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Abstract. We describe a new technique for optical pump–
probe measurements at femtosecond excited surfaces. By
combining time-resolved microscopy with cylindrical focus-
ing of the pump, complete mapping of the time and fluence
dependence of laser-induced optical changes becomes pos-
sible in a single-pulse experiment.

PACS: 78.47.+p; 06.60.Jn

The pump–probetechnique is a well-established method for
time-resolved optical spectroscopy in the pico- and femtosec-
ond time domain [1]. In brief, a strongpumppulse excites
the sample, and a time-delayedprobe pulse measures the
pump-induced changes of the optical properties. Repeating
the measurement at various time delays provides the complete
time evolution of these changes.

However, the traditional pump–probe scheme suffers
from several disadvantages. First, although the probe pulse is
often focused to a small spot size in the central part of the
excited area, spatial averaging over the probed region has to
be taken into account. In particular, in situations where the
optical properties of the surface are strongly inhomogeneous,
averaging may lead to misinterpretation of experimental data.
Second, the measurement must be repeated for each delay
time and excitation fluence of interest. Therefore, a complete
experimental run (over a broad time and fluence range) re-
quires a large number of laser pulses. Third, due to statistical
pulse-to-pulse variations of the laser properties (energy, pulse
duration, beam profile, spatial overlap), averaging over a suit-
able number of laser pulses is necessary at any given delay
time and fluence. The latter two points can make an experi-
ment quite time-consuming, in particular when the repetition
rate of the laser system is low. In some situations, when one
is interested in nonreversible changes of materials and only
small samples are available, the method cannot be applied at
all.
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Time-resolved microscopy, introduced by Downer et.al. [2],
partially overcomes the disadvantages of the standard pump–
probe setup. The probe pulse is no longer focused onto the
central part of the excited area, but serves as illumination in an
optical microscope which images the area excited by the pump.
This technique enables measurements with both high tempo-
ral and high spatial resolution, and therefore spatial averaging
effects are avoided. In this article we describe a modification
of time-resolved microscopy, which uses a cylindrical lens to
focus the pump beam. We show that this technique enables
complete mapping of the timeand the fluence dependence of
laser-induced optical changes in asingle-pulseconfiguration.

A schematic of the experimental setup is shown in the
left part of Fig. 1; the right part represents an expanded view
of the excited surface area. The pump pulse strikes the sam-
ple surface at an oblique angle of incidence (in our case
45◦). After adjustment of the beam diameter (we used pre-
focusing with a spherical, long-focal-length lens) the pump
beam is focused by a cylindrical lens, creating a line focus
in the plane of incidence (POI). Therefore the intensity dis-
tribution at the surface corresponds to an elliptical Gaussian
distribution with a large eccentricity (marked dark grey in
the right part of Fig. 2). Within good approximation the flu-
ence F in the central part of this distribution can be regarded
as constant in the long-axis direction (parallel to the POI,
here denoted asx), but Gaussian in the direction perpendicu-

Fig. 1. Left: Schematic of experimental setup.Right: Expanded view of the
surface. Light and dark grey mark the areas covered by the probe and the
pump, respectively
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Fig. 2. Top: Picture obtained on silicon excited at approximately five
times the melting threshold.Bottom:Horizontal and vertical cross sections
(marked by thedashed linesin the picture above), which correspond to the
time and the fluence dependence, respectively, of the reflectivity

lar to the POI (denoted asy). The time-delayed probe pulse
(marked with light grey) illuminates the central part of the
excited surface area at normal incidence. A high-resolution
microscope objective creates an image of the surface. The op-
tical micrographs are recorded with the help of a CCD camera
in conjunction with a computer-controlled video digitizer. As
in a single-shot correlator for pulse-width measurements, the
actual delay∆t between pump and probe at the sample sur-
face varies in thex direction, because of the large difference
in angle of incidence (45◦), but is constant alongy. Therefore,
a single image of the excited surface contains information on
the timeand the fluence dependence of the reflectivity. The
recorded spatial reflectivity distributionR(x, y) directly rep-
resentsR(∆t, F). In the experiments we used 120-fs laser
pulses at620 nmdelivered by a 10-Hz-amplified colliding-
pulse mode-locked (rhodamine 6G/DODCI) dye laser. The
experimental geometry and the properties of the optics (nu-
merical aperture of the microscope, f number of the cylindri-
cal lens, etc.) have been chosen in order to achieve high tem-
poral and spatial resolution. While the temporal resolution is
given by the probe-pulse duration (120 fs), the spatial reso-
lution (approx.2µm) determines the relative fluence reso-
lution (approx.3%).

To demonstrate the feasibilty of this technique, ultrafast
melting of femtosecond excited silicon and germanium will
be discussed. This particular process has been chosen for the
following reasons: (i) Melting of silicon and germanium is
accompanied by a drastic increase in the reflectivity at visi-
ble and infrared wavelengths as a result of the transition from
the semiconducting solid phase to the metallic liquid phase.
Therefore, the phase transformation is easily detectable in
an optical experiment. (ii) The optical response on silicon
after intense femtosecond excitation has been carefully in-
vestigated [3, 4]. Well above threshold, melting occurs within
a few hundred femtoseconds, faster than the time needed for
the energy transfer between the optically excited electrons
and the lattice. Since the first experiments on silicon [3],
such ultrafast,nonthermalphase transitions have been ob-
served in a number of covalently bonded semiconductors [4–
9]. These experiments and recent theoretical work [10, 11]

have clarified the nature of the process. As first proposed
by Van Vechten [12], melting is induced by an instability of
the crystal lattice in the presence of the laser-excited, high-
density electron–hole plasma. In summary, melting in fem-
tosecond excited semiconductors, especially in silicon is well
characterized and understood. This process will be used as an
example to demonstrate the advantages of the experimental
setup described above.

The upper part of Fig. 2 shows an example of an image
obtained on silicon excited at approximately five times the
melting thresholdFm = 0.17 J/cm2. As explained above, the
delay time∆t between pump and probe increases from left
to right (x coordinate) owing to the large difference in angle
of incidence. The region of high reflectivity, which indicates
the existence of liquid silicon, is not observed on the left
side, where the probe arrives before the pump. The zone of
high reflectivity is also confined in the vertical direction, cor-
responding to the region where the pump fluence exceeds
the melting thresholdFm. Horizontal cross sections at dif-
ferent vertical positions provide the time dependence of the
reflectivity for different pump fluences. On the other hand,
vertical cross sections at different horizontal positions repre-
sent the fluence dependence of the reflectivity for different
delay times between pump and probe. Examples, marked by
the dashed lines in the image above, are shown in the bottom
part of Fig. 2. To calibrate the time axis of the horizontal cross
sections, a number of images obtained at constant fluence for
different settings of the optical delay line have been compared
in order to convert the space coordinate into delay time. The
fluence scale (vertical space coordinate) has been calibrated
by using a one-dimensional variant of a technique described
by Liu [13]: For a fixed setting of the delay line the vertical
extension of the molten area is plotted as a function of the
square-root of the logarithm of the total pump-pulse energy.
From the intersection with the energy axis, the threshold en-
ergy is obtained, and from the slope we get the vertical beam
parameter.

Quantitative examples are depicted in Figs. 3 and 4. Fig-
ure 3 shows in its upper part a second image of a femtosecond-
excited silicon surface. Fluence dependencies of the reflectiv-
ity are derived by using the procedure described above. They
are plotted in the bottom part of Fig. 3 for three different delay
times. Just after the pulse (∆t =140 fs) the optical proper-
ties are determined by the response of the dense free-carrier
plasma. At later times or at higher fluences, the increase in
the reflectivity to the known value of liquid silicon is a clear
indication for melting in less than1 ps.

Figure 4 represents results obtained on germanium. In this
case, time dependencies for different fluences have been ex-
tracted from horizontal cross sections of the picture shown on
top. As expected, the behavior of germanium is qualitatively
very similar to that of silicon. Below the melting threshold the
time evolution of reflectivity is determined by the generation
and relaxation of the e−h−plasma. Ultrafast melting within
a few hundred femtoseconds is observed at higher fluences.

The following discussion will emphasize thetechnicalas-
pects− advantages and limits− of our method.

(i) According to our experience, each of the reflectivity
curves shown in Figs. 3 and 4 represents the equiva-
lent to the usual pump–probe experiment over approxi-
mately103 laser pulses (for example, 40 delay positions,
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Fig. 3. Reflectivity of silcion as a function of the pump pulse fluence for
three different delay times between pump and probe. These fluence depen-
dencies have been obtained from vertical cross sections of the picture shown
on top, as marked by the threevertical lines

Fig. 4. Time evolution of the reflectivity of germanium for several pump flu-
ences, as obtained from horizontal cross sections of the picture shown on
top

25 pulses/delay). Averaging over such a large number of
pulses is necessary because of pulse-to-pulse fluctuations
of the laser. It has to be kept in mind that pump pulses
with high intensities permanently damage the irradiated
surface. Therefore the sample has to be moved between
two consecutive pump pulses, and only low-repetition-
rate lasers can be used (typically10 Hz). Our single-pulse
method results in an effective time-saving of three to four
orders of magnitude (from1 hour to one single pulse).
In other cases, if the repetition rate is even lower or the

sample is too small to allow multi-pulse experiments,
femtosecond time-resolved studies will become feasible
only with this technique.

(ii) The space-resolved, multi-channel detection scheme
avoids spatial averaging effects.

(iii) As a single-shot technique this method significantly re-
duces errors resulting from pulse-to-pulse fluctuations
of the laser. For every individual pulse the recorded
image represents thecompletemeasurement. Moreover,
changes in the beam profile and the spatial pump–probe
overlap will be directly recognized, and “bad” exposures
can be discarded. However, these pulse-to-pulse fluc-
tuations currently limit the sensitivity to approximately
∆R/R= 1%. Better control of the laser stability together
with a high-dynamic-range CCD detector (instead of the
8-bit video camera used here) will improve the accuracy.

(iv) As mentioned above, thetime resolutionof the current
setup is determined by the duration of the probe pulse
(120 fs). However, to achieve a better temporal resolution
it is not sufficient to decrease the pulse width. For pulses
much shorter than100 fs one has to take care of pulse
distortions introduced by the aberrations of the imaging
and focusing optics. Thetimewindow of the setup (cur-
rently 1 ps) is determined by the angle between pump
and probe, and by the size of the imaged area. Thistime
windowcan be increased by tilting the pulse front of the
pump pulse by using, for example, a grating or a prism.

In summary, we have presented a modification of time-
resolved microscopy, which allows time- and fluence-
resolved optical measurements at femtosecond excited sur-
faces in a single-pulse configuration. The feasibility and the
advantages and limits of the technique have been demon-
strated and discussed with reflectivity measurements on sili-
con and germanium. The method can be readily extended to
other types of (nonlinear) optical spectroscopy.
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