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Introduction Experimental Equipment Results
In recent years, integrated photonics through the study of nonlinear optics has proven itself as a promising platform for

development of complex engineering tasks demanded by the high growth of industry interest on revolutionary technologies (e.g.,

quantum communications, neurophotonics, ultra-fast devices). Nonlinear optics is commonly approached at postgraduate level,

and not at the undergraduate level. The importance of undergraduate research provides the opportunity for students to understand

the research process at an early stage of their career, how scientist work on problems, develop skills as laboratory techniques and

results interpretation, among other important skills required in both academia and industry. With the aim of contributing to the

construction of a responsive curriculum for a qualified workforce, we propose a laboratory practice based on the implementation of

the Z-Scan technique, which may be used as reference for the development of updated hands-on courses on advanced photonics.
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Material Silicon
𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 24.6 ⨯ 10−12 m/W
𝑛𝑛2 5.69 ⨯ 10−18 m2/W
𝑤𝑤0 19.3 μm

Table 2. Experimental Results.

High-Power laser: The laser can be continuous-wave (CW) or pulsed, the requirement is that the power

is high enough to excite the nonlinearities of the sample.

Optical Elements: Depending on the laser, the detectors and the experimental protocol some filters should be

used for controlled optical attenuation. In our implementation we used: a plano-convex spherical lens, several mirrors for facilitating

optical alignment, and a rotating half-wave plate with a polarizing beam splitter to control light polarization state and incident power

level.

Prepared Mounted Sample: If solid crystals or glasses are characterized, their mounting is usually simple, and the

sample preparation depends on the material synthesis method. The characterization of solids is usually made by direct exposition of

the sample to the laser radiation. If liquids or gases are characterized, specialized cuvettes or chambers would be required.

Optical Power-Meter: When implementing the Z-Scan technique, two kinds of measurement are needed: closed-aperture

and open-aperture.

Electronics: The data collected by the power-meter(s) must be processed to infer the nonlinear properties of the material

under study. Thus, it must be transferred from the power meter(s) to a computerized system. Some power-meters have integrated

software that will perform the direct conversion from electrical to optical variables.
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Figure 3: Schematic diagram of the optical system used for the Z-scan technique.

(a)                                                                 (b)                              (c)

Figure 1: Photonic Integrated Circuit from AIM Photonics (a), undergraduate student conducting nonlinear optical 

experiment (b) and Quantum Entanglement alignment with qutools educational experiment in undergraduate course (c).

Figure 5: Femto-Second, pulsed laser from Menlo Labs.

(a)                                            (b)                                         (c) (d)

Figure 6: Optical Lens (a), Optical Mirror (b), Adjustable Iris (c) and  Rotating Half-Wave Plate (d).

Figure 7: Mounted solid (silicon wafer) sample.

(a) (b)

Figure 8: Thorlabs Photodetector with USB connector (a), Photodetector connected to Thorlabs Optical

Power Monitor Software (b).

(a)                                                                                 (b)

Figure 9: Open-aperture data, obtained from multiple Z-scans with different incident power levels (a) and closed-aperture data,

obtained from multiple Z-scans with different incident power levels (b).

(a)                                                                                             (b)

Figure 10: Normalized experimental closed-aperture curves, obtained as the quotient between the scaled closed-aperture and open-

aperture curves (a) and superimposed scatter plot of the experimental (green dots) and simulated (gray dots) peak-valley 

transmission difference obtained from Z-scans with different incident power levels (b).

An open-source software has been developed for extracting the nonlinear properties, and some setup parameters, from

experimental data (like the measurements illustrated in Fig. 9). It can be accessed from an online repository [23] (see QR code). The

instructions to launch the program are also available in the repository. The data processing can be performed directly applying the

theoretical framework derived by the team, which allows to analyze the input/output power relation and carry out a curve fitting.

Curves in Fig. 10(a) have been arranged from the lower positions to the higher ones in order of increasing incident power, so it is

possible to notice that as incident power increases, the peak-valley transmission difference increases as well. As the peak-valley

transmission difference varies along with the incident power level, it may be understood as a function of input power. The derivative

of this function is an indicator of how strong the nonlinear refractive response of the material is. This makes the derivative the

quantity to extract from the experimental closed-aperture data. In the software, this is made by applying a linear regression on the

set of experimental values.

Through this work, we offer an educational package tailor-made for undergraduate research in the field of nonlinear optics with the 

Z-Scan technique. We have demonstrated how to conduct this experiment, providing ample information regarding the experimental 

equipment necessary to carry out Z-Scan experiments in an undergraduate research setting. Through the appendices and online 

repository provided in the references (see Ref. 23, and QR codes), instructors and students should be able to take the results from 

their Z-Scan experiments and extract the data in order to determine the 𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇 and 𝑛𝑛2 nonlinear constants present in tested samples 

(see table 2). Through the processes outlined in our work, we also show that the photonics laboratory at Bridgewater State 

University offers our services to potential academic and industry partners for the sampling of materials of interest in their research 

through our Z-Scan experimental setup.

The Z-scan experimental contains two processes. With an open aperture, the sample is moved along the propagation axis, passing

through the focal plane. The scan is performed under the same conditions, but keeping the aperture closed.

(a)                                                                                           (b)     

Figure 4: Theoretical open-aperture Z-Scan results (a) and theoretical closed-aperture Z-Scan results (b).      
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(a)                                                                                           (b)

Figure 2: Z-Scan Experimental Setup (a) and Z-Scan Experimental Setup Diagram (b).

Table 1. Experimental Setup Diagram Legend.

1 Menlo Systems Amplifier 
ELMA

2 Menlo Systems FS Laser 
ELMO

3 Rotating Half-Wave Plate 4 Polarizing Beam Splitter

5,6 Post-Mounted Optical 
Mirror

7 Post-Mounted Optical Lens 8 Thorlabs 1D Translation 
Stage

9 Post-Mounted Sample

10 Post-Mounted Adjustable 
Iris

11 Post-Mounted Optical 
Lens

12 Post-Mounted Beam 
Blockers

13 Thorlabs Power Meter
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