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We irradiated the soft x-ray laser �SXRL� pulses having a wavelength of 13.9 nm, a duration time
of 7 ps, and fluences of up to 27 mJ /cm2 to aluminum �Al� surface. After the irradiation process,
the modified surface was observed with the visible microscope, the scanning electron microscope,
and the atomic force microscope. The surface modifications caused by the SXRL pulses were clearly
seen, and it was found that the conical structures having about 70–150 nm in diameters were formed
under a single pulse shot. The conical structures were formed in the features with the average depth
of about 40 nm, and this value was in accordance with the attenuation length of the SXRL beam for
Al. However, those conical structures were deconstructed under the multiple pulse shots exposure.
Thermomechanical modeling of SXRL laser interaction with Al surface, which explains
nanostructure surface modification, was provided. © 2011 American Institute of Physics.
�doi:10.1063/1.3525980�

I. INTRODUCTION

Laser pulses having short duration times of picosecond
or femtosecond have abilities to make high temperature and
pressure, excite states of electrons in materials, and emit
rays, as the results of interaction with matters.1 Soft x-ray
laser �SXRL� is one of attractive x-ray source for scientific
studies, because of its features of highly spatial coherence,
short duration time, and short wavelength.2 The highly spa-
tial coherence is applicable to observe a surface topography,
a density distribution of plasma, and a diffraction pattern of
object. The short duration time enables us to measure tem-
poral phenomena by means of a time resolution technique.
The emission of short wavelength in soft x-ray region, i.e.,
photon energy of soft x-ray is higher than that of visible
light, has ability to photoionize element with one photon.

At the Japan Atomic Energy Agency �JAEA�, we have
generated a SXRL beam having a wavelength of 13.9 nm.3–6

Since this SXRL beam has a large output energy of near
1 �J /pulse, a fully spatial coherence, and a short duration
time of 7 ps,7–9 many application researches using phenom-
enal features of the SXRL pulse have been done. The speckle
pattern and interference pattern measurements were the re-
search techniques using the features of a spatial coherence
and a short duration time of the SXRL pulses.10–15 The
evaluation of interaction of Xe clusters with the SXRL pulse

was the research using an advantage not only of the short
wavelength of the beam but also of the large number of
photons in the pulse.16

Recently, we investigated a characteristic and intensity
distribution of the focal patterns of SXRL pulses by means of
color center formation in LiF crystal,17 and the ablation prop-
erty of LiF crystal was also studied experimentally18 and
theoretically.19,20 Our experiments revealed that the value of
ablation threshold obtained with the focused 13.9 nm, 7 ps
SXRL pulse is much smaller than those obtained with other
lasers having longer pulse durations and/or longer wave-
lengths. The low ablation threshold of a material for a SXRL
beam has a possibility of efficient nanometer size machining
by an ablation process and by a lithography method, but the
SXRL pulse will break an expensive mask pattern or a sub-
strate very easily. Hence, we are interested in a pursuit of
ablation process or mechanism for material induced by an
irradiation of SXRL pulse.

In this article, we report the surface modification of
metal aluminum �Al� surface by the irradiation of the SXRL
pulses. To analyze the surface modifications induced by the
SXRL pulse irradiations, the irradiated surface were ob-
served with a visible microscope, a scanning electron micro-
scope �SEM�, and an atomic force microscope �AFM�. Under
the single shot irradiation, we found that a formation of the
conical nanometer size structures is occurred.

II. EXPERIMENT

The SXRL irradiation experiment was carried out by use
of the SXRL facility at JAEA. The experimental setup wasa�Electronic mail: ishino.masahiko@jaea.go.jp.
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composed of three elements; the SXRL source, optics, and
the sample. A schematic diagram of the experimental setup is
shown in Fig. 1.

The spatially coherent SXRL pulse was generated from
the silver �Ag� plasma mediums using an oscillator-amplifier
configuration with Ag double targets.4,5 The Ag tapes were
used as the plasma targets,21 and the tape targets were irra-
diated by the linearly focusing laser pulses generated from a
chirped pulse amplification glass laser system with zigzag
slab Nd:glass amplifiers.22 The soft x-ray seed light gener-
ated by the first Ag plasma was amplified with the second Ag
plasma. Characteristics of the generated SXRL from Ag
double targets had a wavelength of 13.9 nm, bandwidth of
narrower than 10−4, duration time of 7 ps, and beam diver-
gence of 0.35 mrad �H��0.3 mrad �V�. The SXRL sys-
tem worked in 0.1 Hz regime, and, in addition, the output
energy of the order of microjoules was achieved. The details
of the SXRL generation are described in Ref. 23 and refer-
ences in it.

The SXRL pulse was focused on the sample surface by
using a spherical Mo/Si multilayer coated mirror having a
radius of 1000 mm in curvature. The output energy of the
SXRL pulse was varied in each shot, but the average output
energy of the SXRL pulse was estimated to be about 200
nJ.23 The spherical Mo/Si multilayer coating was optimized
for soft x-rays of 13.9 nm at an incidence angle of 2°, and it
placed at a distance of 2637 mm from the SXRL output. A Zr
filter having 0.2 �m thickness was placed in front of the
spherical mirror to reduce the scattered optical radiations
from the laser produced Ag plasmas. The transmittance of
the Zr filter and the reflectivity of the Mo/Si mirror for soft
x-rays of 13.9 nm were about 48% and about 50%, respec-
tively. Therefore, the total energy of the SXRL beam on the
sample surface was about 48 nJ. Al plate with a thickness of
2.5 mm was used as the sample, and the sample was
mounted on the sample holder having two movable direc-
tions. The Al surface was moved after the prescribed number
of shots along the propagation direction of incident SXRL
beam around the best focal position and it was also moved in
the perpendicular to the propagation direction to irradiate the
fresh Al surface. All the irradiation process described above
was carried out in a vacuum chamber.

After the irradiation, the Al surface was observed by use
of a visible microscope �BX60, OLYMPUS Corporation� to
confirm that the irradiated positions were something modi-
fied or not. The detail of structures of modified surface,
which could not see with a visible microscope, was observed
by a SEM �JSM-6380LVN, JEOL Ltd.�. The cross sectional

profiles of the induced patterns, also whole images of pat-
terns, were measured by an AFM �Explorer, TopoMetrix
Corporation�.

III. RESULT AND DISCUSSION

Figure 2�a� shows the irradiated surface after a single
laser shot of the SXRL beam near the best focus position
observed by the visible microscope with the differential in-
terference contrast �DIC� mode. Figures 2�b� and 2�c� are
AFM and SEM images of the same position shown in Fig.
2�a�. The surface modification caused by the SXRL pulse
irradiation, which is different from the original surface, is
clearly observed. The observed surface is composed of a
several features. The features are dispersed in an area of
11 �m�16 �m. The distribution of features will represent
the distribution of the gain structures in Ag plasmas at this
experiment series, because the spherical mirror reconstructs a
reduction image of the SXRL source �see Fig. 1�. A magni-
fied SEM image of the features at the area shown with square
in Fig. 2�c� is presented in Fig. 2�d�. In the SEM images, the

FIG. 1. Schematic diagram of experimental setup for irradiation of a focus-
ing SXRL pulse to a sample surface. Sample stage moves in a plane.

FIG. 2. Images of the irradiated surface after a single laser shot of the SXRL
beam near the best focus position obtained with �a� microscope with DIC
mode, �b� AFM, and �c� SEM, �d� magnified image with SEM, and �e� trace
along modified surface area. Line A–B, and Line C–D show the analysis
positions of a cross sectional profiles. Arrow H shows the ablated hole, and
arrows a, b, and c are the rims of the features.
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fine structures existing in the features, which were scarcely
seen in the DIC observation, can be seen clearly. Two types
of the modified structures can be confirmed. One is the ab-
lated structures, e.g., deep hole pointed out with arrow H in
Fig. 2�b�. The depth of the deep hole is evaluated to be 165
nm by AFM measurement. The other is the shallow features
containing the conical structures. Judging from the scale bar
inserted in Fig. 2�d� and the cross sectional profile shown as
line C–D in Fig. 2�e�, the each conical structure has a diam-
eter of 70–150 nm.

The observed DIC, AFM, and SEM images of the irra-
diated surface after a single SXRL shot at the position of
+0.5 mm away from the focal position are presented in Figs.
3�a�–3�d� in the same manner as shown in Figs. 2�a�–2�d�.
The features caused by the SXRL pulse irradiation are also
observed, and those are dispersed in an area of 11 �m
�24 �m. The difference of dispersed area might represent
the astigmatism due to the 2° incidence angle of the spherical
mirror. In Figs. 3�b� and 3�c�, the large ablation areas are
seen, and the depth of the ablated hole, shown with arrow H,
is measured to be 380 nm. The evaluated depth in Fig. 3�b� is
larger than that in Fig. 2�b�. It would be thought that the
more intense SXRL pulse was irradiated to the surface at this
position. However, in Fig. 3�d�, the conical structures ob-
served as same as those in Fig. 2�d� are also seen. It can be
seen especially in Figs. 3�b� and 3�c�, the conical structures
exist around the ablated hole, i.e., the conical structures are
formed by the SXRL pulses with the weak fluence less than
the ablation threshold. The both conical structures observed
in Figs. 2�d� and 3�d� have uniform shapes and formed
closely in the shallow features.

Shown in Figs. 4�a� and 4�b� are the cross sectional pro-
files of the features derived from the AFM measurements.
The analyses positions are shown as line A–B shown in Figs.
2�b� and 3�b�, respectively. These two features exist at the
relatively same positions and are similar shape. These fea-
tures would be irradiated with the SXRL beams generated

from the same gain region in the Ag plasmas. The profiles
shown with arrows a, b, and c in Figs. 4�a� and 4�b� are the
rims of the features, which are also shown with arrows in
Figs. 2�b� and 3�b�. The average depth of the features having
the conical structures was evaluated to be around 40 nm,
which was in accordance with the attenuation length of 37
nm for soft x-rays of 13.9 nm for Al. As the result of the
interaction between the SXRL beam and Al surface, the coni-
cal structures are formed within an attenuation length.

In this work, it reveals that the conical structures are
formed by the irradiation of the SXRL pulse with the fluence
less than the ablation threshold. The fluence is calculated to
be 18–27 mJ /cm2 at a single shot, because the irradiated
areas estimated from the dispersions of the features are
1.76�10−6 cm2 and 2.64�10−6 cm2. In the previous work,
it was pointed out that only 6% of the SXRL energy was
concentrated to the best focal spot.17,18 However, using the
LiF detector technique for estimation of quality of the SXRL
beam and its focusing properties, we found that the SXRL
energy concentration in the best focusing spot reached about
40% in this experiment series. Such strong enhancement of
the SXRL beam focusing properties was achieved due to
using better quality of a spherical mirror more than that of
the previous. If the best focal spots would mean the ablation
holes, the flux of 7.3–11 mJ /cm2 might be concentrated on
the ablated hole positions. Anyway, the ablation threshold of
Al for the SXRL beam would be in the range of
7.3–27 mJ /cm2.

FIG. 3. Images of the irradiated surface after a single laser shot of the SXRL
beam at the position of +0.5 mm away from the focal position. Figures are
obtained in the same manner as shown in Figs. 2�a�–2�d�.

FIG. 4. Cross sectional profiles of the modified surfaces �a� at the line A–B
shown in Figs. 2�b� and �b� that in Fig. 3�b�. Arrows a, b, and c are the rims
of the features shown in Figs. 2�b� and 3�b�.

013504-3 Ishino et al. J. Appl. Phys. 109, 013504 �2011�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Formations of the conical structures induced by multiple
photon pulse irradiations �including infrared, ultraviolet, and
soft x-ray� were reported in some literatures24–26 and also
seen in etched structure.27 The conical structures induced
with the infrared laser pulses had relatively large diameter of
micrometer order in spite of the sample materials �silicon,
polymer�.24,25 Moreover, the conical structures grew with the
increasing the irradiated total flux.24–26 Figures 5�a� and 5�b�
show the irradiated surface after ten laser shots of the SXRL
pulses at the position of near the best focus and +0.5 mm
away from the focus, respectively. The conical structures
were destroyed under the multiple laser shots, and no growth
can be seen. The formation of the conical nanometer size
structures on Al surface with a single shot pulse might be the
characteristic of the SXRL pulse.

A model simulation will help us to draw a process of the
surface modification. There are the following main pro-
cesses, which are important to discuss for better understand-
ing of surface modification by SXRL pulse. Short laser pulse
with pulse duration � less or of the order of the acoustic time
ts=dT /cs increases pressure inside the heated layer, here dT

and cs are the laser heat penetration depth and sonic
speed.19,28,29 Sometimes, it is said that the short pulse “loads”
a target. There is an important thermomechanical link con-
necting energy absorption, pressure rise, and hydrodynamic
response of a target. Thermomechanical response replaces
evaporative ablation, usual for laser-matter interaction, to
thermomechanical ablation.19,20,29 In the latter case, evapora-
tive break of cohesive bonds between atoms is replaced by
mechanical fragmentation of initially continuous target when
the amplitude of tensile stress overcomes material strength.
In mechanics of solids, this process is called spallation. It is
caused by unloading of high pressure layer of a target.

Spallation has sharp threshold at fluence, since this kind
of ablative removal of matter appears only if the tensile
stress, proportional to absorbed fluence, overcomes the finite
value of cohesive strength of condensed matter �material
strength�.20 Near threshold the efficiency of material re-
moval, evaluated as the ratio of amount of ablated mass per
absorbed energy, is higher for short pulses in comparison
with long pulses and as it was demonstrated in the previous
works should be extremely low ��10 mJ /cm2� for
dielectrics.18–20 Since the heat depths are dT�10–100 nm
and sound speed cs is a few kilometers persecond then typi-
cal ts�10 ps. Therefore the short pulses have durations in
the few picosecond range �as it is in our experimental case

�7 ps� and shorter, while long pulses have nanosecond and
longer durations. It means that in our experiments in some
vicinity above the threshold the spallative removal of matter
dominates above the evaporative removal.

SXRL pulse excites an electronic subsystem of con-
densed state and thus induces a chain of relaxation processes
in which the electronic and ionic subsystems relax to a new
thermodynamic equilibrium. In one type of problems, the
relaxation �relaxation time: trel� is finished significantly be-
fore the acoustic response proceeds trel� ts �fast relaxation�.
In another case, the relaxation lasts longer trel� ts or trel

� ts. The first case is simple, because the calculations of
pressure become necessary, when local electron and ion tem-
peratures are equal �the electron and ion subsystems return to
equilibrium�. The spatial structure of the pressure field be-
comes important at the dynamic stage at the time interval t
� ts. This is the case of the first class mentioned above, when
system transfers to equilibrium before the beginning of the
dynamical stage. In this equilibrium case, the pressure is cal-
culated from the known equilibrium thermodynamic rela-
tions between pressure and density and internal energy. In
the second type, it is necessary to evaluate influence of ex-
cited electrons onto material strength and pressure. Excited
electrons in metals are usually described in the Fermi
approximation.9,29 There are the quantum-mechanical simu-
lations devoted to calculations of influence of electronic ex-
citations to material strength.30,31 These calculations show
that in case of metals the excitations rather weakly change
melting temperature and phonon spectra.

As it was demonstrated previously,19,28,32 a short SXRL
pulse under interaction with matter initiates a sequence of
stages: �i� release or unloading, �ii� metastable state, �iii�
nucleation, and �iv� evolution of foam. Nucleation takes
place if the absorbed fluence is above the nucleation thresh-
old Fnucl. It is important that nucleation does not mean tacitly
that spallative plate will run away. The spallative ablation
threshold Fabl and Fnucl are separated. The separation �Fabl

−Fnucl� /Fabl belongs to the few percent range. As was shown
in Refs. 19, 28, and 32, that during the release, the internal
foam layer inflates �in the direction normal to the target sur-
face� to the thickness comparable to the distance separating
the foam layer and the free surface of the target. Therefore,
as it is shown in Figs. 6 and 7�a�–7�d�, the foam layer per-

FIG. 5. SEM images of the irradiated surface after ten laser shots of the
SXRL beam at the position of �a� near the best focus and �b� +0.5 mm away
from the focus. FIG. 6. Appearance of runaway layer in laser ablation for thin heated depth.

The wide Al target with transverse dimension L=122 nm, heated up to the
T0�0�=3.9 kK at the small heated depth dT=18.6 nm. Time step between
frames is 6.4 ps.
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turbs the free surface, causing appearance of the surface nan-
orelief.

Development of the nanorelief is a dynamical phenom-
enon, caused by deceleration of the free surface, inflation of
foam, and the surface tension resistance to the inflation.
There is the appearance time tappr when it develops. This
time is larger than ts because fluence F is �Fabl, and the
nanorelief appears near the stopping point of the free surface,
when this surface is almost stopped by the material resis-
tance to the stretching. Expansion velocities at this stage are
small, and the nanorelief develops slowly.

In Al and in many other materials, the ablation threshold
Fabl is higher than the melting threshold Fmelt, and then at
F�Fnucl foams appears inside the molten layer. There are
two cases with slow development of foam: one when Fnucl

�Fabs�Fabl and another when Fabs is slightly above Fabl,
here Fabs is the absorbed fluence by material. In the first
case, the foam remains closed under the surface.19,28,32 In the
second case, there is the process of slow detachment of the
spallative layer. The layer is connected by the random net of
the liquid threads or filaments with the bulk of a target
through the foam layer. The filaments are stretched and break
off one after another during detachment of the spallative
layer. During this process, a nanobrush from a forest of
standing filaments appears. Cooling due to electron heat con-
duction is important. In a liquid state, the foam under the
target surface F�Fabl and the nanobrush F�Fabl finally dis-
appears because the surface tension collapses foams with low
vapor pressure in the foam and smooths down the threads
and the surface bumps. Foams collapse under action of sur-
face tension when the tensile stress, decelerating the spalla-
tive layer and thus supporting the foams, decreases to zero.
Contrary to this smoothing, the undersurface foams F
�Fabl and nanobrush F�Fabl remain in the final relief if
conductive loses are fast enough to freeze them before they
smoothed by surface tension.20,28,32 The nanobrush may be
accompanied with frozen foams under the surface.

To model nanomodification of surface by irradiation of
SXRL pulse, we developed molecular dynamic �MD�
code.19,20,28,32 Simulations of the development of the foam
and its freezing require huge computer power and smart mul-
tiprocessors algorithm, because foam occupies large volume

and inflation/freezing processes are very slow. In our model-
ing, in order to include the electron thermal conductivity into
the MD code, the electrons as classical particles were added
to the atom subsystem. Each electron is assumed to associate
with its host atom/ion. An electron always allocates the po-
sition of host, but it has its own velocity. The neighboring
atoms may exchange their electrons with some frequency,
determined from the known experimental thermal conductiv-
ity of liquid aluminum at the melting point.30,32 It is impor-
tant that in case of the foam our method allows us to describe
spatial separation of thermal fluxes pumping heat through the
threads and walls with small cross-section.19 This greatly de-
lays cooling through the foam. Therefore, the base of the
foam, which is located from the bulk side of a target, cools
faster than the film between the foam and free surface.

If summarize our modeling demonstrated that the three
stages of evolution of the Al nanofoam could be distin-
guished. These stages are presented in Figs. 7�a�–7�d�: nucle-
ation of the interatomic size foams Fig. 7�a�, inflation of the
foams Figs. 7�b� and 7�c�, and run away Fig. 7�d�, of the
spallative layer. We would like to stress that the important
result of our modeling is demonstration that the size of sur-
face nanorelief develops is in the scale of ten’s of nanom-
eters, which are in a good agreement with experimental re-
sults.

At the last, we point out that the photon energy of the
SXRL beam is slightly higher than the L-absorption edge of
Al �E=73 eV�, so that the innershell ionization and the gen-
eration of the photoelectrons will occur efficiently.

IV. CONCLUSION

We irradiated Al surface with the SXRL pulses with a
wavelength of 13.9 nm and a duration time of 7 ps, and the
fluences of the SXRL pulses were calculated to be up to
27 mJ /cm2. At the irradiated surface, we found that the ab-
lation holes and the conical structures were formed in the
focused patterns by single shot exposure of the SXRL pulse.
The conical structures having the diameters of 70–150 nm
were formed in the modified surfaces corresponding with
low fluence areas. The average depth of modified surfaces
was around 40 nm, which was in accordance with the attenu-
ation length of SXRL beam to Al target. Our thermome-
chanical approach for modeling of SXRL pulse interaction
with Al allowed to demonstrate the crucial role of shortening
of laser pulses and explain nanomodification of surface in
experiments.

In this work, we demonstrated that the nanofabrication
of Al surface could be provide in the single laser shot under
the very low SXRL fluence, which were essentially lower
comparing with nanofabrication by visible or infrared laser
pulses. The quality of the produced nanostructures strictly
depends on the homogeneity of the SXRL beam and particu-
lar on the quality of the focusing mirror. We did not optimize
yet these parameters. In our future investigations, we could
do such optimization and it will allow us to fabricate high
quality homogeneous nanostructures. However, in our inves-
tigations, the modified Al surface induced by the exposure of
SXRL pulse has the depths of about 40 nm. The wavelength

FIG. 7. Three main stages of nanomodification of Al surface under SXRL
pulse irradiation. Multiple nucleation �a� and further evolution of the foam
layer ��b�–�d��. More deep contrast marks the molten Al. Growing foams
perturb the free surface above �b� and �c�. This free surface separates con-
densed layer from vapor. Between the free surface and the foam layer, the
spallative layer is formed. As the foams inflate further, the threads, connect-
ing spallative layer and the bulk of a target, break off, and the spallative
layer runs away �d�.
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of the SXRL beam is shorter than those of visible lights, and
then, potentially the SXRL beam has an ability to draw small
patterns, such as grooves or channels with nanometer order
width, on surfaces of materials. Then, the SXRL beam would
be a candidate for a tool of micromachining, which enable to
fabricate of three dimensional structures with nanometer size
on material surfaces.

The result we demonstrated in this work will be impor-
tant not only for a pursuit of ablation process but also for
future application of SXRL beam such as micromachining.
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