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The nonlinear response of liquid water was investigated at 1064 and 532 nm using a Nd:YAG laser delivering pulses of

17 ps and its second harmonic. The experiments were performed using the D4c method combined with the Z-scan
technique. Nonlinear refractive indices of third- and fifth-order were determined, as well as the three-photon absorp-

tion coefficient, for both wavelengths. A good agreement was found between theory and experiment.
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High-order optical nonlinearities (HON) in gases and
condensed matter are still deserving investigations from
the fundamental point of view [1-4] as well as because
of their important role in phenomena such as soliton for-
mation [5,6], filamentation in gases [7], supercontinuum
generation [8], and other transverse nonlinear (NL)
effects [9-11]. In particular, in the regime of high laser
intensity, the investigation of self-focusing of light in
transparent materials is important to understand light
filamentation in condensed matter that occur without
destruction of the material being investigated. This
was argued for solids [12] and more recently it was
demonstrated for liquid CS, [13], where it was found
that the effective NL optical parameters show saturation
of the Kerr effect and were responsible for filamenta-
tion. However, with respect to water, the contribution
of HON for the prefilamentation regime was not demon-
strated. Although previous publications were dedicated
to the study of water [14-16], the influence of the fifth-
order nonlinearity in the picosecond regime was not
recognized.

Therefore, the aim of this paper is to provide an insight
into relevant NL parameters associated to self-focusing
using high laser intensities in the case of water. It is shown
that for understanding the water behavior near filamenta-
tion it is important to consider the influence of the
fifth-order nonlinearity that may contributes to focus or
defocus the light and/or acts as an intensity limiting
mechanism. The experiments were performed using the
D4o method [17] that allows accurate measurements es-
pecially in presence of NL absorption. Measurements of
the fifth-order refractive index and three-photon absorp-
tion (3PA) coefficient of water are reported for the first
time at 532 and 1064 nm.

We consider a beam propagating along the 2’ axis in a
sample exhibiting linear absorption [coefficient a (m™1)],
two-photon absorption (2PA) [coefficient f (m/W)], 3SPA
[coefficient y (m®/W?)], Kerr effect [third-order NL re-
fractive index ny (m?/W), and fifth-order NL refractive
index ny (m*/W?)]. Under the slowly varying envelope
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and thin sample approximations, the optical intensity I
(GW/cm?) and the phase ¢ satisfy the equations
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where k = 27 /2 is the modulus of the wave vector and 1
is the wavelength. Equations (1) and (2) govern the evo-
lution of the intensity and the NL phase-shift as a function
of the propagation distance 2z’ in the medium, when con-
sidering the sample thickness L smaller than the confocal
parameter of the incident focused beam.

Equations (1) and (2) can be solved performing a
numerical inversion by means of Newton’s method and
the solutions were obtained even when n,, ny, 2PA, and
3PA are non-null. This analysis allowed us to determine
the third- and fifth-order susceptibilities in the case of
CS; [18]. In the particular case of water, with a = f =0
and taking into account the boundary conditions
[I(z =0) =1y 1(z = L) = I], the solutions are given by
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The experimental setup used to implement the D4c
method [17] is sketched in Fig. 1. The sample was sup-
ported on a translation stage and moved along the beam
direction (z axis) in the focus region. The process was
controlled by a computer allowing, for each step of
the motor, to open a shutter (not shown in the figure)
and to acquire an image of the output pulse recorded
by the CCD camera. A second arm was used to monitor

© 2014 Optical Society of America
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Fig. 1. 4f imaging system. The sample is scanned along the
beam direction around the focal plane (z = 0). The labels refer
to: lenses (L;, Ly, and Ls), beam splitters (BS; and BS,), and
mirrors (M, and My).

the energy fluctuation of the incident laser beam. The im-
aging system can be described on the basis of Fourier-
optics [19]). The object used to characterize the NL
medium is placed before lens L;, where any beam profile
can be used. We used a circular object (top-hat beam)
with an optimized radius for each wavelength to obtain
a Rayleigh range larger than the sample thickness and
smaller than the motor scanning length. The induced in-
stantaneous phase-shift originates changes in the trans-
mitted beam waist in the image plane while moving
the sample in the focal region, and this allows determi-
nation of the phase-shift due to NL refraction. Note that
lens L, contributes to produce the Fourier-transform of
the field at the exit surface of the sample, which is physi-
cally similar to the far-field diffraction pattern obtained
with the original Z-scan method [20]. Moreover, this lens
produces an image of the object plane that allows us to
characterize accurately the profile of the beam at the en-
try which is a very important parameter to characterize
the optical object precisely.

The numerical procedure followed in the Fourier do-
main has the advantage to reduce the computing time.
Using the optical transfer function related to the free-
space propagation over a finite distance, and considering
the phase transformations due to lenses L; and Ly, we
can simulate the propagation of the beam from the object
to the image plane taking into account the NL medium
positioned at each motor step of the Z-scan procedure.
The transmittance of the NL medium is considered by
means of the appropriate functions derived from Egs. (3)
and (4). Finally, fits of the Z-scan profiles provide the NL
parameters of the medium by comparing numerical and
experimental data. Notice that, in the D4c experiment, a
top-hat beam was used and the second moment of I(x, )
is measured; the method gives four times the standard
deviation of the intensity distribution [17], whereas the
Z-scan method is based on transmission measurement.

In the measurements, a 2 mm thick cell filled with
water was used (Fluka ref. 95305 from Sigma-—Aldrich)
excited by a Nd:YAG laser delivering linearly polarized
pulses at 1 =1.064 pm (17 ps FWHM) and 532 nm
(12 ps FWHM) with a repetition rate smaller than
1 Hz. For detection we used a cooled (-30°C) 1000 x
1018 pixels CCD camera with a fixed linear gain. Each
pixel 12 pm x 12 pm shows 4095 gray levels. The input
intensity I, could be varied by means of a half-wave plate
and a Glan prism. Two sets of acquisitions are performed.
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The first one is in the NL regime and the second one in
the linear regime (by reducing the incident energy of the
laser under the detection limit of the joulemeter). The lin-
ear acquisitions are necessary to remove the diffraction,
diffusion, and/or imperfection effects due to sample inho-
mogeneities from the NL measurements. Moreover, an
image of the entry plane of the 4f system allows charac-
terization of the object that will be considered in the
simulation. The sensitivity of the setup depends on
parameters such as the object profile and the wave-
length, and is calculated for each set of acquisitions tak-
ing into account the real beam profile. This procedure
allows high accuracy measurements, even for relatively
large absorption and phase-shift, when the signal is no
longer linear with the beam waist relative variation
(for details on the numerical procedure see [17,21]). It
is important to note that absolute measurements were
performed [22], thus avoiding an intensity calibration
based on a reference material. The main source of uncer-
tainty comes from the absolute measurement of the laser
pulse energy; the accuracy of the joulemeter is about
10%. To take into account the contributions of the cells’
walls and water in the focus, the total phase induced by
the incident light is written as Ag;,; = Ag@, + Ag,,, from
which one can estimate the effective NL index of water:
Now = [(AA@io/271y) — No.L,) /Ly, Wwhere ¢ stands for cell
and w for water. As will be shown, the absorption in the
quartz cell is negligible according to the observed total
NL absorption of water alone.

Figure 2(a) shows the beam waist relative variation
versus z for experiments with a 2.46 mm thick quartz cell
filled with 2 mm of water, for I, = 880 GW/cm? at
A = 1064 nm. The black filled circles are obtained with
the cell containing water and the red non-filled circles
represent the data for the empty cell. The red solid line
is the fitting for silica alone, giving: n, = (4.4 + 0.9)x
102! m?/W, in agreement with [22], and the black
dashed line is obtained with the determined parameters
for water: my = (1.0 £0.2) x 1002 m?/W, n, = (1.1+
0.3) x 10736 m*/W? and y = (3.6 £ 0.9) x 10-° m?/W?2,
The y value was obtained from Fig. 2(b), which shows
the open-aperture Z-scan normalized transmittance.
The black dashed line is the simulation obtained with
the y value for water (filled circles). Note the negligible
NL absorption of quartz alone (red empty circles).

Figure 3(a) shows the beam waist relative variation
versus z for the same cell with I, = 290 GW/cm? at
A = 532 nm. The black circles were obtained with water
inside the cell and the red empty circles represent the
data for the empty cell. The solid red line is the fitting,
giving ny = (8.1 & 1.6) x 1021 m?/W, which is in agree-
ment with [22] for the empty cell. The dashed line is
obtained with the measured parameters n, = (9.6+
2.4) x 102! m? /W, ny = (7.4 £ 2.2) x 103® m*/W?, and
y = (4.0 £ 1.1) x 1072 m3/W2. The y value was obtained
from the open-aperture Z-scan normalized transmittance
shown in Fig. 3(b). The dashed line is the simulation ob-
tained with the previous value of y for water (filled
circles). The NL absorption of quartz alone (red empty
circles) is very small in comparison with the NL absorp-
tion of water. Because the thin sample approximation
was used the values for the NL parameters at high inten-
sities could be over-estimated due to the self-focusing
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Fig. 2. 2.46 mm thick quartz cell filled with 2 mm water mea-
sured at A = 1064 nm with 7, = 880 GW/cm?. The black circles
were obtained with water inside the cell; the empty red circles
were obtained with the cell alone. (a) Beam waist relative
variation versus z; (b) open-aperture normalized Z-scan
transmittance. Dashed and solid lines represent the fittings.

increasing the effective irradiance while the beam prop-
agates inside the sample. Estimation at 532 nm using
300 GW/cm? increased by 26% the output intensity after
2 mm propagation in water, leading to about 13% under-
estimated value of the mean irradiance along the sample.

Figure 4 summarizes the results for the effective NL
refractive indices, ng., Versus the laser intensity. The
data for the empty quartz cell are represented by black
squares (4 =532 nm) and red circles (1 = 1064 nm),
giving the mean values of n, for both wavelengths used
previously, while the measurements for water are repre-
sented by green stars (4 = 532 nm) and blue triangles
(A = 1064 nm). Notice that while the data for the empty
cell remains constant for increasing laser intensities, 7.
for water at both wavelengths increases with the inten-
sity. This dependence indicates that high-order nonli-
nearities are contributing for the results and the linear
behavior with the intensity indicates that the contribu-
tion of fifth-order is important even for relatively low
NL phase shift (<z). Therefore, the straight lines drawn
in the figure represent the fitting using ng.p = 19 + 141,
giving my = (1.0 £0.2) x 102 m?/W and n, = (1.1
0.3) x 10% m*/W? for 1= 1064 nm. For A =532 nm
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Fig. 3. 2.46 mm thick quartz cell filled with 2 mm water mea-
sured at A = 532 nm with I, = 290 GW/cm?. The filled circles
are data obtained with the cell containing water; the red empty
circles represent data obtained with the cell alone. (a) Beam
waist relative variation versus z; (b) open-aperture normalized
Z-scan transmittance. Dashed and solid lines represent the
fittings.

we obtained my; = (9.6 +2.4) x 102! m?>/W and ny =
(7.4 4+ 2.2) x 10736 m* /W2,

The results reported can be analyzed considering that
the NL response of water excited by high laser intensities
could be due to self-focusing, multiphoton absorption
(MPA), and laser induced breakdown. In principle, these
three mechanisms compete, with the dominant parame-
ters being the laser intensity and wavelength used [15].
According to [15] for high laser intensities the amount
of ionized molecules would be large and the plasma that
is formed would contributes to 79.¢. Then, if the contri-
bution of ionized molecules were important, the slope of
the straight line would change for larger laser intensities
due to the plasma negative nonlinearity. However, the
positive slopes observed for both wavelengths indicate
that the NL response is dominated by MPA in the range
of intensities used. This conclusion is corroborated
by the fit of the open-aperture Z-scan experiments
shown in Figs. 2 and 3, where the curves based on the
3PA process fit reasonably to the experimental data;
although, a small disagreement indicates that higher-
order MPA might be contributing, too. We recall
that two-photon induced dissociation of water was
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Fig. 4. Effective ny versus the incident intensity. The data for
the empty cell are the squares (circles) at 532 nm (1064 nm).
The measured values for water alone are the green stars (blue

triangles) at 532 nm (1064 nm). The straight lines represent the
linear fitting at 1064 and 532 nm.

observed using a laser at 266 nm [23]. The energy of the
absorbed photons corresponds to the energy of four pho-
tons being absorbed in the present experiment. Finally,
we mention that the behavior of ny.¢ is analogous to the
behavior reported for CS, [13]. Unfortunately we could
not perform experiments at higher intensities due to laser
power limitations and probable saturation of the NL re-
fractive index could not be observed. However, filamen-
tation was observed using a 5 cm long cell with the
available powers.

In summary, we reported here the use of the D4c
method for measurements of the third- and fifth-order
nonlinearity of liquid water at room temperature. The re-
sults indicate that, at intermediate intensities defining the
pre-filamentation, the NL response of water is dominated
by the non-ionized molecules, and can be described by a
linear variation of the effective NL refractive index ver-
sus the laser intensity. The density of ionized molecules,
in the range of intensities used here, does not saturate the
NL response of water.
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