                                                Summary 
This project was based around the setup of a new telescope at Armagh Observatory. The main objectives were to assist with the setup and run daylight tests of the cameras in the laboratory before they were fixed in their permanent positions outside. These tests would help to characterise the performance of the telescope.
     The tests run on the camera included focus tests, finding the angle of view, finding the dark current and bias levels and determining download times for different USB connections. 

    In the last week we brought the cameras outside to try them out at night. Unfortunately it was very cloudy that night but we managed to get some cloud free images and with longer exposure times, images of stars were taken. 

                                        Introduction


The purpose of the Polar Bear Telescope is to investigate light pollution over the City of Armagh and monitor variable stars around the North Pole over a long period of time. 
       Light pollution is increasing in urban areas and as the Armagh Observatory is situated on the edge of a large town it could become a problem. In order to study the effect and rate of increase of light pollution its levels will be monitored by the telescope over an initial period of three years. This will be done by comparing the brightness of the night sky with a point of fixed brightness, Polaris, the North Star.
       Around 1,000 other stars will also be monitored at the same time. This will provide other astronomers with long-term data about these stars. This may lead to the discovery of other planets through the drop in star luminance as a planet passes in front of the star. It will also help investigations into Polaris. Polaris was a Cepheid Variable star, that is, its brightness varies with a precise period. Recently, however, these variations have stopped. The information gathered with this telescope may tell us why. 
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                             The three cameras on their test rig.
The telescope is made up of three Starlight Xpress H16 cameras with Kodak Interline CCDs. Each camera is fitted with a Nikon 85mm/f1.4 lens and a UV filter. The three cameras will be connected to a single computer with Linux software. This allows all three of the cameras to be controlled at once. 
       The cameras will be placed on the Observatory roof in weather-proof housings. These housings will be firmly bolted to the roof so the cameras point at the same patch of sky each night. Cables will run from the roof to the computer inside the Observatory. 
       One problem with using the telescope at the Observatory is the weather. It is often cloudy which means stars cannot be seen. However, with new software, the telescope will run continuously and discard cloudy images. This would save a lot of time otherwise spent manually sorting out the images. 

                            Angle of View

The angle of view is the angle between the extreme coplanar rays entering camera. That is, the angle of view is the angle created between the edges of view of the camera and the camera lens. It depends on the dimensions of the image sensor (CCD), the focal length of the lens and the kind and degree of distortion of the lens.
           It can be measured using the horizontal, vertical or diagonal length of the image sensor or object. It is more usual for the diagonal value to be used.
            A big angle of view, above 60°, will show a large area with small objects. A small angle of view, below 60°, will show a smaller area but the objects within it will be bigger.
            The distance between objects in the sky is measured in terms of angles. This means that it is important to know the angle of view as this will dictate the number of stars seen in one frame. Having a value for the angle of view will tell us whether we can fit the entire Ursa Minor (Little Bear) constellation into one image. 

The diagonal angle of view can be calculated in two ways. The first way uses values provided with the camera and the second way will use experimentally obtained values. In this way, an accurate value for the angle of view can be calculated and the values of focal length, pixel size and number of pixels can be confirmed.

α = 2arctan( d )
                    2f                                              
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Theoretical:
Focal length of lens: 85mm

Size of pixel: 7.4microns = 0.0074mm

No. of pixels horizontally (on CCD): 2112
No. of pixels vertically: 2072

Length of horizontal: 2112 x 0.0074 = 15.6mm
Length of vertical: 2072 x 0.0074 = 15.3mm

Length of diagonal: c² = a² + b²
                                        = 15.3² + 15.6²
                                        = 479.4
                                     c = 21.9mm

α = 2arctan( 21.9  )
                    2(85)
α = 14.7°

Experimental:
Set camera focus to infinity (this is the focus used for sky viewing). 
Open a focus window and point camera at a blank wall or pin board. 
Using the focus window and pins mark out the edge of view for each side of the rectangular image.
Use a measuring tape to measure the horizontal and vertical lengths of the area seen by the camera. 
Measure the distance from the camera lens to the board.
Using the horizontal and vertical lengths, calculate a value for the diagonal using Pythagoras' theorem.
Use the formula to calculate alpha.


Results:
Horizontal: 59.7cm
Vertical: 59.3cm
Distance from camera: 305cm 

Diagonal: c² = 59.7² + 59.3²
                  c = 84.1cm 
α = 2arctan(  84.1 )
                    2(305)
α = 15.7°

Conclusion:

% difference:    1    x 100 = 6.58%
                       15.2

Not all of the pixels used in the theoretical calculation are working therefore some difference in values would be expected. Other error comes from reading the measuring tape to find the distances and moving the pins to the correct position is subjective at times. Therefore, I think that this difference is acceptable and an average of the two values should be taken to give an accurate angle of view.

(14.7+15.7) = 15.2°
        2


If this is the angle which can be seen by all the pixels then the angle seen by one pixel can be calculated.

Number of pixels in diagonal:    84.1   = 11,365 pixels
                                                  0.0074
Angle per pixel:    15.2    = 0.00134 x 3600 = 4.81 arc-seconds/pixel
                            11365

This means that a star of 4.81 arc-seconds across and below should fit into one pixel. However, this is not the case as a star's image is usually spread over several pixels due to diffraction and errors in the optical system. This value should help to calculate the distance needed between two stars before they can both be distinguished as separate stars.  

                          Image Calibration

To make a bias frame, the cap is placed on the lens and the camera placed in a dark room. A zero second or very short (0.001s) exposure is taken. When this image is analysed it is noted that not all the pixels have a pixel number 0 which is used for the colour black, even though no light could have been detected by the CCD. This automatic variance in pixel number is called the bias. 
     When examining astronomical image it is often necessary to remove this bias to give a clearer picture with less noise. To do this, several bias frames should be taken shortly after or before the images are taken. As each bias frame is slightly different, at least two frames are taken and then averaged. Using image processing software the frames are added together and then normalised. This creates a master bias frame which can be subtracted from other images to remove the bias.
To calculate a value for the noise due to bias two bias frames are taken. One is subtracted from the other and the standard deviation of the pixels is measured. The value obtained is 20.5 times the noise in one frame.

Stan Dev: 34.2

Noise in one frame: 34.2  = 24.2ADUs
                                 1.42
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                                              Dark Frame – 1hour
Dark current is the current detected when no light reaches the receptor. It is caused by electrons which break free due to a build-up of thermal energy in the CCD. This noise can be removed from images by subtracting a dark frame. Dark frames are long exposures with the lens cap on and no light. After taking an image, the lens cap is put on and an image of the same exposure time is taken. The dark current depends on the temperature of the CCD.
        To measure the dark current a long exposure is taken with the lens cap on (the longer the better). A bias frame can also be taken at the same time. The bias frame is subtracted from the dark frame so noise due to bias is removed. This leaves the noise due to dark current which is the mean pixel value of the area in the centre of the image divided by the length of exposure in seconds. 
Exposure time:  60s

Mean pixel value:  11.3 ADUs

Dark Current:  11.3  = 0.189 e-/pixel/sec at 20°C (room temperature)
                          60
                              Focus Test

One method of measuring the resolution of a lens is to measure the Modulation Transfer Function (MTF). This describes the response of an optical system to an image decomposed into sine waves. It is also known as the Spatial Frequency Response. MTF quantifies the ability of an optical system to resolve or transfer spatial frequencies. The units of MTF can be line pairs per millimetre (lp/mm) or cycles per millimetre. Lp/mm refers to the number of black lines discerned by the camera, each line made up of one black line and one white line, hence the pair. Cycles per millimetre refers to the number of sine wave cycles discerned when a sine pattern is being observed. Often line pairs are used in place of cycles for a sine wave pattern. 
           The image detector has some effect on the MTF value. If the CCD is more sensitive to blue light than red light then the MTF will have a higher value than that of a CCD more sensitive to red light under the same conditions. This effect is usually minimal. It is the lens and the focus which have the most effect on the MTF.
To obtain a value for the MTF of the optical system a lens test chart and analytical software were used. The test chart was designed by Norman Koren and is called the ‘Koren2003’ lens test chart. I found this chart after research on the internet and downloaded the analytical software from the same site. The bar patterns in the middle and at the bottom are used to subjectively judge the sharpness when focussing the camera. The sine wave patterns at the top and below the bar pattern are used to determine the MTF.
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                           Example of Test Chart used for Experiment
For the calculation to work, the camera lens must be the correct distance away from the chart. To determine this distance the following formula is used:

D = (M+1)f
D=the distance between lens and chart

M=printer magnification
F=focal length of lens (85mm)
On the chart I downloaded M was given as 50 and the length was given as 25cm. However, when the chart was scaled to print the size changed and came out as 23.5cm long. 

Therefore   M = 23.5 x 50                                                                                                                     

                            25
                       = 47

D = (47+1)85

    = 4080mm

    = 4.08m

An error of 1-2cm is acceptable in this set-up.

The camera was focussed and the best lighting and exposure times were found. Once a clear picture was taken, it was saved as a FITS file to analysed later.

The analytical software used was ImageJ. This software has a ‘Plot Profile’ tool which allows a graph of pixel values against the length of the sine wave pattern in pixels to be plotted. To calculate the MTF value the following formula is used:
f  =  f1( f2 )X* 

             f1
X* =  X 

          Xmax

The value of X* is calculated using information taken from the graph. Xmax is the maximum x value (the length of the chart in pixels). X is the x value at the point at which spatial frequency has halved. This point is found by measuring the difference between the peaks at the start of the graph and then measuring differences further along the graph until a difference half of that at start is found. 

         f1 and f2 are the minimum and maximum spatial frequencies in lp/mm which are shown on the chart.
Results:

X = 316

Xmax = 651

f1 = 2

f2 = 200

X* = 316
         651

      = 0.485

f = 2(200)0.485
           2 

   = 21.3cycles/mm

This value was surprising as a minimum of 30cycles/mm is expected. The experiment was repeated many times under different conditions (lighting, aperture and focus) and this was the best value obtained. Therefore, either the investigation technique used is at fault or the camera has a lower resolution than expected. I suspect that the former is the case. 
                                             USB Speeds

There are two types of USB connection - USB1.1 and USB2. The USB2 is much faster and image download times are short. However, the connection only works over a 5m length of cable. This means that a USB1.1 connection must be used to connect the cameras to a computer if the computer is not on the roof. To decide on the best way to arrange the cameras, cables and computer a series of tests were run.
         Firstly, the download time, that is the time between the end of the exposure and the image appearing on-screen, was measured for a USB1.1 and USB2 connection. The USB1.1 connection was created using a USB extender cable which is longer than 5m, automatically switching the USB from 2 to 1.1.
        If the computer was not to be on the roof then long cables would be needed to connect the three cameras to the computer. Instead of having three long cables, it was proposed that each camera's short USB cable be plugged into a USB hub so that only one long cable was needed to connect the hub and the computer. This arrangement was also timed. 


Results:


	Connection
	Time/s

	USB2
	1.82

1.83

1.82

Av: 1.823

	USB1.1

Through extender
	5.34

5.46

5.34

Av: 5.38

	USB1.1

Through extender and hub
	5.23

5.32

5.49

Av: 5.35



Conclusions:
USB2 is roughly 3 times faster than USB1.1. 

The 5s download time with USB1.1 is not so long as to overcome the impracticality of having the computer on the roof. Therefore, USB1.1 should be used with the computer downstairs. 
Times through the hub and extender and just extender are roughly the same. Therefore, it would be cheaper and easier to use a hub and one extender cable to connect to the computer and it will not noticeably affect the download time.



                                                
                                              Star Image
We took the cameras onto the roof one night to take images. Unfortunately, as this was the first time the cameras had been used outside the focus was not right and as a result the stars in the images appear as large circles. It was also quite cloudy. However, Polaris is visible as the brightest star and it was quite exciting to get an image of the night sky.
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                                                              2minute exposure
When viewed full size, many circles are apparent. The haziness is due to clouds which moved across the field of view in the two minutes the image was taken. The white dots are noise which would be removed by subtracting bias and dark current frames. 


                                                 Conclusion
In conclusion, after much research and practical experimentation, a set of values which can characterise the telescope have been obtained. The Angle of View, bias and dark current values have all been calculated with some degree of accuracy and reliability. However, the MTF focus value may not be totally reliable. The USB speed experiment allowed the most efficient arrangement of the cameras and computer to be recognised. Overall, I think the experiments were a success although I would have liked to have calculated the MTF value by another method to confirm the reliability of the first value. 
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d = diagonal length


f = focal length/distance from camera








