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Abstract:  We demonstrate a 10x boost in spectral resolution on the NIR Triplespec spectrograph 
at Mt. Palomar using a moire effect created by an interferometer,  reversing the heterodyning 
numerically, and assembling information from multiple exposures.
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1. Introduction

Externally dispersed interferometry (EDI) is a technique [1-4], using 
a series combination of a interferometer with a disperser, and has 
applications in the Doppler planet search (Doppler radial 
velocimetry) [1,2,6,11],  and high resolution spectroscopy [1,3-5], 
used in many sciences to identify atomic or molecular species and 
abundances.  It has the ability to dramatically increase the effective 
resolution of an existing dispersive spectrograph by large factors 
beyond the classical limits imposed by lens blur,  slit blur, and 
Nyquist pixel spacing, at full simultaneous bandwidth.  We 
demonstrate a 10x boosting at the Triplespec NIR spectrograph at 
Mt. Palomar 5-meter telescope (Fig. 1).   We measure over four 
orders of the native echelle spectrograph, 4000 to 10,500 cm-1.

The EDI is based on a moire effect, also call heterodyning, 
which occurs between a sinusoidal transmission function created by 
the interferometer in the dispersion direction, with the input 
spectrum (Fig. 2).  The sinusoidal period is set by the interferometer 
delay, which is changed in a sequence of exposures among several 
fixed values, typically 1 to 5 cm.  Larger delays produce finer 
combs.  Each moire pattern is most sensitive to spectral features 
having similar size as the comb periodicity.  The moire patterns are 
Fourier processed and combined to reconstruct the intrinsic 
spectrum to a higher resolution than the native spectrograph by large 
factors (4 to 10 have already been demonstrated, and larger is 
anticipated).  Figures 3 and 4 are example output spectra.  The 
maximum resolution is proportional to how many average 
wavelengths fit into the maximum delay used.  Delays up to 10 cm 
could therefore produce visible light resolutions of order 200,000, 
independent of the native spectrograph resolution (here it is 3000).

The instrument lineshape stability is also greatly increased, 
moving the responsibility of precision wavelength measurement to 
the interferometer, which has only three degrees of freedom, 
compared to the dispersive spectrograph which has orders of 
magnitude more and therefore suffers from complicate lineshape distortion from environmental drifts.  Having an 
extremely well controlled instrument lineshape is a necessary and usually the dominating factor (rather than photon 
limited noise) in detecting small exoplanets in the Doppler planet search.
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Fig. 1. The TEDI interferometer sits in the silver and 
black framework atop the blue cryogenic cylinder 
which houses the TripleSpec spectrograph, which is 
bolted to the 5-meter Mt. Palomar telescope at the 
Cassegrain output. The TEDI unit captures the starlight, 
passes it through the interferometer to imprint a 
sinusoidal spectrum, then re-injects it to the 
spectrograph with the original beam f/# and focus 
location.
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Fig. 2.— (FigA) Photograph of the TEDI interferometer, which sits atop Cornell’s TripleSpec spectrograph
(blue cryogenic cylinder). The interferometer fits in the Cassegrain output cavity of the Mt. Palomar 200
inch mirror, while the TripleSpec is bolted to the bottom of the mirror. The TEDI unit captures the starlight,
passes it through an interferometer, and then re-injects it to the spectrograph with a beam having same f/#
and focus location as original beam. (The non-interference spectra displayed in this article are with the arm
in place, by summing several fringing exposures to cancel the fringing components.)
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The EDI is a hybrid technique that combines the best features of dispersive and interferometric methods of 
spectroscopy.   Compared to purely dispersive spectroscopy, the EDI effectively boosts the resolution and lineshape 
stability characteristics, allowing use of lower resolution spectrographs (lower cost & weight) in applications 
otherwise limited by focal blur & detector pixels. Compared to purely interferometric spectroscopy (i.e. Fourier 
Transform Spectroscopy,  FTS), the inclusion of a disperser improves the photon limited signal to noise ratio by a 
factor of ~100 (square root of number of independent spectral channels [7]),  allowing practical use on faint 
astronomical targets.  Otherwise FTS is usually too insensitive for stellar astronomy.  The EDI technique is 
mathematically related to dispersed-FTS [8],  but uses finer spectral channels, and uses a smaller number (1-10) of 
discrete fixed delays instead of scanning semi-continuously over a delay range.  However, all dispersed 
interferometer hybrids will enjoy improved photon limited signal to noise ratio over an undispersed interferometer.

This material is based upon work supported by the National Science Foundation under Grant No. AST-0505366, 
AST-096064, NASA Grant NNX09AB38G, and by LLNL under Contract DE-AC52-07NA27344.
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Fig. 3.  Demonstration of a 10-fold boost in resolution observing telluric features mixed into spectrum of star kappa CrB on June 19, 2011, along 
with ThAr calibration lamp emission lines.  The green dashed (top) curve is the native ordinary spectrum measured without interference, having 
resolution 2,700.  It cannot resolve any of the telluric features.  The red (middle) curve is the EDI reconstructed spectrum measured with 7 
contiguous delays, up to 3 cm, and equalized to a Gaussian resolution of 27,000.  The gray (bottom) curve is a model of telluric [12], and ThAr 
[10], features blurred to res of 27,000, showing excellent agreement with EDI data.  

Fig. 2.  (Left) Graphical illustration of a moire effect, using a hypothetical input spectrum consisting of two line pairs of different spacing.  (a) 
Without blur, (b) with blur.  Three different sinusoidal periods are shown-- larger interferometer delays create higher spatial frequency combs.  
The moire pattern is most sensitive to features having similar width to comb period.  (This process also called heterodyning.) (c) Using several 
phase stepped exposures the fringing component of the moire is detected as real (red) and imaginary (blue) and the nonfringing component as 
green (nonfringing is same for all three delays).  During Fourier postprocessing the heterodyning process is reversed to reconstruct the intrinsic 
spectrum by combining information from the several moire patterns.  The effective resolution is set by the highest delay used, and can vastly 
exceed the resolution and Nyquist pixel spacing limit of the native spectrograph.   
(Right) Stellar data in two exposures having different interferometer phase, showing one of four spectral orders, and for each order a ThAr 
calibration lamp is recorded slightly above the starlight (which also has ThAr).  Note how the intensity of the ThAr lines changes because of 
phase shift of sinusoidal interferometer transmission.  The stellar signal shows the sinusoidal comb because it has a continuum component. 

75807560754075207500 Wavenumber (cm-1)

TEDI Spectral Reconstruction, 10x boost to res 27000
using 7 delays 
Star kappa_CrB + ThAr lamp,       11Jun19 data

Model: Telluric absorption + ThAr lamp features at resolution 27000

Spectrograph augmented with EDI interferometer.
Resolution boosted 10x

Conventional spectrograph alone.
Resolution ~2700

Star kappa_CrB + ThAr lamp,       11Jun19 data
Mt. Palomar Observatory, Triplespec spectrograph
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Fig. 4.— (Fig-Jailbar) Steps in recording, then reconstructing, a simulated absorption spectrum of four
rectangular lines (leftmost panel in (a)) using the multiple delay EDI method (Interferometric Spectral
Reconstruction). (a) Without blur– the sinusoidal comb of interferometer multiplies target spectrum. Larger
delays create higher spatial frequency combs, which are most sensitive to features similar to comb period.
Eight delays from 0.25 to 2 cm every 0.25 cm, but only three delays shown. (b) With blur– patterns of
(a) are blurred by instrument lineshape of spectrograph. (c) Using several phase stepped exposures the
fringing component of the moire is detected as real (red) and imaginary (blue). The nonfringing component
is detected as the leftmost panel (same for all three). The next three panels (d), (e), (f) depict ISR analysis
of data. (d) In Fourier space, the moire information which originally resides near 0 frequency is artificially
moved to higher frequency, according to size of etalon, (called “heterodyning reversal”). (e) Corresponding
appearance in wavenumber space after being shifted. Higher delays create wavelets with narrower periods.
(f) Components from multiple delays are summed. (Not shown) Optional weighting, called “equalization”,
makes sum of gray sensitivity humps have a smooth shape that is usually Gaussian of a custom chosen
width, proportional to desired final SR resolution. (f, right) Final equalized SR result (red curve) compared
with target spectrum (black rectangles) and native measurement (green dashes) called “ordinary” spectrum.
Ordinary spectrum does not resolve the line pairs, but SR result does.
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Fig. 9.— (FigH2) Editing notes: Add labels
to X,Y axis. Remove extraneous text from graphic.

Closeup portion of two exposures (top, bottom)
similar to Fig. 8, having di�erent interferometer
phases. Both the ThAr spectral lamp lines and
stellar continuum are seen. Note that the phases
of the ThAr lines (manifested by their intensity)
are di�erent between top and bottom. The stellar
continuum produces a periodic comb whose phase
also shifts by same amount, but it is perceived as
a sideways translation.
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Fig. 10.— (FigXX2) Editing notes: make labels
LARGER

Example 1d raw spectra from a single exposure, by
vertically summing across the stripes of A-order
producing four 1d spectra: Sky A (red), Fiber A
(black, having ThAr lamp), Fiber B (green, having
star+lamp), Sky B (not shown for clarity). Since
this is the reddest order (4000-5300 cm�1), there
is a blackbody background. The sky signals are
optionally subtracted from the other data prior to
the 2nd stage of processing.
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Fig. 4. Reconstructed spectra over 4 orders of spectrograph produce a very wide bandwidth in the near IR, using the TEDI interferometer 
combined with the Triplespec spectrograph at the Mt. Palomar Observatory 200 inch telescope, here observing HD219134 on Sep 19, 2010.  The 
native spectrograph resolution of ~2700 is boosted by a factor of 6x to 10x or more by the use of multiple delays and combining exposures after 
Fourier processing.  The lower graph is zoomed in region of overlapping orders B & C, showing agreement between each other and with telluric 
model (black) [12].
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