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Abstract

:

In the present study, K-3 and K-4 students’ understanding of the effects that convex lenses have on light propagation is investigated. Specifically, the study examines the extent to which these students are able to construct a scientifically accepted explanation for the role convex lenses play in converging rays of light and creating inverted images in the case of both self-luminous and hetero-luminous objects. Eight students from two primary schools run by the Municipality of Piraeus in the region of Attica (Greece), took part in the survey. They were divided into groups of two. The research was conducted using the teaching experiment method, which combines elements of the clinical interview and formal teaching. According to the results, students of this age recognise the convergence of light as a process that takes place through a convex lens. However, they have difficulty attributing the aforementioned convergence to the light refraction that takes place during the interaction of the light beams with the converging lens. At the same time, while they can easily ascertain that light beams continue along the same straight line after the convergence point, they find it difficult to relate this conclusion to the creation of an inverted image of a hetero-luminous object.
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1. Introduction


Optics is a topic which features frequently in research into the teaching of science. The understanding of light-related phenomena has attracted the interest of several researchers from different countries. There are two main reasons why such importance has been attributed to light-related phenomena. First, they occur widely in everyday life. At the same time, the teaching of these phenomena seems to present students with various conceptual difficulties since they are both complex and abstract [1,2].



The way a convex lens affects light propagation (convergence of light beams, inverted image formation) is directly connected to light refraction. As will be discussed in the next unit, the literature review revealed a lack of research on this phenomenon at the primary school level; however, it is part of several primary science curricula.



So, this pilot study set out to determine K-3 and K-4 students’ understanding of how convex lenses affect light propagation under the prism of geometrical optics. To this end, we designed and implemented tasks based on experiments with convex lenses.




2. Literature Review


Past research has shown that people present the same difficulties understanding geometric optics from primary school through to adulthood [3]. The literature contains studies covering several topics related to geometric optics, both in terms of students’ perceptions and the related teaching approaches [4].



The most common topics in the relevant literature are light propagation [5,6,7,8], the process of vision [9,10], image formation [11,12], shadow formation [13,14], light reflection [15], and light refraction [16,17,18].



On the refraction of light, in cases relating to prisms and plane surfaces, the relevant research mostly concerns secondary and higher education students and reveals that students find it difficult to explain their observations based on the law of refraction of light, even when they have already been taught it. In their related explanations, they either attribute the phenomena to the reflection of light or to the material of the propagation medium (e.g., water), without further explanation [19,20,21].



The relevant research on convex lenses has primarily focused on the formation of inverted images and has largely been implemented in secondary and higher educational contexts [22,23]. The main perceptions brought to light by the aforementioned research on the creation of inverted images are as follows: (i) “Crossing rays”, according to which the rays from the object’s edges cross behind the lens, causing the image to appear inverted; (ii) “image change”, according to which the rays that originate from the object’s extremities do not converge at all, but the image appears inverted; (iii) “Rays through lens-point”, according to which the rays from any part of the object pass through a specific point in the lens and end up at the corresponding point of the inverted image; (iv) “construction rules”, according to which the two rays from the object’s top edge diverge and converge at the bottom edge of the inverted image; (v) “the pin-hole”, according to which the rays converge over the centre of the lens; and (vi) “the diverging and converging model”, according to which two rays diverge from a point on the object and converge at a point on the image [24]. With regard to the removal of the convex lens and the views students in secondary and tertiary education hold about it, two main categories emerge from the literature review. In the first category, the students argue, correctly, that if the convex lens is removed, the image will continue to exist but will no longer appear inverted because without the lens, there will be no refraction. The second category of students are of the opinion that without a lens, there will be no image at all, on the grounds once again that without a lens, no refraction will take place [25,26].



Τhe literature review also highlighted that there is a lack of research relating to the convergence of rays from self-luminous objects and a general shortage of studies relating to refraction and convex lenses in primary education; however, they are part of several relevant curricula, including, for example, the primary science curricula of Greece [27], England [28], and Ireland [29]. Specifically, in the Greek primary science curricula, light refraction is examined in a lesson that deals exclusively with convex and concave lenses (the title of the concerned lesson is Refraction). Specifically, as far as convex lenses are concerned, the lesson is based on an experiment in which light from a torch is directed into a cylindrical glass filled with water. According to the directions given in the relevant teacher’s guidebook, students are expected to conclude that: “As light beams pass through a convex lens, such as a cylindrical glass filled with water, they come closer to each other and converge to a single point”. The procedure followed in the course is similar for concave lenses [30]. It is obvious that the objective of the course focuses only on recording the observational data of the experiment and not on its interpretation (namely, that the convergence of light beams occurs due to the change in the direction of the light beams, depending on the angle of their incidence on the convex lens). It would therefore make sense to investigate how primary school students interpret the convergence of light beams so that the conceptions that emerge will form the basis for the planning of teaching activities that will connect convergence with refraction. At the same time, in the aforementioned activity (convex lens experiment), there is no mention of the path of light beams after the convergence point; however, in a subsequent lesson related to human vision, an experiment creating an inverted image of an object through a converging lens is proposed. In this context, it would make sense to investigate the extent to which students can observe the path of light beams after the convergence point and relate this path to the formation of an inverted image.



Keeping all of the above in mind, we designed activities regarding how convex lenses affect light propagation, for 3rd and 4th grade students from Greece (K-3 and K-4 students) in order to investigate the following research questions:



“To what cause do 3rd and 4th grade students attribute the convergence of light beams emitted by self-luminous objects that fall onto a convex lens?”



“Can 3rd and 4th grade students grasp that after the convergence point, beams of light emitted by self-luminous objects which fall onto a convex lens continue along the same straight line they were following before the convergence point?”



“Can 3rd and 4th grade students attribute the inversion of the image of a hetero-luminous object behind a convex lens to the fact that the light beams emitted by hetero-luminous objects which fall onto a convex lens continue along the same straight line they were following before the convergence point?”




3. Materials and Methods


For this study, the sample consisted of eight students from the Attica region (Greece) divided into four groups of two. Two groups consisted of K-3 students and the other two of K-4 students. The interventions were carried out outside school premises due to the restrictions in place to combat the COVID-19 pandemic.



The teaching experiment method was used to design and implement the intervention. This method allows students’ perceptions to be explored along with the way in which they can construct the scientifically accepted explanation. In essence, it combines teaching with interviewing. It differs from the “classic interview” in two ways: First, it can last for several sessions depending on the research objective, and second, the interviews are deliberately organised as learning situations. Teaching experiments are carried out in groups of 2–4 children and are structured around certain learning tasks (experiments, simulations, hands-on activities, etc.) whose results are discussed with the students. Before the students engage with the learning projects, they are asked to express and discuss their initial ideas. After they have expressed their ideas about each of the objectives, the corresponding activity takes place so that they can observe what is happening and try to explain it. This method encourages discussion and the exchange of views between students. Finally, its ultimate goal is to record/study students’ learning processes for the conceptual domain in question, namely: the difficulties they encountered on their way to reaching their conclusion and possible ways in which these difficulties could be overcome. The analysis of the teaching experiments, therefore, can later be a basis for the adaptation of the preliminary intervention to real classroom conditions [31,32].



For the purposes of this research, three teaching experiments lasting 60 min each were conducted. Each of them corresponded to one of the research questions listed above.



The teaching experiments were recorded audio-visually and subsequently transcribed verbatim. At the same time, the students also had the opportunity to express their thoughts with drawings.



Qualitative content analysis methods were used to analyse the data. Erickson [33] proposes that the results of a qualitative research activity can be recorded in three different ways. These are: specific description, general description, and orienting commentary. However, he claims that combining specific and general descriptions is the clearest way for the reader, as it shows not only the most frequent views, but also their full range and the relative frequency of occurrence. In accordance with this view, we adopted a narrative account of the views expressed, quoting extracts from the views the students expressed most frequently, while incorporating the frequencies of all the expressed views.



3.1. Data Collection


Data were collected through an analysis of the recordings of the teaching experiments, which were divided into steps as described below in the teaching intervention.



For each step, we attempted to record:




	(a)

	
the views and perceptions expressed by the students (either before or after each intervention),




	(b)

	
the evidence that facilitated their progress towards reaching a conclusion in each,




	(c)

	
the elements that impeded them from reaching these conclusions.










3.2. Content of the Teaching Experiments


As mentioned above, through teaching experiments, the intervention’s primary objective was to record the progress of the students’ thinking about the path light takes from both luminous and illuminated objects when it meets convex lenses.



The main steps in the teaching experiments were as follows:



1st teaching experiment: The convergence of light beams emitted by self-luminous objects when they encounter a convex lens.



Step 1: Formulate hypotheses about the path taken by light beams emitted by self-luminous objects when they encounter a convex lens.



In this step, the students were invited to:




	
formulate hypotheses about the path taken by light beams emitted by self-luminous objects when they encounter a convex lens,



	
justify their hypotheses.








To start with, there were two laser pointers on a table placed parallel to one another and facing a transparent cylindrical container filled with water (a convex lens made with everyday materials) (see Figure 1).



The students were asked to express their ideas by answering the following questions:



“If we turn on both lasers, will we see their light? Can you show us the path the rays will take on their way to the glass? Will the light continue to travel inside the glass? Will the light continue to travel when it has passed through the glass? How will that happen?”



The students were then asked to answer the same questions, but to imagine that there was a torch emitting white light instead of the two lasers (see Figure 2).



In this step, taking into account their previous everyday experience that had shown them how light travels through transparent bodies, students are expected to argue that light will pass through the convex lens without changing its linear path.



Step 2: Carry out the experiment with light converging from a conventional torch and laser pointers encountering a convex lens. How do the students interpret the convergence of the light?



In the second step, the students were asked to:




	
determine experimentally that the light beams emitted by luminous objects converge when they encounter a convex lens,



	
express their ideas about the cause of the convergence.








The materials used were those listed in the previous step.



First, the students were asked to turn on the two red laser pointers, which were placed at specific points on the table, and to shine them on the convex lens (glass container) to see if the laser beams pass through it (see Figure 3).



The students were asked to answer the following question:



“What do you observe to be happening to the laser beams? Why do you think that is happening?”



Next, the students were asked to turn on the torch in front of the convex lens (glass container filled with water) on the table (see Figure 4). This allowed the children to observe the convergence of the rays with the torch.



In the context of these observations, the students were invited to answer the following question:



“What do you observe to be happening to the light from the torch? Why does that happen?”



At the end of this activity, students are expected to determine that the rays of light emitted by a self-luminous object converge and tο express their ideas about the cause of this convergence.



2nd teaching experiment: The path followed by light beams emitted by self-luminous objects that encounter a convex lens after the convergence point.



Step 1: Formulate hypotheses about the path taken by light beams emitted by self-luminous objects that encounter a convex lens after the convergence point.



In this step, the students were asked to:




	
formulate hypotheses about the path of light beams emitted by two laser pointers with different colored beams (green and red) that meet a convex lens after the convergence point,



	
back up their hypotheses.








On the table, one of the two red laser pointers from Figure 1 has now been replaced with a green laser pointer.



The students were then asked to express their ideas by answering the following questions:



“If we turn on the two lasers, what do you think the paths of the green and red beams will be?”



The children could draw the paths followed by the two laser beams on paper (as seen from above) using a red marker for one and a green marker for the other.



Some children are expected to posit, in line with the scientifically accepted explanation, that the beams will continue along the same straight line after the convergence point, too (the green beam from the left will go to the right, and the red beam coming from the right will go to the left) (see Figure 5).



Other students are expected to posit that the beams will “reflect”, bouncing off each other, at the convergence point. So, the green one will continue to the left after the reflection, while the red one will continue to the right (see Figure 6).



Step 2: Carry out the beam convergence experiment with two different colored lasers (red, green).



In the second step, the students were asked to:




	
determine experimentally that after the convergence point, beams of light emitted by self-luminous objects which meet the convex lens continue in the same straight line as before the convergence point.








The materials used were (1) a transparent cylindrical container, (2) water, (3) a red laser pointer, (4) a green laser pointer.



The students were given one red and one green laser and asked first to position them in accordance with existing markings (see Figure 7).



They were then asked to turn them on in order to observe the path taken by the beams of light after the convergence point (see Figure 8).



In the context of these observations, the pupils were asked to answer the following question:



“In the end, which path can you see the red and green rays following?”



At the end of this activity, children are expected to conclude that the rays continue after convergence in the same straight line they were describing prior to convergence.



3rd teaching experiment: Creating an inverted mirror image of a hetero-luminous object due to a convex lens.



Step 1: Formulate hypotheses about the cause of a hetero-luminous object’s image inversion behind a convex lens.



In the first step, the students were asked to:




	
formulate hypotheses on the features of the image of a hetero-luminous object behind a convex lens,



	
justify their hypotheses.








First, we placed a paper with two differently colored oval sketches, one yellow and one orange (see Figure 9), in front of an empty glass (see Figure 10).



Students were then asked to answer the following questions orally and/or with drawings:



“Imagine that we fill the glass with water. Do you think it will change anything about the way we see the two sketches on the paper, if we stand about a meter away from the glass? Can you draw the path followed by one ray starting from the yellow sketch and another ray starting from the orange sketch on its way to reaching our eye? Why do you think the rays will follow this path?”



Based on the conclusions they hypothetically reached at the end of the second teaching experiment, the students are expected to assume that the image will be reversed (the yellow will appear on the right and the orange on the left).



Step 2: Carry out an experiment to create an inverted mirror image of an illuminated object behind a convex lens.



In the second step, the students were asked to:




	
observe that the image of an object formed behind the convergence point of a convex lens is reversed,



	
attribute this observation to the fact that beams of light emitted by hetero-luminous objects which encounter a convex lens continue in the same straight line as before the convergence point.








The materials used were: (1) a cylindrical transparent glass, (2) water, (3) a paper with two differently colored oval sketches.



At this point, the students were asked to fill the empty glass with water and then observe the image formed, having placed themselves at a distance of about one meter from the glass (see: Figure 11).



In the context of these observations, students were asked to answer the following question:



“Why have the yellow and orange sketches swapped places?”



At the end of this step, the students are expected to determine that a hetero-luminous object will appear inverted (horizontal inversion) when observed through the convex lens due to the fact that the light beams emitted by the object that encounter the lens initially converge, then continue in the same straight line relative to their path before the convergence point.





4. Results


1st teaching experiment: The convergence of light beams emitted by self-luminous objects when they encounter a convex lens.



Step 1: Formulate hypotheses about the path taken by light beams emitted by self-luminous objects that encounter a convex lens.



At this step, there were two tendencies. Five out of eight students claimed that light will keep on propagating when it meets a convex lens. Four of them argued that the rays would pass through the convex lens:



Researcher: We assume that this lens will open here. What will the light do?



Student 1: It will pass through. It will travel through the container.



The fifth student argued that the light will spread around the perimeter of the convex lens:



Student 5: The light won’t pass through. It will stop here (pointing to the part of the lens which the light strikes first).



Researcher: Why do you think that will happen?



Student 5: Because the container is glass and not a simple slide for it to pass through. It’s thicker so the light goes round.



The explanation of student 5 underlies notions according to which the propagation of light is not linear under certain conditions.



The other three students did not believe that the light would pass through the container in either case (the white light and the laser), as they seemingly attributed the transparency of the objects not to their color but to their thickness and shape:



Student 3: The glass will not pass through the other way. Only if the glass was thin, it could (pass).



Step 2: Carrying out the experiment in which light from a conventional torch and a laser pointer converges when it encounters a convex lens.



The experiment helped all the students to determine that the light does not stop in the glass, but passes through it:



Student 3: It passes through eventually.... It passes through, because there’s nothing like cardboard to keep the light in there. So it passes through.



However, none of the pupils attributed the rays’ convergence to the shape of the lens, meaning the angle of incidence of the light beams on several points of the glass filled with water. Seven out of eight students attributed it to the water in the container alone:



Student 1: So the two lasers beams enter the water and split at a certain point (pointing to the two ends) and then they go all the way to the end and combine.



Researcher: Why do they combine?



Student 1: The water first unites, then separates them.



Student 2: The water turns the rays and then they come together to form an x.



One student answered the relevant question tautologically:



Student 4: They (the rays) pass through the glass and then join together...



2nd teaching experiment: The path of beams of light emitted by self-luminous objects that meet a convex lens after the convergence point.



Step 1: Formulating hypotheses about the path beams of light emitted by self-luminous objects (green and red lasers) that meet a convex lens follow after the convergence point.



Half the students (four out of eight) argued that the rays would converge and then continue as a single ray:



Student 6: The rays join together like this (see Figure 12)... They join at the end somewhere here (pointing to the point of convergence) and continue on together somehow.



This view is probably due to observational data acquired by the students in their everyday lives, as in many cases where convergence occurs randomly, the path of the light after the convergence point is not evident.



Two students argued that the rays converge and then split (see Figure 13).



Student 1: So the two lasers beams enter the water and split at a certain point (pointing to the two ends) and then they go all the way to the end and combine.



Researcher: Why do you think this happens?



Student 1: It’s just the water joining them and then separating them.



This view most likely reflects an attempt by the students to interpret the properties in question by connecting them to macro-phenomena (e.g., elastic collisions). In the present case, this tendency seems to act as a cognitive obstacle, as the light beams do not act like two macroscopic objects which collide elastically when they meet. This logic seems to agree with the contemporary literature, which finds that students tend to adopt a macroscopic logic to interpret microscopic phenomena [34,35].



Finally, two students argued in line with the officially accepted model: namely, that the beams converge and then continue along the same straight path they were following before.



Student 7: They start to join and after joining, they continue and go back, like in the drawing (see Figure 14).



Step 2: Carrying out the beam convergence experiment with two lasers of different colors (red, green).



This activity helped all students to see that the rays after convergence continue in the same straight line as before convergence:



Student 7: Oooooooh it’s forming!!!! The path of the green one is forming!!



Student 8: And it joined the path of the red one.



Researcher: And what happens after they join?



Student 8: They continue straight on (Student 8 forms the letter x with both hands).



3rd teaching experiment: Creation of an inverted mirror image of a hetero-luminous object with the help of a convex lens



Step 1: Formulate hypotheses about the characteristics of the image of an object behind a convex lens.



Concerning the prediction of the path followed by the light from the two precious hetero-luminous objects in the treasure chest, only one student (1/8) argued that the rays would continue in the same line after convergence, essentially adopting the conclusion drawn from the second teaching experiment, but this time for hetero-luminous objects (see Figure 15):



Student 2: The two rays hit here (showing two points on the walls of the glass), they join together, make an x and continue diagonally.



Researcher: But why does that happen?



Student 2: Because it’s the same as in before, with the glass (meaning the activity from the 2nd teaching experiment).



Six out of eight students claimed that the rays will converge and then continue as one ray:



Researcher: Where does the yellow one go, and where does the orange one go?



Student 4: Straight on. This is the chest here, and I think they’ll continue like that, so they pass through the glass and then meet at a point and they’ll continue together (see Figure 16).



Finally, one out of eight students assumed that the rays would continue vertically in the glass.



Student 5: One might go up to here say (the middle of the glass), and the other will go up to here say (above the middle) (see Figure 17).



When it came to predicting how the two sketches would appear through the full glass of water, one of the eight students claimed that they would appear upside down when viewed through the convex lens:



Researcher: Do you think the way we see the object will change?



Student 1: Yes. It might even be upside down.



Researcher: Why?



Student 1: Because water is like a mirror and can turn objects upside down.



This student attributed the possible inversion of the image to a supposed mirror-like property of water.



The remaining students (seven out of eight) argued that the object would simply be of a different size if it was placed in front of a convex lens:



Student 5: … it will look a little wider and that the colors will be a little skinnier.



Researcher: Why?



Student 5: If you look at it like this (looking down, as though looking at it from above the glass) it’s like a mirror, but if you look at it like this (looking straight ahead) you see yourself broader or skinnier.



Step 2: Carry out an experiment to create an inverted mirror image of a hetero-luminous object behind a convex lens.



All the students determined that the image will be reversed if observed through a convex lens. One of them attributed the reversal of the image to the shape of the glass combined with the presence of water in it. However, the student could not relate the shape of the lens to the angle of incidence of the light beams at the various points of the glass:



Researcher: What changed in the treasure chest?



Student 3: The order. It’s orange here and yellow here.



Researcher: And why do we think that’s happening?



Student 3: Because the water is in a glass that’s circular.



The other seven of the eight students simply argued that the inversion of the image is due to the lens acting as a mirror.



Student 6: The orange went there and the yellow went there (showing the other position).



Researcher: And why is that?



Student 6: Because it’s a mirror.



None of the students used elements of geometric optics, either orally or in the form of a drawing, to explain the path taken by the light beams before or after the convergence point.




5. Discussion


This research sought to record K-3 and K-4 students’ understanding regarding:




	(A)

	
the convergence of light beams emitted by self-luminous material bodies when they pass through a convex lens,




	(B)

	
the fact that these beams of light continue to move in the same straight line after convergence as before convergence,




	(C)

	
that the reversal of the image of a hetero-luminous object is due to the convergence of the beams emitted by it as they fall on a convex lens.









Regarding the interpretation of the convergence of light beams emitted by a self-luminous object, the children mainly attributed it to the material (i.e., the water in the container or the glass) and not to the angle of incidence of light at the various points of the cylindrical glass filled with water. This alternative approach, namely, to make references to specific parts of the arrangement such as the water or the container, instead of referring to the refraction of light when changing the medium of propagation, seems to be quite common among secondary school and university students, too [36,37].



In this context, it would make sense to enrich the intervention with other types of lenses (concave, flat or plano-convex lenses, lenses with different degrees of convexity or made of other transparent materials like plastic) and to focus, each time, on tracing the path taken by different light beams, before and after the convex lenses. This type of activities may help the students to determine that the convergence is due to the angle of incidence of light at the various points of the convex lens.



With respect to the path of the light beams after the convergence point, the use of laser sources of different colors (green and red) seemed to help the students to observe and then to determine that, after convergence, the rays continue on the same straight propagation as they did before the point of convergence.



Finally, regarding the reversal of the image of a hetero-luminous object, students seemed to have difficulty relating the creation of an inverted image to the convergence of the rays emitted by the hetero-luminous object. Most students simply attributed mirroring properties to the water in the glass (the water acts as a mirror). That tendency is in agreement with findings in which students who are asked to explain how images are formed tend to conceptualise the process “holistically”, when they are not capable of explaining the phenomenon in terms of geometrical optics [38]. In our case, this may be due to: (i) the students’ alternative ideas about how we see hetero-luminous objects [39]; (ii) the fact that it is not easy for them to apply the conclusion they had reached about the convergence of light beams with respect to self-luminous objects (mobile phone torch, laser pointer) to hetero-luminous objects; (iii) the fact that the second teaching experiment used laser lenses alone, since the students were not given the opportunity to generalise this conclusion when the convergence takes place with a light source that is not a laser (e.g., mobile phone torch); (iv) the fact that the second teaching experiment only concerned the path of two light beams, while creating an inverted image of a hetero-luminous object involves the convergence of many more light beams. In this context, we believe it would have made sense for the third teaching experiment to have been preceded by another one on how we see hetero-luminous objects. It is also proposed to enrich the second teaching experiment with an experimental procedure in which the path of light beams is examined before and after convergence when the light source is not a laser. For example, the torch on a mobile phone could be used, with half of the convex lens having been painted a different color from the other half (using a vertical axis of symmetry). In this example, it would make sense for the students to observe how the inversion of the two colors is captured, not only in the horizontal but also in the vertical plane, so that it can then be connected to the creation of an inverted image of an object in the third teaching experiment. At the same time, it should be emphasised that, regarding the conditions for the children to see the inverted image of a hetero-luminous object through the glass (filling the glass with water and placing the children behind the point of convergence of the rays), the addition of relevant questions and activities in the third teaching experiment (e.g., bringing the children closer to the glass so that they no longer see the mirror upside down) may help them further on their way to the desired conclusion.



This was a pilot study with a small and non-representative sample. It would make sense to apply it to a larger sample with the same methodological tool (teaching experiments) in order to enrich and generalise the relevant conclusions. In addition, the teaching experiments should be adapted on the basis of the aforementioned conclusions. Finally, at a later stage, it would make sense to apply this application, with appropriate adaptations, to real classroom conditions.
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Figure 1. Activity in which pupils formulate hypotheses about the path taken by light emitted by laser pointers when it meets a convex lens. 
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Figure 2. Activity in which pupils formulate hypotheses about the path taken by light from a white-light-emitting lens when it encounters a convex lens. 
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Figure 3. Observing the convergence of the two red laser beams. 
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Figure 4. Observing the convergence of the rays with the torch. 
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Figure 5. The image above depicts a student’s possible sketch concerning the path that the light beam follows after the convergence point (in accordance with the scientifically accepted model). 
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Figure 6. The image above depicts a student’s possible sketch concerning the path that the light beam follows after the convergence point (alternative idea). 
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Figure 7. The positions at which the 2 lasers were positioned. 
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Figure 8. Observing the convergence of the beams emitted by one red and one green laser. 
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Figure 9. A paper with two differently colored oval sketches. 
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Figure 10. What the paper looks like before we pour water in the glass. 
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Figure 11. Inverted mirror image. 
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Figure 12. Student 6’s drawing: the rays converge and continue as one. 
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Figure 13. Student 1’s drawing: the rays converge and then split. 
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Figure 14. Student 7’s drawing: the rays converge and then continue on their path. 
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Figure 15. Student 2’s drawing: the rays will continue in the same straight line after convergence. 
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Figure 16. Student 4’s drawing: the rays will converge and 