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INTRODUCTION 

Spatial Heterodyne Spectroscopy is an emerging new type of interferometry currently being 

adapted for extended source analysis. Unlike a normal Michelson interferometer, which generally is 

useful in the infrared regime, a spatial heterodyne spectrometer (SHS) is able to resolve lines ranging 

from the visible into the UV spectrum. This spectral range is useful for observing extended sources, such 

as comets and planets.  Vital information about these objects can be obtained from recorded spectra data 

gather from the SHS. Such information like velocity, temperature, and element composition can be 

deduced from spectral data [1]. 

 The SHS differs from a typical interferometer because of its all-reflective components.  Input 

from a collimated light source will strike a symmetrical diffraction grating and split the light into two 

arms. From there two mirrors will reflect the light onto one another and back to the grating, where the 

beams will recombine. In order to separate the input and output beams, one mirror is built as a roof 

mirror, which translates the output beam below the input. The output beam is guided onto a CCD 

camera and Fourier transformed to analyze the spectrum. 

 The SHS is useful in its ability to be tuned to a target wavelength when the mirrors are on 

rotation stages. The system is also forgiving in terms of the alignment of the mirrors, making it a more 

viable option on exploratory missions. In the following report we will discuss the theoretical background 

behind the SHS, the processes involved in aligning the SHS, how the analysis of the device takes place, 

and some of the inconveniences experienced while developing the SHS. 

 

THEORETICAL BACKGROUND (with reference to Sona Hosseini, [1]) 

The SHS has similar qualities to a Michelson interferometer.  The devices are designed in a 

similar way to split light and have it interfere with itself.  Instead of a beamsplitter, as found in a 

Michelson, the SHS uses a diffraction grating.  As seen in Figure 1, a symmetric diffraction grating 

splits the incoming light into two different orders.  Two rotating mirrors are used to create an optical 

loop such that the ± orders of the grating are reflected back to the initial spot as the incoming beam.  The 

recombination of the two beams causes interference within the light; hence it produces a fringe patter.  

The location of this fringe patter along the optical path is called the fringe localization plane (FLP) [1].  

The FLP is the designated area where the light interferes and can be determined from the total length of 

the optical path. 



 
(a)                       (b) 

Figure 1| (a) The essential components of the SHS.  (b)  A side view of the 900 roof mirror. 

 

A rather clever design, the SHS has the capability to tune to specific wavelengths with the use of 

the grating equation 

λθ md m =)sin(  

where d is the distance between each groove in the diffraction grating, mθ  is the angle of the out coming 

order of beam and m is an integer.  This equation assumes that the incoming beam is normal to the 

grating.  As polychromatic light enters into the SHS the grating will spilt all off its corresponding 

wavelengths in their specified order ± m.  The angles of the mirrors are then adjusted to compensate for 

the out coming beam angles mθ  and tune into any wavelength of light that needs to be observed. 

For our particular case our SHS makes use a roof mirror as seen in Figure 1.  The roof mirror consists of 

two flat mirrors that are 900 apart.  The purpose of this is to bring down incoming beams to a lower 

level.  The importance of the descending beam is the fact that the SHS can now perform the same task 

on a lower level as it does in the upper level.  The reason this has to be done is due to the fact we are 

able to observe the FLP without disrupting the incoming light source.  What is seen is later described in 

the recorded data of the project. 

The resolving power of the SHS for a given wavelength 0λ of this instrument can be defined by 

the following equation 

mNR =
Δ

=
λ
λ0  

where m is an integer, N is the number of grooves illuminated, and λΔ  is the difference between the 

given wavelength 0λ  and its nearest observable wavelength.  As more grooves in the grating become 



illuminated the resolving power increases.  This is greatly tied to the bandpass, which is an allowable 

region wavelength that can be physically resolved by the SHS.  Consequently, this is also what provides 

us with resolvable fringes as well.  The bandpass, however, does eventually limit the resolving power of 

the SHS.  For our case the high UV region is as far the SHS can resolve [1].  To maintain a high 

resolving power λΔ  needs to decrease as 0λ  decreases in size.  But in order to resolve the nearest 

observable wavelength such that λΔ  is small the number of groove to be illuminated must also increase.  

Hence the bandpass and resolution is limited by the groove density, the size of the diffraction grating, as 

wells as the diameter of the incoming beam.  A similar argument can be said for wavelengths that are 

too large.  In general, the SHS is capable of tuning from a range of visible to ultra violet region.   

 

PROCEDURE 

The procedure of this project was broken into five sections.  In the initial procedure a basic laser 

setup was used to properly align the diffraction grating.  This laser’s straight and parallel optical path 

had little deviation which was crucial property to have when the grating is diffracting into the flat mirror 

and roof mirror.   The second section was to set up the flat mirror and roof mirror to assemble the SHS 

with respect to the laser and observe fringes.  In the particular procedure the mirrors needed to be 

assembled such that the can easily rotated and tuned, especially the roof mirror.  The third setup was to 

direct collimated light from a diffused source into the SHS and observe the fringes from different 

wavelengths through a telescope.  The final setup was to assemble a system such that the fringe pattern 

would be reflected into a CCD camera and analyze the data.  With the fringes captured and saved onto a 

computer the power spectrum can be obtained by performing a Fourier Transform using IDL 

programming language.  The IDL programming was the final section of the project where language 

editing was needed, not only to Fourier Transform the image, but to separate individual task such as 

cropping the image and plotting 2-D and 3-D graphics. 

 

Laser Alignment:  The initial setup of the alignment is represented in Figure 2.  In this basic setup we 

have a laser illuminating a straight path onto a mirror which reflects the beam 90o onto a diffraction 

grating.  Finally the beam is then sent back to the laser from the 0 order of the grating.  Although it not 

represented in the figure the beam is also parallel to the optical table which it is set upon.  Hence the 

initial beam is parallel to the table and normal to the grating such that the 0 order reflects them beam 

parallel to the table. 



 
Figure 2| Initial setup for the grating/laser system alignment. 

In order to get a straight beam a HeNe laser was placed in a precision positioner as seen in 

Figure 3.  With this particular positioner both horizontal and vertical tilting of the laser can be adjusted 

as well as the height of the beam.  In order to shift the laser left or right a support plate, with straight 

edges, is screwed into the optics table where the positioner can be flush against it and be slid with a 

good reference of being straight.  Furthermore, the positioner is attached to a magnetic base which 

assures a strong stable position. 

 
Figure 2| Laser positioner with both vertical and horizontal tilting adjustments. 

 



Once a general height (a general height based on the grating’s height) of the laser is determine a 

set of irises are used to straighten the beam path as seen in Figure 3.  The general path was aligned with 

the row of screw holes on the optics table making the job easier.  Using the tilt adjustments as well as 

sliding the laser to a proper position a straight path was made onto the mirror. 

 
   (a)            (b)             (c) 

Figure 3| (a) & (b) The iris setup needed to straighten laser path. (c) Mirror with tilt adjustments to reflect into diffraction 

grating 

The mirror, as seen in Figure 3, is adjusted such that the beam is reflected roughly 90o.  Irises are 

used again to assure a straight path towards the grating.  These irises are also set along a row of screw 

holes which gives a 900 bend from the reflection. 

 
(a)     (b) 

Figure 4| (a) The diffraction grating apparatus. (b) Straighten beam path towards the grating. 



 

Once the reflected beam was straight and parallel the diffraction grating apparatus was place in front as 

seen in Figure 5.  The apparatus included a linear stage, rotation stage, and vertical tilt adjustment.  The 

linear stage allowed the grating to be shifted left or right to get the beam centered on it.  The rotation 

stage was used to face the grating normal to the beam.  This assured us that the 0 order beam is reflected 

back onto the same path as the incoming beam.  The vertical tilt adjuster corrected the angle of the 

reflected 0 order such that it would be parallel to the table.  We used our eyes to see the reflected beam 

come back onto the laser face, which concluded the laser alignment. 

 

SHS setup:   After the initial alignment the flat mirror and roof mirror were needed to assemble the SHS 

as seen in Figure 5. 

 

 
(a)    (b)    (c) 

Figure 5| (a) Flat mirror.  (b) & (c) The roof mirror. 

 

The task here was to properly align and position the mirror such that we can achieve an interference 

patter for the laser as seen in Figure 1.   Both of the mirrors were attached rotation stages, similar to the 

grating apparatus, which were attached onto magnetic bases, similar to the laser positioner.  The flat 

mirror was first to be position.  Two irises were attached to two identical plate forms with straight edges.  

The idea was to line up these plates side by side such that the iris’ pinholes are closely aligned and 

spaced apart.  As the flat mirror reflected the m = -1 order beam from the grating, the irises were closely 

placed in front of the reflected beam.  The mirror was adjusted and rotated until the beam could be seen 

through both the irises, which gave quick assurance us a straight path. 

 The roof mirror on the other hand needs to be adjusted such that the two mirrors are 900 apart 

before alignment.  Because the roof mirror brings the beam height down it is important that the 

secondary beam is also parallel to the table, hence is why the mirrors need to be 900 apart as seen in 



Figure 1.  In order to achieve a 900 angle a Nikon Autocollimator 6B/6D is used.  In Figure 6 the roof 

mirror is place in front.  Although not shown what is observed in the Autocollimator, two sets of crosses 

are seen through the eyepiece.  In order to get a 900 angle the mirror must be adjusted such that the 

crosses are on top of one another. 

 
(a)      (b) 

Figure 6| (a) The roof mirror tilted by the inserts.  (b) The roof mirror being adjusted to 900 with the use of the 

autocollimator. 

 

Once set, the roof mirror was placed in position.  Similar to the flat mirror procedure the two aligned 

irises were used from the reflected m = +1 order beam from the grating.  The only difference is the fact 

that the irises had to be lowered for the shorter beam height.  A note that should be made is the fact that 

the roof mirror can’t be tilted.  To compensate for this a set of inserts were placed underneath a plate the 

mirror was attached to under, which can be seen in Figure 6?  The final setup of the SHS can be seen in 

Figure 7.  In the figure we can see the incoming laser beam.  As the reflections travel the optical path the 

roof mirror brings them down a level and reflects on the bottom portion of the grating.  This bottom 

portion is needed to observe the fringes, otherwise had we used two flat mirrors we couldn’t observe any 

fringes without disrupting the optical path.  

 



 
Figure 7| Final SHS setup.  The both the incoming beam and outgoing beam can be seen onto the grating. 

 

Theoretically, the previous procedure lined up the SHS with the HeNe laser.  At this point it was tuned 

to a 632.8nm wavelength.  However, minor adjustments were needed to achieve the configurations in 

Figure 1.  From trial and error the best method to achieve fringes was to gently rotate the mirrors by free 

hand.  From eyesight we could see the multiple reflections converging towards their corresponding spots 

on the grating.  Once these spots came together a very prominent and visible fringe pattern could be 

observed. 

 For a better observation a small flat mirror was used to reflect the bottom portion of the grating 

into the telescope as seen in Figure 8(a).  Figure 8(b) shows the fringes pattern projected from the 

telescope on to a wall. 

 
(a)       (b) 

Figure 8| (a) Telescope observation of the bottom portion of the grating.  (b)  The observed fringe pattern. 

The Diffusion Light Source Setup:  The next stage was to created a collimated beam of light going 

into the grating.  The setup can be seen in Figure 9. 



 
Figure 9| Collimation light source setup. 

 

To get collimation an iris was illuminate was closed completely to make a small pinhole.  The initial 

lens focused the lamp light directly onto the pinhole as seen in Figure 10.  It should be noted that the iris 

was adjusted to the height of the laser such that the light can illuminate the upper portion of the grating.   

 
Figure 10| Pinhole with the focused image of the lamp. 



The extra shielding on the converging lens help prevent stray light from getting in the system, which 

makes it easier to adjust the SHS as will be discussed later.  In Figure 10, the projected image of the 

lamp assured us that the light was at maximum concentration.  The distance between the focus image 

and the lens is the focal length.  This particular lens had a focal length of 10 cm.  With the lens in 

position, a camera lens was placed onto a stage such that in front of the pinhole.  The objective was to 

place the camera lens at its focal length away from the pinhole.  Once this is achieved we can get 

collimation.  The great qualities of this camera lens were the fact it reduces spherical and chromatic 

aberration of the light source.  Hence a clear beam without distortions was produced. 

  The final portion of the setup was to place the adjustable aperture and mirror in front of the camera 

lens.  With a quick use of irises, the mirror was aligned such that the beam reflected 900 and directed 

into the grating and parallel to the table.  With the mirror and aperture in place the final step was to shift 

the camera lens until collimation is achieved.  With the use of a white sheet of paper the size of the beam 

diameter at the aperture was compared with the diameter on the grating.  The lens was moved either 

closer or further away from the pinhole until the diameter of the beam was approximately identical 

throughout the path.  Perfect collimation could never be achieved in a set up like this because of many 

factors (the pinhole is not infinitely small; the lenses aren’t perfect, etc.).  

  The grating diffracted the lamp light into it corresponding wavelengths, which make it more 

difficult to tune.  Nonetheless careful observations must be carefully made when rotating the mirrors.  

Having the lights completely off in the lab help a great deal to see the different colors.   

The final product that was seen on the bottom half of the grating are two spots (each a reflection of two 

different orders from the grating) of the same color placed on top of each other.  It should also be noted 

that the mirrors also need to be rotated such that the two intersecting spots on directly below the 

incoming spot illuminating the upper region of the grating and not off to the side.  

To observe FLP the same mirror and telescope are used as in Figure 8(a) is used.  Unlike the laser, the 

fringes are not so visible so the telescope is strongly needed.  Careful steps were made so the small 

mirror reflected into the telescope.  Once the reflection could be see the telescope was focused until saw 

two small spots of light.  This particular configuration is called “spots mode”.  These two small spots are 

the actual images of the pinhole reflected from the ± orders of the grating.  Using the tilts adjustments on 

the flat mirror, we moved the spots until they are exactly over one another.  Once they were aligned the 

telescope focuses onto the FLP.  Images of the fringes can be seen in the recorded data. 

CCD Camera setup:  Once the fringes were achieved the next step was to focus them into our CCD 

Camera.  The camera would take shots of the fringes and save them as a .fits file onto a computer.  The 

image files were later analyzed in IDL computer software.  The camera setup can be seen in Figure 11.  



A small mirror is placed such that the bottom portion of the grating is reflecting into a converging lens.  

The camera is on a movable track so that the camera doesn’t shift off axis with the lens. 

To capture the fringes onto the camera, the mirror and lens had to be adjusted to make sure the light was 

focusing into the camera.  A piece of paper was useful to see where the beam was going.  Once the 

mirror and lens were setup into the camera a second mirror was used to reflect into the telescope.  This 

step assured us that the fringes existed and will be reflected into the camera.   

For the CCD camera to work properly a few preliminary steps were made.  The Andor program which 

operated the camera had to be set to lower the camera’s temperature.  Low temperature assured that the 

camera’s sensor would not take in noise onto the image.  The camera’s shutter speed also has to be taken 

into account.  Initially we set the camera shutter speed to be .021 seconds in length.  The program was 

also set to realtime, which was very useful to adjust the camera to locate the FLP.  The final step was to 

switch off all the light because of the camera sensitivity to saturation. 

  The lens focusing into the camera had a focal length of 100 cm, which gave us the ability to move the 

camera with a little more leniency to focus in on the FLP.  Had it been a fast focusing lens it would be 

difficult to move the camera without falling out of the localization plane.   

Certain lamps, especially the mercury lamp, produce too bright of a light source that would saturate the 

camera.  The polarizers seen in Figure 11 compensated for amount of intensity that entered into the 

camera.  Once the fringes were visible on the camera, multiple photos were taken and saved and were 

analyzed in the IDL Program. 

 
Figure 11| CCD camera setup. 



 

IDL procedure:  After the fringe localization planes were successfully imaged onto the Andor CCD 

camera, several pictures were taken of the fringes produced. Data were taken for both Mercury (Hg) and 

Sodium (Na) lamps. For the Hg lamps, two separate lines were used as the heterodyne wavelength, 

546.1 and 577.0 nm, and for the Na lamp, only the 589.6 nm line was used to take data. 

From there a program in IDL analyzed the data. The program would take in a .fits file, which was 

produced by the CCD, allow a user-defined portion of the fringe pattern to be Fourier transformed, and 

then have a 2-D and 3-D power spectrum displayed. The program would also produce .fits files for the 

cropped image, and both power spectrums. These files were converted externally into JPEG files using 

the program SkySight. 

 

DATA 

 The following figures are the analyzed data from the lamp spectrums. Figure 12 presents the 

results from the Hg-546.1 line. 

                     
(a)   (b)    (c)    

Figure 12| (a) The cropped interferogram image. (b) 2-D power spectrum. (c) 3-D power spectrum. Data were tuned at the 

546.1 nm line. 

 

Note that the cropped image is only of the barber pole shape.  This can be attributed to the fact that our 

iris was not small enough, essentially trying to use the system beyond its field of view.  The strong spike 

in the center is the tuned wavelength of 546.1 nm.  The two lines, essentially diagonal from each other, 

both represent the same wavelength [1].  By introducing a cross tilt in the flat mirror we were able to 

avoid the aliasing problem [1]. 

Figure 13 presents the results from the Hg-577.0 line. 



                                               
           (a)           (b)      (c)      

Figure 13| (a) The cropped interferogram image. (b) 2-D power spectrum. (c) 3-D power spectrum. Data were tuned at the 

577.0 nm line. 

 

This is a much lower quality result. The fringe pattern is very narrow, again attributed to the large 

aperture size, and the cross tilt is almost negligible.   In this case, the aliasing is a non-issue, since there 

is only one extra line being represented besides the tuned wavelength.  However, as we will see with the 

next set of data, without a cross tilt, it would be impossible to determine which frequencies belong to a 

set. 

 Figure 14 presents the data from the Na-589.6 lamp. 

    
                         (a)    (b)    (c) 

Figure 14| (a) The cropped interferogram image. (b) 2-D power spectrum. (c) 3-D power spectrum. Data 

were tuned at the 589.6 nm line. 

 

This was the most successful set of data taken from the project. The fringe pattern was wide and 

spanned most of the CCD camera, which was due to a smaller pin hole aperture. With this fringe pattern 

we were able to resolve two frequencies off from the tuned wavelength. However, the presence of two 

off frequencies means the SHS was not tuned perfectly. Assuming the band pass of the device is only 10 

nm, the only lines that can be resolved in that band pass are the 589.6 and 589.0 nm lines. In the above 

data, it can be seen that asides from the center frequency, there are two differing intensities of 

frequencies in the power spectrum. The weaker of the two is probably an off tuning of the SHS, so it is 

not perfectly tuned to the 589.6 nm line. 



 

DISCUSSION 

While the project was completed on time, it was left in a rather bare bones state.  There were 

many factors which made the project problematic for both the optical setup and the data analysis. 

In the optical setup of the SHS system, one of the major problems was the equipment we were left to 

build the SHS.  One of the primary pieces of equipment was the roof mirror.  Though it was used in 

previous experiments the particular problems with the roof mirror is its general design.  Its structure was 

rather cumbersome and adjustments were difficult to make.  In Figure 5 (b) there are two micrometers 

which served no meaningful purpose.  The smaller knob in the bottom corner in Figure 5 (c) was a 

crucial part of adjusting the mirror to 900.  The knob was difficult to adjust and fingers had a difficult 

time grasping onto it.  The original way we set the mirror to 900 was by illuminating it from a long 

distance with a laser.  The mirror would reflect back two semicircles along the wall.  The objective was 

to adjust the mirror such that these semicircles are barely touching.  With that corner knob this was next 

to impossible.  Luckily, the autocollimator was able to fix this time consuming adjustment to under a 

minute. 

Another problem was the original flat mirror.  The adjustments were very stiff and would could 

the mirror to shift in different directions if adjusted too much.  This was later solved when the mirror 

was placed onto an engineered mirror mount with two micrometers for tilt adjustment as they can be 

seen in all the figures of the flat mirror.   

Probably one of the most difficult challenges in the SHS setup was the debate between how to 

produce a collimated source.  Different proposal were made as to concentrating the light and keeping it 

collimated onto the SHS.  For a while foil cones were used to concentrate the light in but unfortunately 

they were not useful at all.  It was then later established that the light should be collimated by a simple 

lens system which was describe in the procedure.  Although not all the light was focused in, there was 

still adequate intensity to operate the SHS. 

On a lesser note there were other minor problems as well that had to be dealt with by trial and 

error.  The laser positioned, for example, was a replacement for a mounting jack that would drift off to 

the side as it would elevate the laser.  Another was the rotation stages not being able to mount the 

grating and mirrors in the center of rotation.  This caused great conflicts with mathematical and 

theoretical references, but for the most part they were manageable. 

Along with the SHS optical setup there were some issues with the IDL programming.  Had we 

been given access to the program earlier, we could have developed a more efficient program with a 

better user interface and more analysis tools. The code was presented to us within the last few weeks of 

the project and it was not enough to become fully familiar with the new IDL programming language. It 



was certainly discussed and advocated, but it took several months to finally split the group into their 

separate tasks and work efficiently. 

Upon receiving the IDL code, it was extremely difficult to interpret, as none of us had experience 

with IDL, and the original developer was not around to discuss certain aspects of her program. Olivia R. 

Dawson developed the original data analysis code, however the program was incomplete in its tasks. 

The code was missing several key lines and Dawson misinterpreted some procedures that were called 

within the program. An example would be the use of the Profiles.pro procedure. It was desired that the 

user could select a region of interest from the initial fringe pattern, as to avoid any unnecessary noise in 

the image. The program would then process the cropped interferogram. However, Profiles.pro does not 

output any information about axes, so it was a poor choice to use that procedure to do cropping. A better 

choice was the cursor function, which outputs the coordinates of your cursor into X and Y variables. 

There were several small changes that were applied to the code, however if the code had been in 

working order we could have improved the interface. As it is right now, all the inputs need to be edited 

in the source code, so we have not yet implemented a true self-standing procedure. The next step would 

be allowing the user to call the procedure, and in that call specify the file path. Going even further, it 

would be nice to include a user interface where a drop down menu and browser could be implemented in 

which the user could select the files via point and click, as opposed to typing out the generally long file 

path.  

 

CONCLUSION 

The project was completed in less than 20 weeks.  With the many difficulties that we 

encountered, as discussed earlier, our desired results were achieved.  Throughout the project we had to 

shift many goals in mind.  Such examples being the roof mirror mount design and using automated 

rotation stages run by Labview.  In the end our goal was to build the SHS with only the essential 

equipment to make it work and collecting data to be analyzed.  A worthy accomplishment was our 

achievement in analyzing the sodium lamp and was able to resolve the doublet in the Fourier Transform.   

Another part of the project that should be noted was the fact that this was an actual research 

projected under the administration of Professor Walter Harris, and assisted by Sona Hosseini, a graduate 

student.  There could have been more time spent on this project.  If there would have been a final phase 

to this project it would have been to build the SHS in a portable unit.  Nonetheless the important point to 

this project was to learn and apply our knowledge in this project.  Although the subject material was 

advance for us we were still able to apply our basic knowledge of optics to this particular device. 

Furthermore, the SHS gave us an opportunity to acquire additional information and concepts to our 

knowledge of interferometry.  What is even more rewarding is the fact that we were able to have our 



names published on to a SPIE research paper [1] written by Sona Hosseini.  All of the work included the 

data are presented in the SPIE research paper.  This project has also given us a better perspective, not 

only in an academic sense but a sense of real application.  As a whole the project went successfully.  

This was a learning experience as well as a development of engineering skills. 
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