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[4, 5]. The balance between self-focusing and saturation 
or defocusing due to free-carriers leads to filamentation 
in gases which is a process that maintains a narrow beam 
diameter and high peak intensity all along the light beam 
propagation.

Recently, it was discussed that the saturation of Kerr 
effect associated with multiphoton absorption (MPA) 
plays an important role below the onset of filamentation 
and laser-induced damage in solids [6]. More recently, it 
was demonstrated that saturation of the Kerr effect, asso-
ciated with NL absorption, could explain filamentation 
in liquid CS2 [7]. It was also shown that the usual way to 
describe the NL dynamics of a light beam in CS2 using the 
NL Schrödinger equation (NLSE), possibly modified by 
high-order terms, is not sufficient to describe experiments 
made at very high intensities near the onset of filamenta-
tion. Accurate measurements of the effective NL refractive 
index, n2eff, have shown a specific behavior which describes 
filamentation [7] and self-trapping of vortex beams [8] in 
CS2 showing good agreement between theory and experi-
mental observations.

However, with respect to toluene (C7H8), another impor-
tant organic solvent studied since the early days of NL 
optics, nothing was reported concerning its HON neither 
filamentation.

In the present paper, we report on NL experiments in 
toluene and show that two regimes exist, one where HON 
play a key role, and the other which is dominated by free-
carriers generation. Measurements of the NL refractive 
index as well as the NL absorption allow to determine, in 
the first regime, values of the higher-order NL indexes, 
and in the second regime values of the multiphoton ioniza-
tion coefficient, for both wavelengths at 532 and 1064 nm 
in the ps range. As in the case of CS2 [7], we show that 
the usual description of n2eff increasing linearly with the 

Abstract  The nonlinear (NL) response of toluene was 
investigated at 1064 and 532  nm using a Nd:YAG laser 
delivering pulses in the picosecond regime and its sec-
ond harmonic. The experiments were performed using the 
Z-scan D4σ technique. Two different regimes were identi-
fied for both wavelengths used: at moderate intensities, NL 
refractive indices of third- and fifth-order were measured, 
while above certain intensity, NL losses were phenomeno-
logically estimated according to a cubic intensity depend-
ency. This absorption is mainly attributed to multiphoton 
ionization. The observed saturation behavior for large 
intensities indicates the important contribution of free-car-
riers generation.

1  Introduction

The study of high-order nonlinearities (HON) in transpar-
ent media has been attracting large interest because of its 
association with beam self-focusing, spectral broadening, 
spatial soliton excitation, and filamentation, among other 
nonlinear (NL) phenomena [1–3]. It is currently known that 
for peak powers below but near the critical power for self-
focusing, the NL response is dominated by saturation of the 
Kerr effect and free-carriers generation, sometimes referred 
to as plasma formation by analogy with the case of gases 
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intensity is valid up to 2 × 1014 W/m2 in the green and up 
to 9 × 1014 W/m2 for the infrared (IR). For intensities larger 
than these values the solvent shows saturation that may be 
attributed to free-carriers generation, which is evidenced 
by the arising of high-order NL absorption and by changes 
in the slope of the transmitted beam phase-shift versus the 
incident intensity. As in Ref. [9] to explain the experimental 
observations, the mechanism proposed involves multipho-
ton ionization of the toluene molecules as a consequence of 
the self-focusing of the laser beam inside the cell.

2 � Experimental details

Liquid toluene (C7H8) was obtained from Merck (purity 
>99.9) and contained in 2-mm-thick quartz cell for the 
experiments. The measurements were made using a 
Nd:YAG laser emitting at 1064 nm with 17-ps pulse dura-
tion (FWHM) at a repetition rate of 1  Hz and its second 
harmonic at 532  nm (12  ps, FWHM). The D4σ method 
[10, 11] was applied to characterize the intensity-depend-
ent refractive index, and the usual open-aperture 4f-Z-scan 
technique [12] was used to determine the NL absorption 
coefficients. All measurements were performed with lin-
early polarized light.

The setup used to implement the Z-scan D4σ measure-
ments is similar to the one presented in [13] (see Fig. 1). 
The sample was mounted on a translation stage and moved 
along the beam direction (z axis) in the focus region. For 
each step of the motor (1  mm), a shutter was open to 
acquire an image of the pulse transmitted by the sample 
that was recorded by a CCD camera. The response behav-
ior of the CCD sensor to optical power was checked to be 
linear. A second arm was used to monitor the energy fluc-
tuation of the incident laser pulses (via lens L3). The 4f 
imaging system composed of two 20-cm focusing lenses 
is described with basis on Fourier optics [14]. The induced 
NL phase-shift and/or absorption originate changes in the 
transmitted beam in the image plane while moving the 
sample in the focal region, and this allows determination 
of the related NL parameters. The optical imaging system 
is aligned carefully to obtain a magnification equal to 1 
such that it is possible to characterize accurately the pro-
file of the beam at the entry in the linear regime which is 
a very important information. By using the optical trans-
fer function related to the free-space propagation over a 
finite distance and considering the phase transformations 
due to the lenses composing the 4f-system, we simulate 
the propagation of the beam from the object to the image 
plane taking into account the transmittance of the NL 
medium positioned at each motor step used for the Z-scan 
measurement [14]. The transmittance of the NL medium is 
considered according to the evolution equations for the NL 

phase-shift and intensity in the thin sample approximation 
(see Eqs.  (1), (3) below). Fits of the Z-scan profiles pro-
vide the NL refraction index and NL absorption coefficient 
of the medium by comparing numerical and experimen-
tal data. For each measurement, two sets of acquisitions 
were performed. The first set is in the NL regime and the 
second one in the linear regime, obtained by reducing the 
incident laser intensity; this was necessary to remove from 
the NL measurement results the diffraction, diffusion, and/
or imperfection contributions due to sample inhomogene-
ity. Moreover, an image of the entry plane of the 4f-sys-
tem allows the characterization of the circular aperture 
object that will be considered in the computer simulation; 
at 532 nm we measured a radius equal to 1.4 mm, and at 
1064  nm the radius was 1.9  mm. As shown in [10] this 
procedure allows high-accuracy measurements even for 
relatively high absorption and large phase-shift when the 
signal is no more linear with the signal determined by the 
beam waist relative variation (BWRV) at the output meas-
ured by the CCD. The main source of uncertainty comes 
from the absolute measurement of the laser pulse energy 
because the accuracy of the joulemeter is about 10 %. In 
summary, the classical closed-aperture Z-scan method is 
based on the measurements of the Gaussian beam waist 
that passes through a circular aperture placed in the far-
field region. The method is sensitive to point-beam stabil-
ity because of the hard aperture. In the D4σ method we 
use a top-hat beam in a 4f imaging system and we acquire, 
on the CCD, the intensity profile I(x, y) after the interac-
tion of the light with the NL material. The acquisitions 
obtained at z allow to compute the first- and the second-
order moments of I(x, y). The method gives four times the 
standard deviation of the spatially limited intensity distri-
bution. The reading of the image through a CCD allows 
to correct for point-beam instability following the centroid 
of the image position (first-order moment). The simula-
tion of the whole process of image formation gives the NL 
parameters even in the presence of high NL absorption. 
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Fig. 1   The 4f imaging system. The sample is scanned along the 
beam direction around the focal plane (Z =  0). The labels refer to: 
lenses (L1, L2, and L3), beam splitters (BS1 and BS2), CCD camera 
(CCD), and mirrors (M1 and M2)
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No simplified formulas are used. More details on the D4σ 
method are given in Refs. [10, 13].

To take into account the contributions of the cells’ 
walls and the toluene inside the cell, one can consider 
the total NL phase-shift �ϕtot = �ϕc +�ϕt, that leads 
to the effective NL refractive index of toluene alone: 
n2eff =

[(

��ϕtot
/

2π I0
)

− n2cLc
]/

L
t
, where the subscript 

c stands for cell and t for toluene. The contribution of the 
walls is important when the liquid nonlinearity is compa-
rable to the silica nonlinearity, as in water [13]. However, 
in the present case we observed that the induced NL phase-
shift in the silica walls can be neglected when compared 
to the one induced in toluene that presents a NL refraction 
coefficient one order of magnitude larger. Therefore, we 
considered �ϕtot ≈ �ϕt.

3 � Results and discussion

3.1 � Nonlinear polarization versus multiphoton regimes

At relatively high intensity different phenomena may con-
tribute to induce the losses which are observed at the out-
put of the NL material. For experimental tractability, we 
assume that, under the slowly varying envelope and thin 
sample approximations, the evolution of the optical inten-
sity, I, as a function of z′, the longitudinal-propagation axis 
inside the material, obeys a differential equation of the 
form:

where N is an integer to be determined. Equation  (1) is 
identical to the evolution equation for the intensity when 
the losses are due to N-photon absorption (NPA). How-
ever, in the present case, NPA is not the only mechanism 
present, but we use Eq.  (1) to give a global macroscopic 
and phenomenological account of all losses. On the other 
hand, when free-electrons generation occurs, CN is noth-
ing but the coefficient for multiphoton ionization, some-
times denoted by βK (with K =  N). Taking into account 
the boundary conditions [I

(

z
′

= 0
)

= I0(z, u, v, t); 
I
(

z
′

= L
)

= IL(z, u, v, t)], with L denoting the thickness of 
the sample, the solution writes:

where z represents the position of the sample in the focus 
region, u =  x/λf and v =  y/λf are the normalized spatial 
frequencies, and I(z, u, v, t) denotes the intensity of the 
laser beam inside the sample. For the open-aperture Z-scan 
profile (see Fig.  2), Eq.  2 is integrated numerically over 

(1)
dI

dz′
= −CNI

N ,

(2)IL(z, u, v, t) =
I0(z, u, v, t)

[

1+ (N − 1)CNLI0(z, u, v, t)
N−1

]1/ N−1
,

space and time (over u, v, and t) using a Gaussian tem-
poral profile and the real spatial profile of the beam at 
the entry (after propagation to the z position in the focal 
region). Indeed, the total energy at the output of the sam-
ple can be obtained without having to include the rest of 
propagation up to the image plane. The numerical integra-
tion at this level for each z position using Eq. 2 is advan-
tageous because it avoids the approximations involved by 
the approach which takes analytically into account the rel-
atively low NL absorption correction in the far-field (i.e., 
∣

∣(N − 1)CNLI0(z, u, v, t)
N−1

∣

∣ ≤ 1). Thus, once the open-
aperture Z-scan is performed the effective losses coefficient 
CN can be deduced, for any regime by fitting the normal-
ized transmittance data profile.

To illustrate our numerical procedure, Fig.  2 shows 
the evolution of this coefficient as a function of the inci-
dent intensity (the choice of N = 3 is discussed in sect. 3.3 
below and does not mean that the measured NL losses are 
due to three-photon absorption). A steep discontinuity for 
the green wavelength data at about 3 × 1014 W/m2 can be 
noticed. We attribute this behavior to the molecule mul-
tiphoton ionization intensity threshold. A smoother varia-
tion and lower values characterize the losses in the IR. As 
shown in the inset, a small increase of C3 is observed at 
intensities higher than 1.3  ×  1015  W/m2 remaining at 
a mean value about 20 times lower than that obtained in 
the green. The origin of the difference between the results 
obtained at both wavelengths is related to the ratio between 
band gap energy and incident photon energy, in relation 
with Keldysh theory [15].

For intensities smaller than 3  ×  1014  W/m2 for the 
green and 13 × 1014 W/m2 for the IR, no absorption was 
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Fig. 2   (Color online): Dependence of C3 (m3/W2), the measured 
effective 3PA coefficient in toluene at 532  nm (green circle) and 
1064 nm (red stars) as a function of the intensity. The inset is a zoom 
showing C3 versus I0 (in the IR) for an y-axis scale 20 times smaller
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detected which indicates that in this range of intensities no 
free-carriers are generated, and the electronic nonlineari-
ties corresponding to the NL polarization of molecules, as 
described by the usual formalism of NL susceptibilities, are 
responsible for the observed Kerr effect and its saturation. 
For intensities larger than the values mentioned above, it is 
believed that NL absorption mainly results from photoioni-
zation and plasma formation.

3.2 � NL refraction and n4 measurements

Our classical measurement procedure is built to con-
sider the response of the material described by an effec-
tive cubic nonlinearity defined by C2  (m/W), the sec-
ond-order NL absorption coefficient, and n2eff

(

m2/W
)

 , 
the effective NL refractive index. In these condi-
tions, the transmittance of the sample is described by 
T(z, u, v) =

[

1+ q(z, u, v)
]−1/ 2 exp

[

j�ϕeff
NL
(z, u, v)

]

 , where  
q(z, u, v) = C2LI(z, u, v). The NL phase-shift is rep-
resented by �ϕeff

NL(z, u, v) = 2πn2effLIeff (z, u, v)
/

� , 
where we define the effective intensity as Ieff(z, u, v) =  
I(z, u, v)log

[

1+ q(z, u, v)
]/

q(z, u, v) . The peak on-axis 
NL phase-shift at the focus is φ0eff = �ϕeff

NL
(0, 0, 0). The 

latter can be deduced from the signal of the BWRV (for 
more details, see [10]). To obtain n2eff, it is necessary to 
take into account the real absorption encountered by the 
material measured at this level considering C2.

Figure  3 shows the effective phase-shift measured by 
using the BWRV method as a function of the incident 
intensity for both wavelengths. Notice the change of the 
slopes, which coincides exactly with the points where 

the NL absorption appears, at an intensity higher than 
3 × 1014 W/m2 in the green and ~1.4 × 1015 W/m2 in the 
IR. Moreover, Fig. 4 demonstrates that at the same inten-
sity levels n2eff changes its behavior showing saturation in 
the green with noisy fluctuation and decreasing in the IR 
after reaching a maximum value. The results can be ana-
lyzed considering that generally the NL response of a mate-
rial excited by high laser intensities could be due to self-
focusing, NL absorption, and multiphoton ionization. Other 
contributions may be due to loss mechanisms, such as scat-
tering, diffraction, and reflection due to the local presence 
of plasma, as well as thermal heating induced by the linear 
plasma absorption (free-electrons absorption). In principle, 
these mechanisms compete and the one which dominates 
depends on the laser intensity, the pulse width, band gap 
of the material, and the laser wavelength [16]. According 
to [16] for high laser intensities, the amount of ionized 
molecules would be relatively large; we refer to them as a 
“plasma” according to the common use; however, the den-
sity of free-carriers remains smaller than the density of neu-
tral molecules (as we will see hereafter), and that no phase 
transitions is involved. The free-carriers would then con-
tribute to the losses due to linear mechanisms, such as scat-
tering, diffraction, and reflection due to the local presence 
of plasma, as well as thermal heating induced by the linear 
plasma absorption (free-electrons absorption). The plasma 
also contributes to the NL index n2eff. Here, the contribu-
tion of the plasma negative nonlinearity is more important 
and the slope of the curve illustrating the effective phase-
shift decreases for higher irradiance. Thus, we believe that 
the saturation of the effective NL refractive index is due to 
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Fig. 3   (Color online): The effective phase variation as a function of 
the incident intensity. The green circles (red stars) are the results for 
532 nm (1064 nm). The dotted vertical lines show the intensities for 
which the NL losses become relevant

0 0.5 1 1.5 2 2.5 3
x 1015

1

2

3

4

5

6

7

I0 (W/m2)

n 2e
ff (x

 1
0-1

9 m
2 /W

)

0 5 10
x 1014

1

2

I0 (W/m2) 

Fig. 4   (Color online): The measured effective NL refraction coeffi-
cient in toluene at 532 nm (green circles) and 1064 nm (red stars) as 
a function of the intensity. The solid and the dashed lines are the fit-
ting at relatively low intensity in order to obtain n2 and n4 values
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free-carriers generation inside the liquid. Indeed, the NL 
losses appear at the same intensities where the saturation of 
n2eff occurs, as it can be seen by comparing Figs. 2 and 4, 
corroborating this interpretation.

Figure 4 summarizes the results of the measured effec-
tive NL refractive indices n2eff versus I0, the laser inten-
sity. n2eff for toluene at both wavelengths increases with a 
relatively moderate intensity before saturation. Below the 
intensity threshold for plasma formation, we observe that 
n2eff increases linearly with intensity. Such linear depend-
ence indicates that high-order susceptibilities are contrib-
uting to the response of the tested material and that the 
contribution of the fifth-order is important even at these 
moderate NL phase-shifts (<π). The corresponding NL 
index n4 is positive because its sign depends on the third 
harmonic frequency of the incident light with respect to the 
resonances of the medium [17]. The straight lines drawn in 
Fig. 4 represent the fitting using n2eff = n2 + n4I0, a rela-
tion valid when the NL absorption is negligible which is the 
case for the considered data (see Fig. 3). The fitting to the 
experimental data give n2 = (7.7± 1.5)× 10−20 m2/W 
and n4 = (4.5± 1.3)× 10−35 m4/W2 for λ = 1064 nm; at 
λ = 532 nm we obtained n2 = (1.8± 0.4)× 10−19 m2/W 
and n4 = (5.2± 1.5)× 10−34 m4/W2. The obtained n2 
values here are in very good agreement with the measure-
ment published in [18] using spectral shearing interferom-
etry with 100-femtosecond pulses at 800 nm and low rep-
etition rate (20 Hz). Note that the intensities used were in 
the range of 8.5–33 GW/cm2 which is comparable with our 
experimental conditions.

From 9 × 1014 W/m2 to 15 × 1014 W/m2 at 1064 nm and 
between 2 × 1014 W/m2 and 3 × 1014 W/m2 at 532 nm, the 
NL losses are not strong enough to be measured, while the 
saturation of Kerr effect involves higher-order NL suscep-
tibilities where the reliability of the measurement is poor 
when considering the thin sample approximation.

Generally, when considering a response up to the fifth-
order nonlinearity [19], under the same hypothesis of the 
previous subsection, the optical intensity I(W/m2) and the 
NL phase-shift, denoted by ϕ = �ϕNL for readability, sat-
isfy the equation:

where k = 2π/�, n2 (m2/W) is the third-order refractive 
index, and n4 (m4/W2) is the fifth-order refractive index. 
Of course, if we consider the linear UV–Visible absorp-
tion spectrum of toluene that ends at 276 nm, NL absorp-
tion due to two-photon transition could occur at 532-nm 
incident wavelength. At 1064 nm, four-photon transition is 
required to match the absorption spectrum. However, the 
experimental acquisitions do not show any apparent “val-
ley” in the open-aperture Z-scan profiles for intensities 

(3)
dϕ

dz
′ = k

(

n2I + n4I
2
)

,

below the saturation limit defined previously. Increas-
ing the incident intensity in order to increase the depth of 
the valley when compared to the noise of the normalized 
transmittance, self-focusing may occur inside the cell and 
the signal due to losses in the induced plasma because of 
the beam collapse takes over the signal due to NL absorp-
tions. This observation indicates that the related CN coef-
ficients are negligible, anyway under the experimental 
detection limit of the setup which is estimated to be around 
q0,lim = C2LI0 = 0.2. For instance, considering the inten-
sity level where the plasma appears at 532 nm, a rough esti-
mation shows that C2 < q0,lim

/

(LI0) ≈ 3× 10−13 m/W 
which is a very low value. Under these conditions, Eq. 3 is 
solved giving the expression of the NL phase-shift:

The BWRV data and the simulation of the D4σ Z-scan 
profile are shown in Fig.  5 for two incident intensities 
below the NL absorption level in the green and in the IR.

The green solid line is the simulation using 
Eq.  4 obtained with the measured NL parameters: 
n2 = 1.8× 10−19 m2/W and n4 = 5.2× 10−34 m4/W2 
in the absence of NL absorption. The red dashed line was 
obtained from the simulation with n2 = 7.7× 10−20 m2/W 
and n4 = 4.5× 10−35 m4/W2. The BWRV theoretical pro-
files show very good agreement with the experimental ones 
validating our approach for all the acquisitions where the 
absorption is insignificant as the one shown in Fig. 5. How-
ever, because the thin sample approximation was used, the 
values for the NL parameters may be over-estimated due 
to the self-focusing which increases the effective irradiance 

(4)ϕ = k
(

n2I + n4I
2
)

L.
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Fig. 5   (Color online) (a) BWRV versus z for a 2-mm cell filled with 
toluene measured at � = 532 nm with I0 = 1.7× 1014W/m2(empty 
circles in green) and � = 1064 nm with I0 = 1.09× 1015 W/m2 
(stars in red). The solid (green) and dashed (red) lines are the simula-
tion according to Eq. 4 using the measured values of n2 and n4
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while the beam propagates inside the sample. We esti-
mated this increase, in the worst case, at 532 nm using an 
input intensity of 2× 1014 W/m2 (before the NL absorp-
tion appears) by performing numerical resolution of a NL 
Schrödinger-type equation (see Ref. [7] for details). From 
the increase of the output intensity after 2-mm propagation 
in toluene, we can conclude that the value of the average 
irradiance along the sample is underestimated for about 
45 % in this extreme case. Taking into account this aver-
age irradiance values for intensity lower than 2 × 1014 W/
m2 in the green and 9 ×  1014 W/m2 in the IR, the fitting 
lines drawn in Fig. 4 give an estimation of the NL param-
eters related to toluene summarized in Table  1. This cor-
rection is not significant for n2 at both wavelengths and for 
n4 in the IR, but the n4 value in the green is about 60  % 
lower, although remaining in the same order of magnitude 
as before. Note that when the absorption becomes high at 
about 3 ×  1014 W/m2 in the green (where is situated the 
steep variation of C3 due to plasma generation) the values 
of n2eff and C3 become noisy. Probably also, self-focusing 
becomes important contributing to higher irradiance inside 
the material and to higher rate of plasma generation. When 
the electron density becomes large due to ionization, the 
NL properties of the medium cannot be described by a Tay-
lor expansion of the polarization density as a power series 
of the field amplitude (susceptibility model) any more. 
Above some intensity level, free-carriers are generated and 
the saturation of the effective Kerr nonlinearity is mainly 
due to the plasma response. This is indeed known as an 
important mechanism inducing a negative change in the 
NL refractive index limiting the self-focusing action [9]. 
Assuming that self-focusing is limited by multiphoton exci-
tation, the change of the slope in the effective phase which 
is visible in Fig.  3 for both wavelengths (vertical lines at 
about 14 × 1014 W/m2 for the IR and 3 × 1014 W/m2 for 
the green) is due to partial canceling of the Kerr effect.

3.3 � NL absorption and multiphoton ionization

Figure  6 shows an example of the open-aperture Z-scan 
normalized transmittance measured with the 2-mm-thick 
cell of toluene. The black filled circles display the experi-
mental data obtained at 532 nm for I0 = 5.6× 1014 W/m2 , 
where I0 is the focal (at z =  0) on-axis peak intensity at 

t = 0. As already mentioned, the object is 1.4 mm radius 
approximately circular aperture defining the shape and 
the width of the absorption “valley.” The sample thick-
ness was smaller than the confocal parameter of the 
focused laser beam. The (blue) dashed dotted line rep-
resents the second-order NL absorption fitting accord-
ing to Eq.  2 with C2 = (1.2± 0.3)× 10−12mW−1 . 
The (red) dashed line represents the third-order fit-
ting with C3 = (1.0± 0.4)× 10−26m3 W−2 . 
The (green) solid line is the fourth-order fit-
ting for C4 = (7.9± 4.5)× 10−41m5 W−3, and the 
(black) dotted line is the fifth-order one considering 
C5 = (5.9± 4.4)× 10−55m7 W−4. Obviously, Fig.  6 
shows that the second-order fit is far from giving con-
vincing result. Further, this conclusion is supported quan-
titatively: if we compute the distance between the data 
and the different theoretical fitting curves, it is found that 
this distance decreases significantly between N  =  2 and 
N =  3. As shown in Fig.  6, for 3 ≤ N ≤ 5 the theoreti-
cal curves are very close to each other and the calculated 
distances remain inside the fluctuations of the normal-
ized transmission. From Eq.  2, one can easily show that: 

Table 1   Estimated nonlinear 
refraction coefficients of 
toluene, at 532 and 1064 nm 
in the picosecond regime 
for intensities lower than 
2 × 1014 W/m2 in the green 
and 9 × 1014 W/m2 in the IR 
(column 2 and 3)

At higher intensities, column 4 gives the estimated values of the third-order nonlinear losses coefficients C3

n2 × 10−20 (m2/W) n4 × 10−35 (m4/W2) C3 × 10−28 (m3/W2)

λ = 1064 nm (I0 < 9 × 1014 W/m2) 4.5 ± 1.5 (for I0 > 15 × 1014 W/m2)

7.9 ± 1.9 4.1 ± 1.3

λ = 532 nm (I0 < 2 × 1014 W/m2) 100 ± 50 (for I0 > 3 × 1014 W/m2)

20 ± 4 30 ± 15
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Fig. 6   (Color online): Open-aperture Z-scan normalized transmit-
tance at 532 nm. The black filled circles represent the experimental 
data. The (blue) dashed dotted line represents the second-order NL 
absorption fitting. The (red) dashed, (green) solid and (black) dotted 
lines represent the third-, fourth-, and fifth-order fitting, respectively
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�CN

/

CN = (N − 1)�C2

/

C2 indicating that the precision 
of the measurement decreases with N. Hence, as the order 
of the NL losses increases, it becomes more and more dif-
ficult to determine it unambiguously even if the data are 
close to the fittings. Moreover, the observed valley could be 
the result of higher-order NL absorption by the free-carriers 
generated at the relatively high intensities used. Although 
Fig. 6 suggests that the order of the nonlinearity is higher 
than 5, since the accuracy of the measurement is not suf-
ficient for N ≥ 4 we consider that the third-order fitting is 
quite acceptable and suitable to describe the experimental 
observations. Then the C3 parameter is expected to account 
phenomenologically for the effective NL losses, including 
MPA and other loss phenomena in the sample, although is 
unlikely that three-photon absorption occurs here.

Indeed, assuming that all the NL losses correspond to 
multiphoton ionization at the lowest order and approximat-
ing the spectrum of toluene as two electronic bands sepa-
rated by an energy gap, the coefficient CN can be estimated 
by means of Keldysh theory [15, 20]. The MPA coefficient 
βm is defined by

Ne is the electron density and m the order of the MPA, if 
avalanche effect and relaxation are neglected. Here I0 is the 
maximum internal intensity. To estimate βm we considered 
the sample as a solid with Eg = 4.5 eV (corresponding to 
276 nm, obtained from the absorption spectrum of toluene). 
Then βm is given by

where c is the speed of light in vacuum, ω the angular fre-
quency, q the elementary charge, mr = 0.5me, the electron 
reduced mass (me the electron mass), � is the Planck’s 
constant, ε0 the dielectric permittivity in vacuum. n0 is the 
linear index and Eg the band gap energy. Measurement of 
the UV transmission spectrum of toluene gives a value 
of 276  nm for the wavelength corresponding to Eg. The 
order of the photoionization is m = 1+ E

[

Eg

/

�ω
]

 where 
E[] holds for the integer part function. Computation gives 
m = 2 and β2 = 1.6× 107mW−2s−1 at 532  nm, m = 4 
and β4 = 1.6× 10−27m5W−4s−1 at 1064 nm. Straightfor-
ward analysis shows that when assuming the NL absorption 
entirely due to m-photon, excitation process described by 
βm, the m-photon absorption coefficient is then expressed 
as Cm = βm�ω

/

m, which yields C2 = 3× 10−12m/W at 
532  nm and C4 = 7.4× 10−47m5/W3 at 1064  nm. While 
the value measured in the green is of the same order than 
the estimated one by Keldysh theory, in the IR the meas-
ured value is much higher. The reasons for this discrepancy 

(5)
dNe

dt
= βm(I0)

m.

(6)βm =
ω

9π

(mrω

�

)
3
2

[

exp (2)q2

8ω2mrcε0n0Eg

]m

,

are multiple. On the one hand, Keldysh theory is in prin-
ciple valid in solids presenting a well-defined energy gap 
only. On the other hand, it can be thought that, at these 
wavelengths, NL losses processes other than two- or four-
photon ionization occur such as higher-order multiphoton 
ionization, NL losses of the generated plasma itself, other 
ionization processes as avalanche ionization based on a cas-
caded process involving transitions above 276 nm. Likely, 
using Z-scan, as the intensity increases while moving the 
sample in the focal region, all these processes and possi-
bly other ones are progressively involved, which results in 
a faster increase of losses.

Moreover, a rough estimate of the density Ne of free 
electrons can be derived from the refraction measure-
ments. The number Nr of toluene molecules by unit volume 
is straightforwardly computed from its molecular weight 
(about 92 g/mol) and density (866.9 kg/m3). Assuming that 
the change of the slope in the effective phase is due to par-
tial canceling of the Kerr effect which is visible in Fig. 3 
for both wavelengths (vertical lines at about 1.4 × 1015 W/
m2 for the IR and 0.3 × 1015 W/m2 for the green), the gen-
eration of free-electrons as given by the Drude approxima-
tion induces a negative change in the index of refraction 
that becomes noticeable when the electron density satisfies 
[9]:

Taking into account the values of φ0eff (vertical lines 
in Fig. 3) in the green (~3.5 rad) and in the IR (~2.1 rad) 
the calculation gives Ne = 1.7× 1024m−3; i.e., the pro-
portion of ionized molecules is Ne

/

Nr = 3× 10−4, and 
Ne = 0.5× 1024m−3; i.e., Ne

/

Nr = 0.9× 10−4, for both 
wavelengths, respectively. This estimation gives a slightly 
higher density of generated plasma in the green when com-
pared to the IR.

When taking into account the results obtained previously 
at both wavelengths the mean estimation of the generated 
free-electrons density in toluene Ne ≈ 1024 m−3 is of the 
same order of magnitude than that obtained in water [8, 
21–23]. It is reasonable to assume that multiphoton excita-
tion occurs and is largely responsible of the observed NL 
losses.

4 � Conclusion

In the present paper, we reported on NL experiments in 
toluene under high irradiance at 1064 and 532  nm in the 
picosecond regime. We have shown that a description of 
the effective NL refractive index increasing linearly with 
the intensity is valid up to a defined limit, 2 × 1014 W/m2 
in the green and about 9 ×  1014 W/m2 in the IR. Above 

(7)Ne =
2ε0n0cmeω

q2L
φ0eff.
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these intensities the description of the optical response in 
terms of NL susceptibilities is not valid. Estimation of NL 
refraction indices is provided and summarized in Table 1. 
The second- and the fourth-order indices measured below 
the intensity limits mentioned above are shown in second 
and third columns, while for higher intensities (see Table 1) 
NLA appears estimated in fourth column using C3 coeffi-
cient which accounts phenomenologically for the effective 
total NL losses inside the sample. Notice that all measured 
NL refraction indices decrease with increasing wavelengths 
as expected following the normal dispersion behavior.

A saturation phenomenon of the NL refractive index is 
evidenced occurring together with high-order NL losses 
that can be attributed to free-carriers generation. The esti-
mation of the free-electrons density (Ne ≈ 1018 cm−3) 
agrees with other published results.
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