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Abstract

Interferometry allows to measure microscopic displacements in the nanometer scale. This work introduces an imaging
pump-probe interferometer that enables to detect the spatially resolved phase shift of the probe radiation being reflected
on a sample surface after ultrashort pulsed laser excitation with a temporal resolution of 40 fs and a maximum temporal
delay of 3 ns. The capability of the pump-probe interferometer is demonstrated on the spallation of a thin gold film upon
femtosecond laser irradiation. The pump-probe interferometer enables to measure a minimum phase change of A < 7 /10
which corresponds to a displacement of Ah < 12.5 nm for the applied probe wavelength of 500 nm. Upon irradiation, two
distinct phase changes are observable: First, an abrupt minor phase shift has been measured in the femtosecond range, which
is attributed to the changed optical properties of the sample surface after excitation. Second, a more pronounced continuing
phase shift increase is detectable after a few tens of picoseconds resulting from the onset of spallation. Based on the meas-
ured spatially resolved phase shift, the transient surface topography during the spallation is reconstructed. The determined
velocity of the ablated material reaches a maximum of a few 1000 m/s at ten picosecond after irradiation and decreases
to 250 m/s afterwards. Consequently, the introduced imaging pump-probe interferometer provides important insights into
the physical processes during laser excitation as well as the subsequent laser-induced ablation, and will enable to validate
theoretical models quantitatively in following studies.
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1 Introduction

The time-resolved pump-probe technique represents an
established tool to investigate ultrafast dynamical processes
during and after the interaction of matter with femtosec-
ond laser radiation [1-9]. Pump-probe microscopy employs
probe radiation to measure the optical response of a sample
material due to the irradiation with pump laser radiation.
Laser radiation predominantly interacts with the electrons of
the material due to their three orders of magnitude smaller
mass in comparison to the atomic nuclei. As the exciting
radiation is partially absorbed, the electron system is heated,
leading to an abruptly increasing electron temperature,
whereas the lattice remains approximately at room tempera-
ture [10—12]. The electron system only gradually transfers
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energy to the lattice by electron—phonon collisions. After a
few picoseconds in the range of the electron—phonon relaxa-
tion time, the electron system and the lattice exhibit similar
temperatures [10, 12—14].

Subsequently, the material is ablated, if the amount
of absorbed energy of the pump laser radiation is larger
than a material specific threshold. Thereby, the two well-
known processes spallation and phase explosion represent
the driving mechanism for ablation [8, 12, 15-22]. Spalla-
tion refers to the ablation of a closed layer of liquid mate-
rial with foam-like material underneath. For the case that
the exciting pump radiation features a Gaussian-shaped
spatial fluence distribution, spallation leads to bulging of
the ablated layer until it tears off from the surrounding
material [12, 23]. Phase explosion occurs at even larger
peak fluences of the pump radiation, when the lattice
temperature exceeds approximately 90 % of a thermody-
namic critical temperature [19, 24-26]. Then, the ablated
material is transformed into a liquid—vapor mixture and
expands explosively in all directions, whereby the most

@ Springer


http://orcid.org/0000-0002-8887-7274
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-024-07797-w&domain=pdf

632 Page 2 of 10

T.Pflug et al.

pronounced expansion direction is represented towards the
ambient material. [16-20, 22, 23].

To investigate the described physical processes, the
pump-probe principle has been combined with various opti-
cal metrology methods. In the early time scales of a few
femtoseconds to picoseconds after the excitation, the initial
topography of the sample is still preserved and thus pump-
probe ellipsometry allows to measure the transient optical
properties of the excited material surface [1, 2, 4, 6, 27].
At later times, pump-probe reflectometry enables to char-
acterize the transient ablation topography by analyzing the
observed Newton rings [3, 8, 15, 23, 28]. These Newton
rings represent characteristic interference patterns that result
from the interference of the probe radiation being partially
reflected on the top of the ablated material layer and on the
top of the remaining material underneath [8, 23]. Therefore,
observing and analyzing Newton rings requires the thick-
ness of the ablated material layer to be in the range of a few
multiples of the optical penetration depth of the probe radia-
tion. Vice versa, when the thickness of the ablated mate-
rial layer is much larger than the optical penetration depth,
no Newton rings can be observed and thus the transient
topography of the material surface during ablation cannot
be reconstructed unambiguously by applying pump-probe
reflectometry solely.

To circumvent this limitation, this study introduces an
imaging pump-probe interfermeter that allows to measure
the phase shift of probe radiation being reflected on the
excited sample surface. The interferometer setup is based on
the principles demonstrated in previous studies [5, 29-33].
The capability of the interferometer is demonstrated on a
thin gold film that has been irradiated by femtosecond pump
laser radiation. The thickness of the ablated material layer
is approximately four times the optical penetration depth
of the applied probe radiation, and thus no Newton rings
are observable. Therefore, the transient phase shift during
excitation and ablation is reconstructed by analyzing the
measured interference patterns. Two new methods for ana-
lyzing the measured interference patterns are introduced in
this study. Evaluation method 1 derives the laser-induced
phase shift by comparing the interference patterns with and
without excitation, enabling a resolution of Ag < z/10.
Evaluation method 2 mathematically reconstructs the meas-
ured interference patterns allowing to determine the spa-
tial phase shift distribution for large maximum phase shifts
of Ap > 2x. The characterization of the measured time-
resolved interference patterns upon pump laser irradiation
enables to clearly distinguish between the phase shift being
induced by the excitation of the electrons system (optical),
and the phase shift resulting from bulging of the sample
surface due to the onset of ablation (topographical).

In the following, the interferometric setup and the applied
methods for evaluating the measured data are explained in
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detail. Afterwards, the experimental results considering the
ablation dynamics of a thin gold film are demonstrated and
discussed.

2 Materials and methods

2.1 Experimental setup

The pump-probe setup (Fig. 1a) employs an amplified
Ti:sapphire laser system (Coherent Inc., Astrella) provid-
ing ultrashort pulsed laser radiation with the pulse duration

Ty = 35 fs, the wavelength A = 800 nm, the pulse energy
Q, =7.5 mJ, and the beam propagation rate M? >1.2.The
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Fig.1 a Schematic setup for generating pump (red) and probe radia-
tion (green) consisting of the laser, the beamsplitter BS, the optical
parametric amplifier OPA, and a geometrical delay stage. b Scheme
of the imaging pump-probe interferometer with the lens L, the micro-
scope objectives O, the sample surface S, the reference surface R, the
focusing lens F, the tube lens T, the bandpass filter BP, and the CCD
camera
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radiation is divided into pump and probe radiation by a
beam splitter (Fig. 1a BS). An optical parametric ampli-
fier (OPA, Light Conversion Inc., TOPAS Prime) enables
to change the wavelength of the probe radiation between
250 nm and 20 pm. In this study, the wavelength of the
probe radiation is set to 4, =500 nm, the wavelength of
the pump radiation remains unchanged at 4,,,,, = 800 nm.
The pulse energy of both pump and probe radiation can
be varied by external attenuators (Altechna Co. Ltd., Watt
Pilot). An geometric delay stage allows to change the opti-
cal path length of pump and probe radiation relatively to
each other resulting in a maximum temporal delay of 3 ns
with a temporal step width of 40 fs. The spatial, spectral,
and temporal properties of the pump and probe radiation
have been characterized in more detail in previous studies
[27, 34].

The pump radiation is focused onto the sample surface
under an angle of incidence of approximately 8 = 50° by
using a focusing lens (Fig. 1b F, focal length 150 mm), as
measured and demonstrated in a previous study [9, 23].
The investigated sample consists of a 150 nm gold film
deposited on a fused silica substrate with a 20 nm chro-
mium adhesion layer in between. In this study, the thin
gold film is irradiated with a peak fluence of the pump
radiation of H, = 1.35 J/em®* = 1.5 H,,. The ablation
threshold fluence H,,, of the sample has been determined
by the method of the squared diameter (Fig. 2a [35])
resulting to Hy, = (0.9+0.1) J/cm®. The determined cir-
cle equivalent beam radius has been determined to w, =
(27.0+0.2) um. Due to the angle of incidence @, an ellip-
tical ablation structure is generated with an ellipticity of
0.81 (Fig. 2b). Considering the ellipticity and the circle
equivalent beam radius wy, the beam dimensions along
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Fig.2 a Squared circle-equivalent diameter D? of the ablation struc-
tures in gold generated by single-pulse irradiation depending on
the peak fluence H,, of the pump radiation [35]. The resulting circle
equivalent beam radius is wy = (27.0+0.2) ym, the determined abla-
tion threshold fluence of gold is H, = (0.9+0.1) J/cm®. b Ablation
structure in gold after pump irradiation at the peak fluence H,, = 1.35
Jiem? = 1.5 Hy,

the major and minor axes result to wy, = 30.1 ym and
wo,y =24.3 pm.

The single-pulse irradiation of the gold film results in
a flat ablation structure with an almost constant depth of
dyp, = (79£5) nm and the lateral dimensions d; , = 29.4
pm and dyy, , = 23.8 ym (Fig. 2b). In order to character-
ize the dynamical processes during the ablation, imaging
pump-probe interferometry is employed. Therefore, the
probe radiation is guided into the imaging interferometer
(Fig. 1b) in which a beam splitter BS divides the probe radi-
ation into two parts. The reflected part propagates through a
microscope objective O (Nikon, TU Plan ELWD, 20x, NA
=0.4) and is reflected on the sample surface S. In the follow-
ing, this part of the probe radiation is referred to as sample
beam. The transmitted part propagates through an identical
objective and is reflected on a reference surface R being
identical to the sample S. This part of the probe radiation
is referred to as reference beam. The illuminated surfaces
of both sample S and reference R are then imaged onto the
CCD camera (1280 x 1024 pixel, pixel size 4.8 ymx 4.8 ym)
via the objectives O and a tube lens T with a focal length
of 200 mm. A bandpass filter BP (center wavelength 500
nm, FWHM bandwidth 40 nm) prevents the detection of any
scattered pump radiation. The lens L with a focal length of
150 mm is located 190 mm before both microscope objec-
tives and allows to adjust the beam size of the probe radia-
tion on the sample and reference surface and thus, enables a
homogeneous illumination of the CCD camera.

As the optical beam path lengths between the sample and
reference surface and the CCD camera are identical for both
the sample and reference beam, the detected image results
from the interference of these two beams. The reference
surface R is slightly tilted to generate a characteristic inter-
ference pattern with fringes parallel to the y—axis. These
parallel fringes will be shifted, when the optical or topo-
graphical properties of the sample surface S, and thus the
phase between the sample and reference beam, change due to
the excitation by pump laser radiation. Therefore, the time-
resolved evaluation of the measured transient interference
pattern gives insights into the dynamical processes during
laser excitation and the subsequent ablation. The evaluation
of the interference patterns is explained more detailed in the
following section.

2.2 Data evaluation

Without excitation due to pump irradiation, the optical and
topographical properties of the sample surface S are iden-
tical to those of the reference surface R. Since the refer-
ence surface R is tilted by 2.8° relative to the incident probe
radiation, the interfering sample and reference beams result
in straight interference fringes with a spatial periodicity of
A, =5.05 ym (Fig. 3a). When exciting the sample surface
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Fig.3 a Measured interference
pattern without pump excita-
tion of the sample surface. b
Measured interference pattern
306 ps after irradiation of the
sample surface. ¢ Comparison
of the interference patterns
with and without irradiation. d
Cross-sections of the interfer-
ence patterns from c. The blue
lines correspond to the interfer-
ence pattern after irradiation,
the black lines to the patterns
without excitation. e Difference
Al(x) of the measured interfer-
ence patterns. f Comparison of
the interference pattern without
excitation with interference
pattern with irradiation with
the shifted x-coordinates. g Dif-
ference AI(x) of the measured
interference pattern without
excitation with the shifted inter-
ference patterns with irradia-
tion. h The shift function Ax(x)
and the corresponding phase
shift Agp(x)
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S with incident pump radiation, the sample topography as
well as its optical properties change, resulting in a phase
shift of the reflected sample beam. This spatially depend-
ent phase shift Ap(x, y) leads to a curvature of the initially
straight interference fringes (Fig. 3b). This laser-induced
phase shift Ap(x,y) can be reconstructed by comparing the
measured interference patterns with and without irradiation
(Fig. 3c). For schematically demonstrating the procedure for
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reconstructing A@(x, y), the cross-sections of both interfer-
ence patterns are shown in Fig. 3d in which the positions of
the maxima are assigned to the variables x;. The maxima of
the reference measurement without irradiation are indicated
by black variables, the maxima of the measurement with
irradiation in blue. The difference between the measured
interference patterns with and without irradiation A/(x) is
demonstrated in Fig. 3e. In order to derive the phase shift



Ultrafast spallation dynamics of a thin gold film characterized by imaging pump-probe...

Page50f10 632

Ag, the positions of the maxima x; (Fig. 3f blue) are shifted
by a shift function Ax(x) in order to superimpose the maxima
and minima of the interference patterns with and without
irradiation (Fig. 3f), resulting in the shifted positions x; and
areduction of the calculated difference Al(x) (Fig. 3g). The
shift function Ax(x) is represented by a polynomial function
that is refined to minimize Al(x) (Fig. 3h). Finally, the phase
shift A@(x) is calculated by

== M

considering the shift function Ax(x) and the spatial periodic-
ity 4, of the interference pattern without irradiation.

The previously described method is only feasible,
when the maximum phase shift is Ag,,,, < 27. Otherwise

Fig.4 a, b Spatial electrical
field distribution |E,(x, y)|

and the corresponding phase
@,¢(x, y) of the reference beam.
¢, d Spatial electrical field
distribution | E, (x, )| and the
corresponding phase ¢, (x,y)
of the sample beam. e Result-
ing spatial intensity distribu-
tion [, (x, y). f Comparison

of the measured and simulated
intensity distributions. g Cross-
section of the reconstructed
spatially resolved phase shift
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additional interference fringes would appear causing the
reconstruction to be ambiguous. Therefore, a second evalu-
ation method is applied to reconstruct the spatially resolved
phase shift A@(x,y) of the sample beam after pump laser
excitation by approximating a simulated interference pattern
to the measured one. In principle, the electrical field strength
reﬂected on the reference surface R can be described by

= |E(x, )| - exp (i Pre(, y)), as demonstrated in
Flg. 4a, b. Analogous, the electrical field strength of the sam-
ple beam is described by E,,,, = |E,, (X, y)| - exp (i Ap(x, y))
(Fig. 4c, d). In the experimental setup, the phase shift
@,.;(x, y) results from the tilted reference surface R (Fig. 1b),
whereas A@(x,y) is induced by a change in the optical and
topographical properties of the sample surface S due to the
pump irradiation. The superposition of both electrical field
strengths results then in the simulated intensity distribution

evaluation method 2

(€) |Esam(x, y)|

(d) Ap(x,y)

(e) lsim(x,y)
= |Eref + Esaml2

(g) derived phase

measured 4

1 i
d
0 I af)l,x I
20 -20 0 20
X/Hm

@ Springer



632 Page 6 of 10

T.Pflug et al.

L (6, y) = |Eos + E,|* (Fig. 4¢). The simulated spatial
intensity distribution I, (x, y) is then approximated to the
measured interference pattern (Fig. 4f) with the phase of
the sample beam A@(x, y) representing a refinable polyno-
mial. The cross-section of an exemplary reconstructed phase
shift Ap(x,y = 0) is demonstrated in Fig. 4g. For simplicity,
A@(x) is only refined within the area in which the thin gold
film is ablated corresponding to |x| < dy; /2.

This simple model is able to reconstruct the measured
interference patterns quite well, because the thickness of the
ablated film d,,; . = (79+5) nm is approximately 4 times the
optical penetration depth d (4, = 500 nm) = 21 nm by
assuming a constant complex refractive index of 1 & 1 — 2i
[2]. Therefore, the characterization of thinner films being
ablated or more complex ablation processes, such as phase
explosion, would require the application of the transfer
matrix formalism [23, 34].

One should note, the Fourier-transform method published
in the literature [36] represents another technique for ana-
lyzing the measured interference patterns and deriving the
laser-induced phase shift. However, for the experimental
data presented in this study, the Fourier-transform method
resulted in ambiguous solutions of the phase distributions
when the maximum phase shift was Ag,,, < /5. There-
fore, the Fourier-transform method has not been applied in
this study.

2.3 Validation of the interferometer

To validate the interferometric measurement, the topography
of the final ablation structure in gold after pump laser irra-
diation is reconstructed by interferometry and measured by
laser scanning microscopy for comparison. The interference
pattern resulting from the ablation structure is reconstructed
by the evaluation method 2 from Sect. 2.2 as demonstrated
in Fig. 5a. Based on the derived phase shift A@(x,y) the
transient topography of the ablation structure is derived by

A rob
Ah(x,y) = Ap(x,y) 5 @
considering the wavelength of the probe radiation 4,5, =

500 nm. The resulting ablation depth determined by interfer-
ometry is approximately 80 nm (Fig. 5b orange line) being
close to the ablation depth d,,; , = (79+5) nm measured by
laser scanning microscopy (Fig. 5b black line).

3 Results and discussion

A thin gold film (150 nm gold on 20 nm chromium depos-
ited on a fused silica substrate) has been irradiated by
pump laser radiation (4,,,, = 800 nm, 7; = 40 fs, H, =
1.35 J/em? = 1.5H,,). The temporal dynamics during the
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Fig.5 a Measured and simulated interference pattern of the final
ablation structure in gold after pump laser irradiation. b Comparison
of the height profile i(x,y = 0) being reconstructed from the inter-
ferometric measurement and measured by laser scanning microscopy.
The black dotted line represents the mean value of the ablation depth,
the gray area corresponds to its standard deviation

excitation and ablation processes has been investigated by
imaging pump-probe interferometry within the time range
-1 ps <t < 3 ns. The probe radiation features the wave-
length 4., =500 nm and the pulse duration 7y = 40 fs.
Examples of the measured interference patterns are given
in Fig. 6a, b. Here, the time at which the maximum intensi-
ties of pump and probe radiation interact with the sample
surface is assigned to ¢t = 0. The derivation procedure of
t = 0 has been described more detailed in previous stud-
ies [11, 27]. The interference patterns measured between
-1 ps and 306 ps after pump laser irradiation have been
analyzed by evaluation method 1 from Sect. 2.2 (Fig. 6a).
For later times between 306 ps and 2700 ps, method 2 has
been adopted for evaluation (Fig. 6b).

Before pump irradiation, at -1 ps, no significant differ-
ence A/ between the interference patterns measured with
and without irradiation is detectable, and therefore the
reconstructed phase shift is Ap =~ 0. In contrast, between
0 ps and 20 ps after irradiation, the difference Al increases
within the irradiated area, and thus also the resulting phase
shift Ag increases slightly and sustains an almost con-
stant maximum value of Agp ~ 0.15z. For ¢t > 61 ps, the
maximum phase shift increases further and the diameter of
the spatial phase shift distribution decreases. The broader
spatial phase shift distribution with an almost constant
maximum between 0 and 20 ps most probably results from
the excitation of the electron system and the accompa-
nied changed complex refractive index 7 [2]. According
to the Fresnel equations, a changing 7 results in a phase
shift of the reflected probe radiation, when the imaginary
part of 77, namely the extinction coefficient, is greater than
zero. Thus, Ag can increase without any change in the
sample surface topography needed. The further increase
of the maximum phase shift between 61 ps and 306 ps
cannot result from an additional change of 7, as the laser
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Fig.6 a Top row: comparison of the measured interference patterns
before and after single-pulsed pump laser irradiation (4, = 800
nm, 7y = 40 fs, Hy = 1.35 J/em® = 1.5H,,,) of a thin gold film at
different delay times between pump and probe radiation. The wave-
length of the probe radiation is A, = 500 nm, the pulse duration
Ty = 40 fs. Middle row: Difference Al of the measured interference
patterns at y = 0. Bottom row: resulting spatial phase shift Agp at y =
0 reconstructed by evaluation method 1 (blue lines). At the r = 306

excitation as well as the electron—phonon coupling, both
affecting 7, are already completed in this temporal range
[37]. Therefore, this further increasing phase shift is attrib-
uted to a topographical change due to the onset of ablation.

At t = 306 ps, the spatial phase shift distributions Ag
derived from both evaluation method 1 and 2 are com-
pared with each other (blue and orange lines at t = 306 ps
in Fig. 6a, b). Both evaluation methods provide comparable
results, with slight deviations on the flanks of the distribu-
tions. This deviation results from the simplification of evalu-
ation method 2, in which only the area with occurring abla-
tion is considered during the approximation of Ag, whereas
the area surrounding the ablation is also affected by heating
and the accompanied change of 7i [12]. As the phase shift due
to changing 7 remains approximately constant (0 to 20 ps in

ps, the phase shift determined by evaluation method 2 is plotted for
comparison (orange line). b Top row: comparison of the measured
interference patterns and the patterns simulated by evaluation method
2 after single-pulsed pump laser irradiation. The beam properties of
pump and probe radiation are equal to a. Bottom row: reconstructed
phase shift Ag at y = 0 (orange lines). At the r = 306 ps, the phase
shift determined by evaluation method 1 is plotted for comparison
(blue line)

Fig. 6a), whereas the phase shift resulting from a bulged
surface topography due to ablation steadily increases within
the considered temporal range (306-2700 ps in Fig. 6b), the
error on the flanks of the phase shift distribution becomes
negligible. Therefore, evaluation method 2 provides a very
good agreement between the simulated and measured inter-
ference patterns for later time delays (Fig. 6b).

Previous studies have revealed that during spallation
of a thin film, the ablated layer features a closed surface,
whereas phase explosion results in the complete decompo-
sition of the ablated layer [23]. Therefore, material being
ablated by phase explosion would scatter the probe radia-
tion, resulting in a strong decrease of the reflectance. As the
observed interference patterns are well pronounced within
the whole considered temporal range and the reflectance of
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the sample surface inside the irradiated area is not decreas-
ing strongly, the increasing maximum of the derived phase
shift Agp between 61 ps and 2700 ps most certainly results
from the ablation of the gold film due to the spallation of a
closed layer of gold.

The different origins of the measurable phase shift, result-
ing either from changed optical properties of the sample
surface or ablation, are also visible when considering the
maximum phase shift Ag,,,, as a function of time (Fig. 7).
Upon pump laser irradiation, the maximum phase shift
increases abruptly to A@,,,, & 0.15z within a few hundred
femtoseconds, and sustains an approximately constant value
until 10 ps. As mentioned before, the phase shift in this
time range (Fig. 7 blue area) predominantly results from
a changed complex refractive index due to heating of the
electron system. After the electron—phonon coupling, with
an electron—phonon relaxation time of 7z = 10 ps for gold
[12, 37], a second increase of Ag,,,, is detectable, resulting
from the topographical change due to the onset of spallation
[12] (Fig. 7 white area).

As the increase of Ag,,,, predominantly results from
spallation for times 7 > 10 ps, the maximum heigth of the
ablated sample surface in the center of the irradiated area
can be calculated by using Eq. 2 (Fig. 8a). Here, a constant
offset Agp,,,, =0.127 being attributed to the changed optical
properties resembles a pseudo height of A, . = 15 nm.
This offset A, o has been subtracted from the values dem-
onstrated in (Fig. 8a). The offset A, o = 15 nm is assumed
to be constant as a first order approximation, as a previous
study revealed that the optical properties of gold are approxi-
mately constant between 20 ps and 2 ns after irradiation at
Hy,=15H,,[2].

The corresponding time-dependent velocity of the ablated
material was calculated by v,,, = dh,,,,, /dz (Fig. 8b). Shortly
after r = 10 ps, the ablation velocity reaches its maximum of

max

a) linear scale b) logarithmic scale
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Fig.7 Maximum of the reconstructed phase shift Ag,,, as a func-
tion of time demonstrated with a linear (a) and logarithmic scale (b).
The blue dots indicate the values being reconstructed by evaluation
method 1 from Sect. 2.2, the orange dots refer to evaluation method
2. The red distribution schematically indicates the temporal intensity
distribution of the pump laser radiation. The phase shift within the
blue area predominantly results from the change of the optical prop-
erties, wheres the white area is affected by both changing optical and
topographical properties of the sample surface
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Fig.8 a Maximum height of the ablated material in the center of
the irradiated area for the times # > 10 ps derived by Eq. 2. b Cor-
responding maximum velocity of the ablated material. The blue dots
indicate the values being reconstructed by evaluation method 1 from
Sect. 2.2, the orange dots refer to evaluation method 2

a few 1000 m/s and decreases steadily until v, =250 m/s.
The decrease in ablation velocity most probably results from
deceleration due to air resistance and the deceleration caused
by the surrounding material, which is still connected to the
ablated material film [38]. Afterwards, the ablation velocity
remains approximately constant within the considered tem-
poral range between 300 ps and 3 ns. This observed slope
is very similar to a previous study considering the ablation
dynamics of a thin chromium film after femtosecond laser
radiation with a comparable fluence of H, = 1.5 Hy,, [23].

4 Conclusion

In this study, an imaging pump-probe interferometry has
been introduced allowing to detect phase changes of Ap <
z /10 spatially resolved. The capability of the interferometer
is demonstrated on a thin gold film (150 nm gold on 20
nm chromium deposited on a fused silica substrate), which
has been irradiated by single-pulsed pump laser radiation
(Apump = 800 nm, 7y = 40 fs, Hy = 1.35 J/em® = 1.5H,,).
The wavelength of the applied probe radiation was A, =
500 nm and the temporal delay between pump and probe
radiation has been varied between -1 ps to 3 ns with a tem-
poral step width of 40 fs.

Based on the measured interference patterns, the spatially
resolved phase shift of the probe radiation being reflected
on the sample surface has been reconstructed. Thereby, two
distinct time regimes have been identified. First, a minor but
abrupt increase of the phase shift was detected directly upon
irradiation in the femtosecond range. This phase change
most certainly results from the changed complex refractive
index of the sample surface due to excitation of the electron
system. After a few ten picoseconds being in the range of the
electron—phonon relaxation time, the measured phase shift
increases once again even further. This second increase is
attributed to the onset of spallation and the elevating sam-
ple surface. Consequently, the measured phase shift in the
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femtosecond to picosecond range purely results from the
transient optical properties of the excited sample surface,
whereas the phase shift at later time results from both optical
and topographical changes. Based on the measured spatially
resolved phase shift, the surface topography of the ablated
material has been reconstructed. As the interference fringes
are well pronounced within the whole considered temporal
range and no decrease in the intensity of the measured signal
due to scattering has been observed, the material is most
certainly ablated by spallation.

In following studies, the presented imaging pump-probe
interferometer can also provide deep insights into more
complex ablation processes, e.g., a superposition of spalla-
tion and phase explosion at higher peak fluences. Then, the
evaluation methods have to be expanded by implementing
a transfer matrix formalism in order to be able to describe
possible occurring density gradients in the ablation plume.

In summary, the presented metrology enables to quan-
titatively determine the transient ablation topography and
the corresponding velocity. Thus, it is applicable to validate
theoretical models that describe the excitation and ablation
dynamics during and after the interaction of laser radiation
with matter.
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