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Abstract: We investigated how the Z-scan technique can be explored to distinguish two types of
nonlinear refractive effects by employing two distinct laser polarizations. It is possible that pure
electronic, molecular orientation and thermal nonlinear effects may occur simultaneously during
light-matter interaction. We found a way to discriminate and quantify two distinct nonlinear
processes from Z-scan signals measured with linear and circular polarizations. This paper
provides analytical equations for nonlinear refractions and in order to test them, we carried out
measurements in CS; and in a rhodamine-B solution, where electronic and orientational, and
electronic and thermal nonlinearities mixing, respectively, are present.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the nonlinear optical interaction between light and matter, it is possible that distinct nonlinear
effects occur simultaneously, resulting in a single effective nonlinear response. The type and
the strength of each nonlinear effect depend on light and matter properties. For instance, they
may depend on the laser pulse width, wavelength, repetition rate, energy and, also, on the linear
and nonlinear optical absorption of the sample. Therefore, in order to perform correct nonlinear
optical measurements, it is crucial to know the eventual existence of nonlinear effects mixture
and, more important, how to discriminate them. In fact, there are several studies on this subject
using optical Kerr effect, transient grating, etc. [1-7]. For example, considering that different
nonlinear effects have distinct response time, time-resolved methods can be applied to distinguish
such contributions. These methods are successful because the pure electronic effect is nearly
instantaneous, while nuclear contributions such as molecular re-orientation are non-instantaneous
[8]. Unfortunately, these methods are usually complex and employ two-beams and sometimes
even three beams, in pump-probe configurations. Although they are very good for response time
determination, they are not so precise for absolute magnitude determination. On the other hand, it
is possible to use a single beam configuration to measure the nonlinear effect mixture, but in this
case, it is necessary to perform measurements with several pulse widths. Indeed, we have recently
measured solvents presenting an effective nonlinear refractive index, ny . due to contributions
of two mechanisms: electronic and molecular orientation. They could be discriminated by means
of nonlinear ellipse rotation (NER) measurements as a function of pulse width [9]. This method
works well because for short (long) pulses, 13 . is predominantly dominated by the electronic
(orientational) nonlinearity, which is an instantaneous (a non-instantaneous) effect. In this case,
an empirical equation fitting the dependence of ny . as a function of the pulse width provides the
strength and time dependence of the two nonlinear processes.
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The present work proposes a simple analytical solution to discriminate two distinct nonlin-
ear effects with a single-beam configuration, just by exploring polarization-resolved Z-scan
measurements. Usually, a linearly polarized laser beam is used to measure the refractive Z-scan
signal (AT),,) [10]. However, it is also interesting to measure AT}, using circular polarization
[11] because in this case, AT, can change by a certain factor that depends on the origin of the
third-order nonlinearity. For the sake of simplicity, we will consider three types of nonlinearities:
electronic, orientational and thermal, which for circular polarization have AT),, modified by a
factor of: 1.5, 4, and 1, respectively, when compared to that obtained with linear polarization
[12]. Therefore, in the presence of just one nonlinear effect, AT}, changes according to these
factors, but in the case of two or more nonlinear effects AT),, assumes an intermediate value that
depends on the contribution of each nonlinearity. Indeed, considering that each nonlinear effect
is independent and contributes additively to the effective AT),,, we can write the contribution of
each signal from different origin, separately and independently [8]. This independence makes
possible to predict the effective AT}, signals for linear and circular polarization.

Taking into account these simple rules, we propose a theoretical solution for three cases of
mixing: electronic and orientational, electronic and thermal and orientation and thermal effects,
which, as a proof of concept, were experimentally tested for the first two cases. Yet, we couldn’t
find any situation for the orientational and thermal mixing case. For the case of mixing of
electronic and orientational effects we measured Z-scan signals of CS, solvent as a function of
laser polarization and pulse width, because we know that for most of solvents, the contribution of
the orientational nonlinearity depends on the pulse width. For the second case (electronic and
thermal nonlinearities), we measured a rhodamine B (RB) solution with the laser frequency tuned
near the resonance band because it is expected that thermal effects appear in this situation. Here
we have considered the thermal effect as the one more likely to be responsible for the nonlinear
refraction signal along with the electronic one, but without losing the main message of our work,
other “isotropic” non-tensorial effects such as electrostriction, resonant nonlinear absorption, etc.
can also occur.

2. Nonlinear refraction
2.1.  Nonlinear refraction

There are several mechanisms that give rise to the third-order nonlinear refractive index, n,. In
general, n, can be treated as a scalar whose mathematical description relies on the optical Kerr
effect, where the refractive index is intensity-dependent according to: n = ng+nyI = no+An, where
no is the linear refractive index and I is the laser irradiance. More accurately, n, is connected
to the nonlinear polarization, which is related to the third-order nonlinear susceptibility tensor
,\/(3),]-k1, and consequently, dependent on the crystalline form and orientation, laser polarization,
etc. For isotropic materials such as liquids, the number of elements is reduced to two independent
coefficients A (=6 y1122) and B (=6 x1221) [12].

Thus, in Z-scan measurements with different laser polarizations, it is necessary to consider
such tensor nature of the third-order nonlinear susceptibility. Also, it is important to point out
that the ratios between these two coeflicients are different for the pure nonresonant electronic
(B/A = 1), orientational (B/A = 6) and thermal (B/A = 0) nonlinearities. In this way, considering
that for different polarization states, A and B coefficients are excited differently, it is possible to
predict how AT, will be affected by the laser polarization and physical origin of the nonlinearity.
Z-scan measurement as a function of laser polarization is not new and it was used to determine if
different nonlinear effects are present in a particular case [8,11]. However, as far as we know, no
one has derived analytical equations relating the signals measured for different polarizations with
the origin of the nonlinearities.
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2.2. Nonlinear refraction for linear and circular polarization

The change in the refractive index, An, of a Kerr medium is given by [12]:

1 1
Any; =———|A+ =B|, 1
Niinear 411%806‘( 5 ) (1)
for linear polarized light and
1
Ancircular = > A7 (2)
4n0£()c

for circular polarized light, where eo = 8.85 x 10! F/m is the vacuum electrical permittivity, ¢ is
the speed of light in vacuum and the laser irradiance / is considered to be the same for linear and
circular polarizations. Using Eqgs. (1) and (2) and the ratios between the coefficients A and B, we
observe that Anyiear/ Aicircuiar=1+ BI(2A) =3/2, 4 and 1 for pure electronic (elec), orientational
(ori) and thermal (ther) nonlinearities, respectively. In the case of a mixture of two nonlinear
processes, the ratio will not be these but rather weighted values.

2.3. Z-scan signals for linear and circular polarization

The Z-scan signal measured with linearly polarized light depends on both A and B, and for
circular polarization it depends only on A [12]. In the Z-scan trace, the difference between its
peak and its valley (47},) is proportional to An, according to: 47,,=0.406kLAn [10], where k is
the wave vector and L is the sample thickness for the case of negligible linear absorption. The
linear relation between AT, and 4n explains why (AT}, )iinear/ (AT py )circutar= Aiinear! Acircutar-
For the mixing of electronic and orientational nonlinearities we can express the Z-scan signal as
a sum of two independent contributions, as shown in Eq. (3). When circular polarized light is
used, there is a reduction in the signal that is expressed in Eq. (4):

(ATpv)linear = AT;\l;eC + AT;;)Ci’ (3)
2 > 1 ori
(A Tpv)circular = gﬁTg‘l,“ + ZATPV s (4)
Consequently,
3 12

4 T;éec == g (A Tpv)linear + ? (A Tpv )circular’ (5)

ori 8 12
ATpv = g (ATPV)linear - ? (A Tpv)circulara (6)

Finally, from the 4T, obtained with Eqgs. (5) and (6), it is possible to determine the values of n,
for the electronic and the orientational nonlinearities by considering the usual small aperture
approximation for the phase change, 4¢, occurring during the propagation in a nonlinear medium
[10]:

ATy, = 0.4064¢ = 0.406kn, L1 @)

Similarly, for the mixing of other nonlinear effects such as electronic and thermal nonlinearities,
we have:

(ATpiinear = AT + AT, 8)
(AT pv)circutar = zATech + ATther, ®
37 py pv
and, consequently,
AT;\Z/BC = 3(ATpv)linear - 3(ATpv)circular» (10)

AT;;}:;” = _Z(ATpv)linear + 3(ATpv)circular- (1 1)
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For orientational and thermal nonlinearities, we have:

(ATpv)linear = AT;;)‘ti + AT]tj‘z)er’ (12)
(AT ) circutar = L ygor 4 ypher (13)
pv/circular = 4 pv pv
and, consequently,

4 4

AT;;)CI = g(ATpv)linear - E(ATpv)circular’ (14)
ther 1 4

ATpv = _g(ATpv)linear + §(ATpv)circular~ (15)

As can be seen, AT, signal due to thermal effect is the same for linear and circular polarization.
This simple model leads to the set of analytical Eqgs. (5) and (6), (10) and (11), (14) and (15),
which is interesting to be tested. We chose to measure CS, because it is widely used as a nonlinear
optical media for calibration and possesses large electronic and orientational nonlinearities [8,9].
Also, depending on the pulse width, the amount of orientational nonlinearity changes [8,9,13],
being ideal for testing Egs. (5) and (6). On the other hand, we chose to characterize the RB
solution because it has a strong electronic nonlinear refraction near the linear resonance band
[14] and where, some thermal nonlinearity contribution is expected. In this case, Egs. (10) and
(11) can be tested.

3. Polarization-resolved Z-scan
3.1. Z-scan setup

The polarization-resolved Z-scan used for refractive measurements is very similar to the
conventional closed aperture Z-scan setup [10] except for the introduction of a broadband
quarter waveplate (1/4) to control the polarization state, as Fig. 1 shows. In the Z-scan method,
samples are scanned in the focus region along the beam’s propagation direction (z-axis) using
a computer-controlled translation stage. Negative values of z correspond to locations of the
sample between the focusing lens and its focal plane. A single photodetector with an adjustable
aperture in front of it was placed in the far-field region. The aperture size having a radius r,
is related to the linear aperture transmittance by S = [l-e)cp(-2ra2 /waz)], with w, denoting the
beam radius at the aperture for a very low incident power. By scanning the sample though the
focus region (z =0), the normalized transmittance can be measured on the photodetector. The
use of an aperture corresponds to S < 1 (closed-aperture), which is employed to determine n;,
while S =1 (open-aperture) is used for the determination of nonlinear absorption. A commercial
Ti:sapphire chirped-pulse-amplified laser system (Dragon, K&M Labs) delivers pulses at 800 nm,
with 2 mJ of output energy at 1 kHz repetition rate. The laser system has an internal grating
pulse compressor that can change the pulse width from ~60 fs up to ~2 ps [9]. By using a lens
with f=20cm we obtain a beam waist of about 30 um. Also, as tunable fs laser pulses, we used a
commercial optical parametric amplifier system (TOPAS PRIME, ~100 fs pulse width, 400 nm
up to 2600 nm) pumped by the Dragon laser. Silica cuvettes with 2 mm pathlength were used to
hold the CS; solvent and the RB solution with concentration of about 2x10~2 Molar in methanol.
In these two cases, we have considered that the nonlinearity of silica is much smaller than those
of CS; and RB solution, and so, the contribution of the cuvette walls to the effective AT),, signals
can be neglected.

3.2. Z-scan results

Firstly, we measured CS; in order to discriminate between electronic and orientational processes.
We measured Z-scan signals with linear and circular polarizations for different pulse widths.
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Fig. 1. Schematic diagram of polarization-resolved Z-scan setup which is similar to the
original closed-aperture Z-scan with the addition of a quarter-waveplate to control the
polarization state of the laser beam (linear and circular polarizations).

Figure 2 shows curves for the shortest and longest pulses, 60 fs and 1.8 ps, respectively. The pulse
width as a function of the pulse compression setting in our laser system was previously calibrated
with nonlinear ellipse rotation and autocorrelation measurements [9]. Due to the pulse width
measurement uncertainty and dispersion in the lens and neutral filter, we estimate that the error in
the pulse width is about 10%. For each pulse width we have two AT, signals, one for linear and
another for circular polarization, and the results are summarized in Table 1. We started with the
shortest pulse width (~60 fs), whose irradiance was about 8.3 GW/cm? (P~8 UW), and observed
that as the pulse gets longer, the Z-scan signal decreases. We compensated this reduction of the
AT, signal by controlling the pulse energy with calibrated neutral filters in order to avoid working
with small 4T, signals, a condition where the noise can disturb the observation of characteristic
Z-scan dispersion curves. There was no observable signal corresponding to nonlinear absorption,
which is characterized by the distortion in the refractive Z-scan signal (valley stronger than the
peak), indicating a negligible imaginary nonlinear susceptibility. Due to the large number of
measurements, we saved time by performing Z-scan measurements only near the z =0 region,
where full 47T}, signals can be acquired and fitted with well-known refractive Z-scan equation
[10]. Although some of the fitting curves have not perfectly matched the experimental data,
especially in the region away from the focal plane (larger z position), 47, signals could be well
determined. Better Z-scan curves can be obtained with more careful alignments and carrying out
more measurements, but it would not change the general result.

1,12 1,02

1,08

1,04

1,00

0,96

Normalized Transmittance
Normalized Transmittance

z (mm)

Fig. 2. CS; normalized transmittance obtained with refractive Z-scan measurements for
linear and circular polarization at pulse widths (a) 7=~60 fs and (b) ~1.8 ps. Although the
signal for long pulse was obtained with higher energy, we plotted the normalized signal
expected for the same energy used in (a). The solid line is the theoretical fitting based on the
refractive Z-scan equation given in Ref. [10].

Figure 3(a) summarizes all A7), signals measured with linear and circular polarizations for
different pulse widths. As one can see, both signals decrease because the laser irradiance reduces
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Table 1. Experimental ATy, obtained with linear and circular polarizations, whose ratio (lin/circ)
changes from ~1.8 up to ~3.0, from short to long pulses, respectively, indicating the mixture of
electronic and orientational nonlinearities. Using Eqs. (5) and (6) allows to obtain the respective
ATpy for electronic (elec) and orientational (ori) nonlinearities. Finally, Eq. (7) provides the
respective nonlinear refraction. The errors from signal fluctuations were estimated to be about 13%.
The raw numbers presented here, obtained from appropriate equations, were not rounded to fulfill
the estimated 13% error. The unit of n is in x10~1® m2/W.

T(ps) ATpy(lin) ATy (circ) Ratio (R) (lin/circ) AT)py(elec) ATy (ori) ny (elec) ny (ori)
0.060 0.168 0.095 1.77 0.127 0.041 2.39 0.77
0.066 0.153 0.083 1.84 0.107 0.046 222 0.94
0.083 0.128 0.071 1.80 0.094 0.034 2.45 0.90
0.111 0.121 0.058 2.09 0.067 0.054 2.32 1.90
0.192 0.109 0.045 2.42 0.043 0.066 2.56 3.99
0.296 0.091 0.036 2.53 0.032 0.059 2.95 5.50
0.416 0.079 0.030 2.63 0.025 0.054 3.21 7.09
0.544 0.069 0.025 2.76 0.019 0.050 3.18 8.60
0.679 0.063 0.022 2.86 0.015 0.048 3.20 10.23
0.819 0.058 0.020 2.90 0.013 0.045 3.39 11.50
0.961 0.054 0.018 3.00 0.011 0.043 3.25 13.02
1.105 0.052 0.018 2.89 0.012 0.040 4.16 13.86
1.251 0.050 0.017 2.94 0.011 0.039 4.24 15.38
1.398 0.047 0.016 2.94 0.011 0.034 5.00 14.73
1.546 0.045 0.016 2.81 0.012 0.033 5.63 16.00
1.694 0.041 0.015 2.73 0.011 0.030 6.06 15.73
1.844 0.036 0.012 3.00 0.007 0.029 4.16 16.65

for longer pulses. With these two signals, and by using Eqgs. (5) — (7), we obtained the respective

electronic and orientational nonlinear refractions, as depicted in Fig. 3(b).
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Fig. 3. (a) CS; normalized transmittance at 800 nm obtained with refractive Z-scan
measurements at different pulse widths. In the inset, the same data in log-log scale.
(b) Nonlinear refractive indices of CS; obtained with our polarization-resolved Z-scan
measurements.

It is possible to observe in Fig. 3(b) that the electronic nonlinearity is nearly constant while the
orientational nonlinearity grows as the pulse width increases. There is a small growth tendency
in the electronic nonlinearity value that is probably due to the pulse width determination error
[9]. The CS; electronic nonlinearity found in the literature is about 2.5x10~'* m?/W, similar
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Fig. 4. (a) Normalized transmittance obtained with refractive Z-scan measurements in
a RB solution for different wavelengths. In the inset, it is the linear absorption curve of
measured solution. (b) Nonlinear refractive indices for the RB solution obtained with our
polarization-resolved Z-scan measurements.

to that observed in our data [8,15]. Although we supposed beforehand the presence of both
electronic and orientational nonlinearities in CS,, the ratios between AT),, obtained with linear
and circular polarizations confirmed our hypothesis. The experimental ratios ranged from about
1.7 to 3.0, from short to long pulse widths, as expected for the transition from electronic (R =1.5)
to orientational (R = 4) nonlinear effects.

For the second case, we measured Z-scan signals in a RB solution as a function of the
wavelength (Fig. 4). We employed tunable wavelength pulses delivered by an OPA pumped
by 1 kHz Ti:sapphire Dragon laser system. We carried out measurements from 600 nm to
680 nm where the RB solution is very transparent and no significant nonlinear absorption is
present [16]. As seen in Table 2, the A7), ratios ranged between about 1.3 and 1.5, from short
to long wavelengths, respectively. According to our model, these smaller values indicate that
the dominant electronic nonlinearity (R = 1.5) is affected gradually by the thermal nonlinearity
(R=1) as the pump wavelength gets close to the absorbance band (Apeqx~543 nm). It is also
important to notice that both electronic and thermal nonlinearities are negative in this range.
It is well known that the thermal effect contributes with a negative signal [10,17] and also,

Table 2. Experimental ATp, obtained with linear and circular polarizations, whose ratio (lin/circ)
changes from ~1.3 (600 nm) to ~1.5 (680 nm), indicating the presence of electronic and thermal
nonlinearities. Using Egs. (10) and (11) we obtain AT, for electronic (elec) and thermal (ther)
nonlinearities. Finally, Eq. (7) provides the respective nonlinear refractions. The errors from signal
fluctuations were estimated to be about 13%. The raw numbers presented here, obtained from
appropriate equations, were not rounded to fulfill the estimated 13% error. The unit of n; is in

x10719 m2/w.
A(nm) ATy, (lin) ATy, (circ) Ratio (R) (lin/circ) ATy, (elec) ATy, (ther) ny (elec) ny (ther)
600 0.205 0.160 1.28 0.135 0.070 -8.467 -4.390
610 0.180 0.136 1.32 0.132 0.048 -8.279 -3.011
620 0.144 0.108 1.33 0.108 0.036 -6.774 -2.258
630 0.120 0.089 1.35 0.093 0.027 -5.833 -1.693
640 0.086 0.063 1.36 0.069 0.017 -4.328 -1.066
650 0.076 0.054 1.41 0.066 0.010 -4.140 -0.627
660 0.053 0.040 1.33 0.039 0.014 -2.446 -0.878
670 0.031 0.021 1.47 0.030 0.001 -1.882 -0.063

680 0.028 0.019 1.47 0.027 0.001 -1.693 -0.063
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the negative nonlinearity obtained here for the electronic n, for this wavelength range is in
accordance to recent data [14]. Furthermore, the decreasing of the electronic nonlinearity for
longer wavelengths is compatible to what is expected for the case of RB at this wavelength range.
Finally, the thermal contribution tends to decrease as the laser wavelength gets far from the linear
absorption band. As mentioned, other isotropic effects where B = 0, besides thermal, may also be
responsible for these results.

We also worked with lower irradiances, of about 2.5 GW/cm? (P~4 uW) for all wavelengths,
in order to avoid any significant refractive Z-scan signals of pure solvent and cuvette. Indeed, the
small positive cuvette (12~2.8%x1072 m?/W) and solvent (methanol) (n2~4.6x10720 m?/W) [9]
refractive nonlinearities may have slightly affected the obtained negative electronic and thermal
values in Table 2. However, in this simple preliminary study we have not considered this issue
yet. In addition, other nonlinear absorption effects such as: two-photon absorption (2PA) [16],
saturable (SA) and reverse saturable absorption (RSA), etc. in this wavelength range [18] can be
present but were not taken into account.

4. Conclusions

In conclusion, we proposed simple analytical equations, capable of separating the contributions
of two distinct nonlinearities among electronic, orientational and thermal, by the use of linear and
circular polarized laser beams. This is possible because of the different polarization dependence
of the Z-scan signals, which can be explained by the tensor nature of the third-order nonlinear
susceptibility, B and A, and their respective ratios (1, 6 and 0), that depend on the mechanism
which originates the nonlinear refraction (electronic, orientational and thermal, respectively).
As a proof of concept, we have used this method to measure the electronic and molecular
orientational nonlinearity in CS, as well as the electronic and thermal nonlinearity in a rhodamine
B solution. It is important to point out that even though we have observed two positive and two
negative nonlinearities for CS, and RB, respectively, our model has no restriction for other sign
mixing cases. Here, we have considered for simplicity these three common and well-known
nonlinear effects, but without losing the proposed idea, other cases of mixing can also be studied.
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