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Abstract

:

The need for remote teaching tools in all education levels has experienced a big increase due to COVID-19 pandemic. Laboratory practical sessions have not been an exception, and many online and offline tools have been made available to respond to the lockdown of teaching facilities. This paper presents a software testbed named OPTILAB for teaching diffraction experiments to engineering students. The software simulates classical diffraction apertures (single slit, double slit, circular slit) under a wide variety of conditions. Explanation about the Physics behind the diffraction phenomenon is also included in OPTILAB to increase the students’ self-learning experience. Originally conceived as a complement to on-site teaching, due to COVID-19 pandemic OPTILAB has been adopted as the basic tool to build a brand-new, virtual laboratory session about diffraction in Physics III course (biomedical engineering) at Carlos III University of Madrid. Results obtained by the students taking this virtual lab during Fall 2020 are presented and discussed.
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1. Introduction


Optics and photonics are key-enabling technologies which are gaining a great attention in the last years. The increasing number of Master studies in optics and photonics proves that light-based technologies are paramount [1]. Not by chance, UNESCO declared 2015 as the International Year of Light and Light-Based Technologies.



The European Higher Education Area promotes the competency-based approach proclaimed by the Bologna principles [2]. 3 out of 10 key competences identified were the following:




	
competences in maths, science and technology;



	
digital competence;



	
learning to learn;








Obviously, competences in maths, science and technology are essential in scientific and technical careers. Digital competence is key to being able to access the job market today (this competence is probably easier to get for young, digital natives). Learning to learn is also paramount, since knowledge must be refreshed frequently due to rapid development in any field nowadays.



On the other hand, the need to develop practical skills is essential in any discipline in general, but even more important in technical and scientific careers. “Learning by doing” is much more efficient than just passive learning [3,4]. To get this practical experience, hands-on experiments in the laboratory are crucial, and many initiatives are being develop to run optics and photonics experiments in all educational levels [5,6].



In this regard, virtual and/or remote experimentation is an invaluable tool [7]. A virtual laboratory offers the user to simulate experiments using software-based mathematical models. Experiments can be run locally or across the Web. A remote laboratory allows the learner to interact with real, hardware instruments located physically at distant facilities. Some platforms include software-based simulation of experiments, as well as remote experimentation using real data acquisition. These Virtual Remote Labs (VRLs) allow the students to compare the experimental results with the “theoretical” ones provided by the simulations. Several VRLs in optics and photonics have been developed in the last years [8,9,10,11].



This paper presents a software tool developed to be used by engineering students as a virtual laboratory in optics and photonics. The tool, named OPTILAB, was originally intended to complement the experiments in the on-site, physical laboratory. The results obtained with previous versions of this tool, in addition to on-site teaching were already presented [4]. Feedback obtained from students and instructors was used to improve the interface and functionality of the tool. Due to COVID-19 pandemic, OPTILAB was used to replace the on-site lab in a case study, as presented below.



The rest of this paper is organized as follows: Section 2 describes in short the optical diffraction concepts useful in this work. The tool interface is described in Section 3. A case study of the use of OPTILAB replacing the on-site lab session due to COVID-19 is described in Section 4. Section 5 discusses the results obtained in the case study, and finally Section 6 concludes this paper.




2. A Short Review of Diffraction


Diffraction is one of the phenomenon that clearly shows the wave behaviour of light [12]. First observed by Francesco Grimaldi in 1665, he noticed that when a travelling beam of light finds an obstacle small enough, the output beam spreads out, producing an interference pattern. Later it was observed that diffraction not only occurs in small slits or holes but also where light waves bend round a corner. This phenomenon is not only limited to light waves; it also happens in other types of waves, including sound, water and radio waves, to name a few. Diffraction can be explained using Huygens’ principle. When a travelling beam of light is partially blocked, the emerging wavelets which belong to the exposed parts superpose, in such a wave that the resulting output waveform has a different shape. This allows bending of light around the edges of the obstacle, and a fringe pattern can be seen on a screen placed afterwards.



Two types of diffraction regimes can be distinguished:




	
Fraunhofer diffraction (on behalf of Joseph von Fraunhofer), or far-field diffraction, is a form of wave diffraction that occurs when the projection screen is placed at a long distance from the obstacle. The shape of the diffraction pattern observed remains the same, only the size changes depending on the distance between the aperture and the projection screen.



	
Fresnel diffraction, or near-field diffraction, is a type of diffraction that occurs when a wave passes through an aperture and diffracts in the near field, causing the diffraction pattern observed to differ in size and shape, depending on the distance between the aperture and the projection screen.








Figure 1 shows the experimental setup of a real, on-site diffraction experiment. The corresponding layout is depicted in Figure 2. A laser beam leaving the light-source plane finds the aperture placed in the object plane. The light rays passing through the aperture interfere with each other, producing bright and dark fringes on a screen placed in the image plane.



If the image and object planes are quite apart from each other (i.e., L is large), the pattern observed is ruled by Fraunhofer (far-field) diffraction. On the contrary, if L is not that large, the phenomenon belongs to Fresnel (near-field) diffraction regime. As a rule of thumb, an aperture of maximum width d will produce Fraunhofer diffraction if:


  R >  d 2  / λ  



(1)




being   R = min { L , D }   in Figure 2, and  λ  the wavelength of the light beam. In the limit when  λ  approaches to 0, the diffraction effect vanishes, and the image projected on the screen takes the form of the aperture, as predicted by geometric optics.



All the experiments simulated in OPTILAB belong to Fraunhofer, far-field diffraction regime. From Figure 2, the angle  θ  can be calculated as:


  tan  ( θ )  =  x L   



(2)







When  θ  is very small (less than a few degrees), we can use the small-angle approximation:


  sin ( θ ) ≈ tan ( θ ) ≈ θ  



(3)







Using the diffraction theory, one can predict the intensity profile and location of maxima (bright finges) and minima (dark fringes). Table 1 summarizes those results for some classical apertures (e.g., single slit, double slit, circular aperture) [12].




3. Description of the Tool


Former version of OPTILAB was developed in MATLAB [13], to get advantage of the computing power provided by this environment. With the development of external math libraries in JAVA, we decided to move to this new platform. Main reason was that the executable files are ligther in size (less than 1 Mbyte each), and therefore, easier to download than the executables files produced by MATLAB runtime environment. On the other hand, MATLAB is a proprietary solution, while JAVA is a free, multiplatform solution (the same .JAR files can be executed on different operating systems).



As part of the learning process, OPTILAB provides a short, theoretical background of the phenomenon to be studied, as depicted in Figure 3a. With this on-line help, the student can refresh the physics concepts behind each experiment while doing the simulations. The software also includes instructions on how to run each simulation module, as shown in Figure 3b.



OPTILAB is made up of two executable (.JAR) files developed in JAVA (Standard Edition 8), one simulating single and double-slit diffraction experiments, and another one simulating diffractive grids and circular-apertures. Figure 4a shows the simulation interface for calculating the diffraction pattern from vertical slits. The user can select the number of slits (single or double), the distance between slits (for double-slit), the slit width, the laser wavelength, and the distance from the slit to the output plane. Similar parameters are available for the rest of diffracting objects available. An schematic layout of the experiment is show in the upper-right corner of the interface. The simulated ray lights change in color according to the laser wavelength selected by the user. The diffraction pattern projected on the output plane is shown in the bottom-right frame of the simulation interface. A cross-section intensity profile of such diffraction pattern is also calculated, right on top of the corresponding diffraction pattern. The software allows the diffraction pattern to be sent to a printer, or stored as an image file on the PC for further processing. The simulation results can be also exported to a .TXT file for later comparison with the results obtained in a physical, on-site experiment. Figure 4b describes the corresponding interface for diffraction experiments with circular-apertures. In this case, the diffraction pattern is the well-known Airy disk.




4. Virtual Lab Sessions Using OPTILAB


Due to COVID-19, academic managers of Polytechnic School at Carlos III University of Madrid (UC3M) decided to run 2 out of 4 lab sessions remotely on all engineering degrees during Fall 2020 and Spring 2021 terms, to reduce the number of simultaneous students in the lab facilities. OPTILAB was chosen by the Department of Physics at UC3M as the tool to build a virtual lab session replacing the on-site, interference and diffraction lab session in Physics III course (biomedical engineering).



A 13-pages virtual-lab guide was developed to help the students to download, install and run the software. The virtual-lab guide also provides step-by-step instructions to perform the diffraction simulations and analysis which must be included by the students in their lab reports. Figure 5 shows an excerpt of the simulation and reporting instructions included in the virtual-lab guide.




5. Results and Discussion


76 students registered for Physics III Course (biomedical engineering) during Fall 2020. They took the following lab sessions:




	
Session #1: Transformer (on-site)



	
Session #2 Magnetic Forces (on-site)



	
Session #3: Capacitors (virtual)



	
Session #4: Interference and Diffraction (virtual)








For Lab Session #3, an EXCEL tool was developed by other colleagues at the Department of Physics to simulate the behaviour of a parallel-plate capacitor under different conditions. Lab Session #4 was based in OPTILAB, as already explained.



Due to COVID, this was the first time students had to take lab sessions and deliver their lab reports individually (they usually did it in pairs). The 76 students were divided in 4 lab sections, with 2 different lab instructors; each lab instructor supervised and graded all the lab reports of 2 lab sections.



Table 2 summarizes the results obtained. The lab reports based on virtual lab sessions (#3) and (#4) obtained slightly higher scores than the on-site ones. Furthermore, the results obtained in Lab Report #4 (using OPTILAB) were the highest among all lab reports for both male (9.01 ± 0.87) and female (9.33 ± 0.43). Second-best result corresponds to Lab Report #3 (male: 8.64 ± 0.89; female: 9.19 ± 0.61), which was also a virtual lab session based on EXCEL simulations. According to these results, virtual lab sessions seem to be easier than on-site lab experiments. Some of the reasons for that can be already anticipated: students can perform the experiments at their own pace with no time pressure; there are no errors or risks associated with handling experimental equipment, etc. In any case, OPTILAB seems to be a good alternative to the physical lab session in exceptional situations like the current one imposed by COVID-19.




6. Conclusions


A software-based tool to study optical diffraction has been presented in this work. The tool, named OPTILAB, has been used during Fall 2020 semester in Physics III course (biomedical engineers) at UC3M, as a replacement to the on-site lab session. According to the results already presented, OPTILAB has proved to be a very useful tool in situations like the current COVID-19 pandemic, where partial/total lockdown prevented the access to physical lab facilities. Nevertheless, further analysis will be perform in future editions of the Physics III course mentioned above, to confirm whether there is a correlation in the grade results between on-site lab sessions and virtual lab sessions.
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Figure 1. Optical setup of an on-site single-slit diffraction experiment. 
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Figure 2. Experimental scheme for observing diffraction phenomena. 
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Figure 3. (a) Theoretical background about diffraction phenomenon (b) Instructions to run the software. 
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Figure 4. Simulation interface for diffraction experiments using different apertures and lasers (a) single slit, blue laser (b) double slit, red laser (c) circular aperture, red laser (d) diffraction grating, green laser. 
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Figure 5. Excerpt of the virtual-lab guide developed for Physics III (biomedical engineering) to perform simulation experiments using OPTILAB. 
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Table 1. Summary of diffraction patterns produced by some classical apertures.
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	Image-Plane Parameter
	Single-Slit
	Double-Slit
	Circular Aperture





	Separation between maxima     ( 1 )   
	      x m  L  =  m ±  1 2    λ d     
	      x m  L  = m  λ s     
	    d sin  θ n  = n λ    



	Central-line intensity profile     ( 2 )   
	      I ( θ )   I 0   =     sin ( β )  β   2     
	      I ( θ )   I 0   = 4  cos 2  α     sin ( β )  β   2     
	      I ( θ )   I 0   =     2  J 1   ( β )   β   2     







(1)  d  : slit width (single-slit and double-slit); d: diameter (circular aperture);   s  : slit separation (double-slit);    m = 0 , ± 1 , ± 2 , ± 3 …   ; n = 1.22, 2.23, 3.24, 4.24 …. (2)   I 0   : maximum intensity of the central spot;    β =   π d sin ( θ )  λ     (single-slit, circular aperture);    β =   2 π d sin ( θ )  λ     (double-slit);    α =   π s sin ( θ )  λ     ;    J 1   ( β )   : Bessel function of the first kind of order 1 (tabulated).
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Table 2. Lab marks obtained by Physics-III students (biomedical engineering) at UC3M during Fall 2020.
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Average Marks Obtained in Lab Reports (LR)      ( 1 )    






	
LR #1

	
LR #2

	
LR #3

	
LR #4




	
9 ± 1

	
9 ± 1

	
9.0 ± 0.7

	
9.2 ± 0.6








(1) Mean ± standard deviation. Marks run from 0 to 10 points. LR #1 (Transformer) and LR #2 (Magnetic Forces): on-site labs. LR #3 (Capacitors) and LR #4 (Interference and Diffraction): virtual labs.
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6. Simulation and Report Instructions |

The report should contain the results of the following three different experiments:

e 6.1 Simulations using a single slit
e 6.2 Simulations using a double slit
e 6.3 Simulations using a circular aperture

The report has to be uploaded in any reasonable format (PDF, DOCX, etc.) to PHYSICS-IIl Aula Global
webpage. Be sure that the file you submit have exactly the following name:

SurnameName.docx (or .doc or .pdf)
Example: Doelane.docx submitted by Jane Doe

6.1 Simulations using a single slit

e You must produce three different simulations using a single slit, varying the values of the following
parameters (make sure that the S/it Amount option is set to Single):

o Slit Width
o Distance to Screen

¢ For each simulation: Insert an image of the diffraction pattern (previously stored as .PNG file), and
include the corresponding values for the different parameters, as in Figure 12:

Simulation #1:
Wavelength: 632.8 nm
Number of Slits: 1

Slit Width: 1.0 mm

Distance to Screen: 1000.0 mm

Figure 12. Example of single-slit diffraction simulation included in the student’s report

Compare the results in two different simulations: in the first one you will be using a single slit (slit

width = D); in the second one, a circular hole with the same aperture diameter D. In both cases,

you will be using the same optical arrangement (i.e. same distance to screen L, same wavelength

A).

e For the circular aperture: record the radius of the Airy disk for a circular aperture of diameter D
provided by the simulation software

e For the single-slit: calculate the distance between two consecutive minima using Equation [3]

e Calculate the percentage difference between both results, using Equation [12]

e Perform the same comparison 3 times, changing the values of A, L and D. Write down your
results on Table 7.

Circular-aperture and single-slit diffraction simulation comparison

Parameter Wavelength Distance §I|t Aperture Distance .betw%ee.n 2 R:?dlus. of % Difference
toscreen  Width  Diameter consecutive minima Airy disk
Equation (values entered by the user) [3] Simulation [12]
Symbol A (nm) L{mm) D {mm) D {mm) Xma1 — Xm{mm) R (mm) % diff

Simulation #1
Simulation #2

Simulation #3

Table 7. Comparison between circular-hole and single-slit diffraction simulations

Discuss the results obtained in Table 7.
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Single and Double Slit Diffraction Instructions

On launching the program, you will be presented with a blank screen with controls so that you may define your
own parameters before the program displays any images.

To change the image, adjust the value of any of the parameters (wavelength, slit amount, slit separation, slit
width, or distance to screen). The screen will automatically update with the graph of the diffraction pattern, the
intensity map, the aperture, and a visualization of the experiment.

You may change the values of any of the parameters using the sliders (or radio buttons to control number of
slits), or you may also use the text box to manually enter a value. The allowed range of values for that
parameter is displayed in the text box. If you enter a number that is smaller than the allowed range, or if you
enter a character that is not a number, the box will default to the smallest allowed number and set the slider to
the appropriate value. If you enter a number that is larger than the allowed range, the box will default to the
largest allowed number and set the slider to the appropriate value.

MNote that once you enter a value in the text box, you must click the 'Enter’ button to produce a result. When
choosing a double slit experiment, the visualization will update immediately, but to see a visible change in the
graph, intensity map, and aperture, you must change the amount of separation to a number greater than 0.

You may also export or print the diffraction pattern, intensity map, and aperture. To do this, right click on your
selected graph, and select either "Save' or 'Print’. A dialog box will then appear, prompting you for a save
location or with printing options. You may also export in the program using the 'Export’ button, which will then
prompt you for a save location.
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