
Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: Straus J et al (2018).
Response of fusion plasma-facing materials to
nanosecond pulses of extreme ultraviolet
radiation. Laser and Particle Beams 36,
293–307. https://doi.org/10.1017/
S0263034618000332

Received: 20 June 2018
Revised: 29 July 2018
Accepted: 30 July 2018

Key words:
Interaction of XUV with matter; plasma-facing
materials; XUV radiation resistance

Author for correspondence:
Karel Kolacek, Institute of Plasma Physics CAS,
Za Slovankou 1782/3, 182 00 Prague 8, Czech
Republic. E-mail: kolacek@ipp.cas.cz

© Cambridge University Press 2018

Response of fusion plasma-facing materials to
nanosecond pulses of extreme
ultraviolet radiation

Jaroslav Straus1, Karel Kolacek1, Jiri Schmidt1, Oleksandr Frolov1,

Monika Vilemova1, Jiri Matejicek1, Ales Jager2, Libor Juha1,2, Martina Toufarova2,

Andrey Choukourov2,3 and Koichi Kasuya4

1Institute of Plasma Physics of the Czech Academy of Sciences, Za Slovankou 1782/3, 182 00 Prague 8, Czech
Republic; 2Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21 Prague 8,
Czech Republic; 3Faculty of Mathematics and Physics, Charles University in Prague, Ke Karlovu 3, 121 16 Prague 2,
Czech Republic and 4Institute of Applied Flow, 3-24-4 Utsukushigaoka-Nishi, Aoba, Yokohama, Kanagawa
225-0001, Japan

Abstract

The experimental study of damage to tungsten (W), molybdenum (Mo), and silicon carbide
(SiC) surfaces induced by focused extreme ultraviolet laser radiation (λ∼ 47 nm/∼1.5 ns/21–
40 µJ) is presented. It was found that W and Mo behaved similarly: during the first shot, the
damaged area is covered by melted and re-solidified material, in which circular holes appear –
residua of just opened pores/bubbles, from which pressurized gas/vapors escaped. Next cracks
and ruptures appear and the W has a tendency to delaminate its surface layer. Contrary, sin-
gle-crystalline SiC has negligible porosity and sublimates; therefore, no escape of “pressurized”
gas and no accompanying effects take place. Moreover, SiC at sublimating temperature
decomposes to elements; therefore, the smooth crater morphology can be related to local
laser energy density above ablation threshold. When more shots are accumulated, in all
three investigated materials, the crater depth increases non-linearly with number of these
shots. The surface morphology was investigated by an atomic force microscope, the surface
structure was imaged by a scanning electron microscope (SEM), and the structure below
the surface was visualized by SEM directed into a trench that is milled by focused ion
beam. Additionally, structural changes in SiC were revealed by Raman spectroscopy.

Introduction

At present, the right choice of perspective armoring materials for plasma-facing components
in thermonuclear reactors is under discussion (Sethian et al., 2010; Stork et al., 2014). In gene-
ral, they have to withstand high impurities-, helium- and hydrogen-isotope-ion fluxes, high
fluxes of electrons, and neutrons, and hence, even high heat fluxes, as well as high fluencies
of ultraviolet, soft X-ray, and hard X-ray radiation. However, from case to case, the importance
of individual load factors significantly changes: while in magnetic confinement fusion (MCF),
neutrons and γ rays play the main role (Neilson, 2014), in inertial confinement fusion (ICF), it
is necessary to distinguish individual driving schemes. According to calculations (National
Research Council, 2013), direct-drive targets will emit 1.3% of energy in X rays (4 keV
peak), 24% in ions (that not only cause greatest first wall heating for direct drive, but also
implantation of α-particles), and the remainder in neutrons (that have volumetric deposition).
Similar calculations for indirect drive show that high Z hohlraum materials absorb most of the
α-particles and radiate more energy as X rays. The fraction of individual components depends
on the details of the hohlraum design. For heavy-ion target, 25% of energy is in X rays (500 eV
peak), 6% is in ions, and 69% is in neutrons. For laser-driven target, the X-ray fraction is 12%,
10% is in ions, and 78% is in neutrons. For indirect drive in both cases, the X rays represent the
dominant threat to the first wall; to mitigate that, the wall wetted by liquid lithium or the wall
protected by Xe gas is considered. Further references can be found, for example, in Alvarez
et al. (2011), Raffray et al. (2004), Craxton et al. (2015).

In MCF, the impurities can dominate the energy balance by radiating most of the power
put into the plasma (Wesson, 2011); that is why low Z materials in regions outside the divertor
are preferred. In reality, at plasma–material interactions in MCF devices, more complex spatio-
temporal fundamental processes and synergies must be considered; among the main tasks
belong maintaining the high-performance plasma for very long time, predictive controlling
of hydrogen recycling, and minimizing of wall erosion. Recently, it turned out that lithiated
and boronized plasma material interfaces are superior in majority of aspects (see Krstic
et al., 2018).
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In ICF devices, the fusion plasma is spatially well separated
from the vacuum container. Therefore, a first choice of materials
for its first wall (and subject of our present investigation) stay
those with high melting point, high thermal conductivity,
strength, and hardness, and with low thermal expansion – like
tungsten [W (Raffray et al., 2004; Sethian et al., 2010; Alvarez
et al., 2011; Garoz et al., 2016)], molybdenum [Mo (for compar-
ison with W)], and silicon carbide [SiC (Perlado et al., 2001;
Sawan et al., 2011; Snead et al., 2011)]. The other traditionally
considered materials for ICF (like ferritic/martensic steels and
austenitic stainless steels (Inertial Fusion Energy Watching
Brief, 2007–2013), oxide dispersion-strengthened ferritic steels
(Caro, 2009), dispersion-strengthened W (W + 1%Y2O3, or W +
2.5%TiC) (Vilemova et al., 2016), carbon (Raffray et al., 2004),
carbon foams and three-dimensional engineered materials
(A 2013–2020 roadmap towards IFE …), and SiC composites
(Sawan et al., 2011; Snead et al., 2011) might be a subject of fur-
ther studies.

The most common way of testing such materials is exposing
them to intense neutron fluxes (Knaster et al., 2013), to high-
energy ions (Renk et al., 2005), to heating by the high rep-rate
laser (Najmabadi et al., 2006), or by pulse high-intensity infrared
lamp (Hinoki et al., 2005). Up to the present, the testing of such
materials by X rays has been done with the help of discharges with
broad radiating spectral range combined with emission of debris
(Latkowski et al., 2005; Tanaka et al., 2005). In the first case
(Tanaka et al., 2005), single-pulse irradiation of pre-heated W tar-
get by X-ray radiation of Z-machine (corrected by filters to be
closer to radiation in direct-drive inertial-fusion reactors) is
used for the determination of damage threshold. No surface
changes were found below 0.27 J/cm2, and limited surface changes
(surface roughening) were found at 0.9 J/cm2. In the second case
(Latkowski et al., 2005, XAPPER X-ray damage facility), the
Z-pinch (rep-rate 10 Hz, number of shots up to 105) is placed
in the first focus of a semi-ellipsoidal reflector, in the second
focus of which the target is positioned. A special foil comb
reduces debris and restricts X-ray output to those angles that
intercepts the focusing optics. It was also found that between

0.5 and 0.7 J/cm2 no roughening was observed, at 1.0 J/cm2 sur-
face roughening is measurable, and at 1.2 J/cm2 the damage is
“catastrophic” (melting takes place). We used for our tests debris-
free monochromatic radiation with the quantum energy
26.45 eV, which is smaller than the peak of the expected IFE
spectrum (between 1.17 and 1.66 keV for NRL direct drive, and
560 eV for heavy ion indirect drive) (Hassanein and Morozov,
2004), but still has a non-negligible contribution. It is worth men-
tioning that this low-energy range is the most dangerous one,
because the photon energy is higher than any binding energy in
solid state, but simultaneously its penetration depth is a few
tens of nanometers only, and therefore, the deposition volume
is extremely small.

Originally, the interaction of XUV radiation with solid surface
was described macroscopically in terms of thermo-mechanical
effects (Blanchard and Martin, 2005; Inogamov et al., 2015).
The present theory (Kabeer et al., 2014; Medvedev et al., 2015)
says that this XUV radiation changes the effective interatomic
potential near the solid surface, and in this way, the mechanical
stability of the lattice.

This paper does not have ambition to confirm or deny
the abovementioned latest theoretical descriptions. It aims to
clarify the results of the interaction of sole XUV radiation with
the solid surface of the candidate armoring materials –W, Mo,
and SiC.

Experimental apparatus and methods

The source of coherent XUV radiation is the CAPEX (CAPillary
EXperiment) apparatus with a 40 cm long Ar-filled capillary
with pinching discharge driven by 6 nF/400 kV capacitor (see
Fig. 1, and in more detail Schmidt et al., 2005). The population
inversion is built on energy levels belonging to Ar8+ (Ne-like Ar)
ion. The soft X-ray laser has the wavelength ∼46.9 nm, the pulse
duration ∼1.5 ns, and the focused pulse energy 21–40 µJ. The
laser beam propagates ∼2.6 m through an evacuated pipe and
an experimental chamber to the spherical multilayer (Sc/Si) mir-
ror (diameter 40 mm, surface radius 2100 mm), which focuses

Fig. 1. Part of CAPEX machine showing part of the driving capacitor, the spark gap, and the capillary. To the experimental chamber with multilayer focusing mirror,
there are attached both the pipe, connecting it with CAPEX, and the diagnostic arm with irradiated target/sample.
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radiation on a ∼1.79 m distant target. The target is placed
approximately in the mid plane between tangential and sagittal
foci. Due to that, the damage pattern has a “cross” shape that
might be (in the high-energy case) modified by a superimposed
interference pattern caused by mirror surface imperfection.
A typical laser energy density distribution in the interaction
area (with peak value for SiC target ∼5 J/cm2) and the factors
that cause its variations are in detail given in the Discussion
section.

Typically, each sample of the investigated materials [W
(dimensions 20 mm × 20 mm× 1 mm, Ra values 1.9–3.5 nm
measured by Zygo on the area 0.70 mm × 0.52 mm), Mo
(dimensions 20 mm × 20 mm× 1 mm, Ra values 2.3–2.6 nm
measured by Zygo on the area 0.70 mm × 0.52 mm), and SiC
(dimensions 20 mm × 20 mm× 5 mm, Ra values 1.0–1.2 nm
measured by Zygo on the area 1.40 mm × 1.05 mm) – neither
producer, nor technology process can be published] was irradi-
ated by repetitively fired laser shots, which left well-separated
damage patterns on the sample surface: the first damage pattern
was created by a single laser shot, the second was created by five
accumulated laser shots, and the next by ten, 20, and sometimes
even 50 accumulated laser shots. The interval between laser
shots was kept constant (40 s); therefore, it is possible to expect
that the sample surface cools down completely between succes-
sive shots. The damage patterns created by the focused laser
beam on the sample surface were analyzed by atomic force
microscope (AFM), by scanning electron microscope (SEM),

and the sub-surface structure by SEM analysis of the wall of a
trench milled by focused gallium-ion beam along the platinum
bar deposited on the sample for the surface protection against
trench-edge rounding (at trench-wall polishing) and against
undistinguishable re-deposition of material excavated from
the trench. Moreover, the SiC sample was examined using the
Raman micro-probe.

Results of irradiation

Tungsten

Damage pattern created by a single laser shot
On the W surface, the damage pattern created by a single laser
shot is clearly visible (see Fig. 2); however, when imaged by
AFM, it is seen not as a crater, but as an area covered by small
“grains/solidified droplets”.

The SEM image (see Fig. 3) confirms this interpretation and
provides further details: the W target has a porous structure

Fig. 3. Tungsten (W), one shot, SEM images (secondary electrons detector): top: the
whole damaged area, mid: the lower central part of the damage pattern, bottom:
upper central part of the damage pattern.

Fig. 2. Tungsten (W), one shot, AFM image. The bar on the right shows the whole
range of heights, but only the range from 0 to 0.6 µm is used for the color scale.
The profile along the horizontal line y = 36 µm (see arrows) is shown below the two-
dimensional image.
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(see Fig. 3, top part, unexposed area); some of these pores are
opened, some are closed and it is expected that they contain gas
persisting there from production. The central part of the laser-
irradiated area was melted (Tmelting W = 3695 K) and re-solidified.
During this melting process, some closed pores were opened, the
gas explosively escaped into vacuum, and the material from their
lids/covers was deposited around the created mini-craters (see
mid and bottom part of Fig. 3). It should be mentioned that no
de-gassing of samples before exposition were performed, because
in a real reactor wall also some He gas will be present. Another
explanation of the observed surface structure supposes (von der
Linde and Sokolowski-Tinten, 2000; Zhakhovskii et al., 2008)
that melted layer (being heated to triple point) immediately starts
to boil (due to vacuum above the surface) and the quasi-circular
holes on the surface are residua of bursting bubbles, from which
“saturated” vapor explosively escaped making rims around them
and the surface rapidly re-solidified. The melting process is dem-
onstrated by a number of droplets that were about to release from
the melted matter (Fig. 3, arrows “A”), or that had been released

and fell back to the target surface (Fig. 3, arrows “B”). Moreover,
rapid heating and cooling induces internal stress in the influenced
sample surface layer (Ryutov, 2003), which causes somewhere not
only its partial delamination [the free edges of these semi-
detached chips are rounded due to more intense heating resulting
from locally reduced thermal conduction (Fig. 3, arrows “C”)],
but also cracks and ruptures (see Fig. 3, arrows “D”).

Analysis of the trench-wall situated in the center (ablation area –
right part of the Fig. 4) as well as in the periphery (desorption area –
left part of Fig. 4) of the damage pattern confirms that the W was
rolled (the crystalline grains have longer dimension oriented
along the surface), ground, and mechanically polished: the unex-
posed as well as the low-exposed surface layer is modified into the
depth of a few tens of nanometers, having much smaller crystal-
line grains with more irregular surface than the grains deeper in
the volume. The layer modified by polishing is removed in the
higher exposed area; however, no in-depth modification of
the near surface layer (e.g. related to volume melting and re-
solidification, recrystallization to columnar form and resizing of
grains, etc.) is observed.

Damage pattern created by 20 accumulated shots
When the number of shots at the same irradiation position rises,
the central melted area broadens and the small grains (seen in
Fig. 2 as light spots, appearing after the first shot mainly at the
edge of opened pores/burst bubbles) persist in the irradiated

Fig. 5. Tungsten (W), 20 shots, AFM image. The bar on the right shows the whole
range of heights, but only the range from 0.1 to 0.8 µm is used for the color scale.
The profiles along the horizontal lines y = 54.57 µm and y = 58.18 µm (see arrows)
are shown below the two-dimensional image.

Fig. 4. Tungsten (W), one shot, SEM trench-wall view (tilt 52o): bottom: the trench
position well inside the damage pattern (its border is shown by the dashed line),
top right: the blown-up part of the trench-wall in the laser ablation area, top left:
the blown-up part of the trench-wall in the laser desorption area. The sub-surface
layer in the same enlargement, but in different false colors is shown above the left
blown-up part.
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area periphery only (see Fig. 5). Simultaneously, the central melted
area sinks down, creating a visible crater. Vertical elongation of the
crater is due to the position of the target being a bit closer to the
tangential focus than to the sagittal one. The melted material is
partly pushed to sides, and partly evaporated and re-deposited

around the crater and forms a rim at its edge (Romashevskiy
et al., 2016) (see Fig. 5, profile y = 54.57 µm). The dark spots on
the left (at the damage pattern periphery), and the related drop
on the profiles, are connected with a surface imperfection.

Figure 6 shows that the trench was created in the laser dam-
aged area only. It is apparent that the whole thin surface layer dis-
torted by W polishing was removed in the trench vicinity.
However, even 20 accumulated laser shots did not cause any vis-
ible persistent structural changes in the substrate.

Molybdenum

Damage pattern created by a single laser shot
XUV-laser-irradiated Mo behaves similarly to W: a single laser
shot does not drill any crater, but partly removes impurities
from the surface (that remained there after polishing and were
not cleaned by ultrasound waves in organic dissolvent and washed
away by distilled water), and opens closed pores and/or creates
bubbles that burst, and pressurized gas escapes from them (see
Fig. 7). Moreover, rapid heating and cooling (accompanied by
thermal expansion and shrinkage) induce, similarly as at W,
numerous non-uniformities in the surface region and contribute
to the surface damage morphology.

Figure 8 shows the trench position with respect to the damaged
area as well as the trench-wall view both outside the irradiated area
and near the center of the damage pattern. Mo has (similarly to W)
a porous structure (see Fig. 8, arrows “A”, arrows “B”), but the pores
are larger here. The closed ones (Fig. 8, arrows “A”) are filled with

Fig. 7. Molybdenum (Mo), one shot, AFM image. The bar on the right shows the whole
range of heights, but only the range from 0.1 to 0.8 µm is used for the color scale. The
profile along the horizontal line y = 47.8 µm (see arrows) is shown below the two-
dimensional image.

Fig. 6. Tungsten (W), 20 shots, SEM trench-wall view (tilt 52o): bottom: the whole -
damage pattern, middle: the blown-up part of the trench-wall in the
damaged area, top: the blown-up part of the trench-wall in the center of the damage
pattern.
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gas persisting there from production; if such pores are close to the
target surface, the incident laser pulse can melt their lids and explo-
sively escaping gas throws this material to the surrounding of the
crater. It is supposed that the continuous carbon layer (as thick
as 60 nm – see Fig. 8, arrows “C”) at the damage pattern periphery
(low laser fluence) comes from residuum of diamond-containing
polishing suspension sitting in open pores (carbon is detected
there by X-ray energy-dispersive spectrometry detector – see

Discussion section). On the other hand, inside the irradiated area
(larger fluence), the carbon contamination is fully removed by a
single laser shot. However, in contrast to W, a single laser shot is
not capable to fully remove the whole surface layer modified by pol-
ishing, which is somewhere up to 700 nm thick. Finally, the energy
deposition of a single laser shot creates numerous cracks on the sur-
face; one of them was found on the trench-wall image (see Fig. 8,
arrows “D”) propagating into a depth of ∼1.5 µm.

Fig. 8. Molybdenum (Mo), one shot, SEM trench-wall view (tilt 52o): bottom: the trench position related to the damage pattern, top left: the blown-up part of the
trench-wall partly outside of the damage pattern; the sub-surface layer in the same enlargement, but in different false colors is shown above the blown-up part, top
right: the blown-up part of the trench-wall in the laser-modified area. A crack appearing in the top right figure (“D”) is shown in higher enlargement on the right
side of the figure.
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Damage pattern created by 20 accumulated shots
A larger number of shots fired at the same area produces a deep
crater in the focal spot center with a rim on its sides (see Fig. 9).
The trench showing the sub-surface structure (see Fig. 10) goes
through the crater bottom: outside of this crater, but still inside
of the laser-illuminated area (with reduced fluence), there is a vis-
ible ∼0.7 µm-thick layer influenced by polishing: the crystal grains
are much smaller (characteristic dimension is ∼300 nm) and their
surface is rough or diffuse. On the other hand, in the crater bot-
tom, this influenced layer is totally removed and the grain struc-
ture is exactly the same as in the deeper parts of the target; no
signs that could be attributed to volume-melting process have
been observed.

Silicon carbide

SiC structure
SiC can exist in more than 250 different crystalline structures
(Cheung, 2006). The polymorphism of SiC is characterized by a
large family of similar crystalline structures called polytypes.
They are variations of the same chemical compound that are iden-
tical in two dimensions and differ in the third. Thus, they can be
viewed as layers stacked in a certain sequence. Their crystalline
structure is either cubic (C), or hexagonal (H), or rhombohedral
(R); the number before the letter characterizing the lattice type
denotes the number of layers in the primitive cell. The simplest
SiC form is β SiC modification [3C (β) SiC – cubic lattice built

up as three repeating layers 1,2,3;1,2,3]; the most common SiC
polymorph is α SiC modification [6H (α) SiC – hexagonal lattice
with six repeating layers 1,2,3,1,3,2;1,2,3,1,3,2]. Comparison of
Raman back-scattered spectrum acquired from virgin (unex-
posed) part of our sample confirmed that subject of our investi-
gation is namely this 6H (α) SiC with minimum disorders/
distortions [all the 13 lines of this polymorph lying above 200/cm
(Nakashima and Harima, 1997) were identified with accuracy
±2/cm] and no additional line was detected. However, in a hole
in virgin surface, the scattered spectrum dramatically changes:
besides the characteristic lines for SiC, the bands D and G [char-
acteristic for vibrations of C–C sp2 bonds (Sorieul et al., 2006)] as
well as the line 1331/cm (characteristic for diamond) appear. This
is evidently due to a residuum of polishing pasta that contains
graphite and diamond microcrystals and that has not been
removed at the final cleaning.

Damage pattern created by five accumulated shots
Since it is very difficult to localize the surface damage made by a
single laser shot on the SiC sample, the result with five accumu-
lated shots is presented. The macroscopic lattice distortions
(holes) are much larger and less numerous than pores in W
and Mo. Therefore, it is also less probable that some closed cav-
ities containing gas are located close to the surface. Similarly,
because SiC sublimates, there is no melting layer with bursting
bubbles. Due to that, the craters created at interaction of the
laser with SiC have a smooth surface (Fig. 11) modified only by
the abovementioned large opened holes. In contrast to W and
Mo, the SiC single-crystalline structure is very compact: there
are no traces of delamination of the surface layer with subsequent
overheating and rounding of chips’ edges. Finally, because SiC
sublimates (as was mentioned above), there is no re-solidification
of liquid material. Although some tension in the target can be
induced by rapid heating/cooling at/after laser – target interac-
tion, no cracks have been observed. Raman scattering spectra
measured inside the damage patterns showed that besides the
lines characteristic for 6H (α) SiC polytype (to the most intense
belong four lines with wave-numbers 767, 789, 797, and 965/cm),
also the band characteristic for vibrations of Si–Si bonds, as well
as both the abovementioned D and G bands characteristic for
vibrations of C–C bonds appear. It means that some fraction of
SiC lattice was disintegrated by XUV radiation creating immediately
new homo-nuclear bonds and these new compounds remained
on the sample surface [similarly as at heavy-ion bombardment
(Sorieul et al., 2006)]. A weak diamond line was detected even in
the holes exposed to low fluence (periphery of the laser beam foot-
print); on the other hand, no diamond line was found in the holes
irradiated by high fluence (ablation area).

The localization of the laser-induced damage patterns created by
one or five laser shots is very difficult either on SEM: there is a very
shallow crater with practically no contrast (see upper part of the
Fig. 12 registered by the detector sensitive to back-scattered elec-
trons). However, as soon as the detector registering the secondary
electrons (originating in smaller depth than the back-scattered elec-
trons) is used, the whole cross-like laser beam footprint becomes
apparent (see lower part of Fig. 12). A possible explanation of
this phenomenon is given in the Discussion section.

Damage pattern created by 20 accumulated shots
The character of the damage pattern produced by 20 accumulated
shots remains the same as mentioned before: the periphery of the
laser beam footprint is not visible on the “heights map” registered

Fig. 9. Molybdenum (Mo), 20 shots, AFM image. The bar on the right shows the whole
range of heights, but only the range from 0.2 to 0.9 µm is used for the color scale. The
profile along the horizontal line y = 86.33 µm is shown below the two-dimensional
image.
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by AFM. The only remarkable feature is the crater characteristic
for the ablation region (not speaking about numerous holes on
the whole target surface) – see Figure 13. Also in this case,
there is no delamination of the surface layer and no cracks (see
Fig. 14). The trench-wall view shows that the target material is
rather homogeneous (as a single crystal should be), but a few
holes/cavities (see Fig. 14, arrows “A”). The surface of the crater
(Fig. 14, arrow “B”) and of the rim (Fig. 14, arrow “C”) around
it is as smooth as the surface of the unexposed target part.

Discussion

As mentioned in “Experimental apparatus and methods” section,
the target was placed approximately in the mid plane between

tangential and sagittal foci. Due to that, the laser beam footprint
pattern (namely its low fluence part) has a “cross” shape. A more
pronounced central vertical line (ablation area – the crater) says
that the target was slightly closer to the tangential focus; a more
enhanced end part of this crater (visible mainly at SiC sample)
results from mirror imperfection. Since any image rotation differ-
ent from multiples of 90° causes transformation errors (both in
the details and in the size), all the damage pattern pictures pre-
sented in “Results of irradiation” section are reproduced exactly
as yielded by the diagnostic instruments, that is, arbitrarily,
depending only how the individual samples were inserted there.

A capillary cleaning process includes laser disassembling and
reassembling. Due to that, in various series, a different part of
focusing mirror was used, which resulted in slightly different

Fig. 10. Molybdenum (Mo): 20 shots, SEM trench-wall view (tilt 52o): bottom: the trench position in the damage pattern, middle: the blown-up part of the trench wall
in the crater bottom, top left: the blown-up part of the trench wall on the side of laser-modified area (with reduced fluence).
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crater morphologies from sample to sample. However, in no case,
any spontaneously appearing periodic surface structures (like in
Kolacek et al., 2012, or in Gemini et al., 2013) have been observed.

Each sample was irradiated one day. During first few shots, the
laser radiation was attenuated by two Al filters (of the thickness
0.4 + 0.8 µm – to prevent the diode saturation) and monitored
by windowless vacuum photodiode (Kolacek et al., 2015a).
When the energy of the laser pulse was stabilized, the filters
and the diode were retracted and the target was exposed shooting
once when the target was in the first position, five times when the
target was in the second position, ten times in the third position,
20 times in the fourth position, and sometimes even 50 times in
the fifth position of the target. Each ∼25 shots, the laser energy
was monitored again, confirming that the energy remains in
±10% error limit. However, the day-to-day reproducibility was
worse and we gave up finding exactly the same working regime
(see Fig. 17, different energy at individual samples). In fact, it is
possible to adjust and stabilize after re-starting a similar regime
to the previous one, but it takes longer time (a few hours), and
in this case, it is difficult to fulfil the complete daily program pre-
scribed for irradiation of one sample.

Due to relatively large distance between capillary output and
focusing mirror (approx. 2.6 m), the ratio of laser fluence to back-
ground (incoherent broadband capillary discharge) fluence there
(at the mirror) is >100 (time-integrated case); a further increase
of this contrast (approximately 100 times) is caused by selective
reflectivity of Sc/Si multilayer mirror tuned at quasi-normal

incidence to the laser wavelength (∼47 nm). Due to this large
laser-background radiation contrast, the influence of background
radiation can be neglected.

The grinding and polishing of the targets by diamond-
containing polishing medium (pasta/suspension) should be men-
tioned also as a contaminating agent: their residua were found
practically in all opened pores and holes (even after standard
cleaning – see Fig. 15, where unexposed parts of samples’ surfaces
are shown as seen by both the secondary electrons/back-scattered
electrons detector and by the X-ray energy-dispersive spectrome-
try detector tuned to carbon). However, already the first laser
shots are capable to remove these polishing remnants from the
surface of W and Mo (see Fig. 16; the yellow lines show roughly
the exposed area, from where carbon was removed, the yellow cir-
cles show extra-deep pores in which carbon survived). On the
other hand, on the surface of SiC, the silicon is probably removed
first leaving carbon naked on the surface (see Fig. 12).

For each target, the “maximum” crater depth (meaning mini-
mum of approximation curves that eliminate in each profile local
surface imperfections like grains or pores) as a function of num-
ber of accumulated shots was evaluated (see Fig. 17). It seems that
for all three target materials, the crater depth increases relatively
fast up to ∼20 accumulated shots, but at more accumulated
shots, this enlargement slows down, and for W nearly stops. It
may be explained either by hardening of metallic bonds (see,
e.g. Kabeer et al., 2014), or by different ablation rate in the surface
layer modified by polishing and in the bulk material. For the

Fig. 11. Silicon carbide (SiC), five shots, AFM image. The bar on the right shows the
whole range of heights, but only the range from 0.0 to 0.5 µm is used for the color
scale. The profile along the horizontal line y = 37.26 µm is shown below the two-
dimensional image.

Fig. 12. Silicon carbide (SiC), five shots, SEM image made by the detector registering
the back-scattered electrons (top) and the secondary electrons (bottom).
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second interpretation speaks the fact that the function of crater
deepening with a number of accumulated shots changes its deriv-
ative approximately in the depth corresponding to the thickness
of polishing-modified layer at Mo and W. Against this interpreta-
tion speaks the fact that SiC does not have such a polishing mod-
ified layer, but a non-linearity of deepening function has been also
observed.

An attempt was made to evaluate the ablated volumes.
However, it turned out that due to arbitrariness of the choice of
zero level of integration as well as due to the grains, re-solidified
material and pores in/out of the damage pattern (that also con-
tributed to the integral), the errors were huge. Therefore, for at
least qualitative insight, the AFM heights maps of SiC – the sim-
plest material (from ablation point of view) – with damage pat-
terns (craters) were digitally cleaned and integrated. The result
is shown also in Figure 17. The fact that the ablated volume
changes with the number of accumulated shots similarly as the
crater depth means that the ablated area does not change signifi-
cantly with the number of accumulated shots and that the only
change goes into crater deepening.

The cleaned AFM heights map for five accumulated shots on
the SiC target was also used for the determination of a local flu-
ence map (see Fig. 18; compare also with the upper part of
Fig. 11). Supposing that the particle-removal efficiency in the
ablation area is 100% (Kolacek et al., 2015b), then it is possible
to relate the crater negative depth map to the local fluence map,
in which the heights integral is re-normalized to the 40% of the

whole incident laser energy. This relatively small fraction of the
incident energy is the result of a fitting procedure, at which we
tried to adjust crater dimensions [diameter of “equivalent circle”
(as to area) and depth] to thermal effects of Gaussian beam
with a given total energy and given footprint area (see later in
this section). It is estimated (and this is why the ablation thresh-
old cannot be exactly determined in our experiments) that 10% of
the whole incident energy is reflected and scattered, and next 50%
is deposited in the laser footprint area, but outside the ablation
crater area of SiC; an indirect confirmation that the fraction of
this energy deposited outside the SiC ablation area may be so
large is the fact that there, in case of W and Mo, some melting
is also observed. An alternative explanation, why the ablated cra-
ter corresponds to remarkably smaller energy than the incident
energy is given later in this section.

The traditional measuring methods of XUV fluence distribu-
tion [scintillator-based measurements (Jaeglé et al., 1997; Pikuz
et al., 2015; Krzywinski et al., 2017), Shack–Hartmann wave
front sensor (Le Pape et al., 2002)] encounter in/near laser
beam focus some problems connected with high intensity, small
focus dimensions, and partial coherence. The modern methods
[ptychographic imaging (Schropp et al., 2013), combination of
irradiated sample with diffraction grating (Schneider et al.,
2018)] have either rather complicated evaluation (Schropp et al.,

Fig. 13. Silicon carbide (SiC): 20 shots, AFM image. The bar on the right shows the
whole range of heights, but only the range from 0.35 to 0.8 µm is used for the
color scale. The profile along the horizontal line y = 30.20 µm is shown below the two-
dimensional image.

Fig. 14. Silicon carbide (SiC): 20 shots, SEM trench-wall view (tilt 52o): bottom: the
trench position in the damage pattern, top left: the blown-up part of the trench
wall outside of the laser ablation area (with reduced fluence), top right: the blown-up
part of the trench wall showing section of the left part of the crater as well as that of
the rim around it.
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2013), or have not been available earlier (Schneider et al., 2018).
Therefore, we supposed that SiC behaves in ablative part similarly
to PMMA, and following Chalupsky et al. (2007), we used the
morphology of ablated crater for the construction of local fluence
map (see Fig. 18). For that we used abovementioned digitally
cleaned AFM heights map of SiC and accepted a number of better

or worse fulfilled suppositions: namely we defined that XUV radi-
ation intensity I has a separable space and time dependence:

I(x, y, z, t) = Io.f (x, y, z).g(t), (1)

where z is a direction of light propagation, xy is a plane

Fig. 15. Unexposed parts of the samples’ surfaces as seen by the secondary electrons detector (left column top and bottom) or back-scattered electrons detector (left
column middle) and by the X-ray energy-dispersive spectrometry detector (right column). First row: tungsten, second row: molybdenum, third row: silicon carbide.

Fig. 16. Molybdenum (Mo), laser-exposed area is marked by a solid line. Left: image by back-scattered electrons detector. Right: image by X-ray energy-dispersive
spectroscopy detector highlighting carbon.
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perpendicular to z and parallel to the sample surface, Io is the
maximum intensity, f(x,y,z) is a beam spatial intensity distribution,
and g(t) is a pulse temporal shape function. The time integration
of (1) transforms intensities I(x,y,z,t) to fluencies F(x,y,z). If the
beam profile changes negligibly in attenuation length lat (slowly
varying envelope approximation), and if the side energy dissipa-
tion due to heat penetration can be neglected, then the dependence
of F(x,y,z) on z can be neglected, and the fluence on the sample
surface can be expressed not only by the integrated Eq. (1), but
also by the Lambert–Beer law that relates crater depth d(x,y)
with local fluence [starting from d(x,y) = 0, where local fluence is
the ablation threshold Fthresh]:

F(x, y, 0) = Fo.f (x, y, 0)
= Fthresh.exp[d(x, y)/(5× lat)]

(2)

Factor Fthresh can be determined from integral F(x,y,0) across
the whole ablation (crater) area, which must be normalized to
the total energy of the incoming laser pulse Etot reduced by
reflected portion Erefl [10% (Henke et al., 1993)] and
reduced by portion deposited into laser footprint area, but outside
ablation (crater) area Eabl−out (50% – see above); expression
d(x,y)/(5 × lat) in the exponent respects the fact that the crater

was engraved by five laser shots:

F(x, y, 0) = Etot − Erefl − Eabl−out� �
abl−area

exp[d(x, y)/(5× lat)] dx dy

exp[d(x, y)/(5× lat)]
(3)

A more precise construction of local fluence map which takes into
account the energy deposited to desorption area [not applicable to
us, because ddesorp(x,y) = 0 for SiC – see Fig. 11] can be found in
Chalupsky et al. (2009). An attempt to take into account thermal
effects was made recently by Blejchar et al. (2016) when studying
interaction of XUV laser with LiF.

While at interaction of infrared, visible, and ultraviolet radia-
tion with solid surface, the non-thermal ablation appears at
short (up to ∼10 ps) laser pulses only (Buratin et al., 2017), at
interaction of XUV radiation with such surface we can admit
that even at ∼ns pulses some fraction of ablation can be due to
a non-thermal process, because each quantum of this radiation
has energy higher than any binding energy in molecules.
However, in the first approximation, we included in our modeling
the thermal process only (see in more detail Supplementary mate-
rial). We suppose that Gaussian laser beam with pulse energy Q
(propagating in –z direction) with spatial profile exp[−(x2 + y2)/
w2] = exp[−r2/w2] and δ-function temporal profile falls in the
moment t = 0 on a semi-infinite target placed in the half-space
z⩽ 0 and kept at room temperature (T = TR) in the infinity (at
r→∞, −z→∞). Then the temperature increase ΔT(R, Z, τ) in
dimensionless co-ordinates R = r/w, Z = z/w, τ = t/t0 and dimen-
sionless W =w/lat (lat is the attenuation length, t0 = π w2 cp ρm/k
is the heat diffusion time where cp, ρm, and k are by turns the
heat capacity, the mass density, and the thermal diffusivity) is
for t > 0 (Buratin et al., 2017; Xu et al., 2018)

DT = DTMax
e−R2/(1+4pt)

2 (1+ 4pt) e
−|WZ| eW

2pt

× erfc (W ���
pt

√ + Z
2

���
pt

√ ) + e2|WZ|erfc(W ���
pt

√ − Z
2

���
pt

√ )
[ ]

(4)

where

DTMax = Q(1− Frefl)(1− Fabl−out)
pw2lat cp rm

= Q(1− Frefl)(1− Fabl−out)
t0 k lat

(5)

is the maximum temperature increase [Frefl is reflected and scat-
tered energy fraction (in all cases taken Frefl≈ 0.1)]; Fabl−out is
the energy fraction deposited outside the crater [in all cases
taken Fabl−out≈ 0.5)]. Taking FWHM ∼40 µm [FWHM is full
width at half magnitude of approximating Gaussian curve and
determines w = FWHM/{2 × (Ln(2))1/2} = 23.54 µm] and substi-
tuting attenuation length lat from Henke et al. (1993) (after
extrapolation), material constants of W and Mo from Wikipedia
and material constants of SiC from Siklitsky (1998–2001), we
get the time development of radial and z-profiles of temperature
field T(r, z, t) = TR + ΔT in graphical form (for SiC see Fig. 19).
It is seen that with this choice (the fluence in the center is very

Fig. 17. Crater depth (and volume) as a function of number of accumulated shots.

Fig. 18. Surface energy density (fluence) map (ablation region): the dotted curve –
boundary of the laser footprint area (according to the bottom part of Fig. 12); in real-
ity the axis of ablation region is approximately vertical (as in Fig. 12).
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close to the ablation threshold) a rough agreement with experi-
mental results is achieved (the crater diameter is ∼10 µm, the cra-
ter depth is tens or hundreds of nanometers). However, even a
slight increase of local fluence in the center (either by enhancing
the total deposited energy, or by reducing the deposition area)
results in fast enlargement of the diameter as well as thickness
of the melted-and-evaporated layer. At W and Mo, it is possible
to argue with re-solidification, but in the case of SiC, the curve
of sublimating temperature should be identical with final contour

of the crater. There are at least three surprising things: that (1) our
crater (namely its transverse dimension) is never substantially
larger than ∼10 µm, (2) Mo (with material constants similar to
W), despite measured at nearly doubled laser energy, has the cra-
ter depth of the same order as the other two materials, (3) a sub-
surface heat-affected zone is missing. All three facts could be
explained by the following scenario: as soon as the laser heats
the surface to melting temperature, the melted matter (crossing
the triple point) immediately starts to boil (due to vacuum envi-
ronment) and a warm dense matter is created at the surface that
starts to fly against the laser beam (Kolacek et al., 2015b) and
absorbs reliably the rest of laser pulse.

Conclusion

The character of the response of W and Mo to XUV laser radia-
tion is quite similar: in both materials, desorption and ablation
areas (Kolacek et al., 2015b) are clearly visible. They are covered
by melted and re-solidified material, in which smaller or larger
circular holes appear – residua of just opened pores and/or just
burst bubbles, from which gaseous phase explosively escaped
into vacuum. For both materials, the ablation area deepens
more rapidly with a number of accumulated shots than the
desorption area. Simultaneously, in the ablation area, a number
of cracks and ruptures appear due to relaxation of stresses associ-
ated with the re-solidification of melted material. Moreover, W
has the tendency to delaminate its surface layer during exposure;
due to reduced thermal conduction of such semi-detached chips,
their free edges are more intensely heated, melted, and rounded.

On the other hand, SiC has numerous large open holes and
minimum of closed pores; moreover, SiC sublimates – therefore,
there is no melted layer with bursting bubbles. Consequently,
no explosive escape of “pressurized” gaseous phase and no accom-
panying effects take place. Additionally, the irradiation by short
pulses of XUV laser radiation does not lead to a formation of
any segregate desorption area, and therefore, the desorption
threshold (if any) seems to be very close to the ablation one. In
the ablation area, where sublimation temperature is exceeded,
the SiC sublimates with simultaneous decomposition providing
atomic Si and C.

In our opinion, for armoring of the first wall of the thermonu-
clear reactor, the most dangerous issue is material removal: sup-
posing that the service-free period of the future ICF-based
thermonuclear reactor should last at least 1 year, that is, at
10 Hz repetition frequency 3.15 × 108 shots, any material removal
during few shots represents a potential threat. From this point of
view, W and Mo seem worse than SiC, because they (in contrast
to SiC) have the desorption threshold remarkably lower [∼0.3–
0.9 J/cm2 (Tanaka et al., 2005)] than the ablation threshold
[1.3–2.3 J/cm2 (Tanaka et al., 2005)]. On the other hand, the
observed cracks at W and Mo can be beneficial in the beginning,
because they mitigate the helium retention in the armor volume.
However, the full-scale scenario must take into account that the
critical number of cracks of critical size might be exceeded and
then a large chunk(s) could be broken off the armor. In any
case, the cracks development needs a further study.

A future research should also answer how the ablation process
is influenced by a different laser energy in a single shot, by a dif-
ferent incidence angle, by a different final surface conditioning,
and by the elevated target temperature (closer to melting/sublima-
tion point).

Fig. 19. Temporal development of radial and depth profiles of temperature field. In
the plane t = 10−9 s, the incident laser beam is shown together with its Gaussian pro-
file used for calculation (blue curve) and profile deduced from Figure 18 (FWHM* =
5.43 µm – red dotted curve). Top: SiC (Q = 21 µJ, FWHM ∼40 µm). Bottom: SiC (Q =
21 µJ, FWHM = 20 µm). Z-scale is ∼10 times enlarged r-scale. The white color in the
graphs means that the melting point was surpassed.
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Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0263034618000332.
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