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Abstract— This work presents a new technique, 

Polarization-Resolved Heterodyne Z-Scan (PR-HZS), which is 

capable of discriminating and quantifying three different 

nonlinear refractive indices: ultrafast nonresonant electronic, 

molecular orientation (or nuclear) and thermal. This technique 

explores laser polarization and phase delay introduced by non-

instantaneous nonlinearities to separate these nonlinear effects. 

Femtosecond pulses at megahertz repetition rate are used to 

induce simultaneously these nonlinear effects in different 

materials. We characterized Carbon Disulfide (CS2), SF6 and 

LaSF-N30 optical glasses, and a Neutral Density Filter AND-

30C-40, which are known to present more than one nonlinearity. 

Keywords—Nonlinear Optics, Ultrafast Lasers, Z-Scan. 

I. INTRODUCTION 

Different nonlinear refractions (NLR) can take place 
simultaneously contributing to a single nonlinear optical 
signal. Here, we considered three important ones: the ultrafast 
nonresonant electronic, molecular orientational (or nuclear) 
and thermal effects. Photonic devices applications, such as all-
optical switches (AOS) [1], usually require high pure 
electronic nonlinearity and, in this way, it is interesting to 
discriminate it from nuclear and thermal contributions [2]. 

Recently, we developed a Polarization-Resolved Z-Scan 
(PRZS) [3], based on the traditional Z-Scan [4] to discriminate 
different NLR by employing different laser polarizations [5] 
and pulse repetition rates [6], taking into account a Thermal 
Lens (TL) model [7]. Using the PRZS, we could discriminate 
simultaneously these three important NLR. However, this 
technique requires a tunable repetition rate laser system. 

Here, we propose a new method called Polarization-
Resolved Heterodyne Z-Scan (PR-HZS) technique, which 
uses a heterodyne detection method [8] to separate the thermal 
refraction, working with fixed high-repetition rate ultrafast 
laser and a simple optical chopper. Using different laser 
polarizations, PR-HZS can discriminate and quantify a 
mixture of the three NLR, while also obtaining the thermal 
temporal response by varying the chopper frequency.  

II. NONLINEAR REFRACTIVE EFFECTS 

The most important nonlinear refractive index (n2) for 
photonic devices is the pure electronic and is described as n = 
n0 + n2 I, where n0 is the linear refractive index, and I is the 
laser irradiance. However, when NLR effects are mixed in the 
optical signal, an effective change Δn replaces n2. Despite not 
originating from ultrashort pulse excitation, thermal NLR can 
arise due to inter-pulse heating from high repetition rates.  

In general, to evaluate the magnitude of the effects we 
analyze the NLR as terms of the third-order nonlinear 
susceptibility tensor χ(3)

ijkl, which in the case of isotropic 

liquids and glasses can be reduced to the coefficients A (= 
6χ(3)

1122) and B (= 6χ(3)
1221). Furthermore, Δn can be written, 

for linear (lin) and circular (circ) polarization, as [2]: 

 Δ���� = �
� �
��

  �� +  �

��, (1) 

 Δ�
��
 = �
� �
��

  �, (2) 

where ε0 is the vacuum electrical permittivity and c is the 
speed of light. The ratio between these coefficients is different 
for each nonlinear process: B/A=1 (electronic), B/A=6 
(molecular orientation), and B/A=0 (thermal). For liquids it 
was already verified [3], including the difference between 
heating originated from linear and nonlinear absorption 
(NLA). For glasses we do not expect molecular orientation. In 
this way, it is possible to predict how the Z-Scan signal will 
be affected by the nonlinearities, since Δnlin/Δncirc = 1+B/(2A) 
= 1.5 for electronic (ele), 4 for orientational (ori) and nuclear 
(nuc), and 1 for thermal (ther) nonlinearities. Moreover, in the 
case of a mixture Δn (or the Z-Scan signature ΔTpv) can be 
expressed as a sum of independent terms.  

III. POLARIZATION-RESOLVED HETERODYNE Z-SCAN 

Our new PR-HZS (Fig. 1) consists of an ultrashort pulsed 
laser (Light Conversion Carbide, 515 nm, ~192 fs) beam of 
high repetition rate (1 MHz), with linear or circular 
polarization (via quarter-waveplate), passing through an 
optical chopper (20-1000 Hz, 50% duty cycle) and being 
focused by a lens (f ~ 13 cm) into the sample. As the sample 
is translated in the z-axis there is the formation of the NLR, 
which cause the beam to be self-focused (or self-defocused) 
due to effective Kerr effect (electronic-nuclear) and TL. The 
transmitted light in a small aperture reaches a photodetector 
and is analyzed via dual-phase lock-in amplifier (LIA).  

Differently from the HZS [10], which uses sinusoidal 
modulation, the PR-HZS uses an optical chopper, which 
implies in a square waveform signal that reaches the sample 
(Fig. 1). Since it distorts as the laser beam passes through the 
sample (due to the slow TL), the LIA detects it as phase shifts 
and magnitude change as a function of z-axis, which will 
result, respectively in �(z) and T(z), defined as [3,8]:  

 T�z� = 1 + �� ��
�����
 !"� ��
��# $"� ��
��# + %

� tan)! * �� ��
��

+ " � ��
��,, (3) 

 ��z� = −� ./!
� ��
�

 !"� ��
��# $"� ��
��# + /� tan)! * �� ��
��

+ " � ��
��,0, (4) 

where z0 is the Rayleigh range, <ΔΦ> is the time-averaged 
nonlinear induced Kerr phase shift [4] and θ is the phase shift 
induced by the TL effect according to the model in Ref. [7]. 
Both are Z-Scan signatures [4] and thus proportional to Δn, in 
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which positive NLR appear as peak-valley for T(z) and valley-
peak for �(z). However, �(z) only carry information about 
slow cumulative nonlinear effect such as the TL. The factors 
A (phase shift amplitude), c1, and c2 (constants) are not yet 
fully understood; however, taking the peak-valley difference 
in experimental �(z) curves is sufficient for the present work.   

 

Figure 1 - Scheme of the experimental setup for the new PR-HZS.   

Considering the model developed for the PRZS [3] and the 
traditional HZS [8] equations, we proposed new relations: 

 Δ123����4� = 56Δ1237�7 + Δ1238��9 + :
� ��";�

!";�� <Δ123=>7�|���,  (5) 

 Δ123
��
�4� = 5 @�ABCDED
!.G + �ABCHIJ

� K + :
� ��";�
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��
, (6) 
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��
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where ∆Tpv and ∆�pv are, respectively, the peak-valley change 
in transmittance and phase, f is the laser pulse repetition rate 

and the parameter 4 is defined by δ=τ2πF [8], with F being 

the optical chopper frequency and τ is the thermal response 

time. From Eq. (7), when Δ�pv is maximum δ→1, so τ can be 

obtained by τ=1/(2πFp) with Fp being the frequency when 
Δ�pv is maximum. Furthermore, the factor 1/2 is due to the 
chopper 50% duty cycle and a and b correspond to the 
difference in Δzpv between Kerr and TL [3,7] signatures, with 
a=1 and b=0.82 if the electronic-nuclear effect is dominant 
and a=0.71 and b=1 if the thermal is the most relevant signal. 

Hence, from ∆Tpv(δ) and ∆�pv(δ) it is possible to obtain 

∆Tpv
ther, ∆Tpv

ele and ∆Tpv
ori (or ∆Tpv

nuc) and convert into n2
ele,ori. 

Here, to test our technique, we first perform PRZS [3] varying 
f. The chopper is used after the sample only for detection 
purpose. In this case, δ=0 and Eqs. (5,6) turn into: 

 Δ123����<�|;MN = 56Δ1237�7 + Δ1238��9 + O<Δ123=>7�|���, (8) 

 Δ123
��
�<�|;MN = 5 @�ABCDED
!.G + �ABCHIJ

� K + O<Δ123=>7�|
��
, (9) 

whereas no phase shift signals are observed. Therefore, we can 
obtain reference values to be compared with the PR-HZS. 

 Using the PR-HZS and PRZS, we characterize the solvent 
Carbon Disulfide (CS2), in a silica cuvette of 2 mm, well-
known for having high electronic-orientational NLR, and 
three optical glasses: SCHOTT LaSF-N30 and SF6, both of 
2.1 mm, and a 2.3 mm thick Neutral Density Filter (NDF) 
AND-30C-40 from Opto-sigma. For SF6 we also performed 
open-aperture Z-Scan, since it presents high two-photon 
absorption (2PA) at 515 nm. In contrast, CS2 and LaSF-N30 
present low NLA and the NDF presents linear absorption.  

IV. EXPERIMENTAL RESULTS 

 Firstly, we did PRZS measurements in CS2, where the 
laser pulse repetition rate was changed from 1 kHz up to 1 
MHz. The pulse energy was kept constant at ~5.6 nJ (laser 
power P = 5.6 mW at 1 MHz). The results are shown at Fig. 

2(a), in which it is possible to observe a negative thermal 

contribution, since ∆Tpv decreases as f increases. 

 Based on Eqs. (8,9) we obtain for CS2: ∆Tpv
ele = (0.087 ± 

0.004) and ∆Tpv
ori = (0.071 ± 0.005), respectively, resulting in 

n2
ele = (3.8 ± 0.6) × 10-19 m2/W and n2

ori = (3.1 ± 0.5) × 10-19 

m2/W, similar to Ref.[9]. We also find ∆Tpv
ther|lin= - (0.090 ± 

0.008) and ∆Tpv
ther|circ= - (0.062 ± 0.005) for 1 MHz. The ratio 

∆Tpv
ther|lin/∆Tpv

ther|circ is equal to 1.45 ± 10%, close to 1.5, 
indicating heating originated from 2PA, as expected [6]. 

 

Figure 2: (a) PRZS measurements in CS2. (b,c) T(z) and �(z), respectively, 
obtained by PR-HZS for linear polarization and F =150 Hz. (d,e) Values of 
ΔTpv and Δ�pv, respectively, obtained by PR-HZS. 

 Then, we perform PR-HZS in CS2 with fixed laser rate (1 
MHz) and variable chopper frequency (20-1000 Hz). In this 
case, we put the chopper before the sample (Fig. 1). Fig. 2(b,c) 
shows one of the measurements, for linear polarization and F 
= 150 Hz, from which ΔTpv > 0 and Δ�pv < 0, in accord to 

PRZS. By calculating ∆Tpv and ∆ϕpv for all δ, we get Fig. 
2(d,e), respectively. For ΔTpv, we can observe good agreement 
with the model proposed (Eqs. (5-7) with PRZS results). For 

Δ�pv, the peak position at 40 Hz results in τ = (4.0 ± 0.1) ms, 
reasonable for liquids [10]. On the other hand, the expected 

magnitude for Δ�pv do not match very well for high δ. This 
can be an indication that CS2 can have thermal effects related 
to different physical processes with different response times.  

 Now, for the glasses, we have used pulse energies of 44.9 
nJ for LaSF-N30, 8.2 nJ for SF6 and 23.3 nJ for the NDF. 
Firstly, the results of PRZS (f =1-1000 kHz) in LaSF-N30, 
SF6 and the NDF, respectively, can be observed in Fig. 3(a-c) 
in which, all samples, present positive thermal contributions.  

 

Figure 3: PRZS in (a) LaSF-N30, (b) SF6, and (c) NDF NE03A-B. 

 From this, using Eqs. (8,9) we summarize the results 
obtained with PRZS in Table 1, where the values of n2

ele are 

consistent to ones of similar glasses [11], but all ∆Tpv
nuc 

obtained are small and inconclusive. In fact, we do not expect 
significant nuclear contribution for glasses. Furthermore, the 

obtained ∆Tpv
ther values are novel. Although most counterparts 

are not yet available in literature for direct comparison, the 
present results exhibit reasonable orders of magnitude [2]. 

 Moreover, the ratio between (∆Tpv
ther)lin and (∆Tpv

ther)cir for 
LaSF-N30 and SF6 is, respectively, 1.38 and 1.25, with about 
10% error. These values could indicate that the thermal 
process is excited partially by 2PA, since it is close to 1.5. On 
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the other hand, the NDF ratio is 1.1 ± 0.1, which is a clear 
indication of linear absorption heating, since it is close to 1.0. 

TABLE I.  PRZS RESULTS FOR THE OPTICAL GLASSES 

Parameters 
Materials 

LaSF-N30 SF6 NDF 

∆Tpv
ele 0.186±0.005 0.092±0.007 0.081±0.009 

n2
ele (×10-19m2/W) 1.0±0.2 2.6±0.4 1.1±0.3 

∆Tpv
nuc 

 
-0.021±0.005 0.007±0.008 -0.001±0.009 

(∆Tpv
ther)lin 0.128±0.007 0.08±0.01 0.15±0.01 

(∆Tpv
ther)cir 0.093±0.009 0.06±0.01 0.14±0.01 

 Then, PR-HZS (f = 1 MHz, F = 20-100 Hz) is performed 
in glasses and Fig. 4(a-c) illustrates some of the measurements 
acquired for T(z) and Fig. 4(d-f) for �(z). It is possible to 
observe positive ΔTpv and Δ�pv, in accord to PRZS, and the 
difference in Δzpv between LaSF-N30 and SF6 (strong 
electronic-nuclear NLR) and the NDF (strong thermal NLR). 

 
Figure 4: T(z) and �(z) obtained by PR-HZS using F = 150 Hz in (a,d) LaSF-
N30, (b,e) SF6, and (c,f) NDF NE03A-B. 

 By taking ΔTpv and Δ�pv values for all δ and comparing to 
the model (Eqs. (5-7)) according to the PRZS results, it can be 

noticed, from Fig. 5(a-c), that ∆Tpv is higher than expected for 

high δ. On the other hand, from Fig. 5(d-f), Δ�pv obtained is 

lower than expected for low δ. These behaviors require further 
investigation for possible model improvement. Nevertheless, 
we observed a peak at F = 150 Hz for all samples, resulting in 

τ = (1.1 ± 0.1) ms, which is reasonable for glasses [7]. 

 

Figure 5: Values of ΔTpv and Δ�pv as a function of δ obtained by PR-HZS in 
(a,d) LaSF-N30, (b,e) SF6, and (c,f) NDF NE03A-B. 

The experimental results until now are promising and 
show the potential of the PR-HZS to discriminate three NLR 
effects using ultrafast high-fixed-repetition laser pulses.  

CONCLUSIONS 

The PR-HZS is a promising new method to discriminate 
and quantify three nonlinear refractive effects (electronic, 

nuclear and thermal) from solvents and glasses. It 
discriminates the thermal lens from other nonlinearities when 
ultrafast laser pulses of fixed high repetition rate are applied. 
We could see good agreement between PRZS and PR-HZS.  
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