
P
i
E

T
B
a

b

a

A
R
R
1
A
A

K
L
S
F
U
D
T
W

1

a
i
f
a
t
r
l
[
p
s
n
f
t
o
t

h
0

Applied Surface Science 374 (2016) 235–242

Contents lists available at ScienceDirect

Applied  Surface  Science

jou rn al h om ep age: www.elsev ier .com/ locate /apsusc

robing  spatial  properties  of  electronic  excitation  in  water  after
nteraction  with  temporally  shaped  femtosecond  laser  pulses:
xperiments  and  simulations

homas  Winklera, Cristian  Sarpea,  Nikolai  Jelzowa, Lasse  H.  Lillevangb, Nadine  Göttea,
astian  Zielinskia,  Peter  Ballingb,  Arne  Senftlebena, Thomas  Baumerta,∗

Institute of Physics and CINSaT, University of Kassel, Heinrich-Plett-Str. 40, D-34132 Kassel, Germany
Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 June 2015
eceived in revised form
7 November 2015
ccepted 20 November 2015
vailable online 23 November 2015

eywords:

a  b  s  t  r  a  c  t

In  this  work,  laser  excitation  of  water  under  ambient  conditions  is  investigated  by  radially  resolved
common-path  spectral  interferometry.  Water,  as a  sample  system  for  dielectric  materials,  is  excited  by
ultrashort  bandwidth-limited  and  temporally  asymmetric  shaped  femtosecond  laser  pulses,  where the
latter  start  with  an intense  main  pulse  followed  by  a decaying  pulse  sequence,  i.e. a  temporal  Airy  pulse.
Spectral interference  in  an  imaging  geometry  allows  measurements  of  the transient  optical  properties
integrated  along  the  propagation  through  the sample  but  radially  resolved  with  respect  to the  transverse
beam  profile.  Since  the  optical  properties  reflect  the dynamics  of  the  free-electron  plasma,  such  measure-
aser-induced breakdown
pectral interference
emtosecond spectroscopy
ltrashort laser ablation
ielectrics
emporal pulse shaping

ments  reveal  the  spatial  characteristics  of  the  laser  excitation.  We  conclude  that  temporally  asymmetric
shaped  laser  pulses  are  a promising  tool  for high-precision  laser  material  processing,  as  they  reduce  the
transverse  area  of  excitation,  but  increase  the excitation  inside  the material  along  the  beam  propagation.

©  2015  Elsevier  B.V.  All  rights  reserved.
ater

. Introduction

Laser-based material processing with ultrashort laser pulses is
 promising field that has emerged over the last decades [1] and
s one of the key technologies for a variety of applications ranging
rom micro- and nanoprocessing of dielectric materials for photonic
pplications to medical and biological research. The main advan-
age is the increased precision of laser ablation due to a strongly
educed heat-affected zone. Moreover, it is possible to push the
imits of the processing precision by using, for example, temporal
2,3] or spatial pulse-shaping techniques [4,5]. By employing tem-
orally asymmetric shaped laser pulses, the lateral size of ablation
tructures in fused silica has been reduced by an order of mag-
itude below the diffraction limit [6,7]. Similar results have been

ound in a recent investigation, where these pulse shapes were used

o process sapphire [8]. These structures may  find applications in
ptoelectronic devices [9]. Even on soft matter, like polymers, these
emporal pulse shapes have been used for downsizing purposes

∗ Corresponding author.
E-mail address: baumert@physik.uni-kassel.de (T. Baumert).

ttp://dx.doi.org/10.1016/j.apsusc.2015.11.182
169-4332/© 2015 Elsevier B.V. All rights reserved.
[10]. In addition to solid transparent dielectrics, water has been the
focus of a variety of studies with the background of medical and
biological applications as for example in the field of eye surgery
[11,12], cell-perforation [13–15] or dental healthcare [16].

In our previous study [17], we investigated the intensity and
time dependent dynamics of the laser excitation in the spatial
center of the pump pulse, which allowed us to understand why dif-
ferent temporal pulse shapes lead to different thresholds of laser-
induced optical breakdown in water. Furthermore, we  were able
to observe that the measured change of the optical properties was
higher for shaped than for unshaped laser pulses. This was a first
indication that shaped pulses may  lead to a higher excitation inside
the sample compared to ultrashort bandwidth-limited laser pulses.
In our previous investigation we focused on the temporal dynamics
within the first picoseconds after the laser excitation [17]. In this
contribution, we  present our results of the spatial characteristics of
the electron plasma after laser excitation with temporally shaped
femtosecond laser pulses. These measurements are realized by an

improved version of our previously reported ultra-stable common-
path pump-probe technique [17]. By measuring the changes in
the optical properties of our excited target material along a line
transversely through the beam profile, the radial dependence

dx.doi.org/10.1016/j.apsusc.2015.11.182
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.11.182&domain=pdf
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an be extracted. Since the excitation of electrons is the initial step
n laser-based material processing of dielectrics [18], we performed
ate equation simulations of the laser excitation including absorp-
ion and reflection of the laser pulses to relate the measured change
n the optical properties to a conduction-band electron density at
he surface and inside the water jet.

. Experiment, simulations and sample system

.1. Radially resolved common-path spectral interference

In this section, we give a short overview of the basic measure-
ent scheme and changes that have been made to our existing

xperimental setup to provide radial information. Furthermore,
he physical quantities that are required for the evaluation of the

easured data are presented.
Our measurement technique, that is shown in Fig. 1, is based

n an ultra-stable common-path spectral interference setup, as
resented and discussed in more detail in [17]. In order to mea-
ure the laser-induced excitation of the sample, the fundamental
85 nm beam is split into a pump and probe arm. In the probe path,
hat passes a high precision motorized delay stage, the beam is fre-
uency doubled in a �-BBO crystal and pre-compressed in a prism
ompressor [17]. Afterwards the 392 nm pulse is split into a pair
f pulses in a 12.5 mm thick birefringent �-BBO crystal (in Fig. 1
-BBO1). The two pulses, having a temporal distance of 6.5 ps and

 FWHM pulse duration of 43 fs, are focused together with the tem-
orally shaped fundamental 785 mm pump pulse of 35 fs onto the
urface of a free flowing water jet, using a long working distance
icroscope objective (Mitutoyo M Plan APO 2×). The planar water

et is produced by a polished stainless steel nozzle and measured
n situ to have a thickness of 121.3 ± 0.5 �m.  The uncertainty of
he water jets thickness is the statistical error for several measure-

ents at the same position on the water jet, where the experiments

ere performed. The temporal shaping of the pump pulse is real-

zed in our liquid crystal modulator-based home-build pulse shaper
19]. By using a motorized half wave plate (HW) together with the
olarizer in the pulse shaper, the pump pulse power is adjusted.

ig. 1. Experimental setup – description in the text: BS – beamsplitter. HW – half wave
icroscope objective, WJ  – free flowing planar water jet, SP – short pass filter, TL – tube l
cience 374 (2016) 235–242

The 1/e2 beam waists of the laser pulses was measured in the focus
to be 24 �m for the pump and 35 �m for the probe pulse by imag-
ing the pulses with a 40× magnifying system onto a CCD camera.
The imaging system consists of a 20× long distance microscope
objective (Mitutoyo M Plan APO 20×)  and a 400 mm  focusing lens.

In the measurements, first, the reference pulse propagates
through the water jet, influenced by the optical properties of the
unexcited water. Second, the pump pulse creates free electrons
along its propagation direction, leading to a change in the opti-
cal properties, which are then probed by the subsequent 392 nm
pulse. In order to ensure a very good overlap between pump and
probe pulses, a part of the probe beam is led to a CCD camera using
a pellicle beamsplitter (PBS). After the sample, the fundamental
785 nm beam is blocked out by a short pass filter (SP). The temporal
delay between the reference and probe pulses is reduced to 0.2 ps
by another 12.2 mm thick �-BBO crystal (in Fig. 1 �-BBO 2) and they
are imaged by a microscope objective and a 400 mm focusing lens
onto the entrance slit of a spectrometer (Princeton Instruments 320
spectrometer with a cooled CCD array). The cooled CCD array has
dimensions of 1024 × 128 pixels, where the 1024-pixel-direction
corresponds to the spectral resolution and 128 pixel-direction is
used for the spatial recording. The spectral interference is thus
recorded along a vertical cut through the probe pulse – selected
by the entrance slit of the spectrometer. From the observed shift
of the interference pattern, the changes of the optical properties –
phase shift and optical density – can be extracted [17].

2.1.1. Optical properties of laser excited dielectrics relevant for
data evaluation

The optical properties are defined by the dielectric function ε(ω)
of the material, which is in the present investigation described by
the Lorentz–Drude-Model for light with an angular frequency ω
[20]:

ω2
pl
ε(ω) = εb −
ω2 + i ω

�

(1)

with the contribution of the valence electrons εb. The second part
of Eq. (1) takes into account the contribution by “free” conduction

plate, P – polarizer, LCM – liquid crystal modulator. DM – dichroic mirror, MO  –
ens, PBS – pellicle beamsplitter.
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and electrons, dependent on the plasma frequency ωpl =
Nee2/ε0m and the electron scattering time �. Ne is the conduc-

ion band electron density, m = me/2 is the reduced electron mass
21] and e the elementary charge, with its vacuum mass me.

The complex index of refraction for a dielectric material (with
he magnetic permeability � = 1) is given by:

˜  =
√

ε(ω) (2)

The measured refractive index change �ñ between probe and
eference pulse due to the conduction band electron density is given
y [17]:

ñ(Ne) = ñ(Ne) − ñ(Ne = 0) = − 1
2n0

(ωpl

ω

)2 1
1 − 1/iω�

(3)

The resulting change of the complex refractive leads to a lower
eal part of the refractive index for the probe pulse and therefore to

 higher phase velocity of the light in the water jet. This results in a
ecreased temporal delay between the probe and reference pulse,
hich is measured as a phase shift �  ̊ in the spectral interference

17,22,23] depending on the free electron density:

 ̊ = 2�

�

∫ L

0

Re(�ñ)dz  = −
∫ L

0

� · ω2
pl

� · n0
(

ω2 + 1
�2

)dz (4)

here L is the sample thickness and � is the probe wavelength of
92 nm.

Due to the excitation of free electrons, the imaginary part in Eq.
3) is nonzero, causing absorption, measured as optical density:

D = −ln(T) = −4�

�

∫ L

0

Im(�ñ)dz

=
∫ L

0

2� · ω2
pl

� · n0 · ω · �2
(

ω2 + 1
�2

)dz (5)

The absorption by free electrons also affects the pump pulse
s it is propagating through the sample in z-direction, leading to

 non-homogenous excitation of the sample. As Eqs. (4) and (5)
how, the spectral interference reflects the integrated phase shift
nd optical density accumulated over the whole sample thickness.
n the case of very high excitation, i.e. if a significant amount of the
alence band electrons are excited, the dielectric constant εb of the
aterial decreases. This can be incorporated in Eq. (3) by using the

lausius–Mossotti relation [18,23] for the bound dielectric “con-
tant” εb.

In order to reveal the spatial properties of the laser excitation,
e performed single shot fluence dependent measurements using
ltrashort bandwidth-limited as well as temporally asymmetri-
ally shaped pump laser pulses. For pulse shaping we used our
ome-built liquid-crystal-modulator-based device [19]. The result-

ng changes in the optical properties, i.e. the phase shift, were
valuated for each radial position of the laser beam providing infor-
ation about the radial dependence on the laser excitation. Due to

he slightly elliptic shape of the pump pulse, the beam waist of
he selected radial component is smaller (21 �m)  than the average
eam waist (24 �m).  For recording and evaluation of the data, the
ame radial positions for both pulse shapes were chosen. The mea-
urements are performed at pump-probe delay times, where only

he contribution by the free electrons are observed and the mea-
urements are not influenced by the optical Kerr effect [17]; this is
t 3 ps for the temporally shaped and at 0.3 ps for the bandwidth
imited laser pulse, respectively.
cience 374 (2016) 235–242 237

2.2. Simulations

We present now the rate equation model used to calculate
the laser excitation by the temporal pulse shapes, as well as the
resulting changes to the optical properties for a direct compari-
son with the measurements. The simulations are based on a simple
generic rate equation model to calculate the time dependent con-
duction band electron density as presented in a variety of works
[11,17,21,24–28]. We  take into account the excitation of elec-
trons from the valence into the conduction band via multiphoton
and avalanche ionization, respectively. To keep our model as sim-
ple as possible, we only include multiphoton ionization with six
photons. An increase in the order of the process caused by the
ponderomotive shift of the band-gap energy at high intensities
is not included. In addition, the ionization coefficients, 	6 and ˛,
for the multiphoton and avalanche ionization, are kept constant
and used as fitting parameters as described in [17]. In the present
data set we  obtained 1.4 × 10−47 cm9/W6 s with an error of ±20%
for 	6 and 2.8 cm2/W s ±50% for ˛. All simulations shown are
performed in an intensity regime where tunnel ionization can be
neglected.

The time-dependent conduction band electron density Ne(t) is
given by:

dNe(t)
dt

= (NMax − Ne)/NMax · (	6I(t)6 +  ̨ · I(t) · Ne(tret)) (6)

with I(t) the temporal pump pulse intensity distribution, t is the
current time and tret the retardation time. NMax is the valence
band electron density of the unexcited water, estimated by tak-
ing into account one electron for each water molecule with the
molecular mass of 18 and a density of 1 g/cm3 is thus given by
3.3 × 1022 1/cm3. We  use the retardation time tret first introduced
by Vogel and coworkers in [11] and also employed in our previous
studies [17] in order to take into account the scattering processes
in the inverse Bremsstrahlung process, which leads to a natural
retardation of the avalanche ionization process. The retardation
time is a simple approximation of the time a conduction band
electron requires to reach the critical energy for impact ionization,
which is according to [11] ECrit = 1.5·EGap, with the band gap energy
EGap. A more elaborate model, taking into account the conduction
band dynamics is the multiple rate equation model introduced by
Rethfeld et al. [29] and extended by Christensen et al. [30]. To real-
ize the more simple approach, we  couple the laser field at time
t with the electron density that was present at the earlier time
tret = t − n·�, where n is the number of photons that are required
to reach the critical energy for impact ionization. In our case of
785 nm laser pulses with a photon energy of E�ω = 1.58 eV we  obtain
for n = 1.5EGap/E�ω = 8. � is the electron scattering time, which was
set to a constant value of � ′ = 1.6 fs to calculate the retardation
[17] but explicitly taken into account for the optical properties
(see below).

The reflection coefficient at the front air–water interface is cal-
culated by Fresnel-equations at normal incident [20]:

R(Ne) =
∣∣∣n1 − ñWater(Ne)

n1 + ñWater(Ne)

∣∣∣2

(7)

with the linear refractive index of the ambient material (air) n1 = 1
and the refractive index of the excited water jet given by Eqs. (1)
and (2): √

2
ω2

pl

ñWater(Ne) = nH2O −

ω2 + i ω
�

(8)

with the refractive index of the unperturbed water nH2O (1.329 at
785 nm and 1.339 at 392 nm [31]).
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Fig. 2. Relative temporal intensity distribution for a 35 fs FWHM bandwidth-limited
(black-solid line) and a third-order-dispersion shaped (red-dashed line) laser pulse
with a TOD parameter �3 = 6 × 105 fs3 having identical fluence. The TOD shaped pulse
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The scattering time �, which is the reciprocal of the scattering
ate, consists of a constant term for the electron–phonon scatter-
ng and an electron-density dependent term [32,33], which can be

ritten as:

1
�

= 1
�ep

+ 1
(�∗NCrit/Ne)

(6)

/�ep is the constant electron–phonon scattering rate, where
ep = 1.6 fs [17]. �* is the scattering time coefficient that sets the
cattering time for the case that the conduction band density
eaches the critical electron density [32] NCrit. The critical elec-
ron density is defined as the case when the laser lights angular
requency ω equals the plasma frequency ωpl. The scattering time
oefficient was used as a fitting parameter and chosen to �* = 0.2 fs,
btaining the best agreement between simulation and experiment.
n a low excitation regime, where a constant excitation along the
ropagation direction of the laser pulse can be assumed, we  found
he electron density dependent term to be neglectable. However,
t higher fluences it has to be taken into account for the simulation
n order to reproduce the experimental results.

Taking into account the reflection of the pump pulse, the tem-
oral intensity distribution, for the BWL  laser pulse with a FWHM
emporal duration �t,  incident to the first layer of the material is:

(t, z = 0) = (1 − R(Ne)) · I0 · exp

(
−4 ln 2

(
t

�t

)2
)

(9)

hich is used to calculate the excitation in this layer. I0 is the peak
ntensity given by:

I0 = FP/�t, with the peak fluence FP = 2
√

4 ln 2/� · E/AFocal (E –
aser pulse energy, AFocal = � · w2

0 focal area, w0 – laser beam waist).
he absorption in the excited layer is generally calculated by the
ollowing differential equation [34]:

∂I(t, z)
∂z

= −6�ω	6I6(t, z) − ˛′I(t, z) (10)

ith the absorption coefficient:

′ = 2ω/c · Im[ñWater(Ne)] (11)

The first part of Eq. (10) describes the absorption of light due
o the multiphoton ionization, whereas the second part describes
he inverse bremsstrahlung absorption by the free electrons via
he conduction band electron density dependent absorption coef-
cient of the material ˛′. Since the contribution of absorption by
ultiphoton ionization is significantly lower compared to the free

arrier absorption, it is not taken into account in our simulations
o keep them as simple and fast as possible. The resulting intensity
istribution is incident to the next layer of the material and the exci-
ation of the material is calculated iteratively with a step size of one
m in depth. As the Rayleigh ranges of both pump (2.3 × 103 �m)
nd probe beam (9.3 × 103 �m)  are much larger than the sample
hickness (0.121 × 103 �m),  it can be assumed that the sample is
niformly illuminated, thus having a constant beam waist w0 over
he whole sample thickness L. Therefore, the radial intensity distri-
ution in the first layer of the sample is given by:

(t, z = 0, r) = (1 − R(Ne)) · I0 · exp

(
−4 ln 2

(
t

�t

)2
)

· exp

(
−2r2

w2
0

)
(12)

ith the radial position r.
.2.1. Temporal pulse shapes
The temporally asymmetric laser pulses were created via

ourier transform pulse shaping applying a third order spectral
resembles a squared and damped Airy function [43]. The BWL  laser pulse is shifted
in time for a better visualization. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

phase function (TOD) [35]: �(ω) = (�3/3 !)(ω − ω0)3 with a value of
�3 = 6 × 105 fs3 around the central angular frequency ω0. The tem-
poral pulse shapes used in our investigations are shown in Fig. 2 for
identical fluence. The (maximum-)peak intensity is approx. 6 times
higher for the BWL  laser pulse as compared to the TOD shaped laser
pulse.

2.3. Sample system

We  use water as a model system for dielectric materials. It was
shown that the excitation processes in liquid water are similar to
those in solid dielectric materials, which allows useful informa-
tion about the general excitation processes also for solid dielectrics
to be extracted [17,36]. The band gap of water has been widely
discussed over the last decades. The most commonly used value,
6.5 eV [11,37,38], has been questioned within the last years [21,39].
Recent experiments and simulations provided a more detailed view
at the electronic properties of water, including different ionization
and dissociation channels, indicating several excitation paths ran-
ging from 6.5, 8.3 up to 9.3 eV [21,39]. In our work we  take a fixed
band gap of 8.3 eV [39,40], thus having a 6-photon photoionization
process for 785 nm laser pulses. We  use double distilled water in
order to avoid contributions from impurities to the measured sig-
nals [11,21].

3. Experimental results, simulations and discussions

In the following, we  present radially resolved phase shift mea-
surements as a function of fluence of the pump pulse. We  also
compare the fluence dependence of the phase shift in the center
(r = 0 �m)  with the one taken from a radial (fluence) line. In order
to determine the spatial extent of the phase shift, we first evaluate
the measured radial distribution at fluences where the phase shift
in the central part is equal for BWL  and TOD laser pulses. These
excitation conditions are taken as input for rate equation simula-
tions to compare simulated and measured phase shifts. Then we
use the same conditions to calculate the conduction band electron
density at the surface of the water jet and find a much lower elec-
tron density at the surface for TOD shaped pulses. Differences in

the distribution of the surface electron density and the accumu-
lated phase shift are revealed by discussing the depth dependent
excitation at these excitation conditions. In order to relate our
measurements and simulations to the goal of laser material
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Fig. 3. (a) Pump pulse fluence dependence of the phase shift in the central part (BWL
black circles, TOD red triangles) and extracted from the radial distribution at a fixed
peak fluence of 2.25 J/cm2 for the BWL  (black dot-dashed line) and 3.25 J/cm2 for the
TOD  laser pulse (red dotted line). (b) Radially resolved phase shift measurements as
a  function of pump-pulse-peak fluence for the BWL  and (c) TOD shaped laser pulse.
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ashed vertical lines in (b) and (c) indicate positions where the radially dependent
hase shift data for Fig. 5 were extracted. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web  version of this article.)

rocessing, we simulate the depth and radially dependent electron
ensity for the situation where the TOD has the same excitation at
he surface as the BWL  laser pulse. Finally, the measured and simu-
ated radially dependent phase shift accumulated over the sample
hickness and simulated radially dependent surface-electron den-
ities are shown in the case of equal excitation at the surface.

.1. Experimental results

.1.1. Bandwidth-limited laser pulses
Fig. 3(a), as well as Fig. 4 shows the fluence dependence of the

entral part of the phase shift (black circles) for bandwidth limited
aser pulses. The threshold fluence for excitation is reached around
.2 J/cm2, where the phase shift starts to decrease to its minimum
alue of around −3 rad (Fig. 3(a)). Reaching the maximum change of
he phase shift is usually related to an excitation region for optical
reakdown [17,41]. The observed power law scaling, extracted only

rom the central part of the pump pulse, in a regime of the phase
hift between 0.1 and 1 rad is 6.2 ± 0.2, indicated by the black dot-
ed lines in Fig. 4. This directly correlates to the estimated band gap
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ig. 4. Double-logarithmic representation of the measured absolute phase shift and
ptical density for BWL  (circles and squares) and TOD shaped laser pulses (up and
own pointed triangles) extracted from the central part in Fig. 3. The black dotted

ines indicate a power law scaling of 6. Please note that the measured phase shift
s  negative. (For interpretation of the references to color in the text, the reader is
eferred to the web  version of this article.)
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of 8.3 eV. However, close to the detection limit of the experiment,
between 0 and 0.01 rad, we  measured an excitation of the sam-
ple with a lower order process than the main contribution (Fig. 4).
This is in accordance with lower ionization mechanisms in water
reported by Elles et al. [40] and Linz et al. [21]. As we  only have
a small amount of data points in this regime, we  are not able to
provide a power law scaling fit. Remarkable is that the excitation
by this lower order process seems to saturate until the main exci-
tation process sets in. Thus, we  were able to observe a pump pulse
fluence dependent transition from two  distinct photo-ionization
processes. The phase shift at which the first excitation saturates
is around 0.05 rad, which correlates to an electron density of just
1.4 × 1018 cm−3 assuming a constant electron density (Eq. (4) – with
a constant scattering time of 1.6 fs) along the propagation direction
of the laser pulse, which is valid in this regime [17]. Please note
that this electron density is too low in order to provide a detectable
change in the optical density.

With increasing fluence, the phase shift starts to increase again,
visible as a bend of the slope in Fig. 3(a) [17]. The reason for this
behavior is still unclear and was so far, not observed in any spectral-
or spatial-interference experiments on solid dielectrics [25,26,42].
The increase of the phase shift might be related to the influence of
the decreasing valence band electron contribution to the dielectric
function, described via the Clausius–Mossotti relation [18] or due
to avalanche cooling caused by interband collisions changing the
scattering rate of the electron plasma. At this point, a more com-
plex and detailed theoretical approach is required to understand
these processes in the highly excited material, since our model is
only valid in the excitation regime until the optical breakdown
as will be shown in Section 3.2. Furthermore it can be seen that
with increasing fluence, the decrease in phase shift moves toward
greater radii following the spatial intensity profile of the pump
pulse, shown in the radially resolved fluence dependent phase shift
in Fig. 3(b). Pulse-to-pulse energy fluctuations do not influence the
experiment, since single-shot measurements are performed and
the energy of every pump pulse is monitored. The phase shift mea-
surement is also not influenced by energy fluctuations, since probe
and reference pulse energies change together, giving no change in
phase or transmission [17].

In addition to the phase shift, the optical density (OD) was mea-
sured and the results for the central line are shown in Fig. 4 (green
squares). As observed in our previous investigations [17], the onset
of the OD is shifted toward higher fluence and follows then the
same power law scaling as the phase shift, as expected from Eqs.
(4) and (5). With increasing pump pulse fluence, the optical density
undergoes a minimum, which was also reported in our previous
investigations. Until now, this behavior was not observed else-
where and its origin has still not been identified. Currently we
investigate this behavior in more detail. From both, optical density
and phase shift (Eqs. (4) and (5)), the electron scattering time was
extracted as presented in [17] to be �ep = 1.5 ± 0.4 fs from the region
in which both quantities are following the power law (0.1–0.9 rad
phase shift). Here, we assume that the contribution to the scatter-
ing time by the electron density dependent part to be neglectable
(see Section 2.2). This result is in a very good agreement to our
previously reported value of 1.6 fs [17].

3.1.2. TOD shaped laser pulses
Pump-pulse-fluence dependent measurements are performed

using positive TOD shaped femtosecond laser pulses. This tempo-
rally asymmetric pulse shape, as shown in Fig. 2, has a strong pulse
followed by a train of sub pulses with decreasing intensity ending

after around 3 ps, resembling a squared and damped Airy function
[43]. The temporal pulse shape was characterized in the focus via
cross correlation [17]. In Fig. 3(c) the radially resolved and pump-
pulse-fluence dependent phase shifts are shown. The onset of the
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Fig. 5. Measured (symbols) and simulated (lines) radially dependent phase shift for
BWL  (black) and TOD (red) laser pulses: (a) equal measured phase shift at r = 0 �m
for  both pulse shapes. For the TOD shaped laser pulses the fluence is increased by
a  factor of 2.2. The data was  extracted from the lines indicated in Fig. 3(b) for the
BWL  and Fig. 3(c) for the TOD (short dashed lines). (b) Equal simulated electron
density at r = 0 �m for both pulse shapes. The fluence for TOD laser pulse is increased
by a factor of 2.5 and the data was extracted from the lines indicated in Fig. 3(b)
and Fig. 3(c) (long dashed line for TOD). Black dashed and red dotted vertical lines
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hase shift decrease is shifted by a factor of around 2.2 toward
igher fluences, as seen in our previous investigation [17]. This is
aused by the drastically decreased peak intensity of the shaped
ulse by a factor of around six, as seen in Fig. 2. As in the case of the
WL, in the center of the beam, shown in Fig. 3(a) and 4 (red trian-
les), the phase shift starts to decrease until a maximum change of
round −4 rad, which is significantly higher than in the case of the
WL  pulse (−3 rad). With increasing fluence, the phase shift starts
o increase again. However, the increase is smaller as compared to
he bandwidth-limited pulse.

In the phase shift range of 0.1–1 rad, the slope follows the same
ower law of 6.2 ± 0.2 as the BWL  laser pulse, indicated by the black
otted line in Fig. 4. Even if this might be unintuitive since the TOD
as a much higher pulse duration, close to the excitation threshold,
ultiphoton ionization is the driving process leading to the same

ower law. Furthermore, the lower order excitation process also
ppears for the shaped laser pulse. The onset of this process is only
hifted by 1.5 times toward higher fluences and shows a saturation
hat persists for over 0.5 J/cm2 before the main excitation process,
ollowing the power law of 6.2 ± 0.2, starts.

The measurement of the optical density for the TOD laser pulse
hows the same behavior as the corresponding one for the BWL.
n comparison, the optical density shows here a much more pro-
ounced minimum, which occurs over a larger fluence regime for
he shaped pulse.

.1.3. Fluence dependence of the phase shift – center- vs.
adial-line

Before we turn to a direct comparison of both pulse shapes, we
ompare the fluence dependence of the phase shift measured in
he center with the phase shift obtained from the radial measure-

ent. This is a valid comparison as at the highest fluence used in
he experiments, a cut along the radial distribution of the pump
ulse contains all fluences that are also contained in the central
easurement (see Fig. 3(a) – signs). Thus, in a first approximation,

oth measurements should give identical results when mapped on
he same fluence scale. In Fig. 3(a) the fluence dependent phase
hift for the central line (signs) and for the radial cut (lines) at
.25 J/cm2 for the BWL  and 3.25 J/cm2 for the TOD are shown. The
ualitative shape of the curves is similar, however, the radial dis-
ribution is less steep. This discrepancy may  be attributed to linear-
nd nonlinear propagation effects that occur at higher fluences.
ote that plasma-defocusing and Kerr-induced self-focusing can
hange the beam waist of the laser pulse in that regime, in prin-
iple [44–46]. However, even though in the present experiment
he power for self-focusing is exceeded by more than one order
f magnitude, the self-focusing length i.e. the length over which
he beam collapses, is larger than the sample thickness [44]: to
e specific, we consider the highest fluence used for the BWL  laser
ulse which is around 2.5 J/cm2. Here, the applied power of 142 MW
xceeds the critical power for self-focusing of water at 785 nm
Crit = 3.77�2/8� · nH2O · n2 = 3.66 MW,  with a nonlinear refrac-
ive index of n2 = 1.9 × 10−16 cm2/W [47], by nearly a factor of 40.
evertheless the resulting self-focusing length [44] of 723 �m is
early seven times larger than the sample thickness. For the TOD

aser pulses the applied power is even lower due to the increased
ulse duration.

Regarding the changes of the phase shift we also observe that
he maximum change is higher for the radial cut with 10% more for
WL  pulses and 20% more for TOD pulses. This may  indicate that

inear- and nonlinear propagation of the pump beam can lead to
igher electron density inside the material. Besides the pump, also

he probe pulse can be affected by plasma defocusing of a highly
xcited sample, causing a longer propagation through the sample,
ossibly accumulating a higher phase shift. This comparison shows
he importance and the need for spatially resolved measurements
indicate the radius at which the phase shift decreased to half of the minimum value.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

of laser excitation of dielectric materials as the general behavior
cannot simply be extracted from a single radial scan at high flu-
ences. Furthermore, an enhanced numerical treatment, based on
Schrödinger [46] or Maxwell’s [48] equations is required in order
to fully understand the experimental results. At low and moderate
fluences, the radial dependence shows the same behavior as a cen-
tral line scan. Simulation and experiment agree in this regime very
well (see Fig. 5(a) and (b)) as will be discussed next.

3.2. Simulations and discussion

Now we address the comparison of the BWL  and temporally
shaped laser pulses. For a direct comparison of the radial properties
of the laser excitation at a peak fluence of 0.61 J/cm2 for the BWL
pulse and 1.34 J/cm2 for the TOD shaped pulse is chosen. Under
these excitation conditions, an equal accumulated phase shift of
around −2.3 in the center of the pump pulse at r = 0 �m is achieved.
In Fig. 5(a) the radial distribution of the phase shift is shown. The
white dashed lines in Fig. 3(b) and (c) indicate the fluence where
the radial distribution was extracted. Both phase shift distributions
reach a value of around −2.3 rad in the center, and both strongly
decrease with increasing radius as expected from the beam pro-
file of the pump pulse. However, the phase shift decreases much
stronger in the case of the TOD shaped laser pulse as compared to
the BWL  laser pulse. It seems that the excitation takes place over
a smaller area/radius for TOD shaped femtosecond laser pulses. As
the measured phase shift, given by Eq. (4), is the integrated value
over the whole sample thickness and represents not the excitation
at the surface of the water jet, we  performed rate equation simula-
tions for a better understanding of the spatial excitation properties.

At first, we  simulated the measured radially dependent phase
shift after passing the water jet for both, BWL  and positive TOD laser
pulses using the same fluences as in the experiment. In Fig. 5(a)

the resulting simulated and measured phase shift is shown. Sim-
ulated and measured values agree well. To reach the same phase
shift in the central part for the TOD laser pulse, the required fluence
is 2.2 times higher, in simulation and experiment. The simulation
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Fig. 6. Simulated radially- and depth-dependent phase shift for BWL  (black) and TOD (red) laser pulses: (a) radially dependent phase shift for: equal phase shift at r = 0 �m
(red  dotted line), with the same fluence as in Fig. 5(a). Equal electron density at r = 0 �m (red dashed line), with the same fluence as in Fig. 5(b). (b) Depth-dependent
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he  text, the reader is referred to the web version of this article.)

eproduces the phase shift for all radial positions and thus all
uences. This validates our model that takes multiphoton and
valanche ionization into account as described above. In order to
orrelate the measured phase shift distribution with the actual
xcitation of the sample, we calculated the radial distribution of
he electron density just at the surface (L = 0 �m)  of the water jet
sing the fluences that led to the −2.3 rad phase shift in the cen-
ral part as shown in Fig. 5(a). In Fig. 6(a), the simulated radially
ependent electron densities for BWL  (black solid line) and TOD
red dotted line) pulses at the surface of the water jet are shown.
urprisingly, the observed differences between both pulse shapes
re much higher as in the phase shift measurement: the maximum
ensity, obtained by the TOD laser pulse, is about a factor of 4 below
he maximum of the bandwidth-limited laser pulse. In addition, the
xcitation at the surface is more localized. The discrepancy between
he measured phase shift and simulated excitation at the surface
s clarified by the depth-dependent electron density, shown as the
ed dashed line for the TOD and the black solid line for the BWL
aser pulses in Fig. 6(b). The electron density decreases for both
ulse shapes with increasing depth. However, for the TOD laser
ulse, the decrease is very low, such that from around 20 �m,  the
lectron density is higher for the TOD laser pulse compared to the
WL. Thus, the probe pulse accumulates a higher phase shift over
he rest of the sample, giving at the end the same values as for the
WL  laser pulse. The reason for the behavior of the TOD laser pulse

s discussed next in the context of results from material processing.
For (surface-)material processing as for example ablation or sus-

ainable refractive index changes it is usually necessary that the
lectron density at the surface has to reach a certain value. In order
o reach the same electron density at the surface for the TOD as the
WL  laser pulse in our simulations, we had to increase the fluence
f the TOD laser pulse by a factor of 2.5, as shown in Fig. 6(b). This
actor was also observed in the processing of fused silica [6,7] and
apphire [6,8], where the threshold of ablation was  shifted around
.5× toward higher pulse energies for the TOD laser pulse. Further-
ore, even in this and our previous investigations in water, the

uence difference for reaching the maximum phase shift – which

s usually close to the optical breakdown [25] – was  shifted by a
actor of 2.5 toward higher pulse fluence for the TOD laser pulse.
his indicates that the same processes as in solid dielectrics are
ddressed.
ases as in (a). (For interpretation of the references to color in this figure legend and

Now we come back to the difference between phase shift and
surface excitation/electron density with an emphasis on the max-
imally reached phase shift being higher for the TOD laser pulses.
To that end we discuss the simulated depth-dependent electron
density for the central part at r = 0 �m of the laser pulses. We  use
the fluences where the same electron density is obtained at the
surface for both pulse shapes. To be specific, a peak fluence of
0.61 J/cm2 was  used for the BWL  pulse, whereas the fluence for
the TOD laser pulse was 2.5× higher i.e. 1.52 J/cm2. In Fig. 5(b) the
depth-dependent electron density is shown for both pulse shapes.
Starting from an equal electron density in the first layer, the elec-
tron density drastically decreases for both pulse shapes, but for the
TOD laser pulse (red dashed line), the electron density decreases
much less. This leads to a higher excitation inside the material and
therefore a higher phase shift accumulated by the probe pulse. The
reason for the higher excitation inside the material by the TOD laser
pulse is related to the longer pulse duration and therefore the cre-
ation of free electrons mainly driven by avalanche ionization [17].
The strong pulse at the front of the TOD pulse train (Fig. 2) creates
a relatively low free electron density via multiphoton ionization,
whereas the rest of the pulse-train slowly increases the electron
density to a much higher value [6,17]. This also leads to a slower
increase of the absorption coefficient, which is proportional to the
electron density (Eq. (11)), reaching its highest value when the
lowest intensity of the pump pulse is present [17].

Finally, we compare the radial phase shift distribution in the
discussed case of equal excitation at the surface. In Fig. 5(b)
the radial-dependent simulated and measured phase shift – for
0.61 J/cm2 (BWL) and 1.52 J/cm2 (TOD) pump-pulse peak fluence
is shown. Note that the phase shift in the central part is around
1.4 times higher for the TOD (−3.2 rad) as compared to the BWL
(−2.3 rad). This factor is similar to the regime where the maxi-
mum phase shift is reached in the central part, as seen in Fig. 3(a).
There the BWL  pulse has a minimum at −3 rad and the TOD pulse
at −4 rad. This indicates that the spatial properties observed in
the low and medium excitation regime may  also be valid in the
high excitation regime. The radial position of the phase shift, as

it decreased to half of the maximum value, is smaller for the
TOD shaped (r = 5.5 �m)  compared to the BWL  (r = 7.6 �m)  laser
pulse, indicated by the dashed (BWL) and short-dashed lines (TOD)
in Fig. 5(b). In terms of area, the shaped pulse will excite about
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alf the area compared to the BWL  laser pulse. The same rela-
ion between BWL  and TOD laser pulses is found in the radial
istribution of the conduction band electron density at the sur-
ace at the material, shown in Fig. 6(a). The results obtained in this
tudy correlate to material processing results on fused silica [7]
nd sapphire [8], where the same temporal pulse shapes have been
sed. In both material systems, ablation structures created from
andwidth-limited laser pulses were relatively large and shallow,
hereas the structures obtained by TOD shaped laser pulses were

patially more confined and much deeper. Although the current
odel does not quantitatively predict the very large differences in

he observed radii of the generated structures in fused silica and
apphire, the observed trends in this investigation correlate well
ith the materials-processing results. Currently we plan radially

esolved common-path spectral interference experiments on solid
amples with the aim to demonstrate that the indications obtained
n water are transferable to dielectrics i.e. to show directly that
OD shaped pulses lead to excitation over a smaller area, but larger
epth, as compared to ultrashort BWL  laser pulses.

We expect that other temporal pulse shapes may  also lead to the
bserved behavior of reducing the area of excitation but increasing
he depth. Especially picosecond or strongly chirped femtosecond
aser pulses with the same pulse duration as the TOD laser pulse

ay  result in similar features. However, these pulse shapes will
equire much more fluence compared to the TOD, as the symmetric
aser intensity is only slowly increasing, making the TOD laser pulse

ith its asymmetric shape a much more efficient approach.

. Conclusion

In conclusion, radially resolved, fluence-dependent pump-
robe measurements on water were reported, using ultrashort BWL
nd positive TOD shaped femtosecond laser pulses. We  showed that
he measured excitation by TOD shaped laser pulses is confined to

 drastically reduced area compared to BWL  laser pulses by almost
 factor of two. A rate equation model, including absorption and
eflection of the pump pulse, reproduced the results. The simula-
ions showed further that TOD shaped laser pulses lead to a higher
lectron density excitation deeper inside the material as compared
o BWL  laser pulses. We  conclude that TOD shaped laser pulses
an control the area and depth of laser excitation. This presents a
owerful tool for high precision laser material processing.
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