force microscopy (AFM), and
a subsequent analysis of the processed specimen surfaces
with field emission scanning microscopy (FESM) was
conducted.

II. EXPERIMENTAL

Identical niobium crystals were treated elsewhere employ-
ing common techniques which are usually used for the
polishing of superconducting cavities as described in
Ref. [19]. Surface layers of 140 and 40 μm were removed
by BCP and a subsequent EP, respectively, followed by a
high-pressure rinsing with ultrapure water as the final
cleaning step, providing a mirrorlike surface finally. The
preparation and installation of the samples in the vacuum
chambers was done under cleanroom conditions (ISO 4).
The analysis of the Nb single crystal surfaces was done

with a high-resolution scanning electron microscope SEM
(JEOL JSM-6510 system with a resolution of ca. 3 nm),
an optical profilometer (OP, FRT MicroProf system with
a lateral resolution of ca. 2 μm and a vertical resolution
of ca. 3 nm), and an atomic force microscope (AFM, FRT
MicroProf system with a lateral resolution of 3 nm and a
vertical resolution of 1 nm). Typical values for the root-mean
square roughness (Rq) of large areas of ca. 10 × 10 mm2

amount to be around 100 nm as measured with using the OP.
Local measurements of small areas of ca. 0.1 × 0.1 mm2

with AFM resulted in values of 5–14 nm. Typical surface
defects remaining after the conventional processing were
scratches with a depth of some tens of nanometers. X-ray
diffraction with the X’ Pert Pro multipurpose diffractometer
system (Philips/Panalytical) using Cu K-α radiation proved
the (110) orientation of the crystals.
The circular Nb (110) single crystal samples with a

diameter of 25 mm and a thickness of ca. 3 mmwere placed
on an electrically isolated manipulation rod inside of a
vacuum chamber with a base pressure of ca. 4 × 10−6 Pa
and illuminated by a pulsed tunable Nd:YAG laser
(EKSPLA NT342A-SH) as shown schematically in
Fig. S1 [20]. All measurements were performed at room
temperature. The third harmonic of the laser with a wave-
length λ ¼ 355 nm and a pulse energy of up to 3 mJ was
used in the experiments; this wavelength can be well
absorbed by the niobium material. The repetition rate
was 10 Hz, and the duration of a single laser pulse was
3.5 ns. Furthermore, the Gaussian laser beam was trans-
mitted through the exit slit with a diameter of 4 mm and
then focused by a fused silica lens with a focal length of
75 mm, which could be precisely moved in any direction
relative to a sample. Thus, the spot size, the spot shape, and
the position of the spot on the sample were defined by
moving the lens only, in general, with micron-level
precision. The adjusted spot size was directly measured
with a long-distance microscope (BW1008-500X). The
corresponding minimal achievable circular spot size (Ømin)
at normal incidence was found to be around 210 μm. The
pulsed output energy (W) was determined separately by a
pyroelectric sensor (Ophir Optonics PE25BF), and the
resulting incident laser fluence (F) was calculated using
F ¼ 0.86W=½πðØmin=2Þ2�, taking into account the trans-
mission of the lens and the vacuum window with a value of
86% at a wavelength of 355 nm [21]. The total relative error
for F was estimated to be around 5% due to fluctuations of
W and the fact that the shape of the spot became slightly
elliptical for increasing incident angles. More details about
the setup are given in the Supplemental Material [20].
Inside of the chamber, the sample holder on the rod was

electrically separated from the ground and connected to a
feedthrough with 50 Ω impedance. Thus, the charge of the
sample and the time-resolved voltage signals induced by
single and multiple laser pulses could be directly measured
by an electrometer and an oscilloscope. These additional
electrical measurements were used to follow the laser
processing in situ. A typical time-resolved sample voltage
response is presented in Fig. S2 [20]. Future measurements
are planned to study the time-dependent evolution of the
sample voltage during pulsed laser illumination in more
detail.
Local field emission studies were carried out employing

FESM under a base pressure of ca. 10−8 Pa [22]. A positive
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voltage was applied to a tungsten anode with a truncated
cone 16 μm in diameter. The gap between the anode and
the Nb sample was simultaneously observed from two
directions (enclosed angle of ca. 90°) by means of two long-
distance microscopes (Questar and K2 DistaMax) with an
optical resolution of ca. 1 μm; see Fig. S3 [20]. A fine gap
adjustment with a piezo-based linear motion drive was used
for gaps smaller than 30 μm, giving a relative error of ca.
3% for the resulting electrical field E.
The measured IFEE-behavior was analyzed in terms of

the Fowler-Nordheim (FN) theory:

IFE ¼ A
Sβ2E2

ϕt2ðyÞ exp
�
−Bϕ3=2vðyÞ

βE

�
;

with the field enhancement factor β, the emitting
area S, and work function φ [23]. The following parameters
were used here: φ ¼ 4.37 eV [24], vðyÞ ¼ tðyÞ ¼ 1, A ¼
154 × 104 AeVm2=MV2, and B ¼ 6830 MV=ðeV2 mÞ for
the determination of β values from the Fowler-Nordheim
plots [lnðIFE=E2Þ vs 1=E].

III. RESULTS AND DISCUSSION

A. Morphology and topography of the laser-irradiated
Nb surface

In the following, the niobium samples were processed
with the focused laser beam applying pulse trains with
different numbers of pulses (up to 200) and a variation
of the laser fluence (0.68, 1.40, 2.07, 2.89, 3.53, and
4.27 J=cm2) at different lateral positions on the surface.
Typical results for the observed changes of the surface after
the laser treatment are presented in Fig. 1 for three selected
laser fluences. It is expected that the solid material will melt
if a sufficient number of laser pulses and a suited laser
fluence are applied. From Fig. 1(a), it can be concluded that
120 pulses with 0.68 J=cm2 already alter the surface
substantially, and a further increase of the laser fluence
and pulse number leads to highly degraded surfaces
[Figs. 1(b) and 1(c)]. The shape of the generated craters

develops from weakly pronounced wavelike structures
[Fig. 1(a)], craters with additional small pinholes
[Fig. 1(b)], and craters with numerous droplets and deep
cavities [Fig. 1(c)] with increasing laser irradiation.
In general, the involved laser parameters implicate an

optical absorption depth of ca. 10 nm [25]. In dependence
on the laser fluence, the uppermost layers of the Nb are
therefore heated to the melting point, and an evaporation of
the target may occur. It is important to note that this is a fast
process, which occurs during the first nanoseconds of the
laser illumination [26]. A part of the beam is reflected first
by the solid and then by the liquid. At a certain laser
fluence, the vapor becomes dense enough to interact with
the laser beam. At this point, the vapor becomes photo-
ionized, and an additional shielding of the initial surface by
the plasma takes place [27]. The melting front and the vapor
expand in the target and the vacuum, respectively, after the
laser pulse termination [28,29]. Finally, a recondensation of
the vapor and a cooldown and resolidification of the target
take place followed by the formation of self-organized
surface structures [30].
According to the resulting morphological modifications

of the Nb surface as detected by SEM, the first evidence for
a melted surface was already detectable for a laser fluence
of roughly 0.68 J=cm2. This observation is close to the
thermal modeling of the laser-induced heating [31–34],
which predicts the melting threshold of Nb in the range of
1.1–1.9 J=cm2 for single laser pulses, and a decrease of the
ablation threshold is expected if high pulse repetition rates
are applied [35]. Earlier studies of this pulse to pulse
accumulation effect propose a power law for the depend-
ency of the threshold Fth on the number of pulses
with Fth ∼ N−γ and a positive parameter γ ≪ 1 [36]. The
accumulation of quenched-in extended defects in a near
surface region of the illuminated material is suggested as
the most possible reason for this phenomenon [37,38].
Furthermore, it has to be taken into account that the melting
threshold strongly depends on the reflectivity of the
illuminated surface and, thus, on the surface roughness
as well [39]. The observation of melting processes for a

FIG. 1. SEM micrographs of the three characteristic types of craters created on the flat surface of Nb induced by a pulsed laser
illumination: (a) F ¼ 0.68 J=cm2, N ¼ 120; (b) F ¼ 1.40 J=cm2, N ¼ 100; and (c) F ¼ 2.89 J=cm2, N ¼ 140.
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laser fluence of only 0.68 J=cm2 applying more than
20 laser pulses [see Fig. 4(a)] thus appears well in
accordance with literature data.
According to Fig. 1(b), smaller cavities occur in the Nb

surface if the laser fluence is increased to 1.4 J=cm2 (see
also the inset in Fig. 2), that progressively develop when the
fluence is further increased to values of more than
2.5 J=cm2. The presence of small metallic spatters well
outside the laser-illuminated area [see Fig. 1(c)] can be
assumed as a clear indication for a boiling of the Nb
surfaces—the material is spilled out and will condense on
the unheated surface close to the illuminated area sub-
sequently. Going one step further, one may even assume
that the presence of the above-mentioned small pinholes is
the first indication for boiling processes. We have thus
performed a series of experiments in which the Nb samples
were treated with pulse trains of different laser fluences and
under variation of the number of applied laser pulses in
order to find out the threshold for those traces. The results
are compiled in Fig. 2. Based on the assumption that the
pinholes that were observed in the ablated area resulted
from a boiling of the liquefied metal, it can be suggested
that, in fact, the melting threshold for Nb was significantly
reduced from pulse to pulse by the repetition rate of 10 Hz
in our experiment. Here it can be clearly seen that the
threshold Fboil for the occurrence of the mentioned features
characteristic for a boiling of the liquefied Nb decreases
significantly from about 3.5 J=cm2 for 20 pulses to only
1.3 J=cm2 for 80 pulses, while no boiling was observed for
a fluence of 0.68 J=cm2 and an accumulation of substan-
tially more than 160 laser pulses. The pulse number was
varied in a relatively small range compared to the findings
in Ref. [36], so a rather linear decrease of Fboil on N in our
case could be observed.

The morphology of the smoothly ablated region [see
Fig. 1(a)] basically corresponded to the Gaussian laser
beam profile with the highest laser fluence in the central
part of the spot (see Sec. II). The size of the melted area
with a diameter of ca. 200 μm was nearly equal to the
nominal area of the focused laser spot. Wavelike structures
with a characteristic lateral wavelength (λ1) systematically
appeared at the borders of the melted area as can be seen in
Fig. 3(a). This wavelength λ1 was found to be comparable
to the wavelength of the incident laser radiation and was
also strongly dependent on the incidence angle of the laser
beam. Thus, the observed phenomenon is related to the
interference of the incident, linearly polarized laser radi-
ation with electromagnetic waves scattered at the surfaces
of the Nb [40,41]. Their typical wave amplitudes were
measured to be below 20 nm as determined by atomic force
microscopy [see Fig. 4(a)].
A second type of circular periodic fringes with a different

lateral wavelength λ2 primarily appeared in the center of the
melted region for longer pulse trains or an increasing laser

FIG. 2. The threshold for the occurrence of the boiling traces
[see Fig. 1(b)] in dependence of the number of pulses, N, and
laser fluence F. The inset shows a SEM micrograph of pinholes,
which appear in the illuminated area for the corresponding values
of N and F; here F ¼ 1.4 J=cm2 and N ¼ 120.

FIG. 3. SEM micrographs of the two characteristic
types of waves propagating in the liquid phase with λ1 ≈
400 nm (a) (F¼0.68 J=cm2, N ¼ 180) and λ2 ≈ 8.3 μm
(b) (F ¼ 1.4 J=cm2, N ¼ 80).
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fluence as shown in Fig. 3(b). Those features are domi-
nating the morphology of the laser-irradiated Nb surfaces
and contribute significantly to its surface shape and rough-
ness. Their wavelength was found to be in the range of
2–13 μm for a weakly and a strongly ablated region,
respectively. These values may be well related to the laser
pulse duration [42]. Moreover, it is reasonable to assume
that the observed wavelength of the surface profile depends
on the interaction time of the laser pulse with the liquid
metal and the vapor, leading to the formation of so-called
laser-supported absorption waves [26]. They are related to
pressure fluctuations of the expandingplasma over the target,
which are acting on the liquefied surface. The maximum

speed of the wave propagation for the liquid surface, in
general, is the velocity of sound vs. For liquid Nb close to
the boiling point, vs is known to be well below 3889 m=s
[43]. Taking into account the measured wavelength λ2 in
Fig. 3(b), the interaction time of the laser beam with the
plasma could be roughly estimated to have a maximum
value of ca. 2.1 ns in the presented case, which is actually
slightly smaller than the actual laser pulse duration of
3.5 ns. Moreover, the wave amplitude (A) in the melted
region as determined from AFM micrographs increased
for longer pulse trains as shown in Fig. 4(a), implying that
the roughness of the melted layer grew as well. The power
spectral density analysis of the AFM micrographs in
comparison to the initial surface (see Fig. 5) confirms
the formation of periodic structures on larger length scales
in comparison to the initial surface, which is dominated by
features on shorter length scales. The maximum wave
amplitude detected prior to the occurrence of extensive
boiling was found to be in the range of 350–400 nm. This
value corresponds well to the theoretically predicted
maximum depth of the melted layer of ca. 700 nm [32].
The plot in Fig. 4(b) demonstrates a linear dependence of

the etch depth (a distance between the initial surface and an
averaged crater profile at the bottom) on the number of
pulses as determined by OP, which could be observed only
above a certain threshold in our experiment (e.g., N ¼ 80

for F ¼ 2.89 J=cm2) and is characteristic for the typical
ablation regime [44–46], where an efficient removal or
evaporation of surface material is expected to occur. The
threshold of this ablation regime for Nb was previously
reported to be around 5 J=cm2 [47,48]. Our slightly smaller
value of the required laser fluence may be explained by the
previously mentioned features; i.e. the laser pulses impinge
on a surface with an increasingly altered shape, which is
very likely to affect the melting behavior and the ablation
threshold accordingly. Thus, we can conclude that the

FIG. 4. (a) Amplitude of the dominating waves (averaged over
ca. 20 different wave fronts), A, vs pulse number N for a laser
fluence of 0.68 J=cm2 as determined from AFM micrographs.
Two representative AFM micrographs (50 × 50 μm) correspond-
ing to the data at two different points are presented in the insets in
(a). (b) Ablation depth d vs the pulse number for a laser fluence of
2.89 J=cm2 as determined with OP. The insets in (b) show the
shape of the crater as determined by SEM after 80 pulses and the
crater profile after 200 pulses as determined by OP. The dashed
lines emphasize the reference planes for the determination of the
ablation depth.

FIG. 5. (a) Power spectral density (PSD) of the initial surface in
comparison to the laser-treated surface for F ¼ 0.68 J=cm2,
N ¼ 160. The data correspond to the AFM micrograph
(50 × 50 μm) presented in Fig. 4(a).
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ablation behavior is determined by the accumulation of the
entire pretreatment of the sample surface.
As can be seen in the inset in Fig. 4(b), which depicts a

SEM micrograph of the crater shape, the efficient ablation,
in particular, results from an intense thermal evaporation of
the liquid metal due to the boiling, the traces of which are
clearly visible here. This kind of laser ablation led to the
formation of pronounced crater edges and numerous
defects distributed in the crater; see the SEM micrograph
in the inset in Fig. 4(b), which presents the crater profile. In
this context, it is important to note that a significant crater
depth is already observed even for a smaller number of laser
pulses, with no remarkable amounts of droplets spilled out.
This observation confirms that it is sensible to already
consider the presence of small pinholes as indicators for the
presence of boiling.
Also, a small amount of droplets with a typical size in

the range of 1–4 μm were splashed out of the craters; see
Fig. 1(c). The molten material breaks down into vapor and
droplets as a result of hydrodynamic instabilities, and a
so-called “phase explosion” may occur; i.e. the overheated
molten material becomes thermodynamically unstable
approaching the critical point of the liquid-vapor system
[49–52]. However, the applied laser fluence was well below
the reported characteristic threshold of 15 J=cm2 for Nb
[47], and the multipulse processed craters exhibited numer-
ous inhomogeneous rough structures such as cavities and
protrusions. Thus, it is very likely that the critical temper-
ature and pressure for the observed phase explosion could
be reached only for individual protrusions of a sufficiently
small size in our study.

B. Field emission studies of laser-processed Nb surface

After the laser processing, the IFEE curves for all created
spots were recorded in a voltage range of 0–10 kV for
working distances of 6–50 μm relative to the flat initial
surface as the reference plane. The working distance was
increased corresponding to higher pulse numbers and
energy. In the case of melting without boiling, an average
ablation depth relative to the initial surface increased
slightly to values below 200 nm. This additional distance
was negligible relative to the working distance of the test
electrode, and this effect is taken into account in the relative
error. In the case of melting with boiling [see Fig. 4(b)], a
significant material removal of several microns occurred,
and erratic structures with a height of several microns were
distributed randomly inside of the craters. These spots were
measured with working distances of 50 μm and evaluated
relative to the reference plane. The field emission character-
istics of the initial surface were investigated at ten random
points for comparison. In general, the onset field Eon was
estimated for a local field emission current IFE of 100 pA.
The value of Eon for the initial surface was found to be
ð648� 80Þ MV=m. The β values of the measured flat
regions were expected to be at least very close to 1.

However, an initial surface was in all cases activated due
to an explosive breakdown. The main reason for the
activation is an additional field enhancement in a thin,
electrically isolating oxide layer as discussed in Ref. [53].
Moreover, the purity of this oxide layer and a subnanometer
surface damage are essential factors, which involve the
basic physics of an insulator breakdown here. The IFEE
behaviors as shown in Figs. 6(a)–6(c) are characteristic for
the morphologies presented in Figs. 1(a)–1(c).
The surface with the above-described wavelike struc-

tures (see Fig. 3) and the surface with the small cavities [see
Fig. 6(b)] exhibited rather high onset fields of ca. 717
[Fig. 6(a)] and ca. 618 MV=m [Fig. 6(b)], respectively,
close to the value of the initial surface. In both cases, an
erratic explosive activation of emitting structures resulted
for the up cycle if a critical field is exceeded. Thus, reduced
onset fields of 622 and 313 MV=m were observed for the
down cycle in both cases. A subsequently conducted SEM
analysis of the measured areas showed additional craters
(see Fig. S4 [20]), which are characteristic for an explosive
breakdown [54]. As presented in the insets in Figs. 6(a) and
6(b), additionally created surface irregularities emitted
stable and confirmed the FN theory. The corresponding
observed values of the field enhancement factors for the
down cycle were found to be 6 and 12, respectively, and
thus substantially larger than 1.
The field emission threshold for the irregular deep craters

[compare to Fig. 1(c)] as shown in Fig. 6(c) was measured
to be around 72 MV=m only. An explosive breakdown was
not observed in this case. Furthermore, the IFEE curve
showed an unstable behavior with a hysteresis and a shift of
the onset field to lower values for the down cycle. A field
enhancement factor of 17 was derived from the FN curve
for the up cycle.
In total, 54 laser-processed spots on Nb(110) surfaces

were investigated up to now. The distribution of the derived
β factors is presented in Fig. 7. An explosive breakdown
occurred in ca. 50% of all measurements made so far. The β
values after the explosive activation were found to be
smaller for the nonboiled areas and subsequently higher for
the boiled areas. Furthermore, the β values of the boiled
regions ranged up to a value of 125 and were clearly
substantially larger compared to the nonboiled, i.e.
remelted, surface regions. This result can be expected
due to the presence of numerous random structures with
a height of several micrometers, in particular, inside and at
the edges of the boiled craters.
In contrast, all nonboiled regions exhibited β values

smaller than 10. Remarkably, these values are significantly
lower compared to β values of about 30–50 that are
typically observed for particles, scratches, and other surface
irregularities [55,56]. The observed wavelike surface mor-
phology was also used in numerical simulations (see
Fig. S5 [20]), which predict β values around 2 for our
experimental conditions and assuming a wide range of
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periodic structures with different lateral wavelengths and
vertical amplitudes as experimentally observed.
The onset field for the laser-processed spots in depend-

ence of the number of pulses is presented in Fig. 8. These
data directly correlate with the observed surface morphol-
ogies in Fig. 4. The surface melted with a laser fluence
of 0.68 J=cm2 [see Fig. 8(a)] exhibited a high onset field

FIG. 6. Field emission current IFE vs macroscopic electrical
field E for the craters created with the following laser parameters:
F ¼ 0.68 J=cm2, N ¼ 120 (a); F ¼ 1.40 J=cm2, N ¼ 100 (b);
and F ¼ 2.89 J=cm2, N ¼ 140 (c). The arrows emphasize the
voltage cycle applied to the cathode. The insets show IFEE curves
as FN plots of the down cycle (a),(b) and of the up cycle (c).

FIG. 7. Distribution of the field enhancement factors, β, derived
from the IFEE curves for boiled craters, slightly melted regions,
and after the explosive breakdowns.

FIG. 8. Field emission onset field Eon, measured by IFE ¼
100 pA vs pulse number N, for the laser-processed surface with
laser fluences of 0.68 (a) and 2.89 J=cm2 (b), respectively. The
solid line emphasizes an average value for the entire range of data
in (a) and the onset field data obtained for more than 100 pulses
in (b). The dashed lines show Eon for the initial surfaces for
comparison.
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of ð776� 38Þ MV=m independent on the magnitude of
the wave structures; e.g., waves with an amplitude of up to
80 nm were measured for N ¼ 160. Thus, a higher surface
roughness in this case did not shift the field emission
threshold to lower values of the electric field, contrarily
to the expectation. The onset field appeared to be rather
high in comparison to the initial value. In the case of the
illumination with a variable number of pulses while
applying a laser fluence of 2.89 J=cm2 [see Fig. 8(b)],
the onset field clearly decreased with an increasing ablation
depth for values of N above 100. In the latter case, a
significant removal of material from the illuminated regions
has occurred. Hence, the final field emission threshold
typically measured at the craters, which were deeper
than 2 μm, could be estimated to ð124� 17Þ MV=m
only. It should be noted that the same behavior was
observed also for F ¼ 2.07 J=cm2, F ¼ 3.53 J=cm2, and
F ¼ 4.27 J=cm2. Overall, a rather high onset field of the
nonboiled laser-processed area may be explained by the
low field enhancement of the smoothed wavelike structures
discussed above and by an improvement of the surface
crystallinity due to an epitaxial regrowth of the upper layers
(see Ref. [37]).

IV. CONCLUSIONS

Surface modifications of flat Nb (110) single crystals due
to nanosecond-pulsed laser illumination were studied in
UHV at 4 × 10−6 Pa. The surface could be slightly melted
for laser fluences of around 0.68 J=cm2 showing different
wave structures, while a substantial melting occurs for a
higher laser fluence and an increasing number of pulses
introducing boiling traces as well. Periodically corrugated
structures of two different types systematically appeared in
the remelted region on two different length scales. Waves
with rather small amplitudes of below 20 nm and a lateral
wavelength of about 355 nm induced directly during the
laser illumination dominated in the boundaries of the
illuminated areas. Waves with larger amplitudes of several
hundred nanometers and a wavelength in the micron range
propagated in the center part of the irradiated spot. A
significant material removal was observed to occur by
applying laser energies well below the expected ablation
threshold of 5 J=cm2 for multipulse excitations with a
rather low repetition rate of 10 Hz.
Field emission measurements of the laser-processed

areas show a correlation between morphological surface
changes, field enhancement values, and onset fields. The
β values after an explosive breakdown are considered in the
study as well. Boiled craters exhibit rather low onset fields
about ð124� 17Þ MV=m and a higher field enhancement
compared to slightly remelted regions. A high onset field of
ð776� 38Þ MV=m and β values below 10 were found to be
characteristic for the area remelted with 0.68 J=cm2, despite
an increased surface roughness due to numerous wavelike

structures with amplitudes around 80 nm. Furthermore, it
can be concluded that a surface smoothed by a suited laser
illumination can resist high electrical fields close to the
theoretical threshold for field emission of around 1 GV=m.
Thus, a parasitic field emission of SRF cavities can be
significantly suppressed and higher acceleration gradients
can be achieved even if moderate ripple patterns induced by
the laser illumination are present. Taking into account this
fact, an actual laser treatment thus not requires a high laser
energy stability, which is also an important factor for a
practical application. In addition, a comparison of a simu-
lated field enhancement factors with the measured ones
revealed that the field emission behavior of a laser-processed
surface can be better numerically predicted as in the case of
the initial surface with random defects after a chemical
polishing.
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