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ABSTRACT 

We present details of the design, operation and calibration of an astronomical visible-band imaging Fourier 
transform spectrometer (IFTS). This type of instrument produces a spectrum for every pixel in the field of view 
where the spectral resolution is flexible. The instrument is a dual-input /dual-output Michelson interferometer 
coupled to the 3.5 meter telescope at the Apache Point Observatory. Imaging performance and interferograms 
and spectra from calibration sources and standard stars are discussed. 

Keywords: imaging Fourier Transform spectrometer, imaging spectrometer, multi-object spectrometer 

1. INTRODUCTION 

We have built a visible band imaging Fourier transform spectrometer (IFTS) and are conducting astronomical 
observations with this new instrument (see Wurtz et al. this conference'). This type of instrument is a very 
powerful new tool for astronomy as spectra are obtained for every pixel in the field of view, and the spectral 
resolution is flexible. An IFTS is an ideal instrument for programs which require spectroscopic information 
across the entire field. It differs from multi-object grating spectrometers in that the entire CCD is used for 
imaging and consequently large fields can be observed. Furthermore, since no slits are involved, the IFTS has 
an overall throughput which is comparable to that of a camera. 

This project began with a design study for an instrument for the Next Generation Space Telescope2 and the 

current instrument was built as a demonstration that an imaging Fourier transform spectrometer could precisely 
maintain mirror positions over integration times that extend over many minutes. Because the backgrounds for a 

space-borne infrared telescope and a ground-based visible band telescope are ~omparable,~ we chose to build a 
visible demonstration system despite the stringent precision requirements for a visible interferometer. Progress 

during the course this program has been reported previou~ly.~? An earlier infrared imaging Fourier transform 

spectrometer was described by Maillard et aL6 and a mid-infrared IFTS, which influenced our work has been 
described by Bennett et aL7 

Since the spectral resolution is flexible, observations can be tailored to the type of object under study. For 
example we have performed low resolution observations to determine the total optical emission of a galaxy 

cluster and the photometric redshift of individual cluster members. The advantage of the IFTS is that no 
preselection of objects is required for fabrication of a slit mask or optical fiber placement. As such, more 
individual galaxies within the cluster may be observed leading to better statistics for formulation of the mass- 
to-light ratio. Preliminary high resolution observations have also been conducted to determine the radial velocity 
profiles of individual galaxies where an advantage of the IFTS is that the errors due to the failure to exactly 
place the slit at the galaxy center are eliminated. Other classes of measurements for which the IFTS may prove 
valuable are observations of gravitational weak lensing, the chemical abundance distribution of nebulae and the 
classification of stars in globular clusters. 

wishnowQllnl.gov, LLNL L-043, 7000 East Av., Livermore CA 94551, USA 
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Figure 1. Schematic diagram of the instrument. Radiation from the telescope passes through a filter F and is focussed 
at A l .  The light is collimated, arrives at the beamsplitter B where one component traverses the path to M1, while the 
other takes the path to M2 (the moving mirror). The beams recombine at B and images are recorded by the cameras 
C1 and C2. The IR metrology system is in the center of the interferometer. See text for details. 

2. THE INSTRUMENT 

2.1. Overview 

The instrument is a dual-input/dual-output differential Michelson interferometer. Our instrument differs from 
typical Fourier transform spectrometers in two important ways: the detectors are CCD cameras rather than 
single element detectors, and the optical path is scanned in discrete steps rather than scanned continuously. 
Two CCD cameras record images over a series of uniform optical path length differences. The camera images 
are combined to form a “visibility” interferogram for each pixel. The Fourier transforms of each pixel provide 
a data-cube with two dimensions of spatial information and one dimension of spectral information. 

A diagram of the instrument is shown in Fig. 1. Radiation from the telescope passes through the bandpass 
defining filter F and arrives at the focus Al.  The light is then collimated by the lens system L1. The collimated 
beam arrives at 7 degrees off-axis to the interferometer, a Michelson interferometer with a beamsplitter B 
which is 30 degrees from normal. The visible beamsplitter surface is between the two glass plates and it has 
approximately 50% reflection from 420 to 700 nm. M1 is a fmed mirror and M2 is a moving mirror which is 
translated by the porch-swing, P. The beam that is initially reflected by the beamsplitter is reflected by M2 
and is then transmitted by the beamsplitter, interferes with the beam which is transmitted, then reflected. The 
combined beam then passes to the turning mirror, T, and is focussed by the camera lens system L2 onto C1, 

camera 1. The beam which is transmitted-transmitted by the beamsplitter interferes with the beam which is 
reflected-reflected; this light leaves the interferometer through the entrance port, is focussed by camera lens 

L2, and is recorded by the second camera C2. Each camera records an interferogram which is proportional to 



the difference between the spectrum of the telescope input A1 and the second input A2 which is blocked. The 
cameras C1 and C2 record fringes which are out of phase with respect to each other. 

The moving mirror is servo-controlled by monitoring the interference pattern of an infrared laser, IR, which 
is introduced to the interferometer, on-axis, via a small spider mounted mirror, S1. The laser light is split by 
the beamsplitter surface at the far left. The interfering laser beams are reflected by the spider mirror, S2, to 

a set of IR diode arrays, D. A computer system monitors these diode arrays to adjust both the optical path 
difference and tip-tilt piezo-electric transducers on the porch-swing. 

2.2. Optical system 

The collimating and camera lenses have identical focal lengths and form an optical system with unity magnifi- 
cation. The diameter of the collimated beam from a point source is 52 mm. The optical system was designed to 
match the f/10 Nasmyth focus of the 3.5 m telescope at the Apache Point Observatory. The cameras are made 
by Pixelvision and have high quantum efficiency SITe CCDs with 1024x1024, 24 micron pixels. The cameras 
are binned 2x2 yielding a plate scale of 0.28 arcseconds per pixel. A seeing-limited point spread function of 
0.7 arcseconds FWHM therefore extends linearly over 2.5 pixels. The camera fields of view are 2.4 arcminutes 
on a side. The lens systems have minimal chromatic aberration over the wavelength range of the beamsplitter 
coating. The details of the lens systems will be discussed in a future paper. 

The beamsplitter is composed of two BK7 plates, flat to within 1/10 X at 633 nm, that are 107 mm in diameter 
and 12.5 mm thick; they are cemented together using Norland 61 optical epoxy. The visible beamsplitter coating 
is between the two plates, the IR beamsplitter coating has low reflectivity in the visible and is located on the 
outside surface of one of the plates. 

The components of the interferometer, including the infrared metrology system, are mounted on and within 
a large solid piece of aluminum. The interferometer lenses and cameras are mounted on a hex-core aluminum 
plate which is reinforced by 12 inch high aluminum"U-channel" beams. The optical system is stable to within 
a fraction of a pixel as the system rotates on the Nasmyth bearing of the telescope. The image shift over the 
course of an observation due to rotation is not observable as errors in tracking are larger. 

2.3. Interferometer 

The moving mirror is borne on a precision porch-swing mechanism. Coarse movement is provided by a Burleigh 
inchworm system and precision adjustment of the optical alignment and path difference is accomplished by 
piezo-electric actuators. The control system is based on the adjustment of the moving mirror in accordance 
with the fringe pattern generated by a distributed feedback laser operating at a wavelength of 1.549 pm and 
recorded by linear diode arrays. The mirror servo control is performed by a dedicated microcomputer with a 
loop frequency of about 100 Hz. The computer system must not only hold a given position during integration 
but it must move to the next optical path position in a controlled manner. The interferometer was designed and 

built by ABB Bomem; we have significantly modified the physical components and the servo-control algorithms 
in order to perform astronomical observations. 

Precise servo control is critical to the operation of a Fourier transform instrument. By placing the metrology 
beam through the center of the interferometer we insure that there is a known correspondence between the 
optical path determined by the metrology beam and the science beam. As a consequence, it is extremely 
important that the cameras do not record light from the laser as it is vastly brighter than star light, and for 
this reason we use a laser with a wavelength at which the cameras are nearly insensitive. We additionally block 
light from the laser which scatters from the edges of lens to the cameras. Because we are basing interferogram 
sampling on fractions of an infrared laser wavelength, the laser frequency must be very stable. 

It is well known that the environment at the telescope is harsh. This is particularly true for an interferometer 
which must maintain alignment to a fraction of an optical wavelength. Some of the difficulties associated 
with building an astronomical interferometer are: the instrument orientation varies with respect to gravity 
during observations, the temperature can be very cold, wind buffeting and motor rumble can vibrate sensitive 
components, and electrical noise from motors can contaminate servo-control signals. We have encountered and 
addressed these issues. The interferometer moving mechanisms are very stiff so that the resonant frequency is 
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Figure 2. Diagram of the computer control and acquisition system. 

above motor rumble. The interior of the optical bench is thermally insulated, and the interferometer section is 
further isolated to obtain a uniform temperature. To avoid thermally generated turbulence, there are no heat 

sources within the interferometer enclosure. 

2.4. Computer system 

The control of the interferometer requires a system of computers which is shown in Fig. 2. The interferometer 
alignment servo system is controlled by a dedicated single board computer with a 32 channel 12 bit ADC and 8 
channel DAC. Signals from the diode arrays are received at the ADC and calculated output signals are sent to 
the piezo amplifiers and then to the moving mirror piezo transducers. The servo computer is mounted on the 

optical bench support structure. Digitized images from the cameras are sent via fiber optics to two Pixelvision 
“Lynx” framegrabber cards connected to the acquisition computer. This computer also controls the large scale 
movement of the moving mirror and ancillary systems such as mirror end-of-travel switches, a white light source 

and receiver, and instrument monitoring. The acquisition computer sits on the observatory dome floor. Finally 
the acquisition computer writes FITS image files via ethernet onto the disk of the storage and analysis computer 
in the control room. Another computer running the “PcAnywhere” program can be used to remotely access the 
acquisition computer from the telescope control room. 

3. OBSERVING WITH THE INTERFEROMETER 

3.1. Observing parameters 

The nature of the astronomical observation determines the camera exposure times and the parameters of the 
interferometric scan. The desired resolution R, or alternatively the number of spectral channels across the band, 
gives the ultimate scan length L=R/o where o is the central frequency in wavenumber units (o=l/X in cm) 
of the spectral region to be studied. The physical motion of the moving mirror, f5mm, leads to a maximum 
resolution at 18182 cm-’ (550 nm) of -18000, or 17 km/sec. 



In general, the Nyquist sampling criterion determines the distance between samples h=1/(2 omax) where 
omax is the maximum optical frequency of interest. Because the product of the number of exposures and 
the time for each exposure is limited, as with all astronomical observations, the interferometer is often used 
with sampling intervals which are larger than Nyquist sampling. Valid data is still obtained because the band is 
limited by optical filters and because the interferometer does not scan continuously. This procedure is analogous 
to working in higher orders of a grating spectrometer and will be referred to as higher order sampling. The 
trade-off for working in higher orders is that the optical bandwidth must be narrowed so that the entire band 
falls within one order of the interferometer. We have developed observer software tools to easily determine the 
desired parameters. Table 1 gives some examples of sampling parameters that have been used. Odd numbers 
of samples are data sets that were truncated due to problems, generally the weather. 

no. of samps. 

256 
128 
64 

1024 
512 
479 
69 
70 

Table 1. Parameters used for various types of observations. Sampling interval is in fractions of the IR laser wavelength. 

For narrow band filters, the bandpass is given as width and (band-center). 

bandpass 

420-680 nm 

420-680 
420-680 
420-680 
420-680 

2.5 (656.3) 
2.5 (656.3) 
1.5 (661.51 

samp. interval. resolution 

406 cm-' 

406 
406 
51 
51 
6.8 
9.4 
4.4 

Res. at H a  
175 
175 
175 
300 
300 
2241 

1614 
3446 

int. order 

2 
10 
47 
98 

Each ray of the science beam passes through the interferometer at an angle 8 with respect to the metrology 
laser, and the optical path difference for that ray is reduced from the metrology path by a factor of cos8. 
For low resolution scans only the 7 degree angle difference between the metrology beam and science beam is 
relevant, but for high resolution scans the optical path difference due to different angles to pixels on either side 
of the CCD must be taken into account. The ultimate resolution of an IFTS is limited by the requirement that 
interference rings be larger than 2 pixels,2 but this interferometer does not operate near this limit. 

3.2. Operations 

The interferometer is aligned by eye prior to each data set by injecting a divergent visible laser at the location of 
the telescope focus and tuning the piezo tip and tilt actuators to obtain a uniform fringe across the beamsplitter. 

A white light source is turned on and the moving mirror is positioned at the zero path difference (2.p.d) location. 
The laser and white light are turned off and the optical path is scanned by the computer over a distance of two 
IR laser optical fringes and a table of fringe values is obtained which establishes the error signal for the servo 

system. The user now sets the exposure time, the number of exposures and the distance between successive 
samples, and the acquisition computer backs up the moving mirror to 1/2 of the scan distance and begins the 
series of exposures. At the end of a data set the computer returns the moving mirror to the zero path difference 
position. 

Two problems arose when working at low temperatures. The beamsplitter distorts at temperatures below 
about 12 C; this is either due to the mounting scheme or the optical epoxy. In addition, the Inchworm mechanism 
does not clamp properly at temperatures near 5 C and below. To alleviate these problems, the interferometer 
enclosure is heated using an electric blanket powered by a DC supply. Since the heat is applied externally, 
no turbulence is introduced in the interferometer. The beamsplitter assembly is being redesigned with a new 
mount and optical coupling fluid rather than epoxy. 



4. PERFORMANCE 

4.1. Throughput 

The transmission of the interferometer was measured in the laboratory. An f/10 laser beam was injected at the 
interferometer input and a ratio of the power at the input, to the sum of the power received at each camera 
position, was measured with a calibrated photodiode. The measured transmission was 47% for both a red laser 
and green laser. The overall efficiency of the interferometer system, including the general blocking filter (420-680 
nm) of 73% transmission and the average CCD quantum efficiency (Q.E.) over this band of 80%, is therefore 

27%. 

The transmission of the interferometer was confirmed by observing the standard star GD71 using the APO 
3.5 meter telescope and the facility camera SPICAM through the MSSSO R filter. The same star was immedi- 

ately observed using the interferometer mounted on the same telescope through a Kron-Cousins R filter. The 
stellar flux measured by the IFTS was 56% that of SPICAM. Given that product of the CCD Q.E. and filter 
transmission for SPICAM is approximately 1.12 times that of the IFTS, the transmission of the IFTS is 63% 
that of SPICAM. If SPICAM is estimated to have an optical transmission of 80% (including the filter), the 
transmission of the IFTS through the same filter is 50%, similar to the measurement of 47% above. 

4.2. Low resolution spectroscopy 

The interferometer frequency axis is calibrated by placing an integrating sphere fed by an optical fiber from an 
attenuated HeNe laser at 632.8 nm wavelength at the input of the interferometer. The interferometer is scanned 
over 256 steps where each optical path delay is 1/16 of the IR laser wavelength times the cosine of 7 degrees. 
The left panel of Fig. 3 shows a segment of the interferograms the from the two cameras and the visibility from 

a 10 pixel radius region as a function of frame number. The visibility is 

(a/ma - b/mb) 

(a/ma + b/mb) 
V =  x (ma + mb) + (ma + mb) 

where a and b are the camera 1 and 2 signals, and ma and mb are the median values of a and b. The visibility 
function balances the gain differences between the two cameras and the integrated visibility function is equal 
to the sum of the integrated signals of camera 1 and camera 2; it therefore preserves the total number of 
photons received by the interferometer. The data shown in Fig. 3 was recorded in the observatory dome, but 
the instrument was not mounted on the telescope. Only the central portion of the 256 point interferogram is 
shown. 

The right panel of Fig. 3 shows the modulus of the Fourier transform (the power spectrum) of the full 
256 frame visibility interferogram. The peak frequency lies between the frequencies 15448 and 15854 cm-’ , or 
between 647.3 and 630.7 nm as is expected. The spectral value at zero frequency contains the average value of 
the interferogram. The small side peaks in the spectrum are due to errors in sampling that are analogous to 
“ghosts” observed in spectra from grating instruments. These sampling errors are quite small in the laboratory, 
but they are greater when at the telescope and the instrument is subject to vibration. We have continued efforts 
to reduce these “sidelobes” and work presented here was obtained prior to alleviating some vibration induced 
problems. 

4.3. Stellar standards 

The main astronomical program for the IFTS involves relatively low spectral resolution observations of galaxy 
clusters. We have observed standard stars at comparable resolution and the observations of G191-B2B are 
presented in Fig. 4. The left panel shows the two camera signals and the visibility function derived from 
the total number of electrons received over a radius of 20 pixels centered on the star where the average sky 
background has been subtracted. 

The right panel of Fig. 4 shows the power spectrum and the phase from the transform of the visibility. The 
optical band is clearly seen between 14500 and 24000 cm-’ or 690 to 417 nm, where the shape of the band is 
determined by the band defining filter. Small anomalous “sidelobes” are observed above and below the optical 
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Figure 3. Left panel: the central portion of 256 point interferograms for camera 1 (lower solid), camera 2 (dashed) and 
the visibility (upper solid). Each camera signal is the sum of a 10 pixel radius for a HeNe laser filling an integrating 
sphere at the entrance aperture. Right panel: the power spectrum (upper) that results from the Fourier transform of 
the visibility. The small peaks in the wings of the main spectral line are artifacts due to sampling errors. 
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Figure 4. Left panel: camera 1 (solid), camera 2 (grey) and visibility (upper solid) for a 20 pixel radius for the star 
G191-B2B. Right panel: the upper plot shows the power spectrum and the lower plot shows the phase spectrum for the 
visibility function. The optical band is between 14500 and 24000 cm-' or 69Ck417 nm. 
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Figure 5. Left panel: the measured spectrum (solid), measured spectrum x10 (dashed) and the Oke measurement in 

wavenumber units (dot-dashed) for the star G191-B2B. Right panel: Instrument transmission functions derived from 3 

different measurements of G191-B2B and the average instrument transmission function (grey line). 

band. The phase plot is noisy over frequency regions with no low optical power. Over the optical bandpass the 
phase is a smooth function that results from the optical properties of the beamsplitter. These phase shifts as a 
function of frequency give the asymmetric shape of the visibility interferogram in the left panel. 

The left panel of Fig 5 compares the stellar spectrum, and the spectrum multiplied by 10, to the published 
spectrum of G191-B2B.8 The published spectrum is corrected for atmospheric extinction, but the measurements 
are not; the measurements were obtained when the star was at an airmass of -1.56. The standard spectrum 

is converted to wavenumber units and electrons per second per frequency interval for the APO 3.5 meter 
aperture telescope assuming a Q.E. of 1. The IFTS instrument transmission function is obtained by dividing 

the measured spectrum by a smoothed version of the standard spectrum. The right panel of Fig. 5 shows three 
instrument transmission functions derived from different measurements of the star. The amplitude differences 
of the functions reflect the differences in the modulation of the visibility. These differences are due to the quality 
of alignment or degree of instrument vibration during observations. The degree to which “sidelobes” appear 
also varies from measurement to measurement. 

The average instrument transmission function has a peak value of approximately 6.5%. The actual efficiency 
is a factor of 2 greater than this, as signal recorded, but appearing at “negative” spectral frequencies, has not 
been included in determining the instrument transmission. The further difference from the 27% efficiency deter- 
mined from the instrument optical transmission mentioned above is due to an average interferogram modulation 
of approximately 50%. 

Fig. 6 shows two more stellar standards measured at low spectral resolution. In both cases the interferograms 
were not of the same length as those above and the visibility function was extended to 256 points using the 
average value of the visibility function (generally called “zerofilling”). The left panel compares a measurement 
of the star BD+75,325 with a smoothed published spectrum multiplied by the instrument transmission function 
derived above. The right panel compares a measurement of the star Feige 34, obtained four months after the 
observation of G191-B2B, to the Oke spectrum multiplied by the instrument transmission. Over the central 
region of the band the correspondence between the measurements and the standard spectrum is fairly good, but 
differences at the band edges are due to changes in the modulation and possibly changes in the filter temperature. 
Errors in the edge shape can also result from the zerofilling interpolation process. The correspondence of the 



0 

3.19 ' 
1.57 - 
0.00 

- 1.57 
-3.14 

10000 15000 20000 25000 30000 10000 15000 20000 25000 30000 
frequency cm" frequency cm" 

Figure 6. Left panel: the measured spectrum in 1st (solid) and 2nd order (diamonds) and the Oke measurement in 
wavenumber units multiplied by the instrument transmission function, for the star BD+75,325; the lower portion shows 
the 1st and 2nd order phase spectra. Right panel: the measured spectrum in 1st (solid) and 2nd order (diamonds) and 
the Oke measurement in wavenumber units multiplied by the instrument transmission function (dot-dashed) for the star 
Feige34; lower portion is let and 2nd order phase spectra. 

data in the right panel indicates that the instrument is relatively stable over long periods of time and two trips 
between LLNL and APO. 

The diamonds denote spectra which are obtained from the same data using every fourth point, or using the 
interferometer in second order. The differences in the spectra between the diamonds and the solid line show 
the errors which occur when sampling below the Nyquist frequency. The differences arise from the inclusion 
of false sidelobe intensity into the band; this is an example of spectral "aliasing." The lower plots show the 

phase spectra and a comparison to the phases derived from the 2nd order transforms. The plots demonstrate 
that data obtained using the interferometer in 2nd order is generally valid. In order to reduce the variation in 
the instrument transmission function, we are continuing efforts to reduce the interferometer susceptibility to 
vibration. We expect that data obtained with consistent modulation efficiency and little power in the sidelobes 

should match stellar standards even better than what is displayed here. 

4.4. Datacube of the Orion nebula 

An illustration of the capabilities of the IFTS is given by a data set of the Orion nebula. The image is 2.4 
arcminutes on a side. The interferogram consists of 1024 frames each with a 1 sec exposure. The optical path 

difference between each frame was 1/8 of the IR laser wavelength (xcos 0 of the angle through the interferometer 
associated with a particular point in the image). The picture on the left is the panchromatic image. The image 
is 512x512 pixels and each pixel has 512 spectral elements; this gives a total of 60 million spectral elements in 
the visible region of the datacube. The right panel shows spectra extracted from four locations in the datacube. 
Each spectral plot is an average over a 3x3  pixel region. The prominent peaks are due to the Ha, 0111 and HP 
emission lines. The Ha line has nearly the same flux at locations A, B and C, but the 0111 lines are stronger 
at A than the other points. The largest Ha/OIII ratio is found at point C. The picture and plots show the 
potential of full field imaging and spectroscopy that is realized with the IFTS. 
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Figure 7. Left panel: the panchromatic image of the orion nebula. Letters denote locations of spectra. Right panel: 

the spectra from four locations. The lines observed are Ha (15237 cm-l), 0111 (19972 and 20165 cm-’) and HP (20572 

cm-l). 
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