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Abstract The ablation rate by femtosecond laser pro-
cessing of iron in different liquids is investigated for flu-
ences up to 5 J/cm?. The resulting fluence dependency is
modeled by an approach derived from the two-temperature
model. In our experiments, the liquid environment strongly
affects the effective penetration depth, e.g, the ablation rate
in water is almost ten times higher than in toluene. This
effect is discussed and introduced phenomenologically into
the model. Additional reflectivity measurements and
plasma imaging provide improved insight into the ablation
process.

1 Introduction

Ultrashort pulsed laser (USP) ablation is commonly used
for precise material removal and modification [1]. Adding a
liquid to the process improves the processing quality due to
a smaller heat-affected zone and reduced re-deposition of
debris [2, 3]. Another application is the production of
nanoparticles directly into a liquid solution which offers a
universal approach to synthesize a variety of different size-
controlled nanomaterials [4-6].

Due to the complexity of the involved processes, e.g.,
the non-equilibrium electron energy distribution at short
timescales [7, 8], the energy transfer of the electrons to the
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lattice [9, 10] and the interaction of hot material with the
liquid surrounding [11, 12], USP-ablation in liquids
remains a topic of intensive investigation delivering
sometimes contradictory results. For example, increased
[13] or decreased [14] ablation efficiency was reported.

A systematic and universal approach is needed to
evaluate the ablation behavior in liquids and determine the
highest ablation efficiency. In this paper, we focus on the
influence of different liquids on the ablation rate.

Despite the fact that the ablation process in liquids is
more complex than in vacuum or air, we use an approach
that is established for the description of ablation behavior
in vacuum [15-17] to analyze the ablation rate. This
approach is derived from the two-temperature model
(2TM) and only dependents on parameters of laser beam
and target material. Thereby, it provides a framework on
how to examine the ablation efficiency in liquids and
underlying parameters such as different ablation regimes,
effective ablation depth, and threshold behavior. In addi-
tion, we analyze the ablation crater morphology, employ
fast ICCD-camera measurements to study the plasma
evolution, and perform reflectivity measurements to
examine the effect of the liquid on the absorptivity of the
laser beam.

2 Materials and methods

Femtosecond laser pulses of 800 pJ pulse energy at central
wavelength of 800 nm were used to ablate a crater by 300
single shots. The repetition rate was set to 1 Hz to mini-
mize the influence of residual heat and screening effects
[18-20]. The laser beam was guided through a galvo-
scanner and an 80 mm telecentric lens onto the iron target.
The pulse duration was measured before the scanner
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system at 35 fs. Thus, it is assumed that the pulse duration
exceeds 35 fs, but remains in the femtosecond range. The
applied fluence on the target surface was changed by
moving the focal position. Thereby, the spot area changes
allowing a careful adjustment of the fluence (see Fig. 1a).
To avoid any influence and possible energy loss by an
optical breakdown within the liquid [21], the target was
always moved towards the focusing lens (compare Fig. 1a).
The ablation rate was measured for fluences from 0.05 up
to 5 J/cm?. In our experiment, the spot diameter is larger
than the ablation depth, and therefore, spot size-dependent
effects are reduced. As target material, iron was chosen as
due to its importance in science and technology. It con-
sisted of 99.5% pure Fe sheets with a thickness of 0.5 mm
and was placed in a glass vessel covered by the liquid with
a height of 4 mm. Due to their common use and varying
liquid properties as, for example, density, viscosity, and
polarity, highly pure solutions of water, methanol, ethanol,
acetone, and toluene were selected. The measurement
uncertainty of the ablated volume measured by a white-
light interferometer at the same experimental parameters
was about 10%.

One fourfold camera system consisting of four coupled
ICCDs with a gate time of 3 ns (PCO hfsc pro) was used to
record the plasma evolution during the ablation process.
The sequential images of the four cameras resulted in a
total measurement time of 12 ns. The images were captured
at an angle of 90° (compare Fig. 1b). The jitter of the
camera and trigger system was in the range of one
nanosecond. A x 10 objective and a shortpass edge filter
resulted in an effective wavelength bandwidth from 400 to
750 nm. The sensitivity of the camera was kept constant for
all conditions.

Figure 1c shows the experimental setup for reflectivity
measurements. The iron target was placed at an angle of
45° to the laser beam. The reflected light was collimated by
another 80 mm lens and guided onto a diffusing screen.
The reflected power was measured by a fast photodiode (t
~ 2 ns). As these measurements only intend to show the

(a) (b)
Change of fluence at constant energy
by moving focal spot

16z

ICCD camera setup

relative change of reflectivity between the different liquids,
the measured values have not been calibrated to find
absolute reflectivity of the surface. Furthermore, the
polarisation-dependent reflectivity on the incident angle of
the laser beam differs around 10% and is, therefore, in the
same order of magnitude as the experimental uncertainty.

3 Theory

Based on the investigations by Nolte et al. [22], a solution
for the lattice temperature 7; can be deduced from the 2TM
[23, 24] which is valid for ultrashort timescales:
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It takes into account that the resulting lattice temperature
(compare Eq. 1) is related to the optical penetration depth ¢
and the electron-thermal penetration depth / due to electron
heat conduction whereas C;j is the heat capacity of the
lattice and @ the applied fluence. For low fluences (< 1 J/
cm?) 6 > > [ dominates, while at high fluences, d < <l
[8, 22, 25-27]. Usually, [1, 15, 28, 29], the case 6 > > [

with the effective penetration depth L = 5ln(%ha) is used to

describe the ablated volume AV as a function of fluence:

Ey . ,/®
AV =— — 2
1% 2(I)éln ((I),h> (2)

for a Gaussian beam with a fluence distribution
® = @ exp(—r?/w?), with » being the beam radius and
Oy =Ey/ nw? the peak fluence, @y, the threshold fluence,
and Ej the absorbed energy. The highest ablation efficiency
is found at ® = ezCDthﬁ which is directly related to the
ablation threshold and relatively low compared to achiev-
able fluences nowadays (< 1 J/cm?). In this paper, we take
both cases into account, such that Eq. 3 consists in a linear
superposition of two processes dominating at 6 > > [ and
o< <l

o
Reflectivity setup

diffuser screen &
photo diode

lens .

ICCD camera

45°

Fig. 1 Scheme of the different experimental setups: a illustration of the change of fluence by defocusing, b plasma imaging by a fourfold ICCD

camera, and c reflectivity measurements with a photodiode
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with @y, 5 and @y, being the threshold fluences regarding
the two different penetration depths, respectively. As sev-
eral mechanisms can influence the ablation rate in liquids
and some are discussed in the last section of this paper, the
constants A and B in Eq. 3 are introduced and will be
determined from fits of the experimental data. The
dimensionless constants A and B express the different
weight between the impact of the optical and thermal
penetration depths on the lattice heating. Note that this
approximation by its nature overestimates ®y; and
underestimates B. However, it is convenient for the prac-
tical use, since a more precise description would require
further assumptions about the physical nature and interac-
tion of processes acting on the length scales ¢ and [ within
the metal. Another approximation for two competing pro-
cesses, especially accounting for threshold values which lie
closely together, was developed by Jaeggi et al. [17].

4 Results

Figure 2a displays the specific ablation rate (AV/Ey) of

iron in different liquids as a function of fluence up to 5 J/

cm? measured by the ablated crater volume. The dashed
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Fig. 2 Specific ablation rate of iron in different liquids a up to 5 J/

cm?, b up to 1 J/em?, and ¢ normalized and shifted ablation rate of

ethanol, acetone, and toluene fitted by different Eqs. 1 and 3 up to 5 J/
2

cm

lines represent fits according to Eq. 3. Note the good
agreement between theory and experiment. The values of
the fitted parameters are shown in Table 1.

For fluences below 1 J/cm? (compare Fig. 2b), all
experimental data points exhibit a similar dependency on
the fluence. Only the total value of the ablated volume is
significantly decreasing from water over methanol, ace-
tone, and ethanol to toluene what is expressed by the
decrease in the constant A, except for ethanol. The optimal
ablation efficiency is found at ®,, = 0.2 J/em? which
means that the ablation threshold fluence is almost inde-
pendent of the used liquid (as @y, = Dope2). This indi-
cates that a change of chemical surface composition during
the ablation by the liquid is negligible as this would con-
siderably change its dependency on the fluence.

A more detailed analysis of crater topography at 0.2 J/
cm? in different liquids shows that only the ablation depth
is changed, while compared to the ablated volume, the spot
diameter remains almost constant (see Fig. 3). Thus, the
beam was not changed prior to the energy deposition, e.g.,
by white-light generation or self-focusing, as this would
considerably alter the spot size. In sum for low fluences,
only the first part of Eq. 3 is necessary, and therefore, the
ablated volume can be described by Eq. 2. The phe-
nomenologically introduced constant A describes the
decrease in ablation depth observed in the experiments.

Above 1 J/cm?, in acetone, ethanol, and toluene, the
decline of the curve becomes less pronounced, e.g., in
toluene, a plateau-like curve, is observed (compare
Fig. 2¢). Thus, the second part of Eq. 3 becomes apparent
which is expressed by the increase in the constant B.
Similar to low fluences, the constant B is related to the
penetration depth. A more pronounced increase in ablation
depth is found for the ablation in liquids in acetone, etha-
nol, and toluene. A direct comparison of the crater cross
section of water and toluene at fluences of 0.2, 1 and 5 J/
cm? shows that the relative increase is stronger in the case
of toluene (see Fig. 4).

As mentioned afore, the ablation rate in toluene is
reduced up to 85% compared to the ablation in water. This
loss in ablation efficiency implies an effective energy loss

Table 1 Values of the fit parameters of the experimental values of
the ablation rate in different liquids according to Eq. 3

Liquid A Oy 5 (J/em?) B Oy J/em?)
Water 94 0.024 0 -

Methanol 6.3 0.021 0 -

Ethanol 6.3 0.046 0.29 1.36
Acetone 35 0.020 0.42 1.77
Toluene 1.5 0.025 0.8 1.32
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(a) (b) ©

Spec. Abl. rate (um3 pJishot!) Ablation depth (nm shot) Spot diameter  (um)
Water 1.23 £0.13 38.6 £ 0.4 298 £ 6
Methanol 1.04 £ 0.11 34.8 £ 2.3 L 253 £ 2
Acetone 0.56 = 0.07 EE-——— 14.0+ 1.3 I 282 + 25
Ethanol 0.41 £ 0.06 12.0 £ 1.0 I 249 £ 5
Toluene mm: 0.20 + 0.02 ] 1+0.3 308 + 18

Fig. 3 a Specific ablation rate, b ablation depth, and ¢ spot diameter of the ablation craters in different liquids at 0.2 J/cm?
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Fig. 4 Crater topography and cross section of ablation depth in
a water and b toluene

during the ablation process. To reveal if the liquid sur-
rounding changes the deposited pulse energy and thus the
effective ablation depth, reflectivity measurements at 0.2 J/
cm? were performed. As only a relative comparison is
required, the measured values are normalized on the
maximum value which was measured in toluene.

Figure 5 shows that the energy coupled onto the target is
independent of the used liquid. The highest reflectivity is
found in toluene and acetone. The maximal observed
changes of reflectivity between the different liquids are
14%. These liquid-dependent changes of reflectivity can be
caused by surface roughness or variation in refractive index
(at the liquid boundaries), but do not correlate with the
changed ablation rate. Thus, this result implies that the

Reflected beam power
————

(norm. signal)
0.86+£7 %

Methano! meeeesssssssssssse=——— 0.90+5%

Water

Acetone 1.00+5%
Ethanol messss=——— 08726 %

Toluene 1.00+5%

Fig. S Measurement of reflected power by a fast photo diode at 0.2 J/
cm? (normalized on maximum measured value)
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presence of the molecules in the liquid alters the ablation
process at the stage after the energy deposition.

To obtain further information on the ablation process
after the energy deposition, a fourfold ICCD-camera sys-
tem was used for improved insight. Figure 6a shows the
plasma evolution on four sequential ICCD images obtained
during the ablation process. Typically, only image two and
three (3 and 6 ns delay) of the sequence contained light
emission showing that the emission lasted for only less
than 6 ns and is, therefore, extremely short. This is in
agreement with theoretical descriptions [30]. Shape and
intensity of the emission do not differ significantly during
the temporal evolution, a better understanding of plasma
evolution requires an enhanced temporal resolution.
However, these images show that the ablation plume is
rapidly cooled down for fs-laser ablation in liquids. These
short timescales rule out any fluorescence effect from the
cavitation bubble, since optical transitions emit in the range
of several tens of nanoseconds.

100 ym
t,=0ns

(b)

Water

Acetone

100 pym 100 pm

Toluene

100 pm 100 pm 100 pm

Fig. 6 a Temporal sequence (12 ns) of the plasma evolution
(example of water at 1 J/cm?). One image was taken with a gate
time of 3 ns. b Single images in different liquids for laser fluences of
0.2, 1, and 5 J/cm? (example images taken at delay of 3 ns)
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Figure 6b shows exemplarily the ICCD images for
water, acetone, and toluene at different fluences. For all
investigated liquids, the main plasma emission evolves
from an almost flat and homogeneous plasma which is
close to the surface at 0.2 J/cm? becoming more centrally
located over 1 to 5 J/cm? in every liquid. Thus, the shape of
emission intensity does not change significantly using
different liquids and the different fluences are clearly dis-
tinguishable. Furthermore, spectral investigation by time-
resolved echelle measurements showed a broad continuum
for every liquid which was expected due to the short
timescales; the plasma is present [31, 32] but without any
additional information and is, therefore, not shown.

Our observations show that the strongest light intensity
corresponds to the highest ablation rate. Thus, there are no
indications that an enhanced plasma generation within the
liquid by the laser beam impact caused the decrease in
ablation rate.

5 Discussion

In order to discuss the ablation process and the fact that the
effective ablation depth varies depending on the liquid, the
generally accepted picture of ablation in liquids
[12, 30, 33, 34] will be shortly reviewed:

The description of the ablation process of a submerged
target is different than in air or vacuum. After the laser—
matter interaction, where the photons transfer their energy
to the electrons, the electrons transfer their energy to the
phonons to heat up the lattice which is well described by
the 2TM. By the quick heating, the metal transforms into
an over-dense hot metal plasma which is ejected perpen-
dicular to the surface as the ablation plume. Surrounded by
the liquid medium, the ablation plume is confined close to
the surface. The boundary of the liquid which is in contact
with the ablation plume is quickly heated and subsequently
vaporized. Continuous heating of this layer leads to high
temperatures and pressures. These conditions drive the
expansion of the layer to the growth of the cavitation
bubble against the pressure exerted by the liquid.

Our results show that the fact that the electrons transfer
their energy to the lattice holds valid, as our approach well
describes the measured fluence dependency of the ablated
volume. Our additionally obtained results by reflectivity
measurements, and plasma imaging expand the insights
into the ablation process in liquids.

As the spot size and reflectivity of the laser beam are
independent of the used liquid, the ablation process is
altered at the stage after the energy deposition. Thus,
energy losses due to non-linear effects like self-focusing
during beam propagation in the liquid medium or the

creation of a nanometer thick plasma-mirror [35] which
avoids penetration into the material are unlikely.

The ICCD-camera measurements further emphasize that
an enhanced plasma generation, which would correlate
with the ionization potential (compare Table 2), does not
cause the decrease in ablation depth. In addition, the gen-
erated plasma is quenched almost an order of magnitude
earlier than nanosecond-laser generated plasma [32].

Taking a closer look at the macroscopic properties of the
liquids, which might lead to an enhanced confinement and
thus, reduced ablation rate, most do not correlate with the
observed decrease in ablation depth (e.g., density, viscos-
ity, refractive index at 800 nm, surface tension, boiling
temperature, heat capacity, vaporization enthalpy, reflec-
tivity, or group velocity dispersion (see Table 2). Thus,
shockwave [36, 37] and cavitation bubble [38], which
depend on these parameters, are unlikely to have a major
impact on the change of ablation rate. In fact, some of the
correlation would even suggest a contradictory behavior
during the ablation process. For example, the high-specific
heat capacity of water would cool down the ablation pro-
cess and reduce the ablation rate and the lower ionization
potential of toluene should result in stronger plasma
emission. Both features were not observed. Similar con-
tradictory behavior on macroscopic material properties was
observed by Streubel et al. [29] for PLAL in water for
different target materials.

In sum, our approach accurately models the ablation
behavior but the detailed mechanisms that lead to a
reduction of effective ablation depth are unclear at the
moment and require further investigation. For example,
following an estimation by Bulgakova et al. [39], the
characteristic collision time of electrons with molecules of
the liquid at the metal-liquid interface is less than 1 fs,
taking into account the density and cross sections for
elastic scattering of the different liquids [40—43] and an
estimated electron velocity of about 10® cm/s for electrons
with a typical energy of some eV [44, 45]. Thus, there is a
strong coupling between the electrons of the metal target at
the surface and the adjacent molecules. This could lead to
chemical reactions [46] or charging effects.

6 Conclusion

In conclusion, this paper investigates the influence of a
liquid environment on femtosecond laser ablation of iron.
Based on the 2TM, it provides a framework to examine the
ablation efficiency and underlying parameters such as
optimal ablation fluence, threshold value, ablation depth,
and ablation regimes. Our experimental results show that
the liquid has a significant impact on the effective ablation
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depth. As, according to the 2TM, the effective ablation
depth should only depend on the optical penetration depth,
a target material parameter, additional reflectivity and
plasma imaging experiments were carried out. Reflectivity
measurements show that the ablation process leading to a
change in effective ablation depth is altered at the stage
after the energy deposition of the laser beam. Plasma
imaging measurements show that the plasma is quenched
in less than 6 ns and that the shape of the plasma emission
reflects the applied fluence. Despite this additional mea-
surements and further discussion on the influence of rele-
vant physical and chemical macroscopic parameters of the
liquid, the reason for the change of effective ablation depth
in different liquids remains unclear.
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Appendix

See Table 2.

Table 2 Macroscopic characteristics of used liquids

Liquid Water  Methanol Ethanol Acetone Toluene
AV, um3shot™!  1.24 1.04 0.41 0.56 0.20
p, g cm™! 1.00 0.79 0.79 0.79 0.87
d 1.84 1.69 1.65 291 0.36
n, mPa s 1.00 1.20 0.59 0.32 0.59
o, mN m~! 72.9 224 22.5 25.2 28.4
cp, K kg7t K1 418 2.14 2.44 2.15 1.7
T,, K 373 338 351 329 384
H, kJ kg™ ! 2257 1104 841 539 351
E, kI kg~! 2500 2000 982 616 506
I eV 12.6 10.8 10.4 9.7 8.8
M, am.u. 18 32 46 58 92
GVD, fs*> m™! 25 30 38 45 105
n 1.33 1.32 1.36 1.35 1.48
ny, 4.1-5.7 6.7 7.7 24 8.8
10-20 m2 W-1

AV measured specific ablation rate at ®,,, p density, d - dipole
moment, 1] viscosity, ¢ surface tension, c, heat capacity at 7 = 300 K.
T, boiling point, H specific heat of evaporation, E specific energy
needed to boil the liquid starting from room temperature, / ionzation
potential, M molecular weight, GVD group velocity dispersion, n and
ny linear and non-linear refractive index (according to [47-49])
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