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1. Introduction and Science Goals


Interferometric spectroscopy has long been a source of high resolution measurements available to astronomers and physicists.    One design possibility for an interference spectrograph has been developed in a Self-Compensating All-Reflecting Interferometer (SCARI) (Chakrabarti et al.1994).  Measurements of absorption lines have traditionally been a problem for this method of spectroscopy.  It is these challenges that the development of the absorption capabilities of a SCARI system looks to overcome.


There are a host of science goals we wish to achieve using the absorption capabilities of the Sodium SCARI.  The first is the study of clouds of neutral gas in the Interstellar Medium (ISM).  The sodium lines under investigation at 5890 and 5896 Å are known as the sodium D lines. The yellow color that corresponds to the light at the sodium doublet has led the project to be named “Old Yeller”.  These lines are bright in the neutral, atomic component of the ISM, which makes the D lines excellent tracers of neutral gas (Welsh et al. 1990).  The absorption of these lines can be detected when looking along the line of sight to hot stars.  A hot star for our purposes is one with a high enough surface temperature (T ~ 10,000 K: A0) to ionize the sodium present in its atmosphere, allowing measurements of the ISM not to be confused with broad stellar absorption lines.  By observing this component of the ISM, we are looking at regions of warm, neutral, atomic gas, T~ 8000 K (Frisch 1996).  Using the Sodium SCARI, measurements can be made along several sight lines, allowing us to learn more about the structure and the physical state of neutral gas in the ISM (Welsh et al. 1990).  


A specific measurement that would be of great value when characterizing the neutral components of the ISM is the measurement of the sodium b-values.  The b-value is a measurement of the thermal broadening plus the turbulent motion of a spectral line feature.  It is a measure of the width of the line, and is related to the temperature of the gas by the relation:

b = (

+ 2vt2)1/2

[1]
where k is Boltzmann’s constant, TK is the temperature of gas, m is the mass of the species being measured ( the mass of neutral sodium is 23 atomic mass units ), and vt is the turbulent velocity of the neutral gas being studied (Spitzer, 1978).  

The Sodium SCARI should be especially adept for these studies because it would provide a higher resolution for these measurements (R ~ 250,000) than previously possible (Welsh et al. 1990).  Measurements made at lower resolutions rely on an approximation to determine the characteristics of an absorption line.  The measured absorption line is approximated by a quantity known as an equivalent width, which is the width of a saturated square well with the same area as the actual absorption line (see Figure 1).  Higher resolution measurements are valuable in the instance where one measures a spectral line profile, and is able to discern multiple clouds.  This is valuable because where we previously relied on an approximation for the width of the line directly related to one b-value, we would now be able to fit Gaussian distributions to the resolved components of the absorption line and assign individual b-values to these components (clouds).  
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Figure 1: The Sodium SCARI will resolve individual components of the absorption line profile in the local ISM and eliminate the reliance on equivalent widths.
 (from Zeilik et al. 1992)

Another goal of this project is to serve as a prototype for the development of a SCARI that measures absorption in the UV, from ~1200-4000 Å.  This instrument will be the payload for an upcoming sounding rocket experiment.  Its ability to deliver high resolution spectroscopy over a large bandpass makes it capable of providing fundamentally new data (Cook 2000).  Potential topics for future research include high resolution measurements of neutral gas in the local bubble (Cook 2000).   The local bubble is the region of the local ISM ( radius ~ 50 pc ) that is characterized by little atomic or dust absorption and the emission of soft x-rays (Frisch 1996).  An inventory of neutral gas in the local bubble may be derived from new UV measurements. 

One of the challenges involved in interferometric spectroscopy is the delicacy required to avoid destroying the interference.  Another problem in optical interferometric spectroscopy is the difficulty of creating an interferometer that can detect absorption features in diffuse sources (see Figure 2).  The major cause of  problems associated with absorption spectroscopy of this type is the fact that the signal to noise ratio is dominated by the noise over the instrument’s bandpass. An additional reason for these difficulties is that many more 
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The signal to noise ratio is a greater concern when measuring absorption.

Figure 2: Signal to noise challenge in absorption measurements with the Sodium SCARI
Arbitrary signal to noise ratio for emission line:

S   =                       1000 x Signal bins

N       ((1000 x Signal bins) + (200 x Noise Bins))1/2

Arbitrary signal to noise ratio for absorption line:

S   =                       400 x Signal bins

N        ((400 x Signal bins) + (1000 x Noise bins))1/2
A small bandpass will improve the signal to noise ratio for absorption studies.  An exit slit 

will be introduced to the instrument to cut down on the bandpass.  (see section 3.2)
frequencies are imaged on the detector than can be resolved, thus all frequencies above the Nyquist frequency are aliased into the resultant spectrum, filling in any absorption features present.   The Nyquist frequency is the highest spatial frequency that the detector can resolve.  These are the problems we look to overcome in the development of the absorption capabilities of SCARI.

The aliasing problem is not an issue in emission line spectroscopy since the background is negligible compared to the signal at the frequency one wishes to measure, and one can always chose to measure frequencies lower than the Nyquist frequency (Chakrabarti et al. 1994).
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Figure 3: Three dimensional sketch of Sodium SCARI (by John Vaillancourt)
Similarly, the signal to noise concerns are less of a problem in emission spectroscopy as the noise is at a lower intensity than is the signal.  Our aim is to overcome the noise and aliasing problems, and provide a high resolution instrument to measure absorption in atmospheric and astronomical sources. This will be done by redesigning an existing SCARI that is set up to measure the sodium doublet line at 5890 and 5896 Å.  This will be accomplished by calculating the specifications required to achieve the desired absorption capabilities, redesigning components in the existing system
, and fabricating any additional components.  In addition to the instrument development, a CCD will be coupled to the instrument to prepare it for use with future observations.  
2. The Physics of the Sodium Doublet Line, 5890 and 5896 Å

The sodium doublet is caused by a quantum mechanical effect known as Spin-Orbit Coupling, or L(S coupling, in the 3p to 3s transition (Rohlf 1994).  This coupling comes from the interaction of the spin angular momentum and orbital angular momentum, and causes a fine structure to appear in the spectra of atoms (see Figure 4).  The interaction can be quantified as a perturbation term in the standard Hamiltonian for a “one-electron” atom.  The outer electron can be thought of as a current loop that produces a magnetic field proportional to the angular momentum,  
B = 

 L

[2]

The perturbation term in the Hamiltonian  is then the product of the magnetic field and the Bohr Magneton, (B, such that

HSO = 

 L(S

[3]
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Figure 4: The sodium doublet comes from the interaction of orbital and spin angular momentum. (from Rohlf 1994)
This gives the term that involves the dot product of the orbital and spin angular momentum vectors.  The L(S is found from the total angular momentum squared, or 
L(S = ½ (J2 - L2 - S2).  So, to find the first order energy correction for the fine structure, one needs to find the expectation value of the perturbation Hamiltonian.  For a system where l=1 and s= ( ½, we have an energy splitting of the states of spin up and spin down,

(ESO = ¾ 

 (

(

[4]
If we approximate the expectation value of the r3 term to ao3  , where ao is the Bohr radius, we can rewrite the above term

(ESO = - ½ (c2(2  =  (4mc2

[5]
where, ( is the usual fine structure constant 1/137.  This gives a value for the energy difference of (E = 0.00145 eV for the two lines of the sodium doublet.   

(EEXP = hc ((1 - (2)-1

[6]
Experimentally, this value is (E = 0.00215 eV, so we see that even using the approximation of the Bohr radius and keeping only first order corrections, we get a rough estimate of reality.  

 3. Instrument Theory


The Sodium SCARI that we have allows for high resolution spectroscopy without the use of moving parts and allows for more diverse applications without the traditional alignment problems associated with interferometers.  In the SCARI system, the light is 
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Figure 5: Layout of the SCARI concept.  Note: Converging Lens used in Sodium SCARI instead of the Converging Mirror (from Chakrabarti et al. 1994)

collimated during its entry into the system through a collimator, it is then split utilizing (mth order diffraction off of a plane grating (see Figure 6).  The instrument is made self compensating by creating a parallel path by reflecting the light off both side mirrors.  The beams are recombined by a second bounce off the grating, and the interference pattern is created on an imaginary plane behind the grating.
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Figure 6: The diffraction grating separates the light by wavelength.

(from Chakrabarti et al. 1994)
The interference pattern is then focused onto the plane of the detector.  It is this image on the detector that is the output data of the SCARI system (Chakrabarti et al., 1994).  


The Sodium SCARI operates in the first order, (m= (1). Light of slightly different wavelengths ((o ( (() are separated by the diffraction grating, creating two coherent, diverging beams with slightly different path lengths to the first mirror bounce due to the dispersion of the grating.  The path length difference is made up on the second bounce to the grating, and when they are recombined on the second reflection from the grating, they are two slightly diverging beams of different wavelength.  The location of the detector can be determined from the focal length of the exit lens and optical path length of the system.  The output lens is responsible for focusing the beams onto the detector, where the interference pattern is recorded (Chakrabarti et al. 1994).  

The interference pattern is known as an interferogram, and is recorded as a set of Fizeau fringes on the detector. The Fizeau fringes take on their characteristic frequency (spacing) due to the angle separating their wave vectors, and the difference of the wavelength of light compared to the central wavelength.  The number of Fizeau fringes formed is directly proportional to the magnitude of the angle between the two optical paths.  This means that the further the side mirrors are tilted from one another, the higher the fringe frequency.  The fringe frequency is also directly dependent on the difference between the wavelength of interest and the zero-path wavelength (( and (o), zero path is the wavelength where the plane waves are parallel and no interference occurs (Chakrabarti et al. 1994).  The relation for the Fizeau fringe frequency is: 

(x = 4 sin( |( - (o|



[7]

where, ( is the diffraction angle and ( is the wavenumber, or 2(/(. (see Figure 6)

The SCARI system records its spectral data in the Fourier domain, where the  relative intensity (contrast) of the fringes produced correlates to the power in each spectral frequency.    The data may be retrieved by using a Two Dimensional Inverse Fourier Transform  to go from frequency space to spectral space:

g(() = 1/2( 

x)e-i(x dx  

y)e-i(y dy

[8]
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Figure 7: Theoretical histogram of the sodium doublet interferrogram for the two lines and their superposition, from a simulation of the recorded data. 

(Chakrabarti et al. 1994)
A two dimensional transform is preferable because the data are easier to see in Fourier spectral space when it is not on the gx(() axis.  A one-dimensional transform may be used if the detector is aligned perpendicular to the plane of dispersion.  The data reduction program approximates the Fourier transform integral with a summation over the image.  One property of the Fourier transform is that it is a linear transform, meaning that an (x of n, 2n, and 3n, will correspond to an equal spectral line spacing between the three.  This fact can be used to watch the spectral lines shift as one adjusts the angle, (, between the optical paths by watching their positions in the two dimensional inverse Fourier Transform space, i.e. spectral space (see Figure 8).
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Figure 8: A rotation of the side mirror changing the diffraction angle, (, by approximately 0.15o changes the position of the line in spectral space by changing

the fringe frequency from 345 to 215.

3.1 Resolution of the Sodium SCARI

The resolving power of the SCARI system, R, depends on the operating order, m, the half-width of the diffraction grating used, W, and d, the groove spacing of the grating used (Chakrabarti et al 1994). These components obey the relation:

R = (/(( = 4



[8]
In  the instrument, the grating has a sinusoidal ruling, a width of 105 mm with 1200 grooves/mm (corresponding to a 8330 Å/groove spacing), operating in the first order.  These components yield a resolving power of 252,000.  This gives a spectral resolution of  23.6 mÅ.  The bandpass of the interferometer  is defined by:

BP = N 



 EMBED Equation.2  


[9]
where N is the number of the pixels across the detector in the dispersion plane, 1104, (o is the central wavelength, and R is the resolving power of the instrument (Chakrabarti et al 1994).  These numbers give the bandpass, or free spectral range of the Sodium SCARI as 12.06 Å, at 5890 Å.  

3.2 Hardware: Existing and Designed

The original Sodium SCARI was built with off-the-shelf components, and was mounted in a casing fabricated by the Scientific Instrument Facility at Boston University.  The collimator is composed of two Kowa Model 790144 lenses of a focal length of 90 mm and an f-number of f0.9.  The internal side mirrors are mounted on Newport model 610 adjustable mounts, and the exit mirror has a focal length of 150 mm and an f-number of f3.  The CCD camera used for all tests and development of the Sodium SCARI was a Pixel Vision SpectraVideo, 1104 x 1050 with 24 (m square pixels, a QE of 75-80%, a read noise of 6 electrons RMS, and a dark noise of 0.1 electron per second per pixel.  The software running the CCD was PixelView Version 3.10.  Considerable difficulties were experienced using the original air-cooled camera, but later in the project, a water-cooled version was employed and worked well.  


As noted above, there are several problems that interferometric spectroscopy faces in attempting to observe absorption lines that are not issues in emission line work.  The biggest problems one encounters when trying to perform absorption line interferometry are aliasing and a high level of noise photons. One way to eliminate both of these problems is to think of the sodium Interferometer as a traditional diffraction grating spectrometer, with an entrance slit, a collimating lens, two gratings, focusing optics, and an exit slit.  This allows one to use the standard grating equation to find the size of the slits needed to correctly reduce noise photons and eliminate fringe frequencies higher than the Nyquist frequency.


When the sodium Interferometer is visualized as a conventional spectrometer, the traditional grating equation:

m( = d(sin( (sin ( + sin ())

[10]
which can be simplified by noting for our system, ( = 90( and ( = 0(.  Differentiating ( with respect to ( gives the equation:



 = 



[11]
where, d is the groove density and m is the order of diffraction, as before.  (( can be redefined as a quantity known as the Blur, B, in radians (Vaillancourt et al. 1996).  The Blur is also the ratio of the slit width divided by the focal length of lens used.  In order to conserve brightness, the Blur of the front slit/lens pair must equal the rear slit/lens pair.  This can be stated more clearly as Blur1=Blur2, where the Blur is not only (( from the grating equation but also the ratio of the slit width to the focal length of the lens.  The value of Blur can be defined for the system by noting that the width of the front slit can be defined by the product of the focal length of the mirror and the field-of-view of the instrument.  The half-angle fields of view for the SCARI system are:

                        (OUT-PLANE = (2/R)1/2                        (IN-PLANE = (2/R)1/2 cos (
[12]


where IN-PLANE and OUT-PLANE refer to parallel or perpendicular to the dispersion plane.  This defines the front slit of the instrument as a “cats eye” slit with the dimensions 0.3 x 0.5 mm.  This makes 0.3 mm, or 300 (m, the width of the front slit.  As noted before, we are working with collimator lenses with a focal length of 90 mm, this gives a value for Blur of ~1/300 radians (11.5 arcminutes). 

The combination of the grating equation with our original equation for resolving power, R = (/((, we can rewrite resolution as 

R = 2 



[13]
Using the value of Blur, B, derived above, it can be shown that the spectral resolution of the conventional spectrometer is ((Spec = 19.63 Å.  We notice that the resolution of the spectrometer is larger than the bandpass of the interferometer, and we remember that the bandpass of the interferometer was defined partly by the number of pixels on our detector in the dispersion direction.  Thus, a wider range of fringe frequencies than the detector can resolve will be recorded, drowning out the signal one is attempting to detect by the aliasing process detailed above.  To remedy this problem, we will not allow the interferometer to see more fringe frequencies than it can resolve, and so we must make the spectral resolution of the conventional spectrometer model less than the bandpass of the interferometer.  


 
Blur1 = (( = Blur2


Blur1 = W1 / f1

W1 = Front slit width

f1 = Collimator focal length 
(( as defined by our decision to make the bandpass ~ 10 Å, 

(see p. 18)
Blur2 = W2 / f2
W1 = Rear slit width

f2 = Exit lens focal length

600-1
583-1
600-1

The bandpass of the interferometer was derived to be 12.06 Å, and we will choose a resolution of the spectrometer to be ~10 Å.  This allows us to return to the equations to determine again the size of our front slit.  Having a front slit of the proper size 

(determined in same manner as explained in section 3.2, paragraph three) will allow us, by the fact that Blur1 = Blur2, to determine the size of a rear slit that corresponds to the proper bandpass and spectral resolution of the interferometer. We then recalculate our Blur, ((, and determine the size of our front slit to a “cats eye” of 0.15 x 0.25 mm.  This, coupled with the 

Figure 9: The front slit fabricated for the Sodium SCARI

fact that our exit lens has a focal length of 150 mm allows us to define the size of our rear slit as 0.25 x 0.45 mm.  The penalty for revising the bandpass of our conventional spectrometer model is that we lose throughput in the instrument, meaning less light through the system per unit time. 


After this redesign, we had these slits fabricated by the Scientific Instrument Facility at Boston University.  The front slit, 0.15 x 0.25 mm, was made onto a circular sheet of stainless steel, 4” in diameter that could be bolted into place between the two lenses of the collimator.  Both slits were made with 3/1000” stainless steel, but the rear slit, 0.25 x 0.45 mm required further development for a mounting system.  An entire rear-slit/camera mount system was needed for the sodium Interferometer.  The camera mount consists of three parts: the base mount, the rear slit assembly, and the CCD-holder itself.
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Figure 10: The camera mount developed
The base mount is a light tight welded stainless steel tube that surrounds the exit lens.  It was designed with additional spacers that could be included if a different focal length lens was  desired.  The rear slit assembly was designed to mount onto the base, the rear slit is mounted on a threaded annulus, which is screwed into an assembly that allows for three-dimensional fine adjustments of the rear slit position without ever removing a single part of the entire rear slit/camera mount.  This is accomplished using a Newport model LP-1-XY stage, modified to fit our system.  The last component of the rear slit/camera mount we designed is the CCD-holder itself.  It was designed to couple specifically to the 6” diameter plate that is part of the PixelVision CCD.  It fits over both the base mount and the rear slit assembly, it is slotted to allow it to be bolted to the base mount, and has larger slots on the top to allow for full access to the rear slit assembly knobs without taking the mount off.  Finally, the camera can be adjusted in its position relative to the rear slit by loosening the bolts and sliding it in or out  (a range of 2.3”) and the detector can be rotated on the mount without removing it.  The essential feature of the rear slit/camera mount is that is provides several degrees of freedom for each of its components without requiring  disassembly.

4. Test Results


The first step taken in testing the Sodium SCARI was to reproduce its emission line capabilities.  This was done by assembling the instrument and aligning it to achieve the optimum fringe contrast.  Optimum fringe contrast was achieved by using a HeNe laser to achieve the general alignment; a real-time video camera was used for the fine alignment. Laboratory tests were performed using an Ealing Electro-Optics model 26-2683 sodium lamp as an emission source.  This lamp emits light at the sodium doublet wavelengths.  The next step taken in testing was to integrate the newly fabricated components into the existing emission instrument. This included the introduction of a new front slit, a rear slit, and the rear slit assembly.  


These tests revealed problems that would arise in the continued development of the Sodium SCARI.  The first problem was that the required rear slit size created circular diffraction fringes on the detector with a fringe frequency of slightly over 100.  The diffraction angle is given by

(diff = 1.22 



[14]
and at a distance of approximately four inches behind the slit, on  a chip one inch across gives the 100 fringe number (Zeilik, et al. 1992).  This diffraction problem washed out any data at a fringe frequency of over 100.  It is important to note that this is only a problem for the absorption line detecting capabilities of the instrument.  Emission line detection requires no rear slit, and therefore one can record data well over a fringe frequency of 100.  We considered it possible to operate at or near the diffraction limit, as it was generally easier to 
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Figure 11: Fringe frequencies between 15 and 95 were chosen because the data are easiest to see by eye in the interferrogram and these are fringe frequencies not limited by diffraction.

see the data by eye in the interferrogram at a fringe frequency of less than 100. The diffraction problem limited our ability to measure both sodium lines simultaneously. (see Instrument Characteristics)

What further frustrated our efforts to measure both lines of the doublet was the fact that the rear slit was not a perfect cut-off, meaning that there was a transmission fall-off before the edges of the 10 Å bandpass were reached.  The slit had a certain function associated with it.  We decided it was optimum to attempt to focus on one line of the doublet, but the other line could be observed by adjusting the side mirrors in the plane of dispersion.  With these considerations in mind, we attempted to achieve the best contrast possible for one set of fringes, with a spatial frequency of less than 100.  

4.1 Instrument Characteristics

The next task was to measure the spectral plate scale of the Sodium SCARI in order to determine line widths.  The separation of the doublet, (( = 5.97 Å, measured as a difference in fringe frequency of  ((xy = 114.  This yields the plate scale of the instrument as a difference in fringe frequency of 19.1 per Angstrom (see Figure 12).  Inverting the plate scale of the instrument and noting that the emission line is one pixel wide gives us the empirically measured spectral resolution of the Sodium SCARI, (( =  ( 52 mÅ (see Figure 13).  This resolution will allow the instrument to measure radial velocity shifts as low as approximately 2.7 km/s.   
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Figure 12: The Sodium doublet in spectral space.  This spectral plate scale allows us to define our spectral resolution empirically.  Note the relative difference in intensity is due to the instrument (see Figure 11).

The diffraction limit, at a fringe frequency of 100 prevents us from resolving both sets of the fringes produced by the doublet simultaneously.  We attempted to align the instrument to a fringe frequency of between 15 and 95.  The lower limit of 15 was chosen to avoid the DC offset associated with the Fourier transform, which essentially sees the image itself as having a fringe frequency of one.   This means that all the power in the image is summed into the first frequency in spectral space, and this is more challenging to manage than the higher fringe frequencies, even after data reduction. Another reason for the lower limit of 15 is that higher fringe frequencies are more easily seen in the data, and less likely to be confused for a detector anomaly or features on the optics. We can also use the plate scale to measure the width of a sodium emission line.  The width of the emission line is one frequency unit, which corresponds to 0.052 Å. This is close to what one would expect for the natural width of the line, 0.037 Å, following

(( = 

(

[15]
and assuming a temperature of 5000 K (Rybicki and Lightman 1979). 

Figure 13:  The width (FWHM) of the sodium emission line at 5890 Å is measured to be 0.052 Å after data analysis.

Another feature of the Sodium SCARI is the ease with which the central wavelength can be adjusted.  The central wavelength can be changed by changing the angle of the side mirrors in the plane of dispersion.  When aligning the instrument, one can scroll though the fringe frequencies and watch the change in real-time using a video camera. This permits  choosing the best position for maximum fringe contrast or finding the optimum location for both sets of fringes.  We are able to choose the fringe frequency we desire without having to resort to taking individual frames with the CCD each time. In analyzing the data, we are able to gain insight into the exact changes in our data by taking a series of images while scrolling through the fringe frequencies.  After performing the Fourier Transforms, we can watch the data evolve in spectral space with changing fringe frequency. (see Figure 8)
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Figure 14: Interferrogram of the sodium doublet, note the two sets of fringes.

4.2 Absorption Results

Following the work done to characterize the instrument’s emission capabilities, we aligned the system to focus on one set of fringes, attached the camera, and made sure the instrument was light-tight, then we began absorption testing.  We tested the sodium 

SCARI on the daytime sky, as scatter sunlight Fraunhofer absorption lines are readily available. We took images over the course of the next few weeks, along with flats to try to remove any detector features.  We took our flats by covering up one of the beams on a side mirror at a time so that there would be no interference to create fringes, yet the only light to make it through to the detector was still in our band.  
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Figure 16: A theoretical Fraunhofer absorption line as would be seen with the Sodium SCARI.  The absorption line should be located in the near the peak of the instrument transmission curve (see Figure 11).

An image of the daytime sky with a reasonable number of counts took between thirty minutes and an hour to integrate, so building a reasonable data set took over a month.

After analyzing our data, we still did not have a satisfactory solar spectrum.  We then attempted to find the solution by reexamining the instrument theory. We decided the problem was that the sign ambiguity in the fringe frequency equation did not allow us to distinguish  +(( - (o) and -(( - (o).  This means that photons of wavelength ( + (( from one side of the central wavelength were being recorded at the same place on the detector as photons of wavelength  ( - ((.  Essentially, we were filling in our absorption trough with light from the other side of the central wavelength.  Choosing the central wavelength is not an option as it corresponds to zero path.  Zero path is the wavelength where the plane waves are parallel and no interference occurs (Chakrabarti et al. 1994).
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Figure 17:  Best test results, the upper plot is the Fraunhofer absorption trough and the lower plot is the laboratory emission line of the same fringe frequency.

One proposed solution to the problem of the sign ambiguity is a roof mirror.  A roof mirror would replace one of the flat side mirrors with two flat mirrors at right angles to one another (Harlander et al., 1994). In order to record fringes at zero path, the input and exit beams must be exactly touching on the grating.  This is impossible in the current configuration due to the fact that the entrance and exit optics cannot be infinitely close together.  This implies that the widest and highest contrast fringes are impossible to detect with our system.  The new system will orient the entrance and exit optics on top of one another as opposed to side by side.  During the bounce through the angle at the roof mirror, the beam will move to a lower  plane in the system, and when the exit beam is formed on the grating, it will be directly below the input beam.  This will allow us to make the center of the beam zero path, not one side of the beam as is the current situation.  Having zero path in the center of the beam will include detection of the best fringes, but because one is measuring the center of the interference pattern, one is measuring the information contained on one side of zero path mirrored on the other side. This is acceptable because one measures the same information twice, and does not measure different information on the same place, which is the current ( ambiguity.  The introduction of a roof mirror into the existing Sodium SCARI would have taken several months to design and fabricate, and would require a complete overhaul of the existing system.  It was decided that in the time allowed, this was not a viable solution.  (see Ongoing Efforts)  


The overall goal of the roof mirror design is to measure the fringes nearest zero path and to introduce a fringe rotation that is different for different sides of the central wavelength.  The option that we chose for the existing Sodium SCARI was to attempt to accomplish this using only the existing components.  The side mirrors of the instrument are both adjustable, and a slight offset of the optical path out of the plane of dispersion should result in a different orientation of the fringes near the central wavelength (Chakrabarti et al. 1994).  The interference will still occur on the vector that separates the two beams as they exit the system, but this out-of-plane tilting will introduce an angle between the dispersion plane and the interference vector.  This angle will depend on the distance from the central wavelength, and cause the fringes to be tilted at their respective angles.  When these angles are propagated through the Fourier transform, the angle will separate the +(( - (o) and the -(( - (o) into two branches that can be distinguished in the spectral space.  From here, we can choose the side (branch) of the spectrum we prefer and this eliminates the ambiguity.  The out-of-plane adjustment is challenging because one needs to tilt the mirror enough to make a noticeable change in the fringe rotation, yet a slight over adjustment and the two beams will no longer overlap enough to create an interference pattern.


Figure 18: How out-of-dispersion-plane plane adjustment lifts ( (( - (o) ambiguity

5. Ongoing Efforts

At the time of this writing, we are continuing work on the Sodium SCARI described above.  Work is ongoing in the laboratory to realign the optics with the out-of-

dispersion plane corrections to observe a rotation of the lower frequency fringes.  This work is being done primarily using the real-time video camera for rough alignment and multiple images with the CCD for fine adjustments.  These images are taken at multiple central frequencies to allow us to observe the change in spectral position in frequency space.  When we have observed a significant separation of the branches representing the opposite sides of the central wavelength, we will realign the system with all the components necessary for absorption line detection and attempt to observe Fraunhofer absorption lines consistent with the capabilities of the instrument.  Work is also being done to calculate the necessary components, angles, and lengths to design a preliminary interferometer employing the roof mirror described above, and build a prototype in the laboratory. 

6. Summary


We have developed a spectrograph based on the concept of a Self-Compensating All-Reflection Interferometer that detects the sodium doublet line at 5890 and 5896 Å.  The success of this instrument had been previously shown in the detection of emission lines, and this project’s goal was to calculate, design, and fabricate the necessary components for its use in absorption line spectroscopy.  All of the parts were successfully designed and made, and in the course of testing fundamental problems with the method were uncovered.  These problems were identified and solutions are actively being pursued.  The emission capabilities of the instrument were also further developed and empirically quantified.  A spectral resolution of (( = ( 52 mÅ was measured, which corresponds to resolving power, R = ( / (( of approximately 113,000.  
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