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Abstract
Teaching physics, in global criticism, is too mathematical. Geometrical optics, as codified my Newton, lost a lot of its fun. We show, how to look constantly at the external world, to see it reshaped by mirrors and lenses. The span on optics starts from Polish-German medieval priest, Witelo and his Perspective, to finish with most recent discoveries on galaxies and color vision by butterflies. In this way optics can become an interdisciplinary example of teaching Science. 
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. 
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 in Italy and Pedagogical Academy in Słupsk (Karwasz, 2000). Portable exhibition, of some 40-50 objects were shown in 1998 at II Science Festival in Warsaw and in Słupsk in the Municipal Hall, with 14,000 visitors; next year at National Congress of Polish Physical Society in Białystok, then at the Congress in Gdańsk (2003) and Warsaw (2005). 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, 2012).   
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Fig. 1. a) Interactive exhibition “Fiat Lux” organized by authors at Regional Museum in Toruń (2008); b) “Schrödinger’s cat” – burned inside a glass cube shows both the left and 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. Fun with flat mirrors
    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, one of the most simple optical devices. It consists of two flat mirrors positioned at 45º, see fig. 2a.  The resulting image is virtual, straight and of the same size as the object. If mirrors are positioned at +45º and -45º, see fig. 2b, the image is inverted. If you want to observe the whole horizon you must to turn your head with the periscope. 
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Fig.2 Fun with periscope: a) a scheme of a correct construction and b) its application – how to see the world like an adult (“Fiat Lux” exhibition in Toruń, 2007). c) A scheme of a “wrongly” mounted periscope and d) the upside-down images in it.  
Two flat mirrors can placed also in other ways: one behind another, like in fig. 2c, giving an infinite number of successive reflections. This is what happens staying between two mirror in a hair-dresser workshop. In fig. 3a we show a parallel positioning of two mirrors in which the front mirror is semitransparent and the reflected object is placed behind it (i.e. between the two mirrors). An infinite number of successive reflections – every next smaller – is seen. But if the photographer is illuminated, he is also reflected from the front glass, see fig. 3b. This induces us to the question of reflections – is a window glass transparent or is it a mirror? An answer is given in fig. 3c – where a stack (about fifty) of transparent plastic foils is positioned. If they are few (a douzen) they are transparent – a piece of paper below them is quite well visible even if a reflection of the objects above the stack (including the photographer) is also present. To conclude the question of semitransparent and non transparent mirrors in fig. 3d we show an object that we see every day – an interior car mirror. At darkness, in order to get blind from lamps of a car we “switch” it off. In practice, we change the angle of the mirror in a way, that it reflects the light from behind above our eyes. Why, therefore, we see anyway the lights of the car behind? The light reflects from the glass
 that is placed in front of the mirror, fig. 3d. Check it before you start driving!
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Fig. 3. Parallel mirrors and the question of reflection from glass surfaces: a) an infinite number of reflections of a chain of lamps positioned between a mirror behind and a glass window in front. b) The same object but the photo taken not in darkness – a reflection of author (GK) is seen. c) a pile of transparences: a piece of paper with printed text is positioned under 20 of them – the text is still visible; another piece of paper positioned under 50 transparences (lower half of the photo) is barely visible, instead – the reflection of the photographer can be seen. d) internal car mirror – two reflections of author are seen: from the mirror behind and the protecting glass in front.    
A number of other playing can be done with flat mirrors, the most funny is so-called kaleidoscope, i.e. “nice vision” in Greek. It consists of three mirror, forming angles of 60º, fig. 4a. Other configurations, see fig. 4b are also possible. In front of the mirrors small objects – pieces of colorful glass, beads, feathers are placed. Their casual position is reflected in three mirrors giving a symmetric, “nice” picture, see fig. 4c. A variation of the kaleidoscope includes a big glass sphere in front of the tube with mirrors. Images of objects in front of the sphere are formed immediately after it, inside the tube. Such a kaleidoscope can be used to multiply the external world.     
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Fig. 4. a, b) Two types of kaleidoscopes and images formed in them: b) a flower from outside, c) small pieces of colorful glass. (Photo GK) 

Other kaleidoscope-like configurations of mirrors are shown in fig. 5. In fig. 5a  there are three mirrors in a “classical” configuration of 60º but the spectator is inside. An infinite number of successive reflections of the author (KS) crowd the image. Exactly 6 images are obtained when two mirrors (from a bathroom) are positioned exactly at 60º. But taking two flat mirrors from bathroom (for make-up) one can experiment all different angles, as shown in fig. 5b. Check, which of the images are non-inverted and which are left-right flipped.  
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Fig. 5. Fun with flat mirrors, continued: a) inside a giant kaleidoscope made of three mirrors positioned at 60º; b) similar to the previous - photo taken from outside and the angle slightly smaller than 60º (Open Days at University Udine, 2008). c) scheme of successive reflections. 
Similar to the previous configuration is the hair-dresser room (author M. Brozis [1]), with three mirrors in 3D configuration at 90º angles, fig. 6. Depending on the angle of observation, several reflections can be seen.  In photo 6b we show not only the two primary reflections (left-right inverted), but also reflection of reflections (twice inverted, i.e. non-inverted) – the first from right. 
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Fig. 6. “Hair-dresser room” [1], i.e. three flat mirrors under 90º - a) reflections from three mirrors (the picture taken along the symmetry axis) ; b) in pictures from left to right we see the reflection of the battery in the left mirror (inverted left-right), the battery itself, the reflection of the battery in the right mirror (inverted) and reflection of the reflection (non inverted). c) a picture of the author – the image is upside-down. Photo GK, TW.
Even a single mirror can produce quite a fun. In photo 7a, Waldek seems to levitate. In practice he stands on his left leg, hidden behind a big mirror.  In a “Soviet bank” (insert a coin and you will never get it back!), fig. 7b, a flat mirror is placed in a small box under 45º and half of a star is glued to it in the center. The other half, seen by the observer is just the image in the mirror. The bottom of the box is lined with a design not allowing to evaluate the perspective; the distance between the image and the observer eye is constant for every point of the mirror, see fig. 7.  In this way the observer is convinced to see he whole box, but the “bank” is hidden behind the mirror and inserted coins disappear.         
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Fig. 7. Fun with single flat mirrors. a) Waldek, apparently hanging in air, is standing on his left leg behind a big flat mirror, and his right leg is in front of the mirror. b), c) “Soviet bank” – a mirror placed at 45º: the observer is convinced to see the whole box but coins are dropped behind the mirror – one can hear them but not see. d) Independently from its position, any object from the bottom gives an image at the back of the box, e), f), g) Another moneybox, shortens coins. Photo KS, TW.  
3. Fun with spherical mirrors
Witelo’s treaty on optics De perspective was used as an university textbook till times of Newton – still Kepler wrote a comment on it. His imaginary portrait (painted by Giangacomo del Forno in 1942) is shown as one of 40 most prominent scientists at the Rectorate aula Padova University, fig. 8a. Witelo was first to study experimentally reflections, not only from flat mirrors, but also spherical and cylindrical, both convex and concave. His experimental set-ups (reconstructed on the project by A. Bielski at UMK) are shown in fig. 8b an 8c. 
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Fig. 8. Witelo and his experimental set-up. 8a Imaginary portrait by Giangiacomo del Forno (1942) in Sala dei Quaranta, Palazzo Bo’, Univeristy of Padova (shown here su concessione dell’Università degli Studi di Padova). b) set up (diameter 60 cm) to study the angle of reflection with 1º precision (reconstruction by A. Bielski, UMK). c) set up to study angles of reflection from cylindrical and spherical mirrors (diameter 30 cm). 
Today, cylindrical mirrors are rarely used but spherical ones, in particular convex are on every second crossing of narrow streets in old Italian cities (and not only Italian, see fig. 9a). They allow to observe wider angles than flat mirrors; the image in convex mirrors is reduced and but straight (non inverted). It would be a disaster to see in a mirror a car coming upside-down! Also external mirror in cars are frequently convex. In Australia a warning is written on these mirrors: an image is reduced, so a car approaching from behind seems more distant than it is in reality, see fig. 9b. 
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Fig. 9. a) A concave mirror (window shop in Nancy) gives an inverted image of buildings behind the observer. b) An external mirror in Australian car is convex: a warning (barely visible) says: “Objects in mirror are closer than they appear”. c) semispherical convex mirror in a shop with newspapers facilitates the surveillance. Photo Maria Karwasz.
Convex spherical mirrors can be found in many other places: in shops - to see clients in every angle, in cities – to reflects the architecture etc. In Chicago a big sphere is a part of the urban landscape itself, fig. 10a. Taking a photo of the city reflected in such a sphere is not an easy task – if you stay too close, the photographer is so big that it obscures the rest of the landscape. Clearly, the size of the image depends on the distance of the object that is taken, fig. 10b. Moreover, the reduction in size depends also on the radius of the ball. It is particularly visible on the Christmas tree, fig. 10c.  
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Fig. 10. Fun with spherical mirrors. a) A giant ellipsoidal ball, with pigeons on the top, as a part of the urban landscape, Golden Mile in Chicago (2009): nothing is inverted in convex mirrors, independently of the distance. b) London (going down to Millennium Bridge)  reflected in a street sphere (2014):  convex mirrors give reduced images – more distant is the object, more reduced is the image, the effect is greater than in flat mirrors. c) Skating at Stanislas Square in Nancy reflected in  Christmas ball (2010): images in small mirrors are more reduced than in big ones. Photos Maria Karwasz.
However, to get convex and concave mirrors there is no need to go to France or Australia – just ask a spoon in a good restaurant, where spoons are not washed in automatic machines and they shine. A convex surface gives always a straight image, while the concave – straight only if you put your nose close to it (automatic camera hardly makes a photo for such a short distance), fig. 10a and b. Moreover, in Korean restaurant (they always use spoons apart from sticks) you can check another law: smaller spoon, at the same distance from the object gives a smaller image. This logic! but not so easy to calculate.    

[image: image38.jpg]


 [image: image39.jpg]


 [image: image40.jpg]peoaes S e s

N v

R R R b 4O

¥ iy~
...Il. 3 A By g S
v -
- N
- .lca\ -y . <ﬂ./t..
o BN NN 5N
¥ . »
R A AL e e
Y ¥ N
~ R
PSS A s
P e
3 W rr{
el .~
fl.! {)'

O

-
%

Y .w." 1\.'.7((0; }W‘\"‘J

ot 6 A oy o L%

.,tnl.a,. P>

e Pa ey w RSESEER S
- PP M e Y u\.in."tlln,‘ N :
" » .X“m.t.d,vr ..4.4.1 44. o ..1,/ . J..Jsx

. -

™ '(l

‘l:f (4..#‘», B

ok e S

. ,.;f.,.vlr.:
r S SN N o

,J.]\

—") s Aot

e

SO0 lll//aar(: .’.
)ﬂlr.l.,.. o W e
Y I’e

bl A " 2 o N AN R S

MCOENT TR T s Py
N Lt D a o o g S
o Lol I S .
. g e 5
\ .
E ~
> )
\ )
-




Fig. 11. Spoons as mirrors: a) a convex surface gives non-inverted image, b) concave – an inverted image (hand of Ula Kordowska, a constant distant from the spoon was kept). c) In Korea two types of spoons are used at table: the smaller gives a smaller image (concave surface, image of the rose on the table that was above the spoon). 
As far as convex mirrors give always reduced (and upright) images, independently from the distance of the objects, concave mirrors, like that used for make-up, can give images: 

1) upright and enlarged (when the object is close to the mirror)

2) inverted and enlarged (when the object is “somewhat” further)

3) inverted and reduced (for large distances). 

We illustrate it in fig. 12. A single mathematical model describes all these three cases (and the convex mirror also. 
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Fig. 12. Image formed in the concave mirror
Cylindrical mirror act in the same way as spherical: convex make straight (and reduced) images and concave – depending on a distance. For short distances (as compared to the radius of curvature) the image in a concave cylindrical mirror is of the same type as in a spherical mirror when the object is close, i.e. non-inverted and enlarged. Obviously, cylindrical mirror “deform” objects only in the direction in which the mirror is curved. 
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Fig. 13. Cylindrical mirrors. a) This mirror (“Questacom” Science Center in Canberra, 2006) seems to enlarge in the horizontal direction, so it could be concave with the vertical axis; but, as seen from its borders, it is convex with a horizontal axis: the image is shortened in the vertical direction what makes the same impression as enlarging in the horizontal. b) Publicity of a diet drugs: a cylindrical convex mirror with a vertical axis, c) Berlin modern architecture: a convex cylindrical wall reflects buildings on the other side of the street – images are shrunk. Photo MK    
Resuming, spherical mirrors (and also cylindrical ones) give several different types of images. For convex mirrors these are always reduced (and non-inverted). Dimensions of the images are smaller when objects are more distant. However, the dimensions of images depend also on the radius of mirrors: smaller radii give smaller images. The mathematical formulation needed to wait until Newton.  
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Fig. 14. Parallel rays of light falling on the concave mirror intersect at the focal point of the mirror.

There are mirrors that selectively reflect light. Often you can find sunglasses that reflect only the gold, silver, blue or purple color. 
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Fig. 15. Some sunglasses can selectively reflect light

When the light passing through some of these mirror changes its color (sometimes, depending on the angle at which passes through it) then we call them dielectric mirrors.
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Fig. 16. The spectra of light passing through the dielectric mirror and various sunglasses
Dielectric Mirror (mirror Bragg) is a special type of mirror made as a stack of alternating dielectric layers (special oxides) of higher and lower refractive index applied to a glass substrate. The thicknesses of the layers in the order of a sub-multiple wavelengths (e.g.. Lambda / 4). Engineered these layers is obtained mirror having a desired reflectance and a predetermined spectral range. Dielectric mirrors can have a refractive index very close to unity (R = 99.999% and more), so thanks very low light absorption, they are very resistant to big powers of light. Thanks to the above properties is the most common type of mirrors for construction lasers.
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Fig. 17. The light passing through the dielectric mirror

Similar mirrors are used on the bottom of the shimmering colors of Swarovski crystals.
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Fig. 18. Collection of Swarovski crystals
The colors, which are observed in crystals change depending on the angle at which we see it. It should be noted, however, that typically are not primary colors.

4. Fun with refraction
First optical instrument, that revolutionized navigation, astronomy and war was a telescope. Made of two lenses it was constructed by a Dutch optician H. Jansen in 1604, but he might have used the existing Italian construction. Laws for the refraction of light, needed to understand lenses were formulated by W. Snelius in 1621. The exact mathematical formulation of it contains sinus of two angles: of the incidence α and refraction β and the intrinsic property of the material, that is called n – the index of refraction (1,33 for water, some 1,5 for glass). 
sin α/ sin β = n 





(1)
As seen from fig. 19a, for light rays coming from air to glass  α > β, in accordance with n>1 for glass. It seems that the ray is attracted into the glass. This could make think that light is a kind of particle; of this opinion was even Newton.
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Fig. 19. a) The law of refraction: light is coming from air into glass (n>1); in this way the angle of incidence α is greater than the ingle of refraction β. You can see it observing a stick standing in water b) or laser beams entering an aquarium c).  
What makes this law difficult to students is the way of measuring these angles. Pupils, deceived by the flat-like picture (fig. 20b) forget that lenses are 3D objects: it is much easier to measure an angle to the normal to the surface, that angles between surfaces (ask your math professor from the secondary school). By the way, already in the “apparatus” by Witelo angles were measured between the ray and the normal to the surface.
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Fig. 20. (a) Light passing though a flat piece of glass (or a cube) is deviated twice. As a result, rays entering parallel exit also parallel. b) In this manner, the object below seems to be shifted. c) If the cube is rotated, not only the shifted image is seen but also a reflection of the object on the inner face of cube.   
The law of refraction found recently new fun: high power excimer lasers allow to print 3D images inside glass volumes – usually cubes. These cubes allow to see objects inside from three sides at once. As seen from scheme in fig. 21d – what is seen are projections of the object inside on the three perpendicular walls. The projections are seen under small angles, so they are re-dimensioned.  
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Fig. 21. Fun with refraction: seeing objects from three sides at the same time – objects are printed inside glass cubes and what is seen are projections of thee perspectives onto three perpendicular surfaces. As shown at c), i.e. an image of he sphere, these projections are rescaled in the directions of observation d).  

The magic eye, fig. 22,  resembles a plane-convex lens , but its convex surface is not spherical, and has a shape of a 'rosette' from gothic temple - an array of radiating polished plates with a little circular centre, as if it were a bunch of glass prisms. Each of those prisms deflects the light beams in the direction of the observer's pupil. We see a whole rosette of virtual images, set in a circle around the 'real' image.
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Fig. 22. The “magic eye” uses the law of refraction. a) It is like a rosette with several surfaces cut under different angles. An object (shelter of the neighbor)  is multiplied into as many images as the number of separate surfaces in the “eye”. 
The equation (1) for refraction allows to predict a strange phenomenon: if the ray goes from a medium which is optically more dense (like from water to air), above a certain angle β, sin α would go above 1, what is impossible. In other words, for a certain limiting angle β a ray will not exit from water. This phenomenon is called “total internal reflection” – you can spot such reflections from inner surface in fig. 20c and 21b. The limiting angle γ, above which the ray will not get out from water (or any other dense optically medium) is determined by the condition 

sin γ = 1/n 





(2)

Under water, this phenomenon makes visible only a limited circle of the landscape above the head of he diver (the limiting angle is 49º) and the borders of the visual field seem to be  perfect mirrors, see fig. 23a. 
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Fig. 23 a. While diving the sea bottom is nicely visible, and also its reflection in the wavy surface of the sea above; this comes from a total reflection for angles bigger than the limiting angle in eq. (2). b) In a hexagonal prism there are only two penguins; remaining come from refraction (half of the central one) and other form total reflection on inner surfaces. c) In this prism, with a cylindrical hole in the center the reflected images are additionally shrunk. Objects and photos GK. 
5. Fun with lenses
Witelo studies of convex mirrors allowed to visualize the concept of focus, i.e. the place that rays coming from a distance converge to one point. It easy to show the focus (and measure the focal distance f from the focus to the lens) with a convergent lens, see  fig. 24a.
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Fig. 24. a) Ad hoc showing the focus of a convergent lens (GK at Fiat Lux exhibition in Grudziądz, 2010-2011). b) In these caliches the light coming from behind and above is focused in their basis (Berlin, 2006, photo MK). c) the parallel light rays after passing through the convex lens intersect in the focal point.
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Fig. 25. a) Convex lenses behave like concave mirrors: they give enlarged or reduced images depending on he distance of the object. Concave lenses (glasses of author) act like convex mirrors – they produce reduced (and non-inverted) images. Ad hoc lesson for lower secondary school in Grudziądz, XII 2010. Photo MK. b) Opening of “Fiat Lux” in Frombork, III 2011; in background postcards with Fresnel concave and convex lenses. Photo W. Andrearczyk.   
6. Fun with mathematics
Optics became fully mathematical only with Newton and his Opticks (1704). Geniality of Newton stands in observing that the laws for mirrors and for lenses are identical: the position q of the image, as compared to the position of the object p, depends solely on the focal length f.  And these positioned, for geometrical reasons, determine the magnification M, i.e. the ratio between the dimension of the image H an object h: 
M = H/h = q/p
The equation which governs images in mirrors and (thin) lenses is as follows:

1/p + 1/q = 1/f
Drawing of light rays in mirrors are show in fig. 16. Usually we draw two rays: one parallel to the “optical axis” and one incident to the center of the mirror. Note that convex mirrors have focus behind the mirror; we call it virtual.    
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Fig. 26. Deriving the equation of mirrors: searching for similar geometrically triangles containing object and image. Two rays can be drawn easily – one incoming parallel (and reflected to the focus) and one incident to the center of mirror (where it is easy to draw the angle of reflection equal to the incident one). a) For a concave mirror, if the object is placed closer to the mirror than the focus, an image enlarged, upright (and behind the window, i.e. virtual) is formed. b) For convex mirrors the image is always virtual and reduced.   
The whole difficulty in understanding the equation of mirrors stays in necessary conventions for signs of p, q and f.  These conventions change form country to country (and from a textbook to a textbook). Usually f us taken positive for focusing (i.e. convex) lenses and the image behind the lens (i.e. on the same side as the object) is taken negative. Then, the equation (2) can be rewritten in a form easier to make a graph of it, i.e. 
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The graph is therefore simple q = f2/p shifted up by f and right by f, see fig. 17. This picture explains why formation of images in convex mirrors (and focusing lenses) is so complicated. It is described by the right part (i.e. at positive p) of the graph. The branch at negative q (i.e. at p < f) corresponds to the object close to the lens: than the image is enlarged (|q|/p>1) and virtual (q < 0). The vertical asymptote at p = f  corresponds to the object positioned in the focus - then the radii refracted in the lens are parallel and no image is formed. Further from the lens, up to p = 2f  the image is enlarged (but inverted) and then reduced. The left half of the graph is the diverging lens (or concave mirror): the image is always reduced.   
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Fig. 27. Image formation in mirrors
7. Again fun with mirrors and lenses
The equation of Newton allows to explain types of images that are formed. However, a number of assumptions are needed to keep the equation applicable. For mirrors it is the requirement that rays travel near to the optical axis. In this case with good approximations all rays coming parallel to the optical axis are focused in one point
. For lenses additional assumptions are needed – the lens should be thin, in a way that travelling through it does not shift rays, like in fig. 21b and that the coefficient n is the same for all colours (or in alternative – the light is monochromatic). What happens if these conditions are not fulfilled? Look at  fig. 18, where the mirrors (from Witelon’s apparatus) are small if compared to the objects being reflected. 
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Fig. 28. Optics beyond Newton’s approximation of big mirrors (i.e. eq. 2) – mirrors from Witelon’s apparatus are small and images seem deformed. In reality this is what mirrors do: to calculate images more complex modeling is needed. a) cylindrical convex mirror, b) spherical convex, c) spherical concave mirror. Photo KS.  
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Fig. 29. “Deformations” of images behind these “lenses” come from two reasons: a) non-adequacy of the thin lenses approximation for objects like full spheres, b), c) complicated shapes of focusing objects, like this stand for portable phones. Objects and photos GK. 
 Till now we supposed that convex lenses are always focusing. More precisely, it depends on indices of refraction – of the lens and of the medium outside the lens. 
An interesting optical instrument that anyone can make yourself a stall batteries. In the shop you can buy thin R6, a little thicker R14 and R20 thickest. 

You can simulate the appearance of these three batteries using only battery R14, a small aquarium and glasses. The battery in a glass filled with water will seem wider than it actually is. When you insert a glass of water to a small aquarium filled with water the size of the battery will return to its actual size. But when removed from the glass of water (leaving it in the aquarium on the outside of the glass), then the width of the battery is less than real.
Just now set sets described above next to each other and formed a stall with batteries.
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Fig. 30. Stall batteries
Experience has shown that increases in an optical instrument not only depends on the radius of curvature of the lens used in the embodiment, but also the density of the medium in which it is placed. In the first case a glass enlarges the image. In the third case, the same glass reduces the image.
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Fig. 31. Round air bubbles in the glass reduces image
Glasses in aquariums are thick lenses. Generally, there is a pattern that connects the radii of curvature and refractive lens and a center around the lens.

n1/p + n3/q = (n2 - n3)/R2 + (n2 - n1)/R1.
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Fig. 32. Glass buttons that in some places increase the image and in some places reduce image.
8. 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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Fig. 33. The color wheel. On the left drawing "Opticks" Isaac Newton published in 1704. On the left circle contemporary of Newton. From upper rigth: yellow, green, blue, cyan, violet, red and orange. 
When it rotates quickly color wheel Newton colors merge into one and in the ideal case (when the wheel is illuminated by a suitable light) is formed in white. In this case, colors are added to each other in the same way as in the case where the colors are mixed by the projection of light on a white screen. In this model, mixing three primary colors gives white light (see figure below). Similarly, the lack of any color gives a black light.
[image: image94.emf]


Fig. 34. RGB. 3 primary colors of R (red), I (green), and B (blue)
The second, much more common in the life of a model is a color mixing model CMY (Cyan, Magenta, Yellow). Foliage plants are green (the human eye sees the color as green) because they absorb other "not green" colors. And so, in particular, the subject of completely absorbing all the colors the eye sees as black. Fully reflecting all the colors he sees as white. Complementing: object absorbing component

red white light eye sees color cyan; the object of absorbing the green light component of the white eye sees magenta; the object of absorbing blue light component of the white eye sees yellow. Summarizing. In this model, the color white is the absence of any color, and black is all colors.

Such color system intuitively knew painters of all ages, who by trial and error learned which colors you need to connect with each other to get their interesting color.

[image: image95.emf]


Fig. 35. Model mixing CMYK colors. 3 primary colors C (cyan), I (magenta), Y (yellow)
CMY color mixing model is used in all kinds of printers and copiers. It turned out that you can easily get the black color to the palette of colors to be added black - established model CMYK. Small office color printers have cartridges with 4 colors.
[image: image96.emf]


Fig. 36. Toners in office laser printer

Fig. 35. The following is a wavelength that color filters absorb.
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To see the colors which consists of the observed color you have to break it down into components using a prism or diffraction grating. Today it is known that light is photons, but also an electromagnetic wave of a certain length. The distribution of light at the monochromatic colors (only one wavelength) is to use the fact that the light of different wavelengths refracted (in the case of a prism) or bends (in the case of diffraction grating) at different angles. Such spreading of something (including color) of the components of the first physicists call spectroscopy.
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Fig. 36. a) Fission light on the prism. Most refracts light blue, purple least b) an image of laser light that has passed through two crossed diffraction gratings.
Of course, the man did not create the first diffraction grating and dispersion of light on prism. It uses this nature.
Thanks to the phenomenon of refraction, for example in a prism is formed a beautiful colorful rainbow. This atmospheric phenomenon that impresses everyone. It is produced by the breakdown and reflection of light in water droplets.
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Fig. 37. Rainbow (photo S. Lorenzo in Banale, GK, 09/19/2014)
If the light entering the water droplets will collapse once the rainbow formed the first row (the lower). If there are suitable conditions (rain, strong sunlight and the best dark cloud in the background) over the main rainbow can be seen the second row. In this case, the light is reflected in a drop of water twice (hence inverted with respect to the first order of rainbow colors). Rainbows of higher order (the light is reflected in a drop of 3, 4, 5 times) are so weak that basically invisible. There are pictures of rainbows third and fourth row.
The quality of the resulting rainbow is very influenced by the size of raindrops

[image: image100.emf]


Fig. 38. Intensity of light scattered by raindrops of (a) radius 0,3 mm and (b) 0,05mm. The different curves correspond to red, green and blue light, and angles are measured from the Descartes ray for green light. [14]
In South America lives butterfly Morpho Menelaus. Females are gray, but the color of the male impresses people who see it. To say that it is blue is not enough. This is an iridescent blue, shimmering many shades depending on the angle at which sees its wings.
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Fig. 39. Morpho Menelaus: male vs female [13]
How is it that the color of the wings is so unusual? After looking at the butterfly wing with a microscope to solve the puzzle. The wings are built as a diffraction grating. The light reflected from it, so that created such an amazing effect.
Soap bubbles seen anyone. Some of them are able to change (as it seems at first) all the colors of the rainbow. Why are the colors in a bubble?
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Fig. 40. Light interfering in bubble membrane

Constructive interference of reflected light:
[image: image104.jpg]2nd cosO = (m— %)l




Bubble creates a layer of detergent and water (with small additions). In this layer of light rays refract, bounce and interfere with each other. They created colors. The same can be observed when on a puddle of spilled drop of gasoline. At first it seems that the bubbles emanate all the colors of the rainbow, but upon reflection, it turns out that they are not all visible colors. See generally shades of pink, aquamarine, or clear blue, but it is hard to see the basic red, green, or blue.
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Fig. 41. Color of reflections from a soap bubble

Infrared radiation

The infrared is a kind of light which appears over red (wavelength 700 nm) in a spectrum resulting from the use of a prism. The 'infra' part comes from the fact that energy of this kind of light (converted into one quantum, that is 'a parcel') is smaller than the energy of the visible light.

The infrared radiation is not visible, but can be felt, e.g. it is hot near a bonfire. The night-vision device used by the army is a screen sensitive to infrared radiation. But can you see it with a naked eye?

Have a look at those photos of a TV remote controller. The photo was taken during 'transmission' with a regular digital camera. The video cameras operate similarly - their sensors see the infrared.
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Fig. 42. TV remote
Semiconductors with so-called small energetic gap, like germanium, are used as IR detectors. It these sensors the light absorbed causes an electron pass from its fundamental band to the conduction band, and in this way a current flows in the semiconductor. The light must bring enough energy to make such a transition. The infrared light brings little energy, in spite of the fact that the radiation from a fire makes an impression to be warm. To detect the IR light, the semiconductor used has to be characterised by a small energy gap: it is only 0.6 eV in germanium, compared to 1.2 eV in silicon.
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Fig. 42. Snake
The sense of vision IR are snakes. Thanks to see the approaching warmer than the ambient mouse even in complete darkness.

Ultraviolet radiation

Have you ever seen banknotes being checked in a shop? They are put into a box with a violet lamp. If they are real they glow with little ribbons and straps.

All these phenomena make use of ultraviolet light. The light of quartz lamps may burn your skin. 10% of the Sun light is ultraviolet. It's not much but still it is dangerous.

In Poland, 80% percent of holiday-makers are said to sunbathe so much that they risk developing skin cancer.

Ultraviolet lies within short wavelength band of the electromagnetic spectrum range. It is high-energy radiation compared to visible light and it has various practical applications.

Ultraviolet is widely used in superficial lighting - popular fluorescent lamp would emit ultraviolet if it were not for a white scintillation layer covering the lamp tubes form inside. The gas inside the tube emits ultraviolet, which in turn activates particles of scintillation layer. By choosing different kind of scintillation layer we can obtain different radiation colours. This phenomenon is called photoluminescence.
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Fig. 43. Liquid illuminated by UV radiation
Many substances and organic dyes reveal photoluminescence properties when exposed to ultraviolet light. Minerals like fluoride (CaF2) and even Tonic Water, which contains compounds of quinine (see the photo) are examples. We utilise this phenomenon, by adding such dyes to the printing ink used for printing banknotes. The parts of banknotes printed with such printing ink radiate when placed in special banknote testers.
Solar light spectrum reaching the surface of the Earth would contain much more ultraviolet, if it were not absorbed by the atoms of oxygen and nitrogen (within the 'hardest' wavelength band of 150-250 nm) and by the ozone particles within the remaining 250 -350 nm band present in solar light spectrum. Ozone constitutes just a fraction. Under the 'regular' pressure at the ground level its layer would be only 3 mm thick. But it is extremely important for live beings safety.
People do not see UV light, but they see them some animals eg. Bees. Some of the flowers, which for us are white, these insects can see just as ultraviolet. Some of the flowers (eg. Plum or cherry) "shine for bees" in UV only in the middle. As a result, they know where to go to find nectar, pollinating a flower at the same time.

[image: image111.emf]


Fig. 44. Cherry flowers in UV

In humans receptors lights are suppositories and rods, located in the eye. Some butterflies have 15 different receptors of light. Thanks to this flawlessly find interesting flowers.

[image: image112.jpg]



Fig. 45. 15 different colour receptors (other butterflies only 4, including UV)

Since ancient times, people have probably watched that if they highlight some light minerals, excluding its source, they shine automatically for some time. In the last century Aleksander Jablonski suggested way to explain this phenomenon by using the diagram. Today the whole world knows this diagram called Jablonski Diagram. A phenomenon described above is called phosphorescence.

It turned out that if they highlight a chemical white light it absorbs light at specific wavelengths. These parameters are unique to each substance. What's more - substances radiate later this absorbed energy usually in the other also unique for a given compound. If light is radiate immediately, this phenomenon is called fluorescence, if after a while (longer than 10-8 s), then it is mentioned earlier phosphorescence.
[image: image113.emf]
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Fig. 46. Jablonski Diagram. On the left side of the diagram of fluorescence to the right diagram of phosphorescence.
The following is a spectrum of absorption and emission of chlorophyll, the compound present in green parts of plants, through which plants breathe (photosynthesis).
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Fig. 47. Absorption spectrum (left) and emission (right) of chlorophyll
The presented graphs show that the best chlorophyll absorbs blue and red light. Almost all emitted light by the compound is the color red.
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Fig. 48. Basil in olive oil with virgin - the perfect solution chlorophyll.
The following is a transition laser rays (blue - 405 nm, the green - and red 532 nm - 650 nm) for a solution of chlorophyll
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Fig. 49. Passage of blue light (left), green (middle) and red (right) through the solution of chlorophyll
Chlorophyll absorbs blue light immediately. The beam disappears soon after entering the solution. It is absorbed, both the green light and red. In all three cases, the light emitted by the solution is red (see emission spectrum of chlorophyll above).

Chlorophyll can also occur in other foods, not necessarily at a glance green. An example of such a substance can be vodka Zubrowka. How to check if the Żubrówka is chlorophyll? Just sacrifice a laser (or even better three) and see what light it emits this solution.
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Fig. 50. Zubrowka lit three colors

Result of the experiment is the same as the previous one, which were almost certain that the solution contains chlorophyll. What is the source of chlorophyll in Zubrowka? Probably blade of bison grass, which is in it.In the liquor store you can buy a small bottle of Zubrowka, where there is no grass-bison. Is although (after the liquid in a small bottle should be identical to the large) can be the chlorophyll detected?
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Fig. 51. Small Zubrowka lit three colors

The solution is illuminated with blue light emits blue light. Illuminated green light emits the same color, and red do not absorb. If the solution would be chlorophyll could not emit light blue, or green (see the emission spectrum of chlorophyll). Chlorophyll emits only red light, regardless of which absorbs light.

So what is "lit up" in the vodka? This may be, for example, a bit of sucrose (sugar), which manufacturers often add vodka to ease the taste. Here's how light passes through the spirit sugar solution.
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Fig. 52. The sugar solution illuminated by three colors
[image: image130.emf]


Fig. 53. Fluorescence spectra recorded from pure honey, sucrose, cane sugar syrup, 
and chlorophyll [15]
Sugar emits light in a rather wide range from almost violet color to yellow. His spirit solution glows a beautiful blue color. The above graph shows that sugar emits blue light, green light and honey. In this way you can check whether a honey comes from bees indeed, whether it is made from sugar.
Let's look at another substance - vodka stomach bitter. This vodka contains a sugar (actually burnt sugar (caramel), which owes its color), but also to deepen the bitter taste of herbs, including a little bit, or quinine.
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Fig. 54. Absorption spectrum (left) and emission (right) of quinine
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Fig. 55. Vodka stomach bitter illuminated by three colors
The spectrum emission quinine and sucrose actually almost overlap (does not emit in the red). Thanks to the bark of cinchona issue stomach vodka is stronger than the small Zubrowka.

Much of quinine (and possibly sugar) is in itself a tonic. Below compares the emission of branded tonic (upper photo) and cheaper (lower photo).
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Fig. 56. Tonic better (top) and weaker (bottom) quality illuminated by three colors

Lower emissions (reported by illumination with blue light) can be explained by a higher content of quinine solution on the upper pictures.

[image: image142.emf]
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Fig. 57. Various solutions under UV light

Looking at the picture (of course colored) after one look can be assumed in which the solution is chlorophyll, in which the sugar or quinine.
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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.  


� The coefficient of reflection from the front (and rear) surface of a window depends from the dielectric constant of the glass. Typically 4% of impacting light intensity is reflected from each surface. So the intensity of light transmitted from a single glass sheet is (0.96x0.96) = 0.922. 


� https://upload.wikimedia.org/wikipedia/commons/a/a1/Dielectric_mirror_diagram.svg


� To keep this condition valid for rays at any distance from the axis, the mirror should be parabolic.  


� Autor: Mark Kness, � HYPERLINK "http://markkness.net/colorpy/ColorPy.html" ��http://markkness.net/colorpy/ColorPy.html�


� http://www.sciencemag.org/news/2016/03/butterfly-has-extreme-color-vision?utm_campaign=email-news-latest&et_rid=35353469&et_cid=327254
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