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a  b  s  t  r  a  c  t

In  this  work,  we  investigate  the  damage  produced  in materials  when  exposed  to a  laser-generated  plasma.
The plasma  was  generated  by  interaction  of  a high-intensity  laser  with  Oxygen.  We  demonstrate  that
the  stress  induced  on the  target  surface  of a Tantalum  target  (typical  materials  used  as  Plasma  Facing
Material)  after  10 h of  plasma  exposure  is  equivalent  to  the  stress  induced  during  1  h  of  conventional
eywords:
aser-matter interaction
tress testing of materials
igh-intensity laser
aser-plasma radiation

laser  ablation  using  a pulsed  0.5  J laser.  In both  cases  we  obtain  a surface  erosion  in the  tens  of �m,
and  a  change  in the  surface  roughness  in  the  tens  of nm  for  the stressed  materials.  The  erosion  rate of
1  nm/s,  explained  in  terms  of surface  fragmentation  at thermodynamic  equilibrium,  generates  a  slow
damage  to  the  materials  exposed  to the  plasma.  Our  method  allows  indicating  safety  parameters  for  the
maintenance  of materials  used  in high-intensity  laser  experiments.

© 2016  Published  by  Elsevier  B.V.
. Introduction

The advent of high-power ultra-short lasers has opened up
he field of laser-driven particle acceleration, in particular pro-
on and electron acceleration [1,2]. The investigation of these
aser-accelerated beams and its use is currently challenging many
esearch laboratories worldwide, in particular for the improved
haracteristics of these sources such as compactness, versatility
nd tunability. As an example, intense research has been con-
ucted on the topic of laser-accelerated proton beams, produced
uring the interaction of a high-intensity (I > 1 × 1018 W/cm2),
hort pulse (<ps) laser with a solid target [3]. Nowadays, proton
eams with very interesting characteristics are routinely produced
xhibiting in some cases features that outperform conventional
adio-frequency-based accelerators (typical laser-driven proton
eams can generate up to 1013 particles per shot, having a bunch
uration of ps at the source, reaching energies in the tens of
Please cite this article in press as: M.  Scisciò, et al., Analysis of induc
high-intensity laser experiments, Appl. Surf. Sci. (2017), http://dx.doi

eV range [4] and presenting a very good laminarity [5]). While
trong effort is put to materialize different applications for laser-
ccelerated beams such as in astrophysics [6], as bright ultra-short

∗ Corresponding author at: INRS-EMT, 1650, Boul. Lionel Boulet, Varennes, Canada.
E-mail address: antici@emt.inrs.ca (P. Antici).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.004
169-4332/© 2016 Published by Elsevier B.V.
neutron source [7,8], or medicine [9], research in optimizing the
infrastructure where these experiments take place (and in par-
ticular target chambers and their general safety parameters for
higher repetition rate experiments) is still in an embryonic state.
All the laser-driven acceleration mechanisms are based on a high-
intense laser-matter interaction, which generates an energetic
plasma inside the target chamber. The plasma generation is asso-
ciated with the production of electromagnetic pollution, gamma,
X-ray, and beta radiation. All these side effects can damage the
plasma-exposed materials; materials at risk include more delicate
optical components (coatings) but also the first walls of the tar-
get chambers, with serious consequences for the robustness of the
equipment and the safety of the operators.

In this paper we  study the stress induced on the surface of Tanta-
lum when exposed to a strong plasma generated by the interaction
of a high-intensity laser with oxygen. The observed plasma is typ-
ical of laser-matter interaction experiments such as laser driven
electron acceleration [10], X-rays [11], or high harmonic generation
[12]. We analyze the behavior, under plasma exposure, of Tantalum,
since, as suggested by literature [10,11], it is a good candidate for
realizing composites structures for Plasma Facing Materials (PFM):
ed stress on materials exposed to laser-plasma radiation during
.org/10.1016/j.apsusc.2016.12.004

Tantalum has a melting point of 3017 ◦C, higher than the maximum
working temperature estimated for typical PFM (about 1500 ◦C).

dx.doi.org/10.1016/j.apsusc.2016.12.004
dx.doi.org/10.1016/j.apsusc.2016.12.004
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:antici@emt.inrs.ca
dx.doi.org/10.1016/j.apsusc.2016.12.004


ARTICLE IN PRESSG Model
APSUSC-34551; No. of Pages 5

2 M. Scisciò et al. / Applied Surface Science xxx (2017) xxx–xxx

F talum
E

p
A
n

2

p
s
v
m
a
S
t
c
e
e
p
p
(
t
9
w
1
a

t
(
c
c
i

ig. 1. A), B) photograph and sketch of the experimental setup for stress testing Tan
DX  analysis on the Tantalum target.

Finally, the stress generated on the Tantalum surface by the
lasma is compared with stress induced by conventional Laser
blation to better understand the underlying damaging mecha-
isms.

. Methods

A photograph and sketch of the experimental setup for the
lasma generated stress is illustrated in Fig. 1A and B while Fig. 1C
hows a sketch of the setup for stress-testing a sample using con-
entional laser ablation. For the plasma-generated stress testing
ethod, the oxygen plasma was produced by interaction between

 high-energy laser and oxygen (O2). The Advanced Laser Light
ource (ALLS) few-cycle infrared (IR) beamline was used to obtain
he oxygen plasma. The source provides a 3 mJ,  15 fs laser pulse,
entral wavelength of 1.8 �m with a repetition rate of 100 Hz. The
nergy stability of the pulse is approximately 2.5% rms  [13]. The
xperimental setup, shown in Fig. 1A, consists of a series of trans-
ort optics, an on-axis parabola, and a series of imaging lines for the
lasma analysis. The plasma was generated in a vacuum chamber
base pressure 0.01 Torr) filled with 3 Torr of pure oxygen. The Tan-
alum target (Manufactured by Goodfellow and having a purity of
9.99%, see EDX analysis in Fig. 1D) with dimensions of 2 cm×2 cm
as placed in front of the plasma for a cumulative duration of about

0 h at a fixed distance of 4 cm in order to cover the entire target
rea with the plasma radiation.

The energy of plasma-emitted electrons was estimated studying
he luminescence induced by the plasma radiation on a Gold target
Please cite this article in press as: M.  Scisciò, et al., Analysis of induc
high-intensity laser experiments, Appl. Surf. Sci. (2017), http://dx.doi

Manufactured by Goodfellow with purity 99.9%). The lumines-
ence emission was stimulated by the portion of plasma radiation
ollected through a hole with a diameter of 6 mm that was  located
n a mirror placed at 6 mm from the plasma. Luminescence emis-
 during laser-plasma experiments; C) sketch of laser ablation stress-test setup; D)

sion at an angle of 45◦ was collected by a lens positioned at 4.5 cm
from the irradiated target (focal distance) and transferred through
an optical fiber to a spectrometer working in the UV–vis range
(VIS-140 Horiba).

The Laser Ablation stress test was induced ablating the Tantalum
target with the first harmonic (1064 nm)  of a pulsed YAG:LASER
(7100 series of QUANTA SYSTEM). The laser spot size diameter on
the target surface was about 1 cm2, while the laser energy was  fixed
at 500 mJ/pulse with a repetition rate of 20 Hz  for a duration of
1 min. The laser source reaches the target from the top surface of a
cuvette as illustrated in Fig. 1C.

3. Results

The plasma produced in the interaction between the high-
intensity laser beam and oxygen is visible in optical images in
Fig. 2A and in its spectral shape in Fig. 2B. The picture shows a
plasma having a spheroidal shape and a photon emission in the
visible-NIR region with 5 lines at 1.5, 1.97, 2.12, 2.23, and 2.44 eV.
The absence of UV bands indicates the negligible presence of high
energetic radiation. Furthermore, a Faraday cup reads a negative
current of about 40 pA in all the regions around the plasma at a
distance of 10 cm from the plasma center, indicating the presence
of electrons produced in the plasma and isotropically accelerated.

Luminescence emitted from the pure Gold target (see Fig. 2C for
the EDX analysis and Fig. 2D for a luminescence spectrum) indicates
the presence of two bands at 2.06 and 2.32 eV (530 and 599 nm),
both attributed to Gold plasmon resonance induced by irradia-
ed stress on materials exposed to laser-plasma radiation during
.org/10.1016/j.apsusc.2016.12.004

tion of electrons with a mean energy in the range of 5 keV–30 keV
[14,15]. At a laser repetition rate of 100 Hz, the emission of 2.5 × 102

photons/shot at 530 nm (each spectrum was  collected during 120 s
and normalized to 1 s) produces an electron incidence of 2.5 × 108

dx.doi.org/10.1016/j.apsusc.2016.12.004
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Fig. 2. A) Photographs of the Plasma as seen through the whole; B) Plasma spectrum; C) EDX analysis on Gold target; D) Plasma-Induced Cathodoluminescence on Gold
target.

ma exposed, and laser ablated Tantalum.
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Table 1
Summary of the morphological analysis.

Pristine Plasma exposed Laser ablated
Fig. 3. SEM images of pristine, plas

lectrons/s (about 40 pA – the probability of plasmon emission from
old was estimated in 10−4 photons per incident electron [17]).

Morphological analysis performed on the Tantalum targets
xposed individually to both methods, the laser-ablation and the
lasma stress method (see Fig. 3 for the SEM images and Fig. 4 for
he AFM images) shows that the flat surface of the non-exposed
antalum becomes irregular after irradiation (see Fig. 3 and Fig. 4).
he surface roughness changes from 3 nm of the pristine Tantalum
o about 60 nm for the exposed targets with an irregular erosion
hat varies from a minimum of 200 nm to a maximum of 30 �m
see 3D AFM images in Fig. 4 and the result summary in Table 1).

All our results indicate that the stress induced on the mate-
Please cite this article in press as: M.  Scisciò, et al., Analysis of induc
high-intensity laser experiments, Appl. Surf. Sci. (2017), http://dx.doi

ial surface by the plasma radiation in the first 10 h of exposure
s very similar to what induced within one minute of laser abla-
ion. The precise description of the ablation mechanism is not
Roughness 3.15 nm 59.8 nm 57.5 nm
Erosion From 30 �m to 200 nm From 30 �m to 200 nm

simple and multiple fragmentation processes are likely to be at
the base of the process. Considering the laser ablation stress test-
ing, only three kind of thermal processes can explain the material
detachment from an irradiated target: vaporization, normal boil-
ing and “explosive boiling”, depending on the laser parameters
ed stress on materials exposed to laser-plasma radiation during
.org/10.1016/j.apsusc.2016.12.004

(i.e. energy, fluence, and pulse duration) [16–18]. All these mecha-
nisms are based on the fast change of the target temperature, which
causes both, a rapid evaporation and detachment of hot atoms,
vapours and liquid drops from the surface in a non-thermodynamic

dx.doi.org/10.1016/j.apsusc.2016.12.004
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Fig. 4. AFM images of pristine, plas

quilibrium condition. For the case of the plasma irradiation, the
hermodynamic conditions are very different. The plasma radia-
ion reaches the target surface with a pulse duration in the order
f fs-ns (we hypothesize a pulse duration in the order of the laser
ulse duration). The irradiation with electrons having an energy

n the order of tens of keV does not cause considerable changes
n temperature for the sample : a simple thermodynamic anal-
sis for Tantalum indicates a temperature variation in the order
f mK/s (3 K/h). In these conditions, the thermodynamic equilib-
ium is stable and the vaporization and boiling phenomena do
ot occur, similar to the case of laser ablation with fs-lasers. In
hese conditions, the ablation mechanism is generically defined as

 “fragmentation” and consists of the detachment of hot atoms,
apours and liquid drops under equilibrium conditions. The beta
adiation reaches the surface causing a shockwave, which stim-
lates the detachment of matter from the target surface. Our
xperimental results show an ablation rate of about 1 nm/s, indicat-
ng a slow surface erosion process. However, this erosion process
amages any plasma facing material, and causes an erosion higher
han what obtained on typical Magnetic Confinement Fusion (MCF)
acilities [19].

. Conclusions

In this work, we investigated the damage produced in materials
xposed to laser generated plasma in high power laser experiments.

e demonstrated that the plasma exposure generate an erosion of
urface, with an ablation rate of about 1 nm/s. We  compare 10 h
f plasma exposure with 1 min  of ns-laser ablation, obtaining in
oth cases a surface erosion of 30 �m,  and a change in the surface
oughness, which varies from 3 nm of a flat target to about 60 nm for
he stressed materials. The surface stress can be explained in terms
f fragmentation of the surface in conditions of thermodynamic
quilibrium. The estimated surface damage rate can give crucial
Please cite this article in press as: M.  Scisciò, et al., Analysis of induc
high-intensity laser experiments, Appl. Surf. Sci. (2017), http://dx.doi

nformation for the definition of safety parameters in high-intense
aser experiments, suggesting for the plasma facing materials of
hese experiments the same safety conditions adopted for Magnetic
nd Inertial Confinement Fusion facilities.

[
[

posed, and laser ablated Tantalum.
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