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The ablation of solids by high energy femtosecond pulses from an extreme ultraviolet �XUV� free
electron laser has been investigated using picosecond optical imaging. The time-resolved
measurements are supplemented by an analysis of the permanent structural surface modifications.
Compared with femtosecond optical excitation, distinct differences in the material response are
found which are attributed to the increased penetration depth of the XUV radiation and the absence
of any absorption nonlinearities. © 2006 American Institute of Physics. �DOI: 10.1063/1.2405398�

Ultrashort laser pulses allow to create states of strong
electronic excitation and high temperature and pressure in
solid materials. Under these conditions phase transitions and
ablation occur on very rapid time scales, and often along
unusual, nonequilibrium pathways. Up to now mainly fem-
tosecond optical lasers have been used for material excita-
tion, but the interpretation of experimental data is often
difficult because of the highly nonlinear nature of the depo-
sition of optical energy in the intensity range of interest
��1012 W/cm2�.

Unique possibilities for both generating and probing
high energy density states of matter are emerging with the
recent advent of short-wavelength accelerator-based light
sources.1,2 Among these future light sources the extreme
ultraviolet �XUV� free electron laser �FEL� FLASH �free
electron laser in Hamburg�3 at the Deutsches Elektronen-
Synchrotron �DESY� in Hamburg, Germany is currently the
only self-amplified spontaneous emission FEL4 operating in
the 6–100 nm wavelength range.

The irradiation of solid materials with such short-
wavelength femtosecond pulses offers a number of advan-
tages. First of all it permits a high degree of electronic exci-
tation but with a strongly reduced influence of optical
nonlinearities �i.e., multiphoton absorption and free carrier
absorption�. Moreover, for frequencies higher than the
plasma frequency but lower than the frequency of the inner-
shell absorption edge, the absorption depth for some materi-
als can be rather long. Therefore, ultrashort XUV pulses al-
low the preparation of rather well-defined excitation
conditions in relatively large sample volumes as compared
with femtosecond optical pulses.

In this letter we report on the results of experiments
performed at FLASH on the interaction of ultrashort high
intensity �1012–1014 W/cm2� XUV pulses with solid sur-
faces. In an XUV-pump/optical probe experiment picosecond
optical imaging has been used to follow the dynamics of
short-pulse XUV-induced phase transitions and ablation. The
time-resolved measurements are supplemented by a charac-
terization of the permanent structural modifications of the
irradiated surfaces. A comparison with femtosecond optical
excitation reveals distinct differences in the material re-
sponse which we attribute to the absence of absorption non-
linearities and the increased penetration of the XUV light in
the materials �Si and GaAs� discussed in this study.

Experiments were performed at beamline BL2 of the
FLASH facility with the FEL operating at a wavelength of
32.5 nm and a pulse duration of approximately 25 fs �full
width at half maximum�. The XUV beam is focused by a
grazing incidence carbon-coated elliptical mirror to a spot
size of 20 �m. With average pulse energies of 10–15 �J
fluences in excess of 3 J /cm2 �1014 W/cm2� are achieved.
The samples were mounted in an ultrahigh vacuum chamber
equipped with a motorized high precision, multiaxis manipu-
lator and irradiated by the XUV pulse at an angle of inci-
dence of 35°. A time-delayed optical probe pulse of 12 ps
duration and a wavelength of 523 nm synchronized to the
FEL with an accuracy of approximately 1 ps serves as illu-
mination in an optical microscope. This setup allows the evo-
lution of the reflectivity of the irradiated surfaces to be mea-
sured with both temporal and spatial resolution.

As an example Fig. 1 shows a sequence of time-resolved
micrographs from a Si surface irradiated at a fluence of
2.5 J /cm2. This corresponds to about 25� the melting
threshold Fm�0.1 J /cm2 and 6.5� the ablation thresholda�Electronic mail: klaus.sokolowski-tinten@uni-due.de
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Fab�0.38 J /cm2 �the thresholds for melting and ablation
have been determined using the technique introduced by
Liu5�.

For very short delay times we observe a pronounced
increase of the reflectivity to more than twice the initial
value of unexcited Si. Similar behavior has been observed in
the case of femtosecond optical excitation6,7 and attributed to
nonthermal melting.8 Although the temporal resolution in the
experiment discussed here was limited by the probe pulse
duration to 10 ps, the observed increase of the reflectivity
most likely occurs on subpicosecond time scales and is simi-
larly related to an electronically induced phase transition.

Due to the high fluence, material removal �ablation� be-
comes visible as early as 10 ps, as evidenced by the decrease
of the reflectivity in the center of the spot, where the excita-
tion is strongest. For times of up to approximately 1 ns, the
size of the low reflectivity region increases while the size of
the molten area remains unchanged. On a nanosecond time
scale, resolidification of the material sets in at the periphery
of the spot where the excitation fluence is low. On the same
time scale an additional, circular feature appears in the center
of the spot. The diameter of this structure increases with time
�compare frames for 3 and 18 ns�. Even after 18 ns ablation
has not come to an end, and the irradiated surface has not
reached its final state as can be seen from the last frame of
the series taken a few seconds after the irradiation.9

More detailed information on the permanent structural
modifications of the surface is presented in Fig. 2. The top
pictures in Fig. 2 show Normarski micrographs of four cra-
ters produced on Si for four different XUV pump fluences.
The lower graph in Fig. 2 depicts the depth profile �measured
by optical interferometry along the black-dashed line� of the
ablation crater for F=2.5 J /cm2.

For the lowest fluence, 10% above the ablation thresh-
old, an ablation crater with a well-defined boundary is
formed. However, for F=1.5 J /cm2 the ablation crater ex-
hibits a more complicated structure with an additional fea-
ture appearing inside. For the two highest fluences the size of
this secondary feature becomes even larger than the actual
crater size. The visual impression suggests ejection of molten
material being the responsible mechanism. This interpreta-
tion is supported by the time-resolved data where we at-

tribute the expanding circular feature visible in the nanosec-
ond range to the process of melt expulsion.

For optical lasers such behavior is well known in the
case of cw- and long-pulse irradiation and is attributed to the
recoil pressure of the ablating material.10 However, this “pis-
ton effect” requires significant lateral pressure gradients as
compared to the dominating pressure gradient normal to the
surface. It is usually not observed for ultrashort-pulse irra-
diation �only for very tight focusing conditions11�. For short
optical pulses the energy deposition depth ��100 nm�
is much smaller than the typical lateral dimensions
��10–100 �m�, making the pressure profile essentially one
dimensional along the surface normal.

Observation of the piston effect in our experiment there-
fore provides evidence that the energy deposition depth and
the lateral pressure gradients are larger in the case of XUV
irradiation despite the short-pulse duration and the weak
focusing conditions. As a consequence, rather deep craters
�almost 1 �m at F=2.5 J /cm2—see bottom part of Fig. 2�
are formed.

It is quite instructive to directly compare the craters pro-
duced by femtosecond optical pulses and femtosecond XUV
pulses of similar fluence. Such a comparison is presented in
Fig. 3 for the case of GaAs �F�1.5 J /cm2�. The left column
shows a Normarski micrograph �a� and a depth profile �c� in
the case of optical excitation with 100 fs pulses at 620 nm
wavelength. The right column shows corresponding data ��b�
Normarski micrograph and �d� depth profile� for femtosec-
ond XUV excitation at 32.5 nm.

In both cases the craters exhibit an outer crater boundary
marking the ablation threshold and a secondary feature in-
side the main crater. Despite some similarities in their visual
appearance, a comparison of the depth profiles reveals im-
portant differences.

For optical excitation an ablation crater with steep walls
is formed indicating a very sharp ablation threshold. The

FIG. 1. Time-resolved micrographs of a silicon surface irradiated with a
�50 fs XUV-FEL pulse ��=32 nm� and a fluence of 2.5 J /cm2; frame size
is 120�80 �m2.

FIG. 2. Upper part: micrographs of the permanent structural modifications
of a Si surface after irradiation with XUV pulses of increasing fluence.
Lower part: depth profile, as obtained from interferometry, along the black-
dashed line of the ablation crater for F=2.5 J /cm2.
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crater depth at the threshold is approximately 40 nm and it
increases to more than 100 nm towards the center of the spot
�higher fluences�. However, near the center a sudden de-
crease in depth is observed. It occurs at a fluence of
1.2 J /cm2 and can be attributed to optical breakdown at the
surface and the formation of a high density plasma during
the pulse. Multiphoton and avalanche ionization lead to
strong nonlinearities in the absorption process and a drastic
decrease of the effective absorption depth. All the energy is
deposited in a very thin layer close to the surface. Due to the
high energy density in this layer, the material is rapidly car-
ried away from the surface leaving behind less-excited ma-
terial underneath which does not ablate. Consequently, a
much shallower crater is formed upon crossing the break-
down threshold.

In the case of XUV excitation the crater exhibits a com-
pletely different depth profile. Close to the threshold the cra-
ter depth is comparable to the optical excitation case, while
for higher fluences �closer to the center� a drastic increase in
depth is observed. The second feature discernible in �b� cor-
responds to the wall-like rim delimiting the inner crater re-
gion. In this region the crater surface appears very smooth. In
analogy to the case of Si discussed above, we attribute the
observed behavior to the process of melt ejection �piston
effect�. We conclude that evidently no thresholdlike increase
in absorption and no reduction in the energy deposition depth
take place at higher intensities. Short-pulse XUV irradiation,

therefore, permits a smooth and controllable variation of the
excitation density to go continuously from an electronically
excited solid to a high density, high temperature plasma
state.

In conclusion, we have presented time-resolved reflec-
tivity measurements of solid surfaces irradiated with intense
short-wavelength femtosecond light pulses from an XUV
free electron laser supplemented by a postmortem analysis of
the induced permanent structural surface modifications. The
experimental data confirm the expectations of an increased
energy deposition depth and the absence of absorption non-
linearities. Future experiments with improved temporal reso-
lution will allow us to address directly the specific aspects of
electronic relaxation after excitation with high energy pho-
tons and to investigate the dynamics of the resulting rapid
phase transformations.
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FIG. 3. Comparison of ablation craters on GaAs induced by femtosecond
optical excitation �left column� and femtosecond XUV irradiation �right col-
umn�. The upper part shows optical micrographs; the lower part shows
corresponding depth profiles �obtained from interferometry� along the black-
dashed lines.
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