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On the basic that the phase object (PO) is the key optical device in the 4f imaging system, a modified high sensitivity optical nonlinear measurement technique with an absorptive homemade phase object (HPO) is reported in order to characterize the value of weak nonlinear refraction material. The absorptive HPO used in this technique is two transparent glass plates on which a liquid film between two pieces of transparent glasses is deposited and added a rotating object at the below HPO to modulate the phase of a PO. The measuring sensitivity can be improved by changing the transmittance of the absorptive HPO. Meanwhile, because the phase retardation of HPO can be continuously adjustable by modulate the rotating object, it makes the sensitivity of measurement at different wavelengths of laser optimal. Results show that the measuring sensitivity is improved 2-4 times compare with the conventional 4f imaging technique. Furthermore, the modified technique can be used to measure the spectrum of nonlinear refraction coefficients of materials at the continuous wavelength. This method further expands the 4f phase coherent imaging measurement technology, not only solves the deficiencies of the conventional phase object, but also improves the accuracy of the measurement. Experiment and theoretical analysis results are presented to validate our technique.
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1 INTRODUCTION
In recent years, a large number of non-linear optical (NLO) materials have been investigated for their potential use in photoelectronic devices (Zhang et al., 2022), optical information processing (Wu et al., 2020) and optical communication (SOROKINA et al., 2016). In particular, large attention has been paid to the development of simple and accurate measurement techniques, with emphasis on measurement sensitivity. Highly sensitive measurements play a significant role in characterizing optical non-linearities, especially those of weak NLO materials. The Z-scan technique (Pereira and Correia, 2020) is a popular method to obtain information about third- and higher order non-linearities. The method provides estimate of NLO and is based on the analysis of the distortion of a beam passing through non-linear materials. However, high quality Gaussian beams are not readily available. Hence, Zhao et al. reported that the use of the s-called top-hat (Zhao and Palffy-Muhoray, 1993) beams instead of Gaussian beams in Z-scan setups improves the measurement sensitivity by a factor of 2.5. However, the technique requires multiple irradiations by strong laser pulses to obtain the complex non-linear NLO of optical materials and involves measurements at focal plane. This may damage the sample, especially for photo-sensitive materials, and suggests the use of single-shot techniques, which would overcome the above difficulties. One powerful technique is based on single-shot 4f coherent imaging system (Cherukulappurath et al., 2004). The method involves a different spatial distribution of beams compared to Z-scan, and allows one to obtains accurate measurements of the intensity when equipped with a charge-coupled device (CCD) camera. The setup is based on the Zernike spatial filtering principle to transform the phase changes caused by non-linear refraction into light intensity changes in the plane. Other advantages of the method include the simplicity of the alignment, and the high measurement sensitivity. Furthermore, as it happens for Z-scan experiments, sensitivity may be improved using top-hat beams instead of Gaussian beams (Cherukulappurath et al., 2004). Boudebs et al. reported a 4f non-linear-imaging technique with improved sensitivity and involving a phase object (NIT-PO) (Boudebs and Cherukulappurath, 2004) to analyze the sign of non-linear index. Later on, the technique has been modified with considerable effort, see e.g., Yang et al. (​ Yang et al., 2017) about Z-scan technique with absorptive PO. The sensitivity of the technique can be improved by the changing absorption index of PO which, however, cannot be changed arbitrarily. In addition, an important limitation of 4f NIT-PO techniques employed so far, is the impossibility to use the same PO with a continuous spectrum, as the phase retardation of PO cannot be changed arbitrarily. Indeed, it is significant for the 4f imaging technique to modulate phase and there are piezoelectric ceramic and phase modulators to this aim. However, those devices are expensive and their use complex. Therefore, an alternative simple method with high precision would be exceedingly welcome.
In this paper, the use with a homemade phase object (HPO) added to the 4f imaging technique to and put forward a high sensitivity measurement technique. The materials of the HPO are readily available and the manufacturing is simple. Additionally, our HPO may be used with pulses with a continuous spectrum. The non-linearity of CS2 and absolute ethanol are considered in this new technique in order to assess its sensitivity and verify the enhancement compared to traditional 4f imaging techniques. Our results confirm that the use of a wideband (The phase object is suitable for optical non-linear measurement at multiple wavelengths) HPO improves the sensitivity of 4f imaging systems and may be used with beams characterized by a continuous spectrum.
2 THEORETICAL ANALYSIS AND MODEL
Our HPO is composed of two round pieces of transparent glass with a liquid film in between. The liquid film required by the homemade phase object (HPO) in the technique can be any pure absorptive or transparent liquid. The black ink is used to be a liquid film in our method. The radius is [image: image], and the HPO is fixed on a rotary table (see Figure 1). The working principle is that a micron space gap may be formed between the two pieces of glass and that changing the thickness of the HPO is possible by controlling the angle of the rotary table (Figure 1C). The technique consists of lenses L3 and L4 and is schematically shown Figure 2. The HPO is placed on the object plane of the 4f imaging system. After passing through HPO, the incident beam of light is divided into two beams of light by a beam splitter (BS). One beam is detected by D1 for the energy of the incident light is monitored, whereas the other beam is focused on the non-linear medium through lens L3.
[image: Figure 1]FIGURE 1 | (A,B) Schematic of the HPO used in the 4f imaging system. (C) Schematic of the HPO changing the angle of the rotating object.
[image: Figure 2]FIGURE 2 | Schematic of 4f imaging system with HPO. L1-L4, lenses; BS, beam splitter; D1 is used to detect the reference light, D2 is used to detect the linear and non-linear images.
In order to analyze the scheme, let us start from a traditional 4f imaging system (see Ref (Cherukulappurath et al., 2004; Boudebs and Cherukulappurath, 2004; Yang et al., 2017; Fedus and Boudebs, 2013). for more details) and assume that we use a top-hat beam and that the HPO is placed on the object plane. Further, we assume for simplicity that a non-linear medium is placed on the focal plane. We refer to Ref (Fedus and Boudebs, 2013). for situations where the non-linear medium is far away from the focus. Finally, we assume that Fourier optics can fully describe the 4f imaging technique. The HPO and the transparent glasses are illuminated at normal incidence by a linearly polarized monochromatic plane wave [image: image], where [image: image] is the wave vector, [image: image] is angular frequency, and [image: image] is amplitude of the electric field containing the temporal envelope of the laser pulse. We use the slowly varying envelope approximation (SVEA) (Bloembergen, 1996; Sutherland, 2003) to investigate the propagation of the electric field in the non-linear sample. Moreover, since we only analyze the intensity of the image, the time term may be omitted. We may also ignore any thermo-optical effect since we are dealing with nanosecond pulses and a low repetition rate (10Hz) (Boudebs and Cherukulappurath, 2004).
The two parts of the HPO, H1 and H2, are shown in Figure 1B. The central region H1 has radius [image: image] and amplitude transmittance [image: image] ([image: image]). It induces a uniform shift [image: image] and is characterized by a transmittance [image: image], as a function of the radial coordinate, where [image: image] if [image: image] and [image: image] otherwise. The transmittance of the annular region H2 can be expressed as [image: image]. If we denote the total transmittance of the HPO by [image: image], the electric field on the external surface can be written as [image: image], whereas the field amplitude on the front surface of the non-linear medium (on the focal plane of L3) is spatial Fourier transform of the [image: image]:
[image: image]
where [image: image] is the focal length of L3, [image: image] is the wavelength of the exciting wave, [image: image] and [image: image] are the spatial frequencies on the focal plane. Taking into account the three main features of the non-linear sample, i.e., the linear absorption a (m−1), the non-linear absorption ß (m/W) and the non-linear index [image: image] (m2/W), the phase shift imposed to the beam by the non-linear sample can be written as
[image: image]
where [image: image] is the wave vector, [image: image] is the effective length of a non-linear medium, L is the actual length of a non-linear medium and [image: image] is the intensity of laser beam exciting a non-linear medium. After modulation through the sample, the complex electric field at the output surface can be defined as
[image: image]
where [image: image] is the complex amplitude response due to non-linearity, i.e.,
[image: image]
where, if the sample is a Kerr medium, a and [image: image] are both negligible, and Eqs 2, 3 reduce to:
[image: image]
[image: image]
The technique is described with more details in the following two Subsections.
2.1 Improve sensitivity of 4f imaging system with the absorptive HPO
The non-linear sample in our setup may be regarded as a low-frequency filter. The portion of the incident light passing through the H2 is spread less than the portion passing through H1 because Ra is much larger LP (Shui et al., 2010). Hence, the modulation induced by H1 may be ignored and we only consider the non-linear modulation induced by H2. The on-axis field intensity for H1 is then considered. The complex field amplitude at the output plane of 4f imaging system can be expressed as:
[image: image]
The electric field amplitudes coming from the regions H1 and H2 of HPO can be written as E1 and E2 respectively. The light coming from H1 is considered a uniform background distribution (regarded as a direct light) because the non-linear modulation is negligible, whereas the light from H2 is modulated by the non-linear medium at the focal plane and produce a small perturbation of the incident wave (as diffracted light). The second term (∆ [image: image]) in Eq. 7 results from the diffracted light.
The interference induced by the diffracted light is insensitive to phase changes ([image: image]) when [image: image] and [image: image] (Boudebs and Cherukulappurath, 2004; Yang et al., 2017). However, if [image: image], the intensity at the output of 4f imaging system is given by
[image: image]
The first term ([image: image]) in Eq. 8 is the intensity in the linear region on the axis. The transmittance [image: image] is the normalized peak value of [image: image]. The variable [image: image] can be defined as an appropriate parameter to estimate the refractive coefficient ([image: image]) of non-linear samples.
The difference [image: image] can be written as:
[image: image]
where [image: image] is the sensitivity of the system when [image: image] = 1. If the incident field in the HPO region is reduced by a factor of [image: image] ([image: image] >1), the sensitivity increased by [image: image] times.
In our measurements, the signal received by CCD on the exit plane of the 4f system has been processed using the above analysis (Eqs. 1–9). The extension of the PO region increases if the non-linear sample has a positive phase shift, whereas it decreases otherwise. Here a non-linear sample producing a positive shift has been simulated. In Figure 3A we show the difference transmittance ([image: image]) for various transmittance ([image: image]). Figure 3B shows the cross-section views of the normalized linear image and non-linear image amplitudes. The black curve denotes the linear image, the green one denotes the non-linear image as measured by conventional transparent PO ([image: image] = 1), and the others denote the non-linear image measured by HPO ([image: image] <1).
[image: Figure 3]FIGURE 3 | (A) Normalized transmittance [image: image] as a function of the transmittance of the HPO. (B) The non-linear imaging curve for various transmittance values.
The simulation results show that when the electric field amplitude (transmittance) in the PO region is less than 50% of the original, the sensitivity is increased by 2–4 times. For example, for [image: image] and a HPO with [image: image], the sensitivity 4f imaging system is improved by a factor [image: image] compared to that of a conventional transparent PO.
2.2 The use of the HPO in 4f imaging system with light with a continuous spectrum
In Figures 4A, B, we show theoretical results and simulations for the case of the phase shift [image: image] of the PO set to [image: image]. Numerical results show that a traditional PO cannot be used to measure the non-linear index with a continuous spectrum. In order to make the phase object conform to the high sensitivity measurement at different wavelengths, the optical path difference between the two beams needs to be changed with high precision, and the required accuracy is up to nm. There are piezoelectric ceramic and phase modulator to match that accuracy, but the devices are expensive and the process is complex. Therefore, a more simple and convenient method ensuring high precision is needed. We consider the scheme in Figure 1A, where a rotating object is added below the HPO in order to modulate the phase [image: image] for use with light with a continuous spectrum, and measure the thickness of the HPO. As a function of the angle ([image: image]) of the rotating object we have
[image: image]
[image: Figure 4]FIGURE 4 | (A) Transmittance changes [image: image] as a function of the wavelength [image: image]. (B) The phase shift in the object as a function of the wavelength [image: image].
And the thickness of the HPO can be expressed as:
[image: image]
Where [image: image] is the refractive index of the used slide, [image: image] is the angle of the rotating object and [image: image] is phase aberration accumulated in a cycle. However, the area of the HPO changes with the angle of rotation and this should be considered to assess the sensitivity of this technique. The dependence of the sensitivity on the area has been investigated numerically and results are shown in Figure 5A: the sensitivity of system is higher when the area of a HPO is smaller ([image: image]) and the sensitivity is minimum for [image: image]. In Figure 5B we show how the area influences the light intensity from the HPO. The behaviour is similar to that of FIG, i.e., the light intensity is higher when S is smaller and is minimum when [image: image]. Although the light intensity increases when [image: image], the part of the incident light passing through H2 (diffracted light) decreases. Therefore, the quantity [image: image] increases slowly for [image: image]. We use a HPO [image: image] equal to 0.1 (i.e., [image: image]). Figure 5C shows that the area has little effect on [image: image] when the angle is changed ([image: image]).
[image: Figure 5]FIGURE 5 | (A) Transmittance changes [image: image] as a function of the area ([image: image]). (B) The intensity Imax (given in GW/cm2 inside) of phase object as a function of the area ([image: image]). (C) Dependence of [image: image] on the HPO area when [image: image].
The sensitivity of 4f phase coherent imaging technology is determined by the phase retardation of PO, and the phase retardation of PO, given a certain thickness, is different at different wavelengths. This means that the sensitivity of the system may be optimized only for a specific wavelength given the thickness of PO. In order to ensure the optimal measurement sensitivity of the system at different wavelengths, it is necessary to continuously change the optical path difference of PO. This also means that conventional transparent PO cannot be used to perform measurements with a continuous spectrum. For example, a conventional transparent PO using light at 400 nm cannot be used to perform measurements at 905 nm. The simulation results also show that the sensitivity is higher when S is smaller ([image: image]) (Boudebs and Cherukulappurath, 2004). This is due to the fact that the light intensity depends on the area, whereas the area of HPO has little effect for the [image: image] when [image: image].
3 EXPERIMENTAL RESULTS AND DISCUSSION
In order to order to assess the reliability and precision of our technique we have implemented it to measure the third-order non-linear refraction index of Carbon disulfide (CS2) and absolute ethanol using an absorptive HPO. Among them, CS2 is a standard sample to verify the validity of characterization techniques. The solvent CS2 and the absolute ethanol are loaded into a 2 mm glass sell. The excitation source is a Q-switched and mode-locked Nd: YAG laser which provides 21ps output laser pulses, with a wavelength of 532 nm and a repetition rate of 10-Hz. As a benchmark, the solvent is also measured with a HPO and conventional transparent PO at 905 nm (100 mW) with a continuous laser.
Three kinds of imaging data are needed in experiment. i) No sample: The acquisition is reference light. ii) Linear image: The image acquisition is obtained with low intensity by placing high-density neutral filters before the non-linear samples. iii) Non-linear image: The image is acquired with high intensity by placing the same high-density neutral filters after the non-linear samples. The linear and non-linear images are used to calculate the refraction index n2 using Eqs 1–9. The non-linear signal processing leads to [image: image] using the normalized peak value of [image: image].
The absorptive HPO used in our experiments consists in two transparent glass plates with a liquid film in between. The absorption index can be changed by changing the thickness of the liquid film. The phase [image: image] can be changed by controlling the rotation, and the HPO can be rotated to produce a [image: image] phase at 532 nm. Figures 6A, B show the results of the non-linear refraction of CS2 with a conventional PO and an absorptive HPO at an energy of about 1.2 [image: image]. The transmittance of the HPO is approximately 16%. The solid lines in Figures 6C, D are the fitting curves with [image: image]; [image: image] (Boudebs and Cherukulappurath, 2004; Ganeev et al., 2004). Figures 7A, B show the estimated non-linear refraction of absolute ethanol obtained with a conventional PO and an absorptive HPO at an energy of about 4.5 [image: image]. The solid line in Figure 7D is the fitting curve with [image: image]; [image: image] (Ho and Alfano, 1979; Yi et al., 2020). As it can be seen from Figure 6, the normalized transmittance [image: image] measured using this technique with HPO is about 2.5 times higher than that measured using the traditional technique. It shows that the use of absorptive HPO can improve the measure sensitivity in the 4f imaging system. And the experimental results for [image: image] are consistent with the theoretical one from Eq. 9. Meanwhile, the non-linear refraction signal of absolute ethanol is not observed by using the conventional PO, but can be clearly observed by using absorptive HPO. It is further explained that the proposed method can effectively improve the sensitivity of the 4f imaging system. Therefore, our technique has a better advantage for some optical materials which have weak non-linear optical coefficients.
[image: Figure 6]FIGURE 6 | (A,B) Linear and non-linear images for CS2 as acquired by our experimental 4f imaging system with a conventional transparent PO and absorptive (TPO≈16%) HPOs. (C,D) Profiles of images (A,B) by processing [image: image]; the red solid lines are theoretical values.
[image: Figure 7]FIGURE 7 | (A,B) Linear and non-linear images for ethanol as acquired by our experimental 4f imaging system with a conventional transparent PO and an absorptive (TPO≈16%) HPO. (C,D) Profiles of images (A,B) by processing [image: image]; the red solid lines are theoretical values.
Figure 8 is instead the results obtained with conventional transparent POs (a conventional transparent PO of 400 nm, a conventional transparent PO of 532 nm and a conventional transparent PO of 800 nm) and a transparent HPO to measure the solvent using a 905 nm continuous laser at the power of 1 mW. The results shows that the conventional transparent PO cannot be used with a continuous spectrum. The results also shows that the HPO can be modulated to produce a complete cycle and overcome the disadvantage of the conventional transparent PO. Overall, these results confirm the validity of our approach. Furthermore, from our experimental results, the thickness of the HPO is calculated to be approximately 0.634 μm from the Eq. 11. Therefore, if other experimental factors are not considered, it can theoretically be used in a range of about 304 nm–1752 nm by the Eq. 10.
[image: Figure 8]FIGURE 8 | Experimental 4f imaging with conventional transparent POs (a conventional transparent PO of 400 nm, a conventional transparent PO of 532 nm and a conventional transparent PO of 800 nm) and linear and non-linear images acquired with a transparent HPO.
4 CONCLUSION
In summary, a simple and high-sensitive 4f imaging technique has been suggested and demonstrated to measure the non-linear refractive coefficient. In particular, we have illustrated numerically that the use of the low transmittance HPO lead to a higher sensitivity compared to a conventional transparent PO in a 4f imaging system. The sensitivity improves by a factor of [image: image] when [image: image]. In addition, by modulating the phase using a rotating object placed below HPO we made it possible the use of light with a continuous spectrum. In order to verify our technique, the non-linear coefficient of CS2 (a well-known non-linear material) and that of absolute ethanol have been investigated. The value and sign obtained are agreement with the results obtained by other methods. Furthermore, we have used a HPO in 4f imaging system with continuous spectrum, a technique not available with conventional transparent PO. Our technique retains the advantages of the traditional 4f imaging system (optical alignment is easy, single-shot and no displacement of samples, et.,) and show higher sensitivity in measuring non-linearity. Furthermore, it can be used for non-linearity measurement with 4f imaging systems and continuous spectrum sources.
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