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Femtosecond laser pulses with k ¼ 800 nm were focused in air at one atmosphere and in deuterium
(D) at low pressure. Submicron periodic structures were observed on surfaces made of Be, W and a
mixture of Be-W immersed in these gases and placed nearly parallel with the laser beam, at
300 lm from the focal spot. In air, no structures were observed on Be. For the Be-W mixture, the
periodic structures were uniform and parallel when formed in D but irregular in air. In this last case
C 2014 AIP Publishing LLC.
the striations were organized into small patches of 1 to 2 lm in size. V
[http://dx.doi.org/10.1063/1.4868241]

The quest for finding materials which can withstand
high heat fluxes and resist to bombardment of ionized particles, neutrons and photons is a key topic in fusion technology. Be and W are so far among the best candidates and are
already used for building the first wall or the divertor of
tokamaks.1 Each of these materials has advantages and disadvantages. While Be is a low Z material and has less potential to contaminate with impurities the hot magnetically
confined plasma, W has a low sputtering rate, a low absorption rate of D and T and a high melting temperature. The
need to understand the behavior of these materials under
extreme conditions of temperatures and particle fluxes is of
paramount importance for designing and building the future
large fusion machines such as ITER.2 Testing of these materials has been conducted at several facilities by recreating at
best the conditions present in a fusion plasma.3,4
Layers of Be and W qualitatively compatible with fusion
technology can be deposited on different substrates using a
thermionic vacuum arc plasma.5,6 Here, a heated filament installed at the cathode produces an electron beam which is
focused on a small piece of the metal which will be coated
(e.g., Be, W, etc.) and located at the anode. After intense
electron bombardment the metal at the anode heats up until
it melts and eventually it vaporizes. By applying a high voltage between the anode and cathode a bright plasma is
formed in the vapors of the metal which is further deposited
on a substrate positioned close enough to the electrodes.7
In this Letter, we report on the results of exposing coatings made of Be, W, and a mixture of Be-W to a plasma
formed in D and air by focusing high power ultrashort laser
pulses. The gas breakdown was possible due to the high laser
intensity obtained in the focal spot. Surprisingly, we observed
the appearance of periodic striations after firing a relatively
large number of laser pulses, between 30 and 300. Periodic
structures are routinely observed when the laser beam is
aimed directly at the surface. Here however the laser beam is
approximately parallel to the surface, as shown in Fig. 1(a).
The craters created by the plasma on the surfaces and shown
in Fig. 1(b) were imaged with a scanning electron microscope
a)
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(SEM). Their shape is elongated, in accordance with the
propagation direction of the beam. Their size clearly depends
on the number of laser pulses: more pulses lead to the formation of larger craters. The samples were produced in-house
by coating thin rectangular chips with a size 12  15 mm and
made of high density graphite with Be and W using the
thermionic vacuum arc.5–7 The coatings had a good uniformity and thickness of about 2 lm. For the sample containing
both Be and W, the weight percentage was ’ 50%–50%.
Laser induced periodic surface structures (LIPSSs) were
intensely investigated lately. They were produced by direct
laser irradiation on different metals such as Au and Pt,8 Al,9
stainless steel and Ni,10 Ti and Mo,11 and W.12–15 Besides
metals, LIPSS were observed on semiconductors.16 In most
reports the laser had k ¼ 800 nm and the width of the

FIG. 1. (a) The laser beam is focused in a spot with diameter / near the
samples coated with Be, W, and a mixture of W-Be; (b) SEM images of craters on the Be surface produced in air after firing 103, 300, 100, and 30 laser
pulses, respectively. The arrow indicates the laser beam direction.
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structures varied between tens and hundreds of nanometers
depending on the number of laser pulses and fluence which
was changed in a wide range from 0.07 J/cm2 (Refs. 11 and
12) to 0.16 J/cm2 (Ref. 10) and from 2.5 to 7 J/cm2.13,14
Irradiation of the gas near the samples was carried out
with single and multiple laser pulses using the 17 TW TiSaphire system called TEWALAS. The laser system employs
the chirped pulse amplification technique for delivering ultrashort pulses. The laser pulses had the following parameters:
duration 70 fs, energy per pulse 6 mJ, repetition rate 10 Hz
and p polarization. The laser beam was focused by a planeconvex lens with 300 mm focal length. The lens was made of
fused silica and antireflex coated for an optimum broadband
between 700 nm and 900 nm. Its diameter was 75 mm while
the incident laser beam had 18 mm at FWHM. The spatial
profile of the laser beam was Gaussian. The diameter of the
focusing spot was about 200 lm resulting in a laser fluence of
19.1 J/cm2. The beam made a 3 angle with the surface of the
samples and was focused in their vicinity inside the gas, at a
distance of 300 lm from the surface, as shown in Fig. 1(a).
The laser beam propagated in vacuum from the compressor
to the samples which were inserted in a small target chamber
provided with viewports. The samples were mounted on a
movable mechanical support which could be adjusted in the
horizontal plane and along a vertical direction. The role of
the target chamber was twofold in the experiments: first it
allowed the immersion of the sample in different gases at a
controlled pressure (including vacuum) and secondly it contained the debris resulted from the interaction of the produced
laser-plasma with the surfaces. The Be dust is known to be a
health hazard. The experiments were carried out in air at
atmospheric pressure and in D at 20 Torr. D was chosen to
simulate a tokamak plasma.
The exposed samples of Be and W to air plasma are
shown in Fig. 2. In Figs. 2(a)–2(c), we can observe the lamellar pattern of the Be surface consisting in overlapped
stacks of a few hundreds of nm in size. This structure is typical for Be coatings obtained by vapor deposition or by
plasma arc. This initial structure starts to change morphology
in c) and takes a granular aspect in d). The average size of a
granule is in the tens of nanometers range. Due to the prolonged exposure to laser-produced plasma (i.e., over 300
shots) the granulation becomes more dense and eventually
melts forming small droplets at the top of a fiber-like network, in Fig. 2(f). No sign of surface arrangement is seen at
any time during the shots. W has a more homogeneous aspect after 1 or 10 shots, as seen in Figs. 2(g) and 2(h). A pattern of elongated structures starts to emerge after 30 shots
shown in Fig. 2(i). This pattern evolves into a clear and well
delimited periodic structure shown in Figs. 2(k) and 2(l).
The surface looks as if composed of aligned rod-shaped
structures of hundred of nanometers or even 1 lm in length.
The average spatial periodicity is K ¼ 400 nm and 270 nm after 300 and 103 shots, respectively.
The situation is somehow different in D for both metals.
For Be, after 1 shot the sample surface has small granules, of
a few nanometers in size, in Fig. 3(a). After 100 shots, a pattern with rather wide irregular striations is observed on the
surface, as shown in Fig. 3(d). The average spacing between
the striations is K  330 nm. After 300 shots, the striations are
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FIG. 2. Exposed Be samples in (a) to (f) and W samples in (g) to (l) in air at
atmospheric pressure after 1, 10, 30, 100, 300, and 1000 shots, respectively.

replaced by large granules which eventually melt and become
more homogeneous after 1000 shots, in Figs. 3(e) and 3(f),
respectively. In the case of W immersed in D, only after about
300 shots a pattern of striations becomes clearly visible with
K ¼ 360 nm, as seen in Fig. 3(k). The striations become narrower in Fig. 3(l), where K ¼ 290 nm, after 1000 shots.
The most interesting situation is seen in the case of samples containing the mixture Be-W. In air after 1 to 30 shots
the surface is dominated by large micron size particles, as
shown in Figs. 4(a)–4(c). In Fig. 4(c), the microparticles are
covered with nanometer size protuberances, probably because
of the surface melting. After 100 shots, these large microparticles have a tendency of organization into planar strips, as
presented in Figs. 4(d) and 4(e). The formation of periodic
structure is more visible after 1000 shots where stacks of 5 to
10 elongated microparticles are well delimitated by wide and
deep trenches. The average spatial periodicity is K ¼ 400 nm
after 300 shots and remains the same after 103 shots.
An example of how the periodicity K has been inferred
is presented in Fig. 5. Here, Fig. 5(a) shows the spatial twodimensional Fourier transform (2-d FT) of the surface made
of Be-W exposed to 30 shots of D plasma. The first pair of
dominant peaks excepting the origin in Fig. 5(b) clearly
shows a cyclic pattern with K ¼ 370 nm.
The experimental findings demonstrate that the formation of striations depends on the type of material, the ambient
gas and the number of laser shots. It appears that D is a more
favorable gas than air as demonstrated by Fig. 3(d), which
shows Be striations, compared to its analogous Fig. 2(d)
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FIG. 3. Exposed Be samples in (a) to (f) and W samples in (g) to (l) in D at
20 Torr after 1, 10, 30, 100, 300, and 1000 shots, respectively.

where no surface periodicity can be observed. Furthermore,
in the case of W clearly defined striations are observed after
300 shots in D compared to 1000 shots in air, as seen in Figs.
3(k) and 2(i), respectively. Concerning the surface made of
the Be-W mixture the striations are perfectly aligned and
parallel after only 30 shots in D, as seen in Figs. 4(i) and
4(j), compared to the results obtained in air shown in Figs.
4(c) and 4(d). An important observation is that K decreases
with the number of laser shots for W in air and D, and for the
composite Be-W in D, keeping the other parameters
unchanged. In the case of the Be-W samples exposed in air,
once the periodic structures were formed K did not vary with
the number of laser shots, at least in the limit set by our
experiment of 103 shots.
The morphology of the analyzed striations is similar to
that observed in experiments which used a laser beam incident on a W target.12,14,15 Vorobyev and Guo12 reported a
period K ¼ 289 nm in air at k ¼ 400 nm and a fluence of
0.35 J/cm2, while at k ¼ 800 nm the period depended on the
number of laser shots: K ¼ 560 nm after 40 shots and 470 nm
after 800 shots, respectively, at a fluence of 0.44 J/cm2, concluding that Kⲏk=2. In our case, the laser beam does not hit
the sample surface and the measured period is in the range
K ¼ 290 nm to 400 nm for both W and Be, thus Kⱗk=2. On
the other hand, ripples with periodicity K ¼ 30 to 100 nm
k ¼ 800 nm were observed for a higher fluence of 3 J/cm2
and after 10 shots.13
Several mechanisms for producing striations by indirect
laser irradiation are being analyzed. For the laser parameters,
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FIG. 4. Exposed samples made of Be-W mixture in air in (a) to (f) and in D
in (g) to (l), after 1, 10, 30, 100, 300, and 1000 shots, respectively.

we infer a power density of 5  1014 W/cm2. The laser
power Plas ¼ 86 GW is well above the Kerr-induced filamentation threshold in air PKerr ¼ 1.9 GW.17 At the same time Plas
 Prel, where Prel  17 (x/xp) [GW]18 is the relativistic
self-focusing threshold, x is the laser frequency and xp is the
plasma frequency. The possibility that the striations could
be produced by the plasma waves created in gas and
impinging on the surface is ruled out since kp ðlmÞ  3:3
1010 ne ðcm3 Þ1=2 , where kp is the wavelength of plasma
waves and ne is the electron density of plasma. For the laser
fluence and power density of our experiment, we expect ne
 1018 cm3 resulting in kp  1 lm. Another scenario is that
the laser light is scattered off the plasma towards the surface.
The laser pulse can be subjected to Raman or Brillouin

FIG. 5. (a) 2-d FT of the image shown in Fig. 4(i) and (b) spatial periodicity
of striations.
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instabilities and side-scattered at large angles relative to the
incident direction. However, the growth times calculated for
the conditions of our experiment are ’1012 s and ’1011 s
for the two cases,18,19 respectively, thus a few orders of magnitude longer than the pulse duration. Finally, it has been
shown that filamentation of a short laser pulse in air can lead
to conical emission and a spectral angular dispersion due to
nonlinear frequency conversion in the formed plasma.17,20
Moreover, while conical emission is weaker than the filament
core, it can contain a fraction (in the tens of percents) of the
incident beam energy.21 A fraction of 10% of the incident
laser pulse would correspond to about 1.9 J/s. If we consider
the solid angle 0.4p of the irradiated area (4  104 lm2) relative to a uniform energy distribution in 2p, then the fluence
of ’0.38 J is in agreement with previous reports of direct
irradiation.12
The mechanism for surface striations can been explained
as the result of interference between the incident laser beam
and the surface plasmons although neither Be and nor W
have the real part of the dielectric permittivity negative:
eW ¼ 5.22 þ i19.44 (Ref. 22) and eBe ¼ 2.7 þ i2.8 (Ref. 23) at
k ¼ 800 nm. Other factors such as surface roughness and
transfer of heat from the plasma to the surface during the ripple formation have to be accounted for.24
In conclusion, striations were observed on the surface of
samples made of Be, W and a mixture of Be-W immersed in
air at atmospheric pressure and in D at 20 Torr after exposure
to plasma created by focusing a high power ultrashort laser
pulses within the nearby gas, at 300 lm from the surfaces.
The morphology of the surface structures is similar to that
observed in experiments with direct laser irradiation of the
surfaces. For a coating made of Be-W, the striations were
localized within areas of 1 to 2 lm well delimited from each
other. This observation could be of interest for the creation
of surfaces with variable morphology at the micron level in
which periodic structures alternate with regions with no particular structuring.
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