Fun with Optics  
Grzegorz Karwasz, Krzysztof Służewski
Zakład Dydaktyki Fizyki, Wydział Fizyki, Astronomii i Informatyki Stosowanej, 

Uniwersytet Mikołaja Kopernika, 87100 Toruń

Abstract
We describe how optics can become an interdisciplinary example of teaching Science. We span from traditional, i.e. geometrical optics as codified by Newton and finish on most recent discoveries how butterflies see colours. 

1. Searching for Fun with Physics

Learning physics, in any place, seems a difficult, and therefore a boring task: “Physics is not my favourite subjects” – you can hear from a driver in any taxi, from Seoul to Sao Paolo. Physics, was still a narrative science”, not much different from philosophy in times of  Aristotle  - his Zoology was much more detailed than Physics, which dealt mainly with defining the motion. For Galileo it starting becoming mathematical, but even Galileo did not use any symbol notions and used Plato-like dialogues.
 But Copernicus’ De Revolutionibus was already a very “heavy” treaty, filled of tables and mathematical considerations (and therefore, probably little read through centuries). Full of mathematics is just Netwon’s Principiae Matematicae: moreover, physics became the reason for inventing new disciplines of mathematics, like differential calculus. But without this mathematics (and modern computers) it would not be possible to shut “New Horizon” spacecraft to a distance of 5 billion kilometers towards Pluto with a precision of 5 thousand kilometers. 

The same mathematics that become an extraordinary source of scientific successes, is the reason that physics is highly unwilled in schools. This idea is fully motivated: physics deals with phenomena of all-day life – the intrinsic understanding of the laws of motion allows to 1-years infant to walk on two legs. We never would expect a ball thrown horizontally (unless it is a boomerang) to come suddenly back. So, in the first instance, physics is a qualitative science and only later, mathematical one (Karwasz, 2003). 

Phenomenological descriptions of physics date from at least a century (Perel’man, 1913) and were written in all different languages and by highest ranks physicists, see for ex. (Landau 1965, Frova, 2001, Ernst, 2001). The social role of these volumes is high as they trigger interest in physics, even if do not constitute a real-type textbooks. Another type of approach,        

The second strategy to publicize physics are interactive exhibition. In Poland they were introduced by one of us, working at that time at Trento University, Italy and Pedagogical Academy, Słupsk (Karwasz, 1999). Portable exhibition, of some 40-50 objects were shown in 1998 at II Science Festival in Warsaw and in Słupsk, with 14,000 visitors, next year at National Congress of Polish Physical Society in Białystok. In some 10 years interactive centers, mainly for physics, exploded all over Poland, with 1 million visitors in one year only at “Kopernik” center in Warsaw, see (Karwasz, 2011).   
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Fig. 1. a) Interactive exhibition “Fiat Lux” organized by authors at Regional Museum in Toruń (2008); b) “Schrödinger’s cat” – burn inside a glass cube shows both the left and the right profile; c) two semi-cubes filled with liquids and with a gap in-between them: a crocodile picture is inserted in the gap; depending on the angle of observation the crocodile is visible or not (due to the total internal reflection between the liquid and the air in the gap) – the object noticed by Maria Karwasz in RTV shop.      
Apart from this extraordinary success, the cognitive risk of “Physics and Toys” is the most common commentary by (semi) professional science divulgators: “I have it also!” roor “I have already seen it!”. Such comments prove that the interest is still concentrated on the object and not on the phenomena itself, or more precisely – on physics. 


In this work we show a methodological extension of interactive physics: visiting an exhibition or participating in an interactive lecture is only a departure point for own, independent search for phenomena around us. This approach was already developed in a thematic exhibition on optics “Fiat Lux! or playing with light” organized in collaboration with the Regional Museum in Toruń in the medioeval cellar of Toruń Town Hall in 2007 and then travelling to other 20 musea all over Poland for several years. Optics is a powerful tool to trigger interest in the external work: we use our vision continuously but between the light, the object seen and our impression there is also our eye and our brain. So optics is not only physics but also psychology and arts.     


The main scope of the present report is not to numerate optical phenomena but to go beyond “organized” exhibitions and ready books: the aim of this paper is to induce the reader (or rather spectator) to search in any time and any place of optical impressions. For didactical simplicity we follow three branches of optics: geometrical optics, wave optics (interference, diffraction), and chromatography, which for us is the science of colours.   

2. Geometrical optics
    Modern geometrical physics starts from Vitelo (1237-1300?),  Turingen - Polish medieval priest and scientist, who studied the laws of reflection. Among the objects drawn in Vitelo’s Perspectiva we find a periscope, i.e. two flat mirrors positioned at 45º.  
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Two flat mirrors can placed also in other ways: one behind another, like in fig. 2c, giving an infinite number of successive reflections. Note that in fig. 2c the front mirror is semitransparent and the reflected object is placed behind it (i.e. between the two mirrors). If mirrors are three,   
Vitelo studied also curved mirrors – spherical and cylindrical  
Fig. 2. Concave and convex mirrors. a) Korean spoons – for soup (only pieces of meat can be extracted with sticks), and for tea – the image is smaller if the curvature radius of the mirror is smaller. b) concave mirrors produce inverted images if an object is distant. c) the same spoon can be used to look into a proper eye – the image is non-inverted and enlarged.  
3. Physics, chemistry, biology of colours
Not many ways of getting colours come from physics. The first one – colours in the rainbow was explained by Descartes, but the rainbow is quite complicated, as we will describe it later. Similar to the rainbow are colours from a triangle of glass (or any angles piece of glass, an angle of aquarium or a piece of snow): they are formed by refraction, i.e. different angles at which different light wavelength travel between air and glass or water. 
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Koło kolorów. Po lewej rysunek "Optyki" Izaaka Newtona wydanej w 1704 r. Po lewej współczesne koło Newtona.
Poniżej przedstawiono które długości fal absorbują kolorowe filtry.
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Red: ~ 600-700 nm.  

Filtr absorbuje światło o długości fali do 600 nm
Green: 495-570 nm 
Filtr absorbuje światło o długości fali do 495 nm i od 570 nm
Magenta: 380 – 500 + > 600 nm
Filtr absorbuje światło o długości fali od 500 nm do około 600 nm

teachersource.com (USA)

4. Virtual vs. real

Finally, a methodological note. With all computer graphics programmes – can playing with light be substituted by mixing colours on artificial pallets? Computer applets 
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Fig. 4. Computer simulations in optics (PheT, University of Colorado). a) The geometrical optics is pretty instructive – object can be moved, the refraction index and the curvature of the lens changed. b) The simulation of optics hardly can supersede a real experiment – on the picture the red light (uppermost) and the green (in the middle) gives the yellow color. 

https://phet.colorado.edu/sims/geometric-optics/geometric-optics_en.html
https://phet.colorado.edu/sims/html/color-vision/latest/color-vision_en.html   (accessed 10/08/2016)

This is also because students prefer real experiments than their simulations. This is not only in physics but to a bigger extent also in chemistry. As showed by Cegła and Nodzyńska (2014) an overhelming majority (26 vs. 1) students retain that virtual experiments can not replace real ones.    
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� Describing, in Dialogue on Maximum Sistema  the accelerated motion he uses a long phrase, within which the dependence of successive distants in successive periods of time (1:3:5, etc.) compare.  
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