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ABSTRACT 

 

SOLAR SPECTROSCOPY AND THE ROTATIONAL DOPPLER EFFECT 

 

Scott Edward Muller 

Department of Physics 

Bachelor of Science 

 

Finding the velocities of moving bodies is often accomplished by analyzing the differences in 

wavelengths and frequencies due to the Doppler Effect. Our closest neighboring star, the Sun, 

stays relatively fixed in its distance from the Earth, however it rotates fairly rapidly on its own 

axis. By analyzing the Doppler shifts in the absorption spectrum of the Sun at the edges rotating 

toward and away from the Earth we can measure the angular velocity of the Sun. A spectrograph 

was designed and built for this purpose using funds provided by NASA and Montana State 

University in connection with the National Student Solar Spectrograph Competition. The 

challenge then was to build a spectrograph capable of making sufficiently fine measurements 

while keeping costs to a certain level as per the contest parameters. 
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1 Introduction 

Solar spectroscopy is a branch of astronomical spectroscopy that focuses its study on the 

Sun and the properties that can be derived by studying its spectrum. Through solar spectroscopy 

scientists have been able to measure many things related to the Sun including its age, 

temperature, and composition (which led to the discovery of Helium). The ability to analyze 

these properties is dependent on the spectrograph performing the measurements. 

The angular velocity of the Sun is a property that can be measured from its spectrum. As 

the Sun rotates on its axis it has regions that rotate toward or away from the Earth. The spectrum 

produced by one of these regions will be shifted via the Doppler Effect depending on the velocity 

of the region. The tangential velocity of any part of the sun will be small compared to the speed 

of light, so the Doppler shifts produced by the Sun’s rotation will also be small. Building a 

spectrograph that can perform fine enough measurements to detect the Sun’s rotational Doppler 

shift is therefore a non-trivial problem. 

The purpose of this thesis is to present the process of designing, building, and testing a 

spectrograph with the goal of approximating the angular velocity of the Sun. The final cost of the 

spectrograph was required to stay below          as a limitation imposed by the National 

Student Solar Spectrograph Competition of which this research was a part. 
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2 Theoretical Basis 

2.1 Doppler Effect 

 When an object travels at a sizable velocity away or toward an observer, the observer will 

detect a shift in the spectral lines produced by the light of the traveling object. This phenomenon 

is called the Doppler Effect. 

Light from a receding source has its wavelength slightly lengthened and is said to be red 

shifted while light from an approaching source has its wavelength shortened and is said to be 

blue shifted. In his textbook Randall Knight gives the wavelengths for red shift as 
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(1) 

 

while blue shifted wavelengths can be found by 

 

   √
  

  
 

  
  
 

      

 

(2) 

where      is the velocity of the source,     is the speed of light, and      is the unshifted spectral 

wavelength (Knight, 2013). 

The tangential velocity of the Sun’s surface varies based on the considered region’s 

distance from the axis of rotation. The maximum tangential velocity will therefore be greatest 

along its equator, with Doppler shifts at their maximums at opposite edges of the equator. 

Multiplying together the mean radius of the Sun  (           ) (Wolfram|Alpha 2009 [1]), 
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and its equatorial angular velocity (                ) (Wolfram|Alpha 2009 [2]) gets a 

maximum tangential velocity of             . Applying this speed to equations (1) and (2) gives 

a maximum red and blue shift of                . So in order to detect the maximum 

Doppler shift on the edges of the Sun a spectrograph must be capable of resolving the difference 

between the red and blue shifts at around           . 

 

2.2 Diffracting Light 

 Diffraction gratings are commonly used for separating light into its spectrum. A 

diffraction grating is a periodic set of apertures or grooves which scatter light from the grating in 

a periodic manner. Figure 1 shows an example of a grating surface. 

 

 
Figure 1    Diffraction Grating Surface (600 lines/mm) 

Photo taken with optical transmission microscope, courtesy of Wikimedia: 

http://commons.wikimedia.org/wiki/File:Diffraction_grating_surface.jpg 

 

 

Incident light on a diffraction grating is scattered into its spectrum in different spectral orders. 

The zeroth-order corresponds to that part of the light that scatters directly off of the surface 

without being deflected by the grooves (Hecht p. 477). On a regular diffraction grating the 

zeroth-order is the most intense (brightest) order and it has all the colors overlapping each other. 
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It is therefore useless to consider this order when trying to analyze particular wavelengths of 

light. The first spectral order is the most intense order where a separated spectrum is produced. 

Higher spectral orders scatter the spectrum wider, offering better resolution in exchange for 

weaker intensity. 

Blazed gratings are a special type of diffraction grating created by orienting individual 

grooves at a specific angle (as shown in Figure 2). Blazed gratings are convenient for 

spectroscopy because the groove angle causes the incident light to scatter intensely in the first 

spectral order, while the useless zeroth-order is diminished in its reflected intensity. 

 

 

Figure 2    Blazed Grating Diagram 

 

 

The angle of diffracted light is found by solving the grating equation 

     (           )   (3) 

where    is the spectral order,     is the distance between each groove,      is the incident angle 

of the light, and      is the angle of the reflected light (Hecht p. 478). Both angles are measured 

normal to the grating plane, as shown in Figure 2. Solving the grating equation for      yields 
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  ( )     

  (
  

 
      )   

(4) 

which provides the angle of the diffracted light as a function of the desired wavelength, the angle 

of incident light, and the distance between each groove. The blazed grating is designed for 

optimal scattering in the first spectral order, so      . The grating used in the final 

spectrograph design has                  , making             . 

The wavelength to be considered is selected based on how easily its spectral feature can 

be picked out of the Sun’s absorption spectrum. The spectrum for sodium contains two distinct 

lines, called the Fraunhofer lines (or the sodium doublet), which are quite distinct in the Sun’s 

absorption spectrum. The distance between these lines is known, and can therefore be used to 

find the actual spectral resolution (which is discussed in more detail in the section 4.1). So the 

wavelength chosen is around the doublet for sodium,            . Equation 4 now simplifies 

to provide the reflected angle as a function of the incident angle only, 

   (  )     
  (           )   (5) 

This completed equation was used to orient the diffraction grating in order to view the correct 

part of the spectrum. 

 

2.3 Spectral Resolution 

 Spectral resolution is a measure of the smallest change in wavelength that can be 

differentiated by a given spectrograph. It is a measure of the precision a spectrograph is capable 

of achieving (which will be critical in measuring the Doppler shift). The spectral resolution is a 

function of the spectrograph’s grating, slit, and CCD camera. On their website B&W Tek Inc. 



6 
 

provide an equation for calculating the spectral resolution for a spectrometer as a function of its 

grating, slit, and CCD camera (B&W Tek Inc. 2013). It is given by 

 
   

        
    

   
(6) 

where      is the slit width,     is the number of pixels,      is the pixel width,      is the 

resolution factor, and      is the spectral range given by 

 
   

 

 
   

(7) 

Since only the first spectral order is being used, the spectral range becomes the 

wavelength for sodium light (the wavelength being considered, as discussed in section 2.2, 

around          ). The camera used throughout the design process is a Nikon D3100; it has 

14.2 Megapixels with a pixel width of        (Nikon D3100 Reference Manual). The slit used in 

the final spectrograph design has a width of        . The resolution factor is determined by 

comparing the slit width to the pixel width. For          , which is approximately true for the 

given case, the resolution factor is         . Using these values in equation (6) yields a 

spectral resolution of             . The spectrograph should theoretically be able to resolve 

wavelengths that are shifted by amounts greater than this. This means that the apparatus being 

designed should be able to resolve the necessary             Doppler shift previously 

calculated in section 2.1. 
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2.4 Front End Optics 

When analyzing the spectrum of any region on the Sun there is a range of tangential 

velocities present dependent on the region’s varying distance from the Sun’s rotational axis and 

equator. Resolving the Doppler shift requires limiting that range as much as possible. One way to 

do this is to image a magnified version of the Sun on the slit. This requires a two lens system. 

Eugene Hecht describes a method for developing the magnification for such a system by 

multiplying together the magnification of each lens, he gives this as 

 
       

     
 (      )       

   
(8) 

where      
     

      
 ,            , and      

     

      
  (Hecht 2002). Putting all of these pieces 

into equation (8), and simplifying, yields 

 
       

    
     (     )     (      )

   
(9) 

 The total length of the telescope would be the distance between the two lenses plus the 

image distance of the second lens. For the sake of stability and pragmatism a limit of 1 meter 

was chosen for the telescope’s length. To get this length a magnification of                is 

chosen which gives a Sun          in diameter. The slit height is       , thus the diameter of the 

Sun is around     times the size of the slit height. The tangential velocity of the Sun        of the 

way from the equator along the edge gives a Doppler shift of            , which is still within 

the theoretical spectral resolution of the spectrometer. So the magnification seems sufficient. 

The particular lenses used to create the final design’s telescope have focal lengths of  

       and       . From this we get the distance between the two lenses to be             . 
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The image distance of the second lens is           and the total length of the telescope is  

        . Thus the first lens is           from the slit and the second lens is          from the 

slit. The final design, presented in section 4.2, includes a telescope with these specifications. 

 

2.5 Data Collection Method 

 To measure Doppler shifts in the Sun’s spectrum it is important to know from which 

region of the Sun data is being collected. Only those regions toward the edges on the equator will 

have velocity sufficient to detect a sizable shift. To solve this problem the spectrograph was 

oriented such that the Sun would cross its telescope while reaching its zenith (shown in Figure 

10a). Frequent pictures were taken before, during, and after the Sun’s crossing. The initial 

pictures should be the spectrum of the Sun around its maximum tangential velocity in one 

direction while the final pictures will capture the spectrum at its maximum tangential velocity in 

the other direction. 

The effectiveness of this data collection method rests on the assumption that the Earth 

and the Sun are in roughly the same equatorial plane. All of the planets orbit the solar system’s 

center of mass (contained within the Sun) in about the same orbital plane. It is reasonable to 

assume that the Sun’s material would also follow this pattern, leading its rotation to be in the 

same plane as the planets’ orbits. The Earth has a slight wobble on its rotational axis, but during 

the spring and autumnal equinoxes it’s equatorial plane is parallel to its orbital plane and to the 

Sun’s equatorial plane. This means that the best times to gather data related to the Doppler Shifts 

will be around the beginning of spring or fall. 
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3 Indoor Spectrograph Design 

3.1 Fixture Overview 

 BYU-Idaho has an optics table with a variety of optical fixtures from previous research. 

This material was invaluable for designing and testing a spectrograph system and its alignment in 

a controlled environment. Nearly all fixtures used in the final design were first tested using 

BYU-Idaho’s optics table. Finding an effective fixture for each element of the spectrograph was 

a major part of the design process. 

 The camera was initially given fixtures that granted it many degrees of freedom (shown 

at c in Figure 3). This was found to be problematic as the camera would become displaced quite 

easily, required frequent realignment. In further designs this was corrected by allowing the 

camera to move on a track (shown at g in Figure 4), lessening its degrees of freedom and ease of 

alignment. Eventually the camera was fixed to a peg at a consistently effective distance from the 

grating for measuring its spectrum (shown at f in Figure 5 and e in Figure 9). 

 Light must be traveling mostly parallel when it strikes the diffraction grating to avoid 

scattering light off the blazed grating in directions other than the desired angle. Parallelizing the 

light gives rise to chromatic aberrations where different wavelengths of light have different focal 

lengths as they pass through the parallelizing lens. An achromatic lens was included in every 

design as a way to parallelize light coming from the slit, and to limit chromatic aberrations as 

much as possible. For much of the design process a small achromatic lens was used with a 

diameter of          and a focal length of        . Later a larger achromatic lens was used with 

a diameter of        and a focal length of        . The achromatic lens was originally set on a 



10 
 

fixed post (shown at a in Figure 3 and e in Figure 4). The final indoor and all the outdoor designs 

set the achromatic lens on a sliding fixture, allowing it to be moved back and forth between the 

slit and the grating (shown at d in Figure 5 and c in Figure 9). This freedom of movement 

allowed light from the slit to be more finely focused on the grating. 

 

3.2 Indoor Designs 

 The initial spectrograph design (shown in Figure 3) was incredibly simple. A sodium gas 

lamp fitted with a slit was used as a light source. Light was then passed through an achromatic 

lens at a, sending a plane wave to strike the grating at b, and finally the spectrum could be 

recorded with a camera at c. The grating shown in Figures 2 and 3 is smaller than the final one 

used, providing student researchers practice using a less expensive grating with less fear of 

derailing the final spectrograph. 

 

 

 Figure 3    Initial indoor design 

 

 

 

 

a)  Achromatic Lens 

b)  Blazed Grating 

c)  Camera 
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 Figure 4 shows a typical setup late in the indoor testing phase of spectrograph design. A 

black baffle tube (shown at b) was integrated into the design to help parallelize the light striking 

the slit. A variable slit was included at c, allowing for wider or thinner slit width during tests, 

with the detected spectra becoming more defined with thinner slit width. At one time a sodium 

filter was included (located at d), but it served no purpose in the final design since measuring the 

Sun’s entire spectrum was deemed desirable, and sodium is absent from the Sun’s absorption 

spectrum in any case. The achromatic lens, grating, and camera operate the same as in the 

previous design (with a more convenient fixture for the camera as discussed in section 3.1). 

 

 

 

 

 

 

Figure 4    Intermediate indoor design 

 

 

 

a)  Sodium Lamp 

b)  Baffle 

c)  Variable Slit 

d)  Sodium Filter 

e)  Achromatic Lens 

f)  Blazed Grating 

g)  Camera 

 

 During the design process alignment was difficult; this was greatly helped with the use of 

a laser, allowing light to be easily tracked as it passed through the apparatus. The final indoor 

design is shown in Figure 5 while it is being aligned with a laser. The final indoor design also 
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used a camera zoom as a baffle (as shown at b). It was thought that the narrower zoom might 

constrict light better than the fairly wide baffle tube previously used (shown at b in Figure 4), but 

this was never tested. The spectral resolution achieved by the final indoor design was improved 

over previous designs through the use of a narrower slit of        (shown at c in Figure 5). 

 

 

 

 

 

 

Figure 5    Final indoor design 

 

 

 

 

a)  Laser 

b)  Baffle 

c)  Slit 

d)  Achromatic Lens 

e)  Blazed Grating 

f)  Camera 

 

 

3.3 Indoor Results 

 Pictures of spectra taken during the testing process were analyzed using Matlab. First the 

image of the spectral lines (shown in Figure 6a) was set to gray scale and stored as a 2 

dimensional matrix, where each coordinate of the matrix represents a pixel location with its 

value being the intensity of the image at that location. A vector was then sliced horizontally out 

of the image (as represented by the blue line cutting across the middle of the spectral lines in 
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Figure 6). The plot of this vector is shown in Figure 6b. The scale of the intensity level of the 

emission spectrum is arbitrary as the final results will only be concerned with the shift in the 

spectrum. The peaks in the emission spectrum can be found fairly easily using the data cursor 

and zoom features in Matlab. The code used to produce Figure 6 is very similar to that presented 

in Appendix A. 

 

 

 

 

 

 

 

Figure 6    Indoor results with data gathered from a sodium lamp 

(a) (top) Emission spectrum 

(b) (bottom) Intensity vs. Pixel # graph of the horizontal line cut from (a) 

 

 

 The bright orange line in Figure 6a should appear as two separate spectral lines called the 

Fraunhofer lines (the sodium doublet). The emission spectrums measured with the indoor 

apparatuses could never get the sodium doublet to resolve as two distinct lines. The simplest 

explanation for their absence in Figure 6a is that the lines are too close to each other to resolve as 

being separate. By experiment it is known that the Fraunhofer lines for sodium (the sodium 

doublet) are                 and               . If the indoor designs are unable to 
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resolve a difference of at least         then they are definitely not good enough to resolve 

differences in the Doppler shift. It may be that the camera itself was obscuring light from striking 

the grating (as appears to be happening to the laser light in Figure 5). This would lead to a 

decrease in spectral resolution as expressed in equation (6) where a smaller number of pixels 

illuminated by the grating will prevent the resolution of smaller of smaller changes in 

wavelength. 

 Another possibility for the indoor design’s inability to detect the sodium doublet is 

internal reflection. Light reflecting off of surfaces might obscure and make the doublet 

impossible to distinguish. It might also be Doppler broadening, where sodium atoms moving at 

varying speeds within the gas broaden the spectral lines, possibly causing the doublet to appear 

as a single line. The same internal optics as the final indoor design was used in the first outdoor 

design, but it was able to easily resolve the sodium doublet from the Sun’s absorption spectrum. 

This is a strange discrepancy with reasons that never became clear. 
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4 Solar Spectrograph Design 

4.1 First Outdoor Design 

 The first outdoor design was simply a box built around the final indoor design. This 

allowed the careful alignment of the final indoor design to be maintained while testing the 

apparatus on the Sun’s absorption spectrum. The camera zoom baffle of Figure 5 was discarded 

in favor of a long rectangular cardboard tube (shown in Figure 7a). A lens was also fixed at the 

tube’s entrance (partially seen in Figure 7a) to create a larger image of the sun on the slit inside. 

At this stage a mirror was used to reflect sunlight directly into the apparatus (shown in Figure 

7b). 

 

 

 

 

 

 

 

Figure 7 

(a) (top) First outdoor spectrograph design 

(b) (bottom) author relays sunlight using a mirror 

(c) (right) Joseph Withers manually observes spectrum before taking pictures 
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4.2 First Outdoor Results 

The results of the first outdoor design (shown in Figure 8) demonstrated that the 

spectrograph as designed was easily capable of resolving the Fraunhofer lines for sodium (see 

Figure 8c). Since the actual separation distance between the lines of the sodium doublet are 

known the pixel width in nanometers can be found by 

       

         
                   

(10) 

This is significantly better than the resolution suggested by the sodium lines of the indoor 

designs, and is close to the range necessary to detect the Sun’s rotational Doppler shift. 

 

 

 

 

 

 

 

 

 

Figure 8    First outdoor results from data gathered as shown in Figure 7 

(a) (top) Absorption spectrum of the Sun 

(b) (bottom) Intensity vs. Pixel # of horizontal line cut from (a) 

(c) (right) Zoomed in image of sodium doublet 
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4.3 Final Spectrograph Design 

The final spectrograph design was made of heavier materials than the first outdoor design 

to limit noise caused by wind. A sturdy wooden box was built to house the fittings and internal 

optics (shown in Figure 9), and a thick packaging tube was built around a two-lens telescope, 

replacing the single lens of the first outdoor design. The details of the telescope design are given 

in section 2.4. Light absorbent material was padded through most of the box and the inside of the 

telescope (shown in Figure 9). A window was included in the design for checking calibration and 

adjusting the camera and grating as needed (shown in Figure 10bc). A remote was used to take 

pictures, eliminating the need to physically touch the apparatus while collecting data. 

 

 

 

 

 

Figure 9    Final spectrograph 

(a) (left) Internal and external view 

(b) (right) Internal view 

 

 

a)  Telescope 

b)  Slit 

c)  Achromatic Lens 

d)  Blazed Grating 

e)  Camera 

 

The data collection method is discussed in detail in section 2.5, the orientation of which 

is shown in Figure 10. Data was gathered by taking pictures of the Sun’s spectrum at fixed time 

intervals from before the Sun crossed the telescope till after. The shadow cast by the telescope on 

the spectrograph box was used as a guide for aligning the telescope with the Sun. The 
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approximate time of the Sun’s zenith for a particular day was found with a Sun Position 

Calculator, found on Christiana Honsberg and Stuart Bowden’s website (Honsberg, 2013). 

 

 

Figure 10    Final Spectrograph 

(a) (left) spectrograph in data collection orientation (discussed in section 2.5) 

(b) (top) calibration being checked through window by Joseph Withers 

(c) view of spectrograph through window 

 

 

 

4.4 Final Spectrograph Results 

 Figure 11a shows an absorption spectrum typical of that gathered using the final 

spectrograph design. As with the previous results a vector is cut out of the spectrum and 

displayed as a graph of its intensity vs. pixel #. More defined troughs for this graph could be 

created by summing the intensities of the image vertically instead of cutting out a single vector, 

however this also tended to broaden the sodium doublet as the the spectral lines are not exactly 
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parallel with the image. Appendix A documents a Matlab function that uses the summing 

method. Figure 11 is found by cutting out a single vector without the sum. 

 

 

Figure 11    Final spectrograph results with data gathered as shown in Figure 10a 

(a) Absorption spectrum of the Sun 

(b) Intensity vs. Pixel # of horizontal line cut from (a) 

 

  

Appendix B documents a function in Matlab that used the code in Appendix A to find the 

doublet locations for a series of intensity vs. pixel graphs. This required first identifying the 

range of pixel values within which the doublet would be located for a given set of spectra 

crossing the Sun. A plot of the doublet separation as a function of time is shown in Figure 12. 

The “run #” refers to the particular picture being considered; the separation in time between each 

run is approximately constant. The best pixel separation distance achieved as part of the final 

results was             , which gives a spectral resolution of about                 . 

Unfortunately this is just outside the spectral resolution required to detect the Doppler shift (as 
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calculated in section 2.1). Subsequent data analysis will do nothing to change the resolution 

being achieved; however it is a useful to show the process that might be followed to discover the 

Doppler shift given better resolution. 

 

 

Figure 12    Sodium doublet separation in pixels as a function of run # 

 

 

 The pixel locations of the left and right lines of the sodium doublet are plotted over time 

in Figure 13. The shift in the doublets’ position is then approximated by fitting a line to the 

resulting graph. The slope of the individual doublets indicates that they are shifting in the same 

direction overall, which is expected if the shifting is caused by the Doppler Effect. The shift in 

wavelength to be used in calculating the Doppler shift is taken from the fitted lines in Figure 13 

rather than the absolute pixel separation. This is to account for noise and other effects that may 

affect the pixel locations of the sodium doublet. 

 Using the left doublet an angular velocity of                 is calculated for the Sun. 

This would correspond to a maximum tangential velocity of          . The actual angular 

velocity of the Sun is                   , corresponding to a maximum tangential velocity of  

           . 
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Figure 13    Pixel location of the sodium doublet as function of run # 

(a) left doublet 

(b) right doublet 
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5 Conclusion 

 What was designed and built for this thesis was a solar spectrograph with a spectral 

resolution of approximately                 . This is not a sufficient resolution to find the 

angular velocity of the Sun based on its rotational Doppler shifts. However, many problems 

related to solar spectroscopy, or spectroscopy in general, can be approached with such a 

resolution. 

 One change in the spectrograph design that would greatly improve results is the inclusion 

of a thinner slit. From equation (6) in section 2.3 it is shown that spectral resolution is 

proportional to the slit width. The intensity of incoming light is also dependent on slit width, 

meaning that if the slit is too narrow there won’t be enough light to adequately study the spectra. 

The bright spectrum in Figure 11a shows that there is still plenty of intensity to allow for a 

smaller slit. A slit of        should achieve a spectral resolution ten times smaller than the  

       slit currently being used. An order of magnitude improvement in spectral resolution 

should be more than sufficient to detect the Doppler shift. 

 The number of pixels being illuminated could also be increased to improve spectral 

resolution. Improved programing could also be used to better analyze the spectral images and 

provide more sophisticated post processing. 

It would also be worthwhile to discover conclusively why the indoor design was unable 

to resolve the sodium doublet using a design that could easily detect the separate lines while 

outside. 
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6 Appendices 

A Matlab Documentation of ‘specPicSum’ 

function [ L,R ] = specPicSum( file,F ) 

 

if nargin<1 

    file='m7'; end 

if nargin<2 

    F=1; end 

 

Read the picture, stored as 3D matrix  (Nrow x Ncol x 3) 

full=imread(file,'jpg'); 

 

Turn it gray, stored as 2D matrix (Nrow x Ncol) 

gray=rgb2gray(full); 

 

Cut a vector across the middle row of the gray matrix 

Sumvec=sum(gray); 

 

Doublet Locator 

[Ldip,Ldoub]=min(Sumvec(1775:1825)); 

[Rdip,Rdoub]=min(Sumvec(1825:1875)); 

L=1775+Ldoub; 

R=1825+Rdoub; 
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Plot 

figure(F) 

subplot(3,1,1:2) 

imshow(full) 

subplot(3,1,3) 

plot(Sumvec) 

xlabel('Pixels') 

ylabel('Intensity') 

title(['Left Doublet -> ',num2str(L),'  Right Doublet -> ',num2str(R)]) 

 

 

 

end 
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B Matlab Documentation of ‘specAnalyzer’ 

function [ L,R ] = specAnalyzer(  ) 

 

vector for left and right doublet locations initialization 

L=zeros(17,1); 

R=zeros(17,1); 

 

Finding doublet locations for files named: 'm1','m2','m3',... 

for i=1:17 

    [L(i),R(i)]=specPicSum(['m',num2str(i)],i); 

end 

 

differential (slopes) for doublets 

DL=diff(L); 

DR=diff(R); 
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plot of the doublet separation as a function of time (run #) 

figure(1) 

plot(1:length(R),R-L,'-sq') 

title('Doublet Separation (in Pixels)') 

xlabel('Run #') 

ylabel('Pixel') 
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plot of doublet pixel locations as a function of time 

figure(2) 

subplot(2,1,1) 

plot(1:length(L),L,'-o') 

title('Pixel Location of Left Doublet') 

ylabel('Pixel') 

subplot(2,1,2) 

plot(1:length(R),R,'-o') 

title('Pixel Location of Right Doublet') 

ylabel('Pixel') 

xlabel('Run #') 
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plot of doublet differential as a function of time 

figure(3) 

subplot(2,1,1) 

plot(1:length(DL),DL,'-o') 

title('Left Differential') 

subplot(2,1,2) 

plot(1:length(DR),DR,'-o') 

title('Right Differential') 

xlabel('Run #') 

 

 

 

end 
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