PHYSICS LAB: TELESCOPES/OPTICAL INSTRUMENTS

The first five pages describe the theory and explain all the important terms needed in the construction of an optical instrument. The last three pages have the procedures to build the prototypes of refractor and reflector telescopes. 

This document was adapted from:

Nick Strobel’s Astronomy Notes http://www.astronomynotes.com/telescop/chindex.htm
Starizona http://www.starizona.com/basics/newt.html
Seattle Community Network http://www.scn.org/ip/sastro/paths.html#topofpage
Highlands Astronomical Society http://www.spacegazer.com/other-types-g.asp
Celestron http://www.celestron.com/education/tel4ast.htm
There are three basic types of telescopes -- Refractors, Newtonian reflectors, and Catadioptrics. All these designs have the same purpose, to collect light and bring it to a point of focus so it can be magnified and examined with an eyepiece, but each design does it differently. All designs can perform satisfactorily if properly and responsibly manufactured and all have their own special virtues. Choosing a particular telescope depends on your individual needs including cost, portability, versatility, usability, appearance, etc. 

Galileo pioneered modern explorations in the early 1600's by using a device originally invented for naval operations to explore the heavens. The device he used, of course, was the telescope, an instrument used to gather and focus light. Our atmosphere prevents most of the electromagnetic radiation from reaching the ground, allowing just the visible band, parts of the radio band, and small fractions of the infrared and ultraviolet through. Our eyes can detect the visible (optical) band, so the early telescopes were all built to observe in that part of the electromagnetic spectrum.

We will study two basic types of telescopes, refractors and reflectors. The part of the telescope that gathers the light, called the objective, determines the type of telescope. A refractor telescope uses a glass lens as its objective. The glass lens is at the front of the telescope and light is bent (refracted) as it passes through the lens. A reflector telescope uses a mirror as its objective. The mirror is close to the rear of the telescope and light is bounced off (reflected) as it strikes the mirror. 

The refractor telescope uses a lens to gather and focus light. The first telescopes built were refractors. The small telescopes sold in department stores are refractors, as well as, those used for rifle scopes.


The refractor is the oldest telescope design.  In its basic form, as Galileo used it 400 years ago, it is simply a curved lens which focuses light to a point.  The aberration introduced by using a single lens can be largely eliminated by using a design incorporating two or more lens elements.  This is the design used in modern refractors.

The objective lens (in refractors) or primary mirror (in reflectors) collects lots of light from a distant object and brings that light, or image, to a point or focus. 

An eyepiece lens takes the bright light from the focus of the objective lens or primary mirror and "spreads it out" (magnifies it) to take up a large portion of the retina. This is the same principle that a magnifying glass (lens) uses; it takes a small image on the paper and spreads it out over the retina of your eye so that it looks big. 

When you combine the objective lens or primary mirror with the eyepiece, you have a telescope.

All refractors suffer from an effect called chromatic aberration (``color deviation or distortion'') that produces a rainbow of colors around the image. Because of the wave nature of light, the longer wavelength light (red) is bent less than the shorter wavelength light (blue) as it passes through the lens. 
[image: image1.png]



There are a few ways to reduce chromatic aberration. One way uses multiple compensating lenses to counteract chromatic aberration. Other way uses a very long objective focal length (distance between the focus and the objective) to minimize the effect. This is why the early refracting telescopes were very long.

Achromatic and apochromatics lenses are quite expensive to produce, and refractors are therefore the most expensive type of telescope in relation to their aperture. They do, however, give the sharpest image possible per mm of aperture. Refractors are the most robust telescopes, very easy to use, and therefore very suitable for novice astronomers. 

All celestial objects (including those in our solar system) are so far away that all of the light rays coming from them reach the Earth as parallel rays. Because the light rays are parallel to each other, the reflector telescope's mirror can be a parabolic shape. The parabolic-shaped mirror focusses the parallel lights rays to a single point. Amateur astronomers use spherical mirrors because they are a lot cheaper than parabolic mirrors. All modern research telescopes and large amateur ones are of the reflector type because of its advantages over the refractor telescope.

Before telescope-makers had the technology we have now to built high-quality refractors, Sir Isaac Newton avoided the problem of chromatic aberration inherent in refractors by improving the reflecting telescope which still bears his name.

Newtonian telescopes use a curved mirror to focus incoming light to a second, flat mirror which directs the light to a convenient viewing position on the side of the telescope
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Looking down into the optical tube of a Newtonian you can see the large parabolic or spheric reflecting mirror at the bottom which sends light up to the "secondary mirror" located on the stalk sticking into the tube from the side. 

Newtonian telescopes must periodically have their mirrors aligned to keep the optics performing perfectly.  Aligning the optics of a telescope is called collimation.  Collimating a scope usually involves adjusting knobs of the back of the mirror cell. 

Reflecting telescopes use a concave mirror to focus the light, instead of a lens. Unlike the normal mirrors you find in the bathroom, these mirrors have the reflective coating on the reflecting side of the mirror instead of the back. This means that the light does not have to travel through the glass of the mirror, practically eradicating chromatic aberration. Mirrors are also much easier to make and you will find that the price of a reflecting telescope is much lower per mm of aperture than that of a refractor. 

The problem with reflecting telescopes is that the light focused by the main mirror travels back the way it came and just placing the eyepiece at the correct position, the focal point, would not work since this would be right in front of the mirror. In other words, you would block your own view. The secondary mirror causes an obstruction in the incoming beam of light that not only causes a slight reduction in brightness, it also tends to reduce the sharpness of the image slightly. 

This is particularly apparent in Newtonians with very short focal lengths, or so called fast Newtonians (f/4 to f/5). Another disadvantage is that Newtonians tend to be more sensitive to misalignment of the optics, and it may therefore be necessary for the owner to re-collimate the telescope every now and again. 

With the first telescope you built, images were inverted.  But astronomers don't really care whether they see star images "straight up" or "upside down." In fact, with the exception of the Sun, all stars are so distant that not even with the most powerful telescopes has anyone ever seen their disks. They appear to us always as points of light, and to see a point of light upright or overturned does not make any difference. However, many people would like to use their telescopes for terrestrial observations, in which case "right side up" does make a difference.

Inverted image makes terrestrial use awkward.  It is not a problem for celestial observations.  How can we solve this problem?

What are their advantages and disadvantages of the different types of telescope? How is the rainbow of colors produced around the images in refractor telescopes? How will spherical aberration affect an image? 

When you have finished building your Newtonian telescope, try different eyepieces.  What is different (magnification, resolution, field of view, etc)?

There are three features of a telescope that enable them to extend the power of our vision: a telescope's superior light-gathering ability enables us to see faint objects, a telescope's superior resolving power enables us to see even the tiniest of details, and the magnification power enables us to enlarge tiny images. Department stores and camera shops that do not know anything about telescopes loudly proclaim their telescope's magnifying power. Magnification is the least important power of a telescope. Amateur and professional astronomers know that the light-gathering power and resolving power are the most important. These two abilities depend critically on the objective, so they make sure the optics of the objective are excellent. 

The ability of a telescope to collect a lot more light than the human eye, its light-gathering power, is probably its most important feature. The telescope acts as a ``light bucket'', collecting all of the photons that come down on it from a far away object. Just as a bigger bucket catches more rain water, a bigger objective collects more light in a given time interval. This makes faint images brighter. This is why the pupils of your eyes enlarge at night so that more light reaches the retinas.

Very far away, faint objects can be seen only with BIG objective telescopes. Making faint images brighter is critical if the light is going to be dispersed to make a spectrum.

A telescope has two general properties: 

how well it can collect the light 

how much it can magnify the image 

Aperture: This is the single most important factor in choosing a telescope. The prime function of all telescopes is to collect light. At any given magnification, the larger the aperture, the better the image will be. 
The clear aperture of a telescope is the diameter of the objective lens or primary mirror specified in either inches or millimeters (mm). The larger the aperture, the more light it collects and the brighter (and better) the image will be. Greater detail and image clarity will be apparent as aperture increases. For example, a globular star cluster such as M13 is nearly unresolved through a 4" aperture telescope at 150 power but with an 8" aperture telescope at the same power, the star cluster is 16 times more brilliant, stars are separated into distinct points and the cluster itself is resolved to the core.
Considering your budget and portability requirements, select a telescope with as large an aperture as possible.
Focal length: This is the distance (in mm.), in an optical system, from the lens (or primary mirror) to the point where the telescope is in focus (focal point). The longer the focal length of the telescope, generally the more power it has, the larger the image and the smaller the field of view. For example, a telescope with a focal length of 2000mm has twice the power and half the field of view of a 1000mm telescope. Most manufacturers specify the focal length of their various instruments; but, if it is unknown and you know the focal ratio you can use the following formula to calculate it: focal length is the aperture (in mm) times the focal ratio. For example, the focal length of an 8" (203.2mm) aperture with a focal ratio of f/10 would be 203.2 x 10 = 2032mm. 

Resolution: This is the ability of a telescope to render detail. The higher the resolution, the finer the detail. The larger the aperture of a telescope, the more resolution the instrument is capable of, assuming the telescope optics are of high quality.

Power (Magnification): One of the least important factors in purchasing a telescope is the power. Power, or magnification, of a telescope is actually a relationship between two independent optical systems – (1) the telescope itself, and (2) the eyepiece (ocular) you are using. 
To determine power, divide the focal length of the telescope (in mm) by the focal length of the eyepiece (in mm). By exchanging an eyepiece of one focal length for another, you can increase or decrease the power of the telescope. For example, a 30mm eyepiece used on the C8 (2032mm) telescope would yield a power of 68x (2032/30 = 68) and a 10mm eyepiece used on the same instrument would yield a power of 203x (2032/10 = 203). Since eyepieces are interchangeable, a telescope can be used at a variety of powers for different applications.
Do not believe manufacturers who advertise a 375 or 750 power telescope which is only 60mm in aperture (maximum power is 142x), as this is false and misleading.
Most of your observing will be done with lower powers (6 to 25 times the aperture of the telescope [in inches]). With these lower powers, the images will be much brighter and crisper, providing more enjoyment and satisfaction with the wider fields of view. 
Focal ratio: This is the ratio of the focal length of the telescope to its aperture. To calculate, divide the focal length (in mm) by the aperture (in mm). For example, a telescope with a 2032mm focal length and an aperture of 8" (203.2mm) has a focal ratio of 10 (2032/203.2 = 10). This is normally specified as f/10.
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The f-ratio is the focal length divided by the diameter of the telescope. Magnification is the focal length of the telescope divided by the focal length of the eyepiece. 

Example: To find the f-ratio of a telescope 10 " in diameter with a 45" focal length: Divide 45 " F.L. by10" D. to get an f-ratio of 4.5. 

To compute magnification: First, convert focal length to mm: 45" = 1146 mm, then: 1146 mm focal length divided by 35 mm eyepiece equals 33 magnification.

Field of view: The amount of sky that you can view through a telescope is called the real (true) field of view and is measured in degrees of arc (angular field). The larger the field of view, the larger the area of the sky you can see. Angular field of view is calculated by dividing the power being used into the apparent field of view (in degrees) of the eyepiece being used. For example, if you were using an eyepiece with a 50-degree apparent field, and the power of the telescope with this eyepiece was 100x, then the field of view would be 0.5 degrees (50/100 = 0.5).

Binoculars
Binoculars are a very useful piece of equipment for the astronomer. They provide great wide field images at low magnification and allow you to learn to find your way around the stars much more easily than with higher magnification telescopes. 

Binoculars are, as the word suggests, two oculars or two eyepieces. A binocular is really two refracting telescopes fitted together so that you can use both eyes to look at distant objects at the same time. Binoculars incorporate a number of prisms for three purposes: Firstly, to put the picture upright again (because binoculars are usually used for terrestrial viewing). Secondly, the prisms are used to reduce the length of the tubes in order to make them easier to handle. Lastly, the prisms make it possible to reduce the width between the eyepieces in order to be able to look through them with both eyes. 
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PROCEDURES

You can start in parts A or B, depending on availability of equipment.

A) Refractor telescopes:
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The refractor telescope will be set on the Optics Bench.

1) Mount the light source with a crossed arrow target at one end of the bench.

2) You will need two boxes of six lenses. Mount two lenses, one as an objective and the other as an eyepiece. Try the different combinations (double convex with plano convex, double convex with convex/concave, double concave with plano convex, double convex with double convex, etc). Based on the Fundamental Lens Equation, what would happen to di if you increase do, for each case? 

3) Determine the focal lengths for your lenses. To determine the focal points, you can use a light source with slits, or 2 parallel laser light sources, and find the point where the lines cross.

4) Try different distances between lenses and between the object and the objective lens: 

Are the images magnified or reduced? Are the images inverted or upward? If inverted, how can you correct this situation?  Are the images real or virtual? What would happen to di if do were very, very large? Try it. What happens when you change the eyepiece with the objective lens?

Create a table to report all this information.

5) Remove the light source from the end of the bench and try to obtain magnified images of distant objects. What combination of lenses gave you the “best” telescope? Describe: Is the image larger, brighter, larger field, etc? What was the best magnification you could obtain?

How can this telescope be improved?

6) Use this setting as a projector (only one lens). For what values of do were you able to focus an image on the screen at the other end of the bench? Is the image inverted?

What happens to the image if do is less than f. Can the image still be focused? Why or why not?

What happens to the image if do is greater  than f. Can the image still be focused? Why or why not?

7) Is it possible, using a single lens, to project an image that is “uninverted” (upwards)?

Can this same setting be used as a microscope? What is similar and what is different?  Draw figures if necessary.

B) Newtonian or reflective telescopes:

As it was mentioned before, this telescope will consist of 3 main parts: curved mirror, flat mirror and eyepiece.
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1) Each one of these parts will be set in a lab stand at the same height.

2) Find the focal distance of the curved mirror.  Set two parallel laser light sources horizontally, at the same height as the mirror.  The focal point is the point where the two laser beams cross, after being reflected in the mirror.

3) The flat mirror (used to change the direction) should be placed a few centimeters before this point, to allow for maximum light to be absorbed.

DO NOT POINT THE LASER LIGHT TOWARDS YOUR EYES.  DO NOT LOOK INTO THE EYEPIECE WHILE THE LASER IS ON. DO NOT LOOK STRAIGHT INTO THE SUN.

4) The eyepiece lens will take the bright light from the focus of the objective lens or primary mirror and "spreads it out" (magnifies it) to take up a large portion of the retina. The eyepiece will be placed at the focal point (or very close to it).

Move the eyepiece forward or backward until the image is focused.

5) Is the image inverted or not? If so, how can you solve this situation?

6) What are the advantages of this telescope, compared to the refractor? Disadvantages?

7) Using the focal length of the mirror and the information provided in the eyepiece, calculate the magnification of the telescope.

8) Change the eyepiece and calculate the magnification. What can you say about the resolution, field of view and magnification using different eyepieces?

9) The flat mirror is placed “in the way” of the light coming from the object.  Try to explain why you obtain a complete image.

10) How can this telescope be improved?

