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1.  Scientific Background
In imaging of objects that are not in line of sight, periscope imaging is one of the methods to perform such imaging. The simplest periscope is composed (as shown in Fig. 1) from two 45 ° rotated reflective surfaces in relation to both the observed object and the viewer's eye.
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Figure 1: Basic Periscope Schematics

The first documented periscope was invented in the 15th century in order to watch over the heads of people in a crowd. In the 19th century, the periscope began to be used also for military purposes, which received tremendous momentum in World War I and II. The fast progress in camera and wireless transmission made the use of such elements very negligible. However, in some areas were viewing in electricity non stable environments, the use of such periscopes as a secondary viewing system, is still important. Moreover, natural ambient light to closed places, rooms and working environments has become very attractive both from mental health considerations and from green energy harvesting. It was found that fluorescent light or any other artificial light source reduce the mental and cognitive effectiveness of workers and in some cases can result in depression. The major drawback in the conservative periscope design, is that it is very bulky. It take a space equal to the sighting window and 45 degrees for each curvature, the bring light or imaging from outside. In our research we try to harness wave guide to reduce the thickness of the transferring element while preserving the image at the output. 
To describe the operation of the new periscope design we examine the old concept by defining the following (as in Fig.1): 
The periscope axis (No. 1) – The horizontal line that exits from the center of the upper Mirror The Sign-in window (No. 2) – The aperture through which the light enters the periscope. The periscope tube (No. 3) – The periscope body, in which the rays propagate after refracting.
The above structure has two major drawbacks:
 1. The tube diameter must be at least the size of the incoming beam diameter, which makes the periscope a large and cumbersome tool.
 2. As the length of the tube (the z-axis) increases in relation to the length and width (Plane X-Y) of the entry window, the angle in relation to the periscope axis in which the object is observed becomes smaller, because the rays are reflected from the walls of the tube.
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	Figure 2: (a) Object on Periscope axis (b) An object outside the periscope axis
 
In modern periscopes, as the one demonstrated in Fig.3, a telescope and a field lens increase the field-of-view of the periscope. This increases the system size, adds geometric distortions and creates constraints on the length of the system and the periscope's tube diameter.
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	Figure 3 : A modern periscope 	

In the present paper, the authors will demonstrate a new development, based on the reflective walls of the periscope. The reflective walls allow the light to propagate along the periscope in additional routes rather than the direct downward path. 
That suggested approach allows us to:
A. use a mirror positioned at an angle different than 45 degrees in relation to the periscope axis.
B. significantly reduce the periscope Dimensions.
C. convey the image of an object located far above the viewer or slightly below the optical axis of the periscope.
  The following paragraph will review the four different models suggested for the new periscope design: 
1. The basic model – A Mirrors Tube.
2. Adding a prism supplement at the edge of the periscope.
3. Adding  spherical mirrors at the entrance and exit of the periscope.
4. A periscope tube based on a total internal reflection.
 
 
2. The different models of the reflective periscope

0. Reflection periscope - The basic model

The most basic development is a periscope whose upper mirror is tilted at an angle greater than 45 degrees with respect to the periscope's axis. The periscope consists of a rectangular tube where mirrors serve as front and back walls and where the side walls do not reflect light. At the lower edge of the periscope, there is another mirror, parallel to the upper mirror. In this structure, except for the periscope entrance and exit, the periscope thickness can be significantly reduced, as shown in Fig.4 and Fig.5.

[image: ]

Figure  4: Mirrors tilted in 60 degrees, a beam is delivered in a tube that is half the diameter as the original beam.
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Figure 5: Mirrors titlted in 50 degrees, a beam transmitted by a tube that is 44% of the original beam diameter.

Figures 6 through 8 demonstrate an additional advantage of the system. Objects that are far above the periscope axis (the red line depicts a ray propagating from the object through the periscope.)  may also be imaged by this periscope (Fig.6). In figures 7 and 8 one can see rays of light entering at different angles and the way they exit the Periscope.
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Figure  6: An object that is at 45 degrees in relation to the optical axis exit the periscope at the angle at which it enters.
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Figure 7: Objects at different angles and how they exit from the Periscope

Despite the great advantage of this system, there are also some structural problems that require attention:
1. In the meridional (horizontal) plane, only a small range of angles will pass through the periscope (depending on the relation between its length and width).
2. A major disadvantage of this system is the need for a relatively large structure at the entrance and exit of the periscope (The wall opposite to the tilting mirror should be at such a distance that a ray hitting the top of the mirror will be reflected to the wall and not above it).
3. Another problem to consider is a geometrical problem; In a long periscope there will be a large gap along the periscope between rays at different angles, this may result in some rays  not hitting the lower mirror at all, or hitting it at the opposite angle with respect to the vertical axis. 
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Figure 8: Objects at different angles and how they exit from the Periscope.

Possible solution to these problems can be given by adding a prism at the lower end of the periscope (this will be referred to later as Model 2). Below are several applications and suggested models.

0. Application no. 1: Transparent sealed materials

Figure 9, shows that it is possible to create curves along the path of the rays, which can have significance in different applications of the periscope. In the setup shown in Figure 9, the object looks transparent. 
0. Application no. 2: Transferring daylight into a room without windows

Another important application that can be improved with the model we built is daylight transfer into rooms without a window or adding it to a room and enhancing the light quality as seen in Figure 10. Although this can also be done using a standard periscope, our model is much more suitable both due to the fact it can deliver the actual image as in a real window and due to the large range of angles of light collected there's no need for lenses, making the periscope cheaper. In such a system, where precise imaging of a specific object is not required, mirrors can be added to the sides of the periscope, allowing the propagation of a large range of incoming angles through the periscope, and by that reduce its width. 
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Figure 9: The transparent basic model plus the curve.
[image: ]
Figure 10: Periscope glass tube. Sun light to buildings is without imaging 



0. Reflection periscope – Prism addition

In this model, the authors add a prism (or a beam splitter) to the original model, placed at the lower end. This causes rays with large incoming angles to reflect and hit the bottom mirror again, thus that all the rays will exit the periscope at the same angle at which they entered. This model is built on the principle of total internal reflection from the prism walls. This principle and the conditions for its existence are elaborated in following models.
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Figure 11: The advantage of adding a prism to the periscopes edge.

0. Reflection Periscope - Spherical or cylindrical mirrors

In this model, the upper mirror or the two mirrors, the upper and lower, are spherical mirrors. As function as the mirror / mirrors curvature, one may gain several benefits:
1. The ability to focus the image on a screen without the need for a lens add-on (Figures 12 and13).
2. Expansion or narrowing of the laser beam (Figure 14)
3. Reducing the beam so that the periscope tube can be further reduced both in depth and width (Figure 14)
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Figure 12: Focusing the image on the screen with a single circular mirror.
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Figure 13: Focuses the image on the screen with a single circular mirror.
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Figure 14: Expansion of the beam using two circular mirrors.
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Figure 15: Narrowing the beam With two circular mirrors.

0. Reflection Periscope – Transparent material

In this model, the Periscope tube is not filled by air but by a transparent material with a higher refractive index. The principle of this model is based on the total internal reflection principle based on Snell's law:



According to this principle, in the transition from a high refractive index medium to a low refractive index medium, there is a critical angle in which the ray will not penetrate the lower medium, but would rather be reflected (as in a mirror) to the medium of the higher refractive index. To find the critical angle, place a 90 ° angle at the exit angle. To simplify the calculation, suppose that the low refractive element is air. We accept:



One can obtain, for example, that for a refractive index of 1.5, total internal reflection requires an incident angle of 41.81 degrees. The mirror can be tilted up to 69.1 degrees (45 + 41.81/2) above the periscope axis in order to enable us to make the incoming parallel rays to be reflect within the periscope, (Attach a ray diagram). Increasing the refractive index, will result in the increase of the rangeof angles in which the mirror can be tilted.


[image: ]
Figure 16: a rays diagram with incident and reflect angles

There are several advantages to this model. First, the mirror-reflecting rays can hit the periscope's entrance apperture  yet stay inside the periscope, allowing a much narrower structure for the periscope. This comes in addition to the advantages mentioned above for Model 2, at the output of the periscope.
Second, this model enables the incoming rays to have larger angles on the horizontal plane that can propagate through the periscope, since according to Snell's law, the beam within the periscope will propagate at a lower horizontal angle.

3. The mirror tilting angle as a function of the refraction index 

At this point we calculate the length-to-width ratio allowed in the basic model.
We examine an incident ray of light that has a zero vertical angle with respect to the optical axis, and a five degrees horizontal angle. The top mirror is tilted at an angle of 65 degrees with respect to the axis. The light hits the right side of the entrance aperture.
The angle of the ray in the vertical axis after hitting the mirror will be 50 degrees ((90-65)+(90-65)=50). We expect the length of the tube to be 8.79 times bigger than its width (sin 50/sin 5).
On the other hand, if the ray passes through glass with a refractive index of 1.8, according to Snell's law the new angle in which the ray propagates will be 2.77 degrees which allows the length of the periscope to be 15.85 (sin 50/sin 2.77) times bigger than its width. 
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Figure 17: Narrow periscope, glass tube. Ratio of source's radius/tube's radius = 16/10. The image splits with the top of the object at the bottom of the image.



[image: ]
Figure 18: Narrow periscope, glass tube. Ratio of source's radius/tube's radius = 25/10.  8 upper mm exit with a vertical angle (seemingly should have another internal reflection)

[image: ]
Figure 19: Periscope glass tube. Horizontal entrance angle of the blue ray: 30 degrees.

Conclusions and summary:
[bookmark: _Hlk1469947]In this work the authors examined a variety of periscope models and discussed the advantage and disadvantages of using different materials and elements. This research brings a new approach for the known periscope concept. The standard periscope transfer image using mirrors in 45 degrees and pipe that blocks stray light from the outside. Moreover, the now days periscopes are based on lenses or 45 degrees prisms. In solar energy field some companies use light pipes to transfer sun light into closed space rooms but needs to be close to ceiling and don’t have the ability to transfer image. Our novel approach of transferring image is based on mirror waveguide with suitable angle which reduce the periscope size but preserve the image same as in standard periscopes. Future tests will examine the light efficiency of the suggested periscope to ensure an improvement compared to standard periscopes.
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