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Chapter 1

Dispersed Interferometers

David J. Erskine

Lawrence Livermore National Laboratory,
7000 East Ave, Livermore, CA 94550, USA,

erskine1@llnl.gov

We describe dispersed interferometers, including dispersed Fourier Transform
spectroscopy (dFTS), externally dispersed interferometer (EDI) also known as
dispersed fixed delay interferometer (DFDI), spatial heterodyning spectroscopy
(SHS) and the similar heterodyned holographic spectroscopy (HHS).

1. Overview

Spectroscopy via dispersed interferometry is a hybrid between two well established
techniques of pure interferometry (such as Fourier Transform Spectroscopy) and
dispersive spectroscopy using a prism or grating. Figure 1 is a notional diagram of
various spectrograph techniques, displayed in Fourier space, with purely dispersive
and purely interferometric at the top and bottoms, and the hybrids in between. The
horizontal axis is the spatial frequency along the dispersion axis, or features per
wavenumber. (It is convenient to use wavenumber (� = 1/�) instead of wavelength
� for dispersion in interferometry.) Since the unit of � is cm�1, this frequency
has units of delay or cm. The horizontal axis can be considered the distribution
of optical pathlengths needed to create the resolution. Imagine these pathlength
di↵erences, for example, between the di↵erent grooves of a di↵raction grating, or
between two arms of an interferometer.

In the top panel (a), a high resolution spectrograph having narrow instrument
response peak in wavenumber space requires a wide peak in delay or Fourier space.
From the uncertainty principle, the product of the full width half max (FWHM)
peak widths in frequency and wavenumber spaces is about 0.88. The resolution is
R = �/��; hence R = 2⇢hwhm�/0.88 , where ⇢hwhm is the Gaussian half width at
half height, because we are only plotting the positive frequencies for convenience.

The high resolution peak is depicted as having a smaller height than the lower
resolution peak to suggest that as we reduce the slit width to achieve higher reso-
lution in a classical dispersive spectrograph, the amount of light from an extended
source passing through the narrower slits decreases. (This would not apply to a
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Fig. 1. Notional arrangement of astronomical spectrograph systems, from purely dispersive (a)
to purely interferometric (e), in Fourier space (features per wavenumber, or delay space). For all
methods one needs to cover maximal delay space to achieve high resolution. (b) The Externally
Dispersed Interferometer (EDI) measures delay space in chunks (single or multiple peaks at user
chosen positions) on an integrating detector; (c) dispersed Fourier Transform Spectroscopy (FTS)
scans delay space with a single medium-wide peak using a time-responsive detector. (d) Spatial
Heterodyning Spectroscopy (SHS) splays a range of delays spatially along a detector, recording at
once the interferogram on an integrating detector; (e) purely interferometric FTS maps out delay
space directly with a narrow peak, measuring the interferogram. Graphic reproduced from Ref. 1.
(See electronic edition for a color version of this figure.)

di↵raction-limited source from an adaptive optics-corrected telescope).

2. Dispersed Fourier Transform Spectrometer (dFTS)

2.1. Classic undispersed FTS

The bottom panel (e) of Fig. 1 depicts behavior of the classic undispersed inter-
ferometer or Fourier Transform Spectrometer (FTS). The delay is sampled by a
narrow peak and scanned contiguously vs. time over the wide delay range needed
to record high resolution information. The peak is very narrow because there is no
disperser or bandpass filter, so the essentially single-pixel detector responds to a
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wide wavenumber range — the peak width is the reciprocal of the wide bandwidth.
Scanning over the delay range measures the interferogram of the spectrum. A

Fourier transform is then applied to convert the interferogram into a spectrum. It
only takes about a couple of cm of delay range to develop, say, 50,000 resolution at
0.5 µm wavelength. So interferometers do not need to be very large to achieve high
resolution.

The FTS has the advantage over conventional dispersive spectrographs of being
very compact, with an output lineshape that is very robust to changes in the input
beam pupil. (All dispersed interferometers tend to share this robustness). Disad-
vantages include the inability to measure time-dependent or pulsed phenomenon,
because of the time needed to scan over the delay. Furthermore, its detector must
record a high frequency time-dependent signal (as it scans over fringes), so it cannot
use time-integrating detectors optimized for sensitivity.

Because fringes from all the wavenumbers combine on a single pixel, the net
fringe signal for the classic FTS is washed out (diminished by the square root of the
number of independent wavenumbers being measured), so the photon signal to noise
ratio is usually too poor for many astronomical sources. However, in the infrared
there are many more photons per unit of power, so the FTS has found useful remote
sensing applications in long wavelengths, especially since its compactness makes

where !s is the bandwidth in wavenumber. Since the post-
dispersion narrows the bandwidth for a given spectral channel,
the fringes can be sampled at wider intervals. For a fixed total
delay range (i.e., spectral resolution), fewer samples are needed
to reconstruct an unaliased narrowband signal than an unaliased
broadband signal.

Second, since the fringe packet for a narrowband channel is
wider than that of the broadband white light (recall Fig. 2), a
larger fraction of the delay range is spanned by a high-contrast
fringe signal. As a result, the S/N in the resulting spectrum is
increased. We prove this from basic principles in Appendix A.
More detailed discussions, derivations, and specific examples of
the advantages resulting from dispersing the white-light fringe
can be found in Appendix B, where we discuss our spectral re-
construction algorithm in detail.

2.3. Instrument Overview

Our adopted configuration for the dispersed FTS prototype is
shown in Figure 3. Light is guided from the telescope to the
interferometer through a multimode optical fiber feed FF. (The
implications of this mode of transport on the measured inter-
ferometric correlation are discussed in x 2.5.) The light passes
through a mechanical shutter S (a Uniblitz VS25, with a nominal
opening time of 6 ms) and is then collimated with an achromatic
doublet lens L1 into a beam with a diameter of !23 mm.

It is assumed that the electric field at any position in the light
beam has a random polarization vector. Since the resulting per-
formance of an FTS is optimal when the input beam is split into
two equal portions, and since we intend to use a polarizing beam
splitter (which reflects vertically polarized light and transmits

horizontally polarized light) for the interferometer, we must en-
sure that all of the light reaching the interferometer is linearly po-
larized at 45" to the plane of the table. To achieve this polarization,
the light passes through BS1, a PBSC oriented at 45" relative to
the optical table. The light transmitted through this cube is thus
polarized at 45" relative to the axes of the interferometer beam
splitters, while the light reflected from BS1 is routed by two relay
mirrors to the dispersive back end of the instrument, where it serves
as an unfringed ‘‘photometric’’ signal for flux normalization (the
so-called C beam).

The beam then enters the interferometer proper, splitting into
its vertically and horizontally polarized components, the V beam
and the H beam, at PBSC BS2. Each subbeam travels down one
arm of the interferometer, enters a retroreflecting corner cube
(R1 or R2) consisting of three mirrors, and emerges parallel to
the incoming subbeam, but displaced laterally by approximately
4 cm. The H and V subbeams meet at BS3, where they recom-
bine. Since this ‘‘beam-combiner’’ cube is also polarizing, re-
flecting vertically polarized light and transmitting horizontally
polarized light, nearly all of the starlight emerges from one face
of BS3 (traveling leftward in the figure).

At this point, the recombined beam contains two subbeams,
H and V. In order to see interference patterns, we must send the
beam through yet another polarizing beam splitter, BS4, oriented
at 45" to the optical table plane ( like BS1). Half of each of the
H and V beams are transmitted by BS4 and emerge with a +45"

diagonal linear polarization. We call this beam A. The other half
of the H and V beams are reflected by BS4 and have a #45"

diagonal linear polarization. They are reflected by a mirror into
beam B, parallel to beam A. Since the photons in each of beams

Fig. 2.—Simulated interferograms, to illustrate the relationship between spectral bandpass and fringe packet size. The wavelength of the high-frequency oscillations is the
central wavelength of the bandpass, k0. The number of fringes in the central fringe packet is approximately equal to k0 /!k, where!k is the FWHM of the spectral bandpass.

INITIAL RESULTS FROM USNO DISPERSED FTS 619No. 1, 2007

Fig. 2. When the bandwidth is narrowed by insertion of a filter or use of an external disperser, the
interferogram fringe pattern becomes reciprocally wider in delay space. Simulated interferograms
as shown. Graphics reprinted from Ref. 2, Copyright (2007), with permission from AAS.
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airborne and spaceborne platforms practical. In comparison, an infrared dispersive
spectrograph of comparable resolution could be prohibitively large because its size
scales with the long wavelength.

2.2. Adding dispersion to increase fringe visibility

A dispersed FTS (dFTS) is created by adding a disperser in series with the inter-
ferometer,2–4 depicted as Fig. 1(c). Figure 2 shows how decreasing the bandwidth,
by insertion of a filter or a dispersive element in series with the FTS, reciprocally
increases the width of the interferogram in delay space (hence the wider peak in
Fig. 1[c] compared with Fig. 1[e]). This increases the fringe visibility, and hence
photon signal to noise ratio for a given delay, making the dFTS much more practical
for astronomical use than the classical (undispersed) FTS.

The disperser organizes the data into narrow bandwidth channels. Each is an
independent FTS interferogram similar to an undispersed FTS, but having much
greater fringe visibility. A custom “FROID” algorithm was used to assemble the
manifold parallel channel information into a single high resolution (R=50,000)
broadband spectrum.2

A prototype version (2007) of the dFTS2 was tested on starlight at the Clay
Center Observatory at the Dexter-Southfield School in Brookline, Massachusetts,
on a 25 inch telescope that regularly achieves 100 seeing. Figure 3 shows the zero
point radial velocity reproducibility from night to night, observing a Th-Ne spectral
lamp. The variability ⇠10 m/s is believed primarily due to temperature drifts of
the instrument, which was not housed in a temperature controlled environment but
one with ⇠5 �C changes in ambient air temperature.

548 BEHR ET AL. Vol. 705

Figure 5. Night-to-night RV zero point of dFTS2, measured using a thorium–neon emission-line lamp.

modifications to the downstream optics, we might have achieved
a 50%–80% increase in the measured stellar flux. The optics in
the dFTS2 instrument box also accumulated some visible dust
over the course of our observing campaign, despite our efforts to
keep the system enclosed as much as possible during assembly
and disassembly. With future dFTSes permanently installed as
facility instruments, we anticipate being able to reach photon
throughput efficiencies of 10%–12%, similar to many echelle
spectrographs.

4.2. Dispersive Back-end Resolution

During each night of observing, we collected an interfero-
metric scan of a incandescent white-light source, which let us
measure the central wavelength and the bandwidth of each spec-
tral channel on the CCD. These channel bandpass data are sub-
sequently used in reconstructing the broadband high-resolution
spectra of our stellar targets and measuring their RVs. We can
also use these white-light scans to evaluate the performance of
the dispersive back-end system. We measure a spectral resolu-
tion of RG > 4700 over the entire spectral range of dFTS2, with
a mean RG of approximately 4950 and a peak of 5150. This reso-
lution is nearly three times better than the RG ≃ 1700 of dFTS1,
which results in broader fringe packets, greater fringe visibility,
and thus better signal-to-noise ratio of the final high-resolution
spectra.

4.3. Intrinsic RV Stability

In addition to the white-light scans, we also acquired at least
six scans of a hollow-cathode thorium–neon emission-line lamp
per night. (The only available thorium–argon lamp was not
bright enough for reliable measurements.) By measuring the
interferometric fringe patterns of the ∼60 brightest emission
lines, we were able to evaluate the intrinsic RV stability of
the instrument. These calibration measurements also defined
the RV zero point for each night of an observing run; when
the instrument was reassembled at the beginning of each run,
or realigned during a run, the alignment between the starlight
and metrology beams could have shifted slightly, creating a
systematic offset in derived RV.

Figure 5 shows the measured RVs of the thorium–neon source
for 224 scans over the course of our observing program, from
2007 September to 2008 June. On some nights, such as 2008
January 24 and 2008 April 22, the instrument was quite stable,

with a σ (RV) of 1.5 m s−1 or better. On other nights, however,
we see much greater variability, with σ (RV) of approximately
10 m s−1 and peak-to-peak fluctuations as large as 20 m s−1. The
“unstable” nights seem to be due to temperature fluctuations of
∼ 0.2 ◦C of the optomechanical structure of the instrument,
induced by ∼ 5 ◦C changes of the ambient air temperature
in the room housing the dFTS2 hardware. Even though the
air temperature inside the dFTS2 enclosure is controlled to
±0.05 ◦C, the optical breadboard and optics mounts can get
warmer or cooler and change their shape enough to induce a
measurable RV shift. To account for this error source, we apply
an error of 10 m s−1 (added in quadrature) to the RV error
estimates for all our stellar observations, as well as adjusting
the RV zero point on a night-by-night basis (see below). Future
dFTS instruments will need to be installed in more thermally
stable environments to achieve their full RV measurement
potential.

5. DATA REDUCTION AND DERIVATION OF RADIAL
VELOCITIES

Reduction of the interferogram data from dFTS2 followed
the same basic pathway as for dFTS1 (see Section 3.4 of
Paper 1), with the addition of an intermediate step to correct for
a significant nonlinearity in the response of the U-1107 CCD.
Photometric corrections were particularly important for these
data, as seeing fluctuations and passing thin clouds would often
change the stellar flux by a factor of 2 or 3 from one exposure to
the next. By using the unfringed “C-track,” which was picked off
from the main starlight beam before it entered the interferometer,
we were able to normalize the flux levels over the course of a
scan, so that only true interferometric fringes remained.

To determine a topocentric RV for each observation, we com-
pared the normalized interferograms to synthetic interferograms
derived from a Doppler-shifted template spectrum. We sampled
the synthetic interferograms at the same delays as each obser-
vation scan, and we scanned through a range of RVs until we
found a smooth global minimum in the χ2 difference between
the data and the model. This technique incorporated the optimal
weighting of the data and provided an estimate of the internal
statistical error in RV for each observation.

We employed two different types of template spectra for
these RV fits. For the first template, we used the FROID al-
gorithm, described in detail in Paper 1, to turn the parallel

Fig. 3. Zero point radial velocity reproducibility from night to night, observing a Th-Ne spectral
lamp. The variability ⇠10 m/s is believed primarily due to temperature drifts of the instrument,
which was not housed in a temperature controlled environment but one with ⇠5 �C changes in
ambient air temperature. Graphics reprinted from Ref. 3, Copyright (2009), with permission from
AAS.
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Figure 4. Photograph and layout schematic of the final dFTS2 design. Gray sections show the starlight beams, dashed lines delineate the laser metrology beams, and
dot-dash lines indicate beam paths for optical alignment; see the text for explanation of the component codes.

We had originally placed a set of optical fiber spot-to-
line bundles just prior to the shutter, in order to “slice”
the output beams from the interferometer, and thus achieve
higher grating resolution RG in the dispersive back end. We

used this fiber arrangement for the first observing run but
found that it was very inefficient, so we replaced it with an
arrangement of small mirrors before the second observing
run.

Fig. 4. Photograph and schematic of the second version of the dFTS. The key element distin-
guishing it from a classic FTS is the use of a dispersive spectrograph (right side) ahead of the
detector. Graphics reprinted from Ref. 3, Copyright (2009), with permission from AAS.

The 2nd generation (2009) instrument (Fig. 4) measured3 single-line spectro-
scopic binaries at the Steward Observatory 2.3 m Bok Telescope. This apparatus
was more compact than the first. Figure 5 shows radial velocities of the F6V star
19 Draconis with a velocity scatter of 27.5 m/s. Measurements on double-lined
spectroscopic binaries were also performed there.4
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Figure 8. Radial velocity measurements of the G2V solar spectrum reflected from the lunar crater Mösting A. The rms scatter of the velocity points is 9.7 m s−1.

Figure 9. Radial velocity measurements of the F6V star 19 Draconis. The rms scatter of the velocity residuals is 27.5 m s−1.

resulting time series of velocities, shown in Figure 8, has an rms
scatter of 9.7 m s−1. The mean internal error bar from photon
statistics is 2.5 m s−1 for these observations.

7. RV MEASUREMENTS OF SB1 TARGETS

During our time at the Bok Telescope, we observed a variety
of single-lined (SB1) and double-lined (SB2) spectroscopic
binary systems. The results for the SB1s are described below,
while the orbital fits for the SB2s will be reported in a following
publication. We had hoped to collect ∼40 RV points for each
binary, well distributed over the orbital phase, in order to
derive the binary parameters with higher accuracy than ever
before. Unfortunately, bureaucratic considerations led to the
decommissioning of the dFTS2 instrument in 2008 August,
and thus the end of our observing program. As a result, none
of our orbital RV curves are well sampled, and for systems
with P > 100 days we do not even cover a full orbit. The
orbital parameters that we derive from our RV measurements
should therefore be considered as preliminary results, which
serve primarily to illustrate the potential usefulness of dFTS
instrumentation for the accurate determination of binary star
orbits.

For deriving orbital parameters from our RV data, we used
the IDL routines CURVEFIT, a nonlinear least-squares fitting
algorithm included with the IDL package, and HELIO_RV, which
computes binary star orbit velocities (Landsman 1993). In all
cases, we adopted the orbital period P from previously published

analyses, because we had too few data points to derive an
accurate value.

7.1. 19 Draconis

The 19 Draconis system (HR 6315, HD 153597, HIP 82860)
consists of a F6V star with V = 4.89 co-orbiting with an
unseen companion. With only nine RV observations, we could
not constrain the orbital period, so we adopted P = 52.1089
days from Abt & Levy (1976) but let all other orbital parameters
vary in the fitting algorithm. Figure 9 shows the RV points and
the resulting orbit, with parameters Tperi = 54 522.258 ± 0.121
days, V0 = −20.5299 ± 0.0649 km s−1, K = 17.1590 ±
0.0344 km s−1, e = 0.2218 ± 0.0020, and ω = 339.◦1 ± 0.◦6.
The uncertainty on the value of K yields a fractional uncertainty
∆K/K of 0.20%.

The RV residuals show an rms scatter of 27.5 m s−1, while
the mean formal error bar was 21.3 m s−1, with χ2 = 12.19
for ν = 4. We used the formal error bars in calculating
the parameter uncertainties cited above. If these error bars
are scaled such that the mean error bar is equal to the rms
scatter, then the uncertainty on K increases to 0.0444 km s−1, or
∆K/K = 0.26%. With relatively few data points, it is difficult
to tell whether this discrepancy between the formal RV errors
and the RV residual rms is just a statistical aberration, or is
indicative of an additional RV error source, such as stellar
pulsation or the spectral contribution of the faint secondary. As
pointed out by our anonymous referee, contamination from the

Fig. 5. The radial velocity scatter of this measurement of F6V star 19 Draconis was 27.5 m/s.
Graphics reprinted from Ref. 3, Copyright (2009), with permission from AAS.

3. Externally Dispersed Interferometry (EDI)

3.1. Interferometer in Series with Dispersive Spectrograph

Externally dispersed interferometry1,5,7–16 (EDI), also called by others dispersed
fixed delay interferometry11–13 (DFDI), is the series combination of a fixed delay
interferometer with a dispersive spectrograph (Figs. 6, 7). The interferometer cre-
ates a uniform sinusoidal grid or comb in its transmission function versus wavenum-
ber � (units of cm�1), as T (�) = 0.5[1 + cos(2⇡�⌧)], having a frequency along the
wavenumber axis proportional to the interferometer delay ⌧ (units of cm). This
is typically 1 to 5 cm, depending on the linewidths in the input spectrum (for
Doppler), or the resolution desired (increases with ⌧). It is set by choice of a glass
etalon thickness and mirror positions that control pathlength di↵erence between
two interferometer arms.

3.1.1. Moiré Patterns Reveal Doppler and High Resolution Features

A heterodyning e↵ect caused by multiplication of the periodic transmission T (�)
against the stellar input spectrum creates moiré fringe patterns on the detector
that sum with the ordinary spectrum. These moiré patterns are high frequencies
(narrow features) of the input spectrum beaten down (shifted) to lower frequencies,
which can better survive slit blurring and paucity of detector pixels.

This heterodyning creates a new sensitivity peak at a user selectable high fre-
quency (Fig. 10, left), while preserving the native spectrograph sensitivity peak
centered at zero frequency. This allows precision radial Doppler velocimetry7,12,14

and high resolution spectroscopy1,5,15,16 with a much lower resolution native spec-
trograph than without the interferometer. Hence EDI imparts a resolution boosting
ability, and this occurs over the entire native bandwidth.

The inclusion of the interferometer, by its very uniform spectral fiducial comb,
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Fig. 6. Schematic (left) and photo (right) of an externally dispersed interferometer assembled
from components found in a typical university optics lab and a 20k resolution Jobin-Yvon HR640
grating spectrograph operating near 500 nm. The interferometer delay was 1.1 cm. Together with
an iodine cell (not shown), this apparatus measured the 12 m/s amplitude tugging of the Moon
on the Earth (Fig. 11) from fringing spectra (Fig. 7[right]) of sunlight fed by fiber from a rooftop
heliostat. No environmental thermal or mechanical stabilization was used (the short exposure
times did not require interferometer fringe stabilization). Schematic and photograph reproduced
from Ref. 5. (See electronic edition for a color version of this figure.)

can also boost the stability to undesired changes in pupil, focal spot or wavelength
drifts in the disperser, which often plague a native spectrograph used alone.

3.1.2. Heterodyning Allows Lower Resolution Native Spectrographs

By permitting the use of a lower resolution spectrograph, the EDI technique reaps
advantages of the wider bandwidth and higher throughput of a lower resolution
spectrograph. (For a fixed number of pixels, bandwidth increases approximately
reciprocally to native resolving power.) The wider bandwidth uses a larger fraction
of the stellar flux, which can improve the photon-limited signal-to-noise ratio. The
wider slits and greater tolerance to focal errors of a lower resolution spectrograph
allows lenses and gratings to be optimized for high e�ciency rather than for a stable
focal spot.
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Fig. 7. (Left) Schematic of EDI, which is an interferometer of one or several fixed delay values (1
to 5 cm) in series with a dispersive spectrograph. The interferometer creates a sinusoidal comb with
a period ⇠ 1/⌧ . The input spectral features combine with the sinusoid to create moiré patterns.
Phase shifts are proportional to the Doppler velocity. The shape of the moiré can be processed to
recover input spectral features at higher resolution than the native spectrograph alone (10x boost
has been demonstrated). The schematic was reproduced from Ref. 6. (Right) Solar and iodine
fringing spectra near 508 nm, when measured separately by the EDI.7 A small portion of total 13
nm bandwidth is shown. Smile-like features in iodine are due to a set of absorption lines whose
spacing varies gradually from slightly less than the comb to slightly more. (See electronic edition
for a color version of this figure.)

3.1.3. Phase Stepping Elucidates Moiré Patterns

Figure 7 (left) shows the notional diagram of EDI and how absorption lines acting
against the sinusoidal comb created by the interferometer form moiré fringe pat-
terns. Figure 7 (right) shows measured moiré patterns for sunlight and the iodine
spectrum, and Fig. 8(a, b) simulates them for two line pairs of di↵erent spacing
with (b), and without (a), slit blurring.

Data are usually taken with several exposures while incrementing the inter-
ferometer delay in subwavelength amounts, called “phase stepping”. This allows
the fringing (moiré) and nonfringing (ordinary spectrum) components to be sep-
arated during analysis, since only the true fringes will vary synchronously to the
commanded phase dither. Both of these components can provide useful spectral
information which can be combined to form the net EDI output, or used separately.

Because the fringing component involves di↵erences between exposures, and
only responds to signals synchronous to the applied interferometer dither, the EDI
is naturally immune to additive fixed-pattern errors that can plague the ordinary
spectrum. Hence, in many cases the EDI can produce a cleaner output spectrum
than the native spectrograph, even at the same resolution as the native.

The temporal phase stepping allows use of echelle spectrographs, which may
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Fig. 8. (a-c) Simulation of heterodyning and moiré formation that occurs optically in the in-
strument, and then (d, e) its reversal during reconstruction of the resolution-boosted spectrum.
Moiré patterns using a test absorption spectrum of two pairs of black lines (black curve in [e]).
(a) Sinusoidal comb multiplies input spectrum — comb frequency is proportional to delay ⌧ . Only
three delays (0.75, 1.25, 2 cm) of eight shown. (a) Without blur. (b) With blur, the comb is
unresolved but moiré pattern remains. (c) Complex expression of moiré (whirl or W) from Fig. 9.
Red (real), blue (imaginary). (d) Whirls upshifted in frequency; real part taken to form wavelets.
(e) Sum of wavelets forms reconstructed output (red curve). An equalization step weights the
wavelets to eliminate ringing. Native spectrum (dashed green) has insu�cient resolution (2 cm�1)
to resolve test pair, but EDI output (red) easily resolves them. Graphs are ⇠10 cm�1 across at
average wavenumber of 7450 cm�1. Graphics reproduced from Ref. 1. (See electronic edition for
a color version of this figure.)

have a narrow beam as small as 1 pixel high. These are useful because of their
wide bandwidth. Alternatively, linear spectrographs having a tall slit can splay the
phase spatially along the slit, or apply both spatial and temporal variations.

An interferometer has two complementary phased outputs whose intensities,
when summed, equal the input (assuming ideal optics). The complementary output
can also be used to produce an EDI signal if it is detected on separate pixels.

3.1.4. EDI Instrument Lineshape as a Wavelet

Figure 10 (right) compares the instrument lineshape versus wavenumber between
a conventional spectrograph and the EDI. Whereas the conventional lineshape is a
peak (b or c), the EDI lineshape is a wavelet (a) which has an envelope set by the
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Fig. 9. How to convert a moiré pattern to complex data. (a) Vertical lineout across multiphase
stack for a given wavenumber produces an intensity versus phase plot (b), which is fitted to a
sinusoid (black curve). (c) The sine and cosine amplitudes (red and blue curves) are the whirl’s
(W) imaginary and real complex values, for a given wavenumber. The vertical o↵set of the fit is
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) at that wavenumber. Graphics reproduced from Ref. 1. (See
electronic edition for a color version of this figure.)
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Fig. 10. Two manifestations of the EDI instrument response: left graphic is in frequency space,
and right graphic is along dispersion axis (pixel, wavenumber �, or wavelength � = 1/� space).
(Left) Heterodyning shifts the native spectrograph sensitivity peak (green) from zero to a higher
frequency (red) where science frequencies typically reside, by delay ⌧ , and an amplitude of 50%.
Frequency in units of features per wavenumber (cm�1), conveniently has the same units of delay,
units of cm. (Right) The EDI instrument response is a corrugated peak or wavelet (bold curve
(a)), which has an inner portion having much higher slope (and thus higher Doppler sensitivity)
than the low resolution native spectrograph alone (dashes, (b)), which defines the envelope. The
slope of the sinusoid is proportional to ⌧ . For use in high resolution spectroscopy, the central
area (cross-hatched) is made unambiguous by combining several wavelets of di↵erent periodicities
(delays), as demonstrated in Fig. 14. Graphics reproduced from Ref. 16. (See electronic edition
for a color version of this figure.)

native spectrograph (b), and an interior sinusoid whose frequency is proportional
to delay ⌧ , which can be set by the user to be almost arbitrarily high. Note that
the slope (red line) of a fringe inside the wavelet can be much higher than the slope
(green) of the native spectrograph — it can easily be as high as the high resolution
spectrograph lineshape (c, blue).
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3.1.5. Moiré Phase Yields Doppler Velocity

The moiré phase shift between two observations is proportional to the Doppler
velocity shift of the input source. To make the measurement independent of drifts
in ⌧ , such as due to thermal changes in the optical mounts, the moiré patterns of
a reference spectrum such as iodine are also simultaneously observed on the same
detector. These are separated from the stellar component mathematically. Then
the change in the above two velocity shifts yields the corrected Doppler velocity.
This is independent to small (< �/4) drifts in ⌧ since these a↵ect the stellar and
iodine moiré phase by the same amount. For example, the open air EDI shown in
Fig. 6, not having thermal or environmental controls, was used to make the few m/s
precision Doppler measurements shown in Fig. 11.
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Fig. 11. (Upper) Doppler velocity of sunlight7 over a month’s time detects the 12 m/s amplitude
tugging of the Moon on Earth. (Lower) a bromine cell mimics the spectra of a zero velocity source
(which then passes through the iodine cell), demonstrating m/s scale repeatibility on a 11 day time
scale. The EDI shown in Fig. 6 (Ref. 8) was used as depicted (but with an iodine cell at the fiber
end) without any environmental thermal or mechanical stabilization. The 20k resolution native
spectrograph used without the interferometer would have insu�cient resolution and prohibitively
large drift of its lineshape to allow such precision. Note that the symbol � in this figure refers to
the standard deviation of the data values, not to wavenumber. (See electronic edition for a color
version of this figure.)

3.1.6. Moiré Shape Yields High Resolution Spectrum

The same EDI apparatus used for Doppler velocimetry can be used to perform high
resolution spectroscopy,5,16 also referred to as resolution boosting (as in Figs. 14 –



April 20, 2018 14:6 ws-rv961x669 Book Title Erskine˙final˙dje page 12

12 David J. Erskine

18) by using a di↵erent kind of analysis. The moiré patterns are processed math-
ematically to reverse the heterodyning frequency shift that originally occurred op-
tically. Whereas the original optical heterodyning lowered the frequencies to form
the moiré patterns recorded on the detector, a multiplication by ei2⇡�⌧ increases
the frequency by amount ⌧ , restoring the signal to its original high frequency. Af-
ter appropriate filtering (called equalization) to reshape the net frequency response
into a Gaussian, a reconstructed spectrum is produced having its resolution boosted
over the native resolution. (Examples shown in Section 3.3 below.)

3.2. Demonstrations of EDI Doppler Velocimetry

3.2.1. Initial testing on sunlight

Figure 6 (left) shows a photo of (essentially) the EDI apparatus used to make solar
measurements for initial testing of the EDI concept (the iodine cell was not in the
beam path in this photo). A fiber from a roof-mounted heliostat brought sunlight
to a laboratory optical table on which the interferometer resided. Figure 11 (upper)
shows the 12 m/s signature of the Moon tugging the Earth in the measurement of
the solar radial velocity over a month’s time. Figure 11 (lower) shows the zero-
velocity test by measuring vs. time the velocity of a bromine absorption cell (which
is a faux-star that is, of course, stationary), relative to the iodine cell, which is
also stationary. We see only a few m/s drift over 11 days, which is excellent for an
unstabilized cavity and environmentally unprotected system.

This is remarkable because no environmental thermal or mechanical stabilization
was used (the short exposure times did not require interferometer fringe stabiliza-
tion), whereas a conventional spectrograph typically requires such environmental
control. This is possible because the EDI technique transfers the responsibility of
the high resolution measurement from the native spectrograph to the interferome-
ter. The interferometer is more robust to drifts in beam profile because a sinusoidal
fringe has only three significant degrees of freedom (phase, magnitude, and intensity
o↵set) whereas the point spread function of a grating spectrograph can have many
more degrees (of order one for each di↵raction grating groove involved).

3.2.2. New Exoplanet Detected

A new exoplanet HD 102195b was discovered12 by Jian Ge’s team using the EDI
technique with the ET instrument (Fig. 12) at the moderately small aperture 0.9 m
Kitt Peak Nat. Obs. telescope. The small aperture discovery was possible because
of the high throughput11 (49% from fiber output to detector) enabled by the lower
native spectrograph resolution (R⇠5000) allowed by the EDI technique. This native
resolution is too low to perform precision radial velocimetry without the benefit of
an interferometer.
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(see the definition in Erskine & Ge 2000). In general, the star+
iodine data whirl will be a linear vector combination of the iodine
and star template whirls, where the template whirls are rotated in
phase by an amount that must be determined. A set of four simul-
taneous linear equations can be constructed for each pair of chan-
nels (Erskine 2003). The solution for the phase rotations is found by
linearizing the complete overdetermined set of equations across all
channels and using singular value decomposition. This procedure
returns a ‘‘best-fit solution’’ alongwith standard error estimates. The
measured rotations correspond to the star shift and the intrinsic in-
strument shift. The difference between these two rotations yield the
intrinsic stellar RV shift.

In addition to the two phase rotations, several additional de-
grees of freedom are allowed in our processing. In particular, we
allow for bulk shift of the entire spectrum in the dispersion di-
rection. This change can be produced by a Doppler shift or by
movement of the CCD detector due to thermal flexure. This,
along with additional flexures in the instrument optics, can create
translations of the image. A reduced !2 value is determined be-
tween the star+iodine data and the best superposition of the pixel-
shifted and rotated templates. This process is iterated until a
minimum is reached in the reduced !2.

After correcting for instrument drift, it still remains to apply a
barycentric correction to the velocities to account for the motion
of the Earth. This is done using our own software written in IDL.
Diurnal motion is corrected using an algorithm adapted from the
IRAF procedure rvcorrect in the NOAO package. Annual mo-
tion is corrected using the baryvel routine from the IDL astron-
omy library,4which is based on the algorithm from Stumpff (1980).

At the completion of the data processing, the 90 stars in the
survey fell into three categories: (1) 75 of the stars exhibited less
than 2.5 " RV scatter about a mean value, (2) 10 stars had RV
variations between 2.5 " and 1000 m s!1 rms about the mean,
and (3) 5 starswere spectroscopic binarieswithRVvariations larger
than 1000 m s!1 rms. Only stars in the second group were con-
sidered candidates for harboring a planet, and of those 10 stars,
HD 102195 appeared to be the most promising candidate.

4. HD 102195

Having identifiedHD 102195 as the most promising planetary
candidate star from our initial ET survey, we embarked on a
series of additional observations of HD 102195 to determine the
nature of the RV variations.We obtained further precision RVmea-
surements as well as high-resolution spectroscopy, Ca iiH and K
emission-line spectroscopy, and high-precision photometry.

4.1. Additional Radial Velocities

The initial 14 coudé measurements of HD 102195 with the ET
had an rms variation of slightly more than 60 m s!1, with typical
single-measurement errors of 20 m s!1. An additional 14 ET
measurements were made in 2005 May with the KPNO 2.1 m
telescope and the same ET instrument. Figure 2 displays all 28
spring 2005 ET radial velocities of the star and confirms HD
102195 as a good planetary candidate host star.

The KPNO 2.1 m ET system was used again in 2005 De-
cember to obtain an additional 21 RV measurements of HD
102195. We also acquired 10 RV measurements of the star be-
tween 2005 November and 2006 January with the High Resolu-
tion Spectrograph (HRS) of the HET (L. W. Ramsey et al. 2006,
in preparation) to confirm the ET results. The HET HRS data
were obtained with a 200 fiber and exposure times of 10 minutes.
These observations were conducted with the HRS R ¼ 60;000

cross-dispersed echelle mode. This is the standard HRS configu-
ration for precision RV measurements, and the data were pro-
cessedwith the techniques described in Cochran et al. (2004). The
HETobservations, which have typical internal errors of #2m s!1,
were able to be timed for maximum phase leverage because of
the queue-scheduled operation of the telescope. All 59 precision
RVmeasurements of HD 102195 from all sources are presented
in Table 1.

4.2. High-Resolution Spectra

A total of nine high-resolution (R ¼ 150;000) spectra of HD
102195 were obtained with the SARG spectrograph on the 3.5 m
Telescopio Nazionale Galileo at La Palma on 2005 June 19, 20,
and 21. The wavelength coverage is complete from 3700 to
10000 8. These data were used to monitor line-bisector varia-
tions, to determine stellar properties (metallicity, log g, TeA, and
v sin i), and to search for any evidence of a second set of lines in
the system. The SARG spectra were processed through a data
pipeline developed by J. Valenti for the N2K Consortium short-
period planet survey (Valenti & Fischer 2005). Figure 3 shows a
section of the SARG data centered at a wavelength of 6140 8.
The typical signal-to-noise ratio (S/N) for each spectrum is about
100 pixel!1. The nine spectra were normalized and fitted with
synthetic spectra to derive the stellar parameters. The average
values of the derived parameters are reported in x 5.1. The nine
spectra were searched for line bisector variations, but no signifi-
cant variations were found over the 3 days. For instance, the av-
erage bisector velocity span for each day is !1:9 $ 12:4 ms!1,
5:2 $ 12:0 ms!1, and 23:6 $ 11:7 ms!1 for June 19, 20, and
21, respectively. Details on the line bisector analysis can be seen
in Martı́nez Fiorenzano et al. (2005).
In addition, one high-resolution spectrum of HD 102195 was

obtained with the 2.2 m telescope at the German Spanish As-
tronomical Observatory (CAHA; Almerı́a, Spain) on 2006 Jan-
uary 14. The Fiber Optics Cassegrain Echelle Spectrograph
(FOCES; Pfeiffer et al. 1998) was usedwith a 2048 ; 2048 24#m
SITE 1d15 CCD detector. The wavelength range covers from
3500 to 107008 in 111 orders. The reciprocal dispersion ranges
from 0.04 to 0.13 8 pixel!1, and the spectral resolution, deter-
mined as the FWHM of the arc comparison lines, ranges from
0.08 to 0.358. A signal-to-noise ratio of 100 pixel!1 was obtained
in the H$ line region.

Fig. 2.—Radial velocities for HD 102195, showing the 28measurements from
ETat the KPNO coudé feed/2.1m in the spring of 2005. The rms errors for the ET
measurements at KPNO are #10 and #20 m s!1 for the 2.1 m and coudé feed,
respectively. The solid line is the Keplerian orbital fit to the observed data.

4 See http://idlastro.gsfc.nasa.gov.

GE ET AL.686 Vol. 648

Fig. 12. Discovery12 of a new exoplanet HD 102195b, performed in spring 2005 by Jian Ge’s
team using the ET instrument11 at the Kitt Peak Nat. Obs. (KNPO) 0.9 m coudé feed, and later
by ET at the 2.1 m KNPO telescope. Velocity errors are ⇠10 and ⇠20 m/s for the 2.1 m and
coudé feed, respectively. The solid curve is the orbital fit. The native spectrograph has only 5000
resolution, which is too low for precision radial velocimetry without an interferometer. Planetary
discovery with a 0.9 m telescope of a V=8.05 magnitude star is possible due to the high throughput
of the instrument (49% from fiber output to detector), allowed by the lower native spectrograph
resolution requirement of the EDI technique. Graphics reprinted from Ref. 12, Copyright (2006),
with permission from AAS.

3.2.3. Mt. Palomar Hale telescope: Doppler

An EDI version called “TEDI” was mounted on the mirror of the 5-meter Hale
telescope at Mt. Palomar Observatory inside the Cassegrain output hole, in se-
ries with the TripleSpec17 near-infrared echelle spectrograph, of bandwidth 0.95 –
2.45 µm (4100 - 10500 cm�1), to test on M-stars. The native resolution of 2,700 is
insu�cient by itself to perform precision Doppler velocimetry, and the Cassegrain
mounting produced a changing gravity vector which would cause problems for a
conventional instrument. Yet Figure 13 shows that accurate radial velocity data
on an M-star in the near infrared was obtained over several months. Insu�cient
calibration of telluric lines was believed to be the dominant error source.

3.3. Demonstrations of EDI High Resolution Spectroscopy

The primary purpose of TEDI was to demonstrate Doppler measurements, and eight
delays (0.1, 0.3, 0.7, 1, 1.3, 1.7, 2.9, 4.6 cm) were provided to optimize for di↵erent
rotational linewidths of di↵erent stars. However, we realized that the multiple
delays also presented an opportunity to demonstrate high resolution spectroscopy
with a boost factor much higher than the ⇠2x boost demonstrated earlier with a
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of applying an incorrect value for the bulk delay τ0 in the
data-reduction procedure, as described in § 2.2. To compensate,
we altered the τ0 used in the reduction to minimize the ΔRV
residuals and found a best value of 4.654 cm. For future mea-
surements, ΔRV measurements of known radial velocity stan-
dard stars will be used to measure the bulk delay for science
targets.

Figure 7 plots expected and measured ΔRV of GJ 699 over
11 nights in 2010 June, July, August, and September, as well as
the residuals. The radial velocities are expected to match the
motion of the observatory with respect to the solar system bary-
center. The fibers are treated independently, with independent
template measurements. The template measurements, used as
the zero point for radial velocity changes, were taken on
2010 June 17 and have roughly the same S/N as the epoch mea-
surements. Figure 8 plots the residuals for each fiber, including
the 1σ formal uncertainties, and Figure 9 plots a histogram of
residuals, normalized to the formal uncertainties.

The root mean square (rms) of the residuals is 36 ms!1 in
fiber A and 37 ms!1 in fiber B. This is 1.76 times larger than
the median formal uncertainty of 21 ms!1. After inflating the
formal uncertainties of the measurements by 1.76 and calculat-
ing the one-sided Kolmogorov-Smirnov (KS) statistic between
the residuals and a normal distribution with a mean of 0 and
standard deviation of 1 (N[0,1]), we found the significance
of the KS statistic to be 0.94. This indicates that the residuals
are not significantly different from a normal distribution. The
cumulative probability distributions of the normalized residuals
and a N[0,1] distribution are plotted in Figure 10.

The individualΔRVmeasurements can be averaged together
to reduce the residuals. Figure 11 plots the rms of the residuals
versus averaging bin size. The reduction in rms is not as fast
as would be expected from white noise only. We model the
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FIG. 7.—Top: Expected and measuredΔRV values of GJ 699 with TEDI. The
expectedΔRV values are calculated as the motion of the telescope relative to the
solar system barycenter. This includes a 30 kms!1 semiamplitude component
from the Earth’s orbit about the Sun and a 300 ms!1 semiamplitude component
from the Earth’s rotation. Top (inset): Detail of four nights in June, indicating
clear recovery of the Earth’s rotation. Bottom: Residuals including formal 1σ
uncertainties.
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FIG. 9.—Distribution of the ΔRV residuals for GJ 699, normalized by their
formal 1σ uncertainties. The median formal uncertainty of the measurements is
21 ms!1; however, the rms is 37 ms!1. Normal distributions with a mean of 0
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tribution with a standard deviation of 1.76 to account for the difference between
the rms and median formal uncertainty, and this distribution shows significantly
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floor, and there are diminishing returns. In the next section we
describe simulations of TEDI data and analysis, and we find that
incomplete telluric calibration is likely the source of the
noise floor.

6. TELLURIC CALIBRATION ERRORS

We expect the largest source of error in the measurements to
be due to insufficient removal of telluric contamination in the
complex visibilities. TEDI does not fully resolve the narrowest
features of either the stellar or telluric lines. When unresolved,
high-resolution features of the stellar and telluric spectra will
mix and alias to lower-resolution features, which will contam-
inate the complex visibilities. The effect of the telluric and stel-
lar mixing on the ΔRV measurement will depend on stellar
type, projected rotational velocity, radial velocity, air mass of
the target, and telluric line strengths. All of these parameters
will change the aliased spectrum and will contaminate the com-
plex visibilities differently.

To investigate this effect, we simulated mixed stellar and
telluric spectra and telluric calibration spectra, and we carry
them through the analysis procedure. We used a high-resolution
model spectrum of a 3200 K main-sequence star, computed
from the PHOENIX model atmosphere code (e.g., Fuhrmeister
et al. 2005), and a high-resolution model of the telluric trans-
mission calculated for Palomar Observatory by Roe (2002)
using his custom BFATS code.

We convolved the stellar model with a 1 km s!1 rotational
broadening kernel before shifting it by an input radial velocity,
multiplying it by the telluric transmission model, multiplying it
by the 10 interferometer transmission combs corresponding to
the 10 phase steps in a phase set, and finally convolving it with
a Gaussian profile to simulate the TripleSpec line-spread func-
tion. We matched the S/N of the simulated spectra to that of the
GJ 699 data and added Poisson noise to simulate photon noise.
After this, we fed the spectra into the current data-reduction
algorithm described in § 4, using the same wavelength regions
of 1.48 to 2.15 μm for measuring the change in radial velocity.
The simulated data do not contain fluctuations due to telescope
pointing and guiding, nor ThAr lines, and the delays are assumed
to be known exactly.

The expected radial velocities of the GJ 699 measurements
were used as inputs, including the bulk radial velocity of the star
relative to the solar systembarycenter of !106:8 km s!1, pre-
viously measured by Evans.15 Figure 13 plots the resulting resi-
duals and 1σ uncertainties based on photon noise for simulations
with telluric contamination and calibration and for simulations
without any telluric contamination or calibration. The rms of
the simulated residuals with telluric effects is 43 ms!1, roughly
a factor of 2 higher than that expected from photon noise,
whereas the rms of the simulated residuals without telluric effects

is 13 ms!1, matching that expected from photon noise. The re-
siduals show slow fluctuations, which correlate strongly with the
expected radial velocities from the motion of the telescope rela-
tive to the solar system barycenter. We interpret these errors as
due to uncalibrated mixing of stellar and telluric lines. It is not
certain whether this is the source of the systematic noise in the
TEDI measurements, since the stellar and telluric models are not
perfect representations ofGJ 699 or the true telluric transmission,
but this analysis suggests that it is a plausible explanation.

6.1. Fiber Illumination Errors

TEDI does not currently have a mechanism for supplemental
scrambling of the output of the fibers, as discussed in § 3.3. This
could result in slightly different cavity illumination between the
ThAr calibration lamp and the starlight and can potentially in-
troduce errors into the measured ΔRV. The effect was tested by
moving an artificial source on the input fiber tip. To do this, we
built a fiber-fed telescope that we mounted on the top of TEDI to
imitate a 1" “star” at nearly the same etendue as the 200 inch
telescope. We illuminated the fiber with a krypton gas-discharge
lamp, which has infrared emission lines in H and K bands.
Moving the illumination of the TEDI input fiber by 0.5" was
found to introduce a 45 ms!1 systematic offset in the measured
ΔRV. This could potentially introduce stellar radial velocity off-
sets if the internal TEDI guider were guiding the starlight to the
edge of the fiber core, rather than the center. However, when the
fiber is illuminated 0.5" off-axis, the images of the krypton
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FIG. 13.—Simulated TEDI measurements of GJ 699, including calculated 1σ
uncertainties based on photon noise. Top: Simulated residuals with telluric con-
tamination and calibration vs. epoch number, showing an rms of 43 ms!1 de-
spite a median 1σ uncertainty of 25 ms!1. Bottom: The same, but without
telluric contamination or calibration, and the rms matches that expected from
photon noise of 13 ms!1. The simulations suggest that insufficient calibration
of the telluric contamination is currently limiting TEDI performance. The 1σ
uncertainties are significantly smaller for the simulations without telluric con-
tamination, because the telluric transmission reduces the photon counts at the
edges of H and K bands.

15 VizieR Online Data Catalog, 3047 (D. S. Evans, 1996).

PRECISE INFRARED RADIAL VELOCITIES OF M DWARF 721

2011 PASP, 123:709–724

Fig. 13. (Left panels) Radial velocity measurements of star GJ 699 in the near infrared with the
TEDI instrument at the Hale telescope. (Upper left) Solid curve shows expected behavior. The
data clearly measures the e↵ect of the Earth’s motion (30 km/s component from solar orbit, 300
m/s component from rotation) with residuals in bottom left panel. The 2700 native spectrograph
resolution is insu�cient to perform precision radial velocimetry without the interferometer. The
Cassegrain mounting produces a changing gravity vector. Yet the dominant error is believed to be
insu�cient calibration of telluric lines since removing them in a simulation (bottom right) reduced
error from 43 to 13 m/s, which matches the expected photon noise. Graphics reproduced from
Ref. 14 with permission from PASP.

single delay EDI.15 These TEDI high resolution demonstrations (Fig. 14, Fig. 16)
were very successful1,16 and a resolution boost as high as 10x was achieved.

Figure 14(a) shows that with multiple delays the high resolution EDI output
spectrum is a sum over many wavelets, one per delay. Figure 14(b) shows that a
ThAr doublet can be easily resolved by the EDI, even though this doublet separation
is smaller than the native spectrograph resolution element.

Figure 15 shows the instrument response in Fourier space, which is called a
Modulation Transfer function (MTF). The peaks demark positions in delay space
of the installed glass etalons. A contiguous coverage of delay space is desired to
form a net Gaussian response (after equalization removes the dips), otherwise gaps
cause ringing in the e↵ective instrument lineshape. For the early data of Figure 14
the largest contiguous range was up to 1.7 cm using E1 - E6, because the gap at
2.4 cm prevented use of E7.

Later data such as Figure 16 was taken with benefit of a new delay E6.5 at 2.4
cm, which filled this gap and extended the contiguous delay range to 2.9 cm. The
wider delay range allowed a higher reconstructed resolution in Figure 16, a tenfold
boost. Since the “filter” wheel held only eight glass etalons and we installed E6.5
in the E1 position.

An even higher boost of 45,000 could be achieved by including two more delays
at 3.5 and 4 cm to fill the gap between E7 and E8 and form a contiguous range up
to 4.6 cm. (Supposing we obtain a filter wheel that holds more than eight delays.)
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Re done version 8/16/14, “Re-assemble doublet3.key” using
“Re-assembleTop.pdf” and “...Bottom.pdf” from

SplitAnim62_B.pxp 8/15/14 originally from 4/8/2010
ThAr Data: which is 09Jan04 in folder "MData 09Jan04 Mar13"

Native res element

2.5

2.0

1.5
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0.5
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TEDI reconstructed ThAr spectrum
 Theory ThAr
 DATA, Native Spectrograph
 DATA, E1-6, equalized to Res=16000

Fig. 6. (FigE) (a) Reconstruction of an otherwise unresolved ThAr doublet (7556, 7557.6 cm�1)
from many wavelets measured at multiple delays. (b) The native spectrograph (green curve) cannot
resolve the doublet (gray dashes is theory at higher resolution) because its spacing is less than the
native resolution element (black bar). The EDI reconstructed spectrum (red curve), which is sum
of wavelets, then equalized to res=16000, easily resolves the doublet. Data from 2009 January.
Since each channel’s fringes are produced from the interferometer and not the disperser (except
a broad 4 cm�1 envelope), the precision of the result is insensitive to unwanted changes in the
native spectrograph or details of its slit, focal blur, pixel spacing or beamshape.

initially reduces the slit width, the focal diameter initially also decreases linearly,
which causes the resolving power �/�� to increase reciprocally. However zero slit
width does not produce zero focal blur because of lens aberrations. There is a floor
to the focal spot size.

Secondly, one does not want a focal spot size smaller than about 3 detector pixels
because otherwise high frequency features are more likely to be aliased beyond the
Nyquist limit of two pixels per period, creating artifacts. Hence in the diagram the
green curve representing the purely dispersive spectrograph has a reciprocal nature
between log slit width and log resolving power but has a knee and then a ceiling.

The EDI resolving power is not determined by the focal spot size, but the
maximum delay ⌧max relative to the wavelength, Res ⇠ ⌧max/�, and thus can
greatly exceed the ceiling of the conventional spectrograph.

2.1.3. Resolution boost allows compactness

In other situations the disperser has not yet been constructed and deciding to in-
corporate an EDI can help mitigate design constraints, such as a allowing much
more compact and lower cost disperser (the dominant size component). If the goal
instead is to achieve a certain resolution while allowing disperser size to vary, EDI
resolution boost allows a several times more compact disperser, and concomitant

Fig. 14. (a) Reconstruction of an otherwise unresolved ThAr doublet (7556, 7557.6 cm�1) from
many wavelets measured at multiple delays. (b) The native spectrograph (green curve) cannot
resolve the doublet. The EDI reconstructed spectrum (red curve), which is sum of wavelets, then
equalized to R = 16, 000, easily resolves the doublet. The data were measured by the TEDI
interferometer at the Hale 200 inch telescope in series with the TripleSpec NIR spectrograph (0.95
– 2.45 µm), using six delays of 0.1 – 1.7 cm. Graphics reproduced from Ref. 16. (See electronic
edition for a color version of this figure.)
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The MTF is evaluated for a well-known source, such as a ThAr
spectral lamp. Our mtfðρÞ can be a complex value, whereas
the traditional definition for MTF is the absolute value jmtfðρÞj.

7.6.1 Using a narrow bandwidth for modulation transfer
function

Evaluating the MTF over the full bandwidth of the order has the
disadvantage of producing an MTF that has too many points
(thousands) in its curve. We found it advantageous to evaluate
the MTF for an extremely small bandwidth, centered over a sin-
gle prominent feature such as an isolated ThAr line. We use a
subset spectrum 100 final-pixels spanning 5 cm−1. (By final-
pixel we mean the 0.05 cm−1 rebinned points). We then scale
this 100 point MTF over any size bandwidth up to the band-
width of the entire order, which has 240 times as many points,
by linear interpolation in frequency space.

7.6.2 Measured MTF of externally dispersed
interferometry data

Red curve in Fig. 21 shows an MTF measured for a star. Note
that the positions of the peaks (associated with each delay) are
not ideal. We desire shoulder-to-shoulder coverage to produce a
ring-free net lineshape. Unfortunately, the set of TEDI delays
had a gap between E7 and E8 (3 and 4.6 cm), since TEDI delays
were selected for Doppler radial velocimetry purposes, not

spectroscopy, and there were only eight positions in the rotary
etalon holder.

The presence of the 3 to 4.6 cm gap limits the effective res-
olution, because attempting to use a wide Gaussian MTF that
extends over this region (such as the Res ¼ 36;000 curve in
Fig. 21) would produce ringing in the final lineshape in
ν-space. If additional etalons filled the gap between 3 and
4.6 cm, a resolution of 45,000 at 7500 cm−1 is possible.

For data taken prior to June 11, 2011, there was a gap at
2.4 cm between E6 and E7. This was remedied by a purchase
of a new etalon, called E6.5, of 2.4 cm delay which occupied the
position in the eight-position “filter wheel” previously held by
the smallest etalon E1. (E2 can cover the range of E1.) Only
a few exposures have been taken with the E6.5, during what
turned out to be the last run of TEDI, June 11 to 19, 2011.

7.7 Equalization Applies Taper to Modulation
Transfer Function

The purple curve in Fig. 21(b) is the equalization curve used to
reshape the MTF into a smoother Gaussian. It is the ratio
between the desired MTF (black curve) and the actual MTF
(red curve)

EQ-TARGET;temp:intralink-;e033;326;502eqðρÞ ¼ GaussianðρÞ∕mtfðρÞ: (33)

The eqðρÞ is optionally limited to a ceiling value so that in the
wings where the response tends toward zero the EQ does not
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Fig. 21 (a) Net MTF versus frequency ρ for the TEDI system near 7540 cm−1 (1.34 μm) shows peaks for
each delay (red), having same shape as native peak (green) but shifted by τn . Some of peaks have
blended together (the ideal situation). (b) Equalization curve (purple) is Gaussian shape of res ¼ 27;000
(thick black curve) divided by red curve MTF. If additional etalons filled the gap between 3 and 4.6 cm,
resolution of 45,000 at 7500 cm−1 is possible. Data of for star κCrB on June 19, 2011. The E6.5 etalon
(2.4 cm) swapped with E1 (0.1 cm) in the rotary holder. Most data were taken without E6.5, thereby
producing a gap at 2.4 cm which limited ring-free resolution.

Journal of Astronomical Telescopes, Instruments, and Systems 025004-18 Apr–Jun 2016 • Vol. 2(2)

Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .

Fig. 15. Modulation Transfer Function (MTF) for the EDI evaluated at wavenumber 7450 cm�1

shows instrument sensitivity to a given frequency along the dispersion axis in features per
wavenumber, as variable rho, which also has units of delay in cm. The MTF here describes
later data, including that of Figure 16, where the gap at 2.4 cm between E6 and E7 was filled by
purchase of a new delay E6.5, which was swapped for E1 (our apparatus could only hold eight
delays). In this MTF, each delay (E2 - E8, 0.3 - 4.6 cm) produces a peak in sensitivity (red curve),
which has the same width as the native spectrograph peak (green curve) positioned at zero, but
centered at its delay value. The goal of using multiple delays of di↵erent values is to create a
net sensitivity curve which has no gaps. Later during analysis, multiplication by an equalization
curve removes the dips to create an ideal Gaussian shaped MTF (black dashed curves of various
resolution). The wider range of delays allowed a higher reconstructed resolution. The highest
delay E8 at 4.6 cm could not be included in spectral reconstruction due to gap between E7 and
E8, but was useful for measuring Doppler shifts because it was the most sensitive due to its large
delay. Graphics reproduced from Ref. 16. (See electronic edition for a color version of this figure.)

75807560754075207500 Wavenumber (cm-1)

Model: Telluric + ThAr at 27000

Using EDI Intrf.

Native Spctrg.

Fig 22 Demonstration of a 10-fold resolution boost observing telluric features mixed into spectrum of star � CrB along
with ThAr calibration lamp emission lines. The green dashed (top) curve is the “ordinary” spectrum measured without
the interference, having native resolution 2,700. It cannot resolve any of the telluric features. The red (middle) curve
is the EDI (TEDI) 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 telluric17 and ThAr20 features blurred to resolution of
27,000, showing excellent agreement with EDI reconstructed data. Resolution boosting occurs simultaneously across
the full bandwidth (0.9-2.45 µm) of the native spectrograph (final resolution varies linearly with wavenumber times
largest delay). Y-axis is intensity, vertically offset for clarity. Data from 2011 June 19.

8 Example Reconstructed Spectra

Observations of many stars were performed with the TEDI interferometer producing reconstructed

resolution as high as ⇠27,000 (10x boost), using 3 cm maximum delay with TripleSpec having

a native resolution of ⇠2,700. Figure 22 is an example of 10x resolution boosting. Figure 23

demonstrates the extremely wide bandwidth we can achieve, covering all four orders of the native

spectrograph from 4100 to 10500 cm�1. Figures 24 & 25 show closeups for the reddest order.

Figure 22 demonstrates 10-fold boost in resolution (2700 becoming 27,000) observing mostly

telluric features in the spectrum of star � CrB along with ThAr calibration lamp emission lines,

observed June 2011. Seven contiguous delays were used (as seen in MTF Fig. 21[top]), including

a new etalon 2.4 cm E6.5 that filled a gap between 1.7 and 3 cm delays allowing a higher goal

resolution without excessive ringing. The E1 (0.1 cm) position on the eight position rotary holder

was used for E6.5. (The E1 is not critical since low frequencies can be supplied by E2 (0.3 cm)

or ordinary spectrum.) If additional delays were available to contiguously fill the gap between E7

46

Fig. 16. Demonstration of 10-fold resolution boost observing star  CrB. The native spectrum
(green dashes), with resolution R = 2, 700, cannot resolve the telluric features. The TEDI spectrum
(red curve) used 7 contiguous delays, up to 2.9 cm, to produce resolution 27,000. The model
of telluric18 and ThAr19 (gray curve) blurred to 27,000 resolution, shows excellent agreement.
Resolution boosting occurs simultaneously across the full bandwidth (0.9-2.45 µm) of the native
TripleSpec spectrograph, with a resolution changing as (maximum delay/wavelength). Graphic
reproduced from Ref. 20. (See electronic edition for a color version of this figure.)
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3.4. Other Advantages of EDI

3.4.1. Extremely Wide Bandwidth

Figure 17 demonstrates the very wide bandwidth of EDI, unlimited by the interfer-
ometer component and only limited by the bandwidth of the native spectrograph.
In contrast, the conventional method of reducing slitwidth to increase resolution
requires increasing the number of detector pixels. (Or if the number of pixels is
kept fixed, the bandwidth decreases reciprocally to the resolution increase.) This
wide bandwidth is possible because the EDI interferometer comb has a period that
is essentially uniform across the band (only slightly changing with glass disper-
sion). Figure 21 of Sect. 4 compares interferometer combs of EDI with the strongly
wavenumber dependent comb of SHS.
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Fig. 17. An externally dispersed interferometer has an extremely wide bandwidth limited only
by the native spectrograph, because the sinusoidal comb of the external interferometer has a
uniform period, not dependent on the angle of di↵raction from an internal grating. (a) This TEDI
reconstructed spectrum spans 4 orders of the TripleSpec echelle spectrograph in the NIR (4100-
10500 cm�1), observing HD219134 at resolution R = 11, 000 (4x boost). Panels (b,c,d) zoom in
telluric feature near ⇠4980 cm�1 due to CO2 molecule. Graphics reproduced from Ref. 16. (See
electronic edition for a color version of this figure.)
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3.4.2. Immunity to Additive Fixed-Pattern Noise

Because data are collected in multiple exposures in a phase-stepping manner, only
fringes that vary synchronously to the commanded interferometer phase increment
appear in the processed moiré signal. Hence EDI is immune to additive o↵sets or
fixed-pattern errors that often plague the ordinary spectrum. In TEDI such fixed-
pattern errors were due to bad pixels and background emissions. Figure 18 of the
ThAr lamp, at 9174 and 9214 cm�1, are examples of how the EDI signal (red curve)
is immune to bad pixels that pollute the native spectrum (green curve).

TonB-BadPixel2.key   9/27/15
save pdf as “TonB-BadPixel4.pdf”

BadPixel-Inset Source10sep19_0633-2015-08-30 at 8.12.34 AM
Lookiloo96c_.pxp
BadPixel-Inset6.png
inset grayscale 0 to 200
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TEDI Spectral Reconstruction, boost to res 19000
using E1-E6 and no native 
10Sep19 Data of HD219134, D-order

ThAr lamp measured 2010 Sept 19
 Native spectrum, res ~3300
 EDI data result, res 19000
 Model, Kerber's FTS of ThAr, blurred to res 19000

Processed SR202iiii_TonB(d), FD202_TonB, 8/22/15

Height of this line is 
2.4% of bright line @9548
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lamp much weaker
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pollutes native spectrum but not EDI result

Ar I
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Fig. 18. Measurement (red curve) of TEDI’s ThAr lamp to a 6x boosted resolution of 19,000,
compared to a National Institute of Standards and Technology (NIST) measurement19 of a di↵erent
ThAr lamp blurred to the same resolution (black dashes), D-order. Purple text is the NIST
assignment of species. The native spectrograph (green curve) has a resolution of ⇠3300. The
lower heights of Th lines relative to Ar lines for our lamp are consistent (Fig. 7 of Ref. 22) with
the smaller current (⇠10 mA) we used vs. that used by NIST (⇠20 mA). Note the extremely
high dynamic range of the measurement — ⇠0.1% lines are easily observed (heights are fraction of
9548 cm�1 line). The EDI curve is robust to fixed-pattern noise such as false peaks in the native
spectrum at 9174 and 9214 cm�1 due to bad pixels at X=1033 and 1066 (inset shows detector
there). Bad pixels are constant and thus do not a↵ect whirls, which look at changes between
exposures. Graphics reproduced from Ref. 16. (See electronic edition for a color version of this
figure.)
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3.4.3. Robustness to Wavelength Drift of Native Spectrograph

Besides boosting the resolution of a spectrograph beyond the limits imposed by clas-
sical optics (slitwidth, focal blur, detector pixel spacing etc.), the other important
advantage of EDI is that it is extremely robust to errors in the native spectrograph
point spread function shape and position. Figure 19 (top) shows severe and irreg-
ular wavelength drifts su↵ered by the TEDI native spectrograph while observing
starlight. Yet we still obtained high resolution spectra under these drifts.

Drift in Native spectrum 0.5 cm-1

Resulting EDI shift ~0.025 cm-1

DriftEtalonAll2.key
3/24/16
SpecRecon164_2.pxp

(a)

(b)

(c)

48514850484948484847
Wavenumber (cm-1)

TEDI Spectral Reconstruction, boost to res 16200
using E1-E6 and no ord 
10Sep19 Data of HD219134, TonB, 4X

Sum of Etalons 1-7
 Native
 Native, shifted by 0.5 cm-1

 
 fringing
 fringing, shifted by 0.5 cm-1

Processed SR164, FD164  11/24/13, 3/15/15

Fig. 19. Top panel: Large and irregular PSF drifts in the native spectrograph, to which EDI is
robust. Rows are native spectra vs. etalon #, and hence versus time (⇠10 minutes apart). Lower
three panels: Calculated EDI reaction to a native spectrograph PSF translation using actual ThAr
moiré data and processing pipeline, but translating every input by 0.5 cm�1 to the left. (a) Red
and black curves are unshifted and shifted output spectra respectively, formed from sums over (b)
unshifted, and (c) shifted wavelet stacks. The spectrograph drifts largely only a↵ect the envelope
of the wavelets, rather than the phase, and the phase is most critical for determining the peak
location. The peak centroid shifts 0.025 cm�1, hence a factor 20x reduction. A further reduction
of an order magnitude or more can be obtained by strategically shaping the instrument response.21

Graphics reproduced from Ref. 16. (See electronic edition for a color version of this figure.)
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Figure 19 (bottom 3 panels) is a simulation using TEDI data of a ThAr line
that is deliberately shifted across the detector, to show that the output spectra
reacts by only a small shift, 1/20th of the applied shift. A further reduction of an
order of magnitude or more can be obtained by strategically shaping the instrument
response so that a cross-fading occurs between overlapped lineshapes of neighboring
delays.21 A numerical simulation in Sect. 10 of Ref. 16 shows a reaction 350x smaller
than the applied wavenumber shift.

The robustness of EDI to native spectrograph lineshape distortions and drift
is an important practical advantage, since such distortions often form the limiting
floor to the achievable radial velocity noise.

4. Spatial Heterodyning Spectroscopy (SHS, HHS)

Internally dispersed interferometers such as spatial heterodyning spectroscopy23–29

(SHS) and the similar heterodyned holographic spectroscopy30 (HHS) have the
great practical advantage of not requiring any moving parts to measure a spectrum.
Instead of sampling delay space vs. time by scanning a delay, they splay delay space
spatially across an integrating detector and measure the many delay values at once
simultaneously, as depicted in Fig. 1(d).

Figure 20(a) is a schematic of a basic SHS apparatus,24,30 and (b) shows the for-
mation of sinusoidal fringes whose spatial frequency is proportional to the distance
�� = � � �0 of a wavenumber � from a base value wavenumber �0 which is set by
the Littrow angle of the gratings (which is when a di↵racted beam retroreflects).
The gratings at the end of each interferometer arm are configured to retroreflect
light at wavenumber �0, and for these wavenumbers the wavefronts from the two
arms are aligned parallel and hence produce a fringe that has a uniform intensity
across the detector.

For other wavenumbers, the di↵raction from the gratings causes the beams ar-
riving at the beamsplitter to have an angle di↵erent than �0, creating a sinusoidal
fringe pattern. This angle increases with ��. Hence the spatial frequency of the
fringe across the detector is proportional to ��. A Fourier transform is then ap-
plied to the interferogram to convert it into wavenumber-space, one that is o↵set
from �0. E↵ectively the SHS creates many pathlength di↵erences that are detected
simultaneously. Hence in the zoology of instrument types shown in Fig. 1, in (d)
we notionally show the SHS by a rectangle, to suggest the many delay values being
sensed simultaneously.

Figure 21 compares how EDI (middle) and SHS or HHS (lower) interact with
a simulated absorption spectra having a continuum. This is useful for comparison,
even if there is actually no external cross-dispersion along the horizontal for the
SHS in panel (c). (In that case, one mentally collapses the horizontal axis of (c).)
In some versions of SHS,25 an external cross-disperser is used.

The key point is that for a single narrow spectral feature in the SHS, which makes
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Fig. 20. (Left) Schematic of a basic Spatial Heterodyning Spectrometer (SHS). The single initial
wavefront, shown as a vertical line just to the right of lens L1, is converted by the gratings G1

and G2 into two tilted wavefronts (labeled 1 and 2 just before lens L2), where the tilt angle
depends on the wavenumber, as shown in the right-hand panel. (Right) Explanation of how
di↵erent wavenumbers � will intersect at di↵erent angles for the two interferometer arms, due to
the gratings at the end of each arm which disperse the light. This causes the sinusoidal fringe
pattern at the detector to have di↵erent spatial frequencies, proportional to the change �� = ���0

in wavenumber from �0. The base wavenumber, �0, is the wavenumber at which the wavefronts
combine parallel to each other, being retroreflected from the grating at the Littrow condition
for this wavenumber. Since the detected pattern spatial frequency is proportional to ��, and
since multiple spatial frequencies corresponding to di↵erent wavenumber features can be recorded
simultaneously, in an additive fashion, then taking the Fourier transform of the detected fringe
pattern reveals the distribution of �� in the source spectrum. Graphics reprinted from Ref. 24,
Copyright (1992), with permission from AAS.

a vertical line, a sinusoidal pattern is made that has a vertical spatial frequency that
increases linearly with distance �� = � � �0 from the center of the diamond-like
structure at �0. Hence the vertical period is reciprocally related to �0 and it creates
the diamond-like shape. For the range � which are close to �0 the spectral resolution
can be extremely high.

However, for large �� the spatial frequency can eventually increase to beyond the
Nyquist frequency in the vertical that the finite detector pixel spacing can resolve.
This sets the edge of the bandwidth for the SHS. However, in some versions of SHS
the use of an echelle grating24 creates di↵erent di↵raction orders that are separately
detected and have separate bandwidth average positions. This allows the aggregate
bandwidth to be larger.

The photon noise for absorption spectroscopy (which has a continuum back-
ground to contribute noise from other wavenumbers) is worse than a dispersive
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 c) HHS

 b) EDI Moire pattern

Hypothetical Absorption lines

a) External spectrograph

 10 Å External Dispersion

DiamondMarch5top.ezdraw   7/22/16
  (i removed "This work" from EDI label)
fr "diamond March4btop.pdf" of .eps of 10/20/2002

Fig. 21. A graphic useful for considering the behavioral di↵erence between the externally dis-
persed (b, EDI) and a basic internally dispersed behaviors (c, SHS or HHS), even if there is
actually no external cross-dispersion in panel (c). (One can mentally sum all the external disper-
sion channels together.) For the hypothetical absorption lines (a), the EDI (b) has an essentially
uniform period across the whole band, while the SHS has a period that varies reciprocally with
�� = � � �0, creating a diamond-like shape at �0. This depicts absorption spectroscopy where
there is a continuum to illuminate the bulk of the comb, rather than emission spectroscopy with a
dark background. Graphic reprinted from Ref. 7, Copyright (2003), with permission from PASP.

spectrograph by the square root of number of overlapping signals that fall on the
same detector pixel (Eq. A40 of Ref. 30). By the Nyquist theorem, the number of
distinct spatial frequencies that can be resolved by a row of pixels could be as much
as half the pixels along the delay dimension.

Figure 22 (left) shows an interferogram of a Hg source. The spatial frequency
of each column yields the wavenumber of the associated Hg line. Figure 22 (right)
shows the spectra obtained by Fourier transform of the interferogram columns.

Figure 23 shows a monolithic SHS interferometer for the Doppler asymmetric
spatial heterodyne (DASH) project,27,28 which measures atmospheric wind veloc-
ities. The triangular edges of the Koster’s prism beamsplitter are 100 mm long.
Figure 24 shows a comparison of the SHS (DASH) wind velocities to the more
conventional Fabry-Perot interferometer (FPI) instrument results, both measuring
winds from the ground on the same night. The dashed line represents zero wind
velocity. The HWM07 is a Horizontal Wind Model based on historical data.

Because SHS (and EDI) do not have moving optical parts to scan a delay, they
can employ additional optical elements to dramatically increase their etendue (prod-
uct of beam area times solid angle), called field-widening, which makes their spectral
properties independent of the entering beam angle for a wider range of angles. Con-
ventional dispersive spectrographs typically do not employ field widening, so their
etendue is much smaller. This makes the SHS particularly well suited for measuring
extended di↵use sources, such as air glow and atmospheric winds (Figs. 23 and 24).
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optical design, Solidworks to develop the mechanical design and analytical tools to develop the 

grating design to accommodate an off-the-shelf set of gratings.

The bench prototype used a mercury vapor lamp as a calibration source.  Figure 5 shows the 

resulting multiband interferogram for the four major 

Hg lines in the visible spectrum.  Each vertical band 

corresponds to a different order.  In all, the 

instrument covered the wavelength range from 403 nm to 580 nm in seventeen orders.  Thirteen 

of the seventeen orders in figure 8 are dark since Hg does not emit light at those wavelengths.  

The average bandwidth of each band is 9.6nm. 

A vertical sample was taken through each band and the 

resulting interferogram was Fourier transformed to 

extract the spectral lines. Figure 6 shows the spectral 

plot for each band.  The known line-locations were 

used to calibrate the spectra with good agreement 

between the predicted and actual spectral line positions. 

The spectral resolution is a constant 0.67 cm-1.  

Using the cross-dispersed technique, the total 

bandwidth of the spectrometer increased from a few 

nanometers to nearly 200 nm.  The wavenumber 

resolution of 0.67 cm
-1

 is retained by the improved 

design. The wavelength resolution was limited by the 

quality of the commercial off-the-shelf optics.  

Astigmatism in the optics resulted in interferogram 

fringes that were not parallel.  This is easily visible in 

the m = 50, l = 436 nm band in figure 8.  This distortion 

will be eliminated with a custom optical design for the 

system fielded at WIYN and SALT.

4. Fielded Device

The device to be fielded at WIYN and SALT is a 

Figure 6: Hg spectral lines 

extracted from the interferogram 
of the Bench prototype by Fourier 

transform.  Each graph is from a 

different order, shown as 
separate vertical interferograms 

in Figure 5.  

Table 1. Design parameters.

Parameter Value

Grating:

groove density 300 g/mm

aperture 42 x 42 mm

beam speed f/5.2 parallel to grooves

f/530 in dispersion

plane

Field widening prisms:

Material Fused silica

Apex angle 5.52 degrees

Angle of incidence 4.04 degrees

Fiber input:

single fiber diameter 0.50 mm core

0.60 mm cladding

number of fibers 83

stack height 50 mm

Y cylinder lens

Focal length 260 mm

Full field angle 0.2 degrees

X cylinder lens #1

Focal Length 144 mm

Full field angle 19.2 degrees

X cylinder lens #2

Focal Length 120 mm

Full field angle 19.2 degrees
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Figure 5: Interferogram of a Hg source made 

with the Bench Prototype.  Each vertical 

band is an interferogram that corresponds to 
the specified Hg spectral line and grating 
diffraction order.
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Fig. 22. (Left) Interferogram data of a Hg source. The spatial frequency of each column yields
the wavenumber of the associated Hg line. (Right) Spectra obtained by Fourier transform of the
interferogram columns. Graphics reproduced from Ref. 25 with permission from SPIE and author.

  

field and space applications. A monolithic interferometer requires fixed, hollow spacers in the 
spaces on either side of the field widening prism. Initially we planned to use fused silica 
frames for these spacers, however, one of the design issues that surfaced in the fabrication of 
the monolith was the mechanical strain caused by differential expansion of the N-SF57 prism 
glass which has a high coefficient of thermal expansion (CTE) and the fused silica 
beamsplitter and grating substrate which have a much smaller CTE. To allow for differential 
expansion without undue stress and distortion of the optics, the fused silica hollow spacers 
surrounding the prism were strain-relieved. The spacers were originally fabricated as frames 
however, before cementing to the field widening prism a series of cuts were made 
perpendicular to the face of the frame so that the bonded surface on the prism consisted only 
of  a  series  of  posts  or  “pickets”  on  the  prism  face  with  gaps  between  them.  After  the  spacers  
were bonded to the prism, the cuts were extended all the way through the spacers so the 
spacers consisted of a series of individual  posts.  The  grating  and  Köster’s  prism  were   then  
cemented to these posts. In Fig. 4 the posts are evident on either side of the field widening 
prism. 

 

Fig. 4. The monolithic as-built red line DASH interferometer. Hollow spacers on either side of 
the field widening prism are strain relieved to allow for differential thermal expansion of the 
interferometer  glasses.  The   triangular   edges  of   the  Köster’s  prism  beamsplitter   are  each  100  
mm long. 

5. Field of view considerations and laboratory tests 
Field widening the interferometer is accomplished by the N-SF57 prism with the apex angle 
chosen so that from a geometrical optics point of view, the gratings appear to be 
perpendicular to the optical axis and coincident. Field widening prisms greatly reduce the 
change in fringe frequency with off axis angle enabling the interferometer to produce high 
contrast fringes over a much larger cone angle of light. Third order prism aberrations 
ultimately limit the field of view, however, field widening can commonly achieve étendue 
gains of two orders of magnitude in both SHS and stepped Michelson interferometers [4,6]. 
An additional constraint in the choice of prism and spacer angles for the 630 nm DASH 
interferometer was the desire to simplify the alignment by using a plane parallel spacer 
between the field widening prism and the grating. The optimum prism angle for N-SF57 glass 
was determined by ray tracing to be 12.598 degrees with an angle of incidence of 6.840 

#137013 - $15.00 USD Received 22 Oct 2010; accepted 16 Nov 2010; published 1 Dec 2010
(C) 2010 OSA 6 December 2010 / Vol. 18,  No. 25 / OPTICS EXPRESS  26436

Fig. 23. Monolithic field-widened SHS interferometer for the DASH project that measures atmo-
spheric wind velocities. The triangular edges of the Koster’s prism beamsplitter are 100 mm long.
Photo reprinted from Ref. 27, Copyright (2010), with permission from OSA.

In field-widening, an element such as an etalon, prism, or lens is added to su-
perimpose the virtual or real image of the grating or end mirror of one arm of the
interferometer onto the grating or end mirror of the other arm. Therefore it ap-
pears, according to ray angle, that the interferometer has zero delay. But in reality,
by time-of-flight of a hypothetical pulse of light there is a nonzero delay between the
arms due to the slower speed of light through glass and a related positional o↵set.
The time of flight di↵erence between the arms accomplishes the desired interfero-
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metric spectral behavior, while acting as a zero delay device regarding beam angle.
A zero delay interferometer has zero delay for all angles. Hence the field-widened
interferometer imposes the same nonzero time delay for all rays, independent of ray
angle (except where the small angle approximation of Snell’s law breaks down).demonstrates that the thermal changes within the REDDI instru-

ment result in a very slowly varying effect on the measured phase
and wind data, which can be corrected readily in the data
analysis.

Assuming no vertical wind, the temporal variation of the
zenith phase is expected to follow the phase variation of the
calibration line. Fig. 4 shows that, on average, the zenith phase
follows the shape of the calibration line phase. The differences
between the temporal shape of the calibration line phase and the
zenith phase can be due to vertical wind. Vertical wind speeds are
expected to be on the order of 7–30 m/s (Sipler, Biondi, and Zipf
1995; Smith, 1998), which corresponds to a phase difference of
approximately 0.007–0.03 rad in Fig. 4.

The simultaneous, high signal-to-noise calibration line phase
measurement is used for the correction of the thermal instrument
effects in the retrieval of the wind data, rather than the zenith
phase measurement, because the zenith data have a lower signal-
to-noise ratio due to the dimmer atmospheric signal and because
they are influenced by vertical wind. The zero-wind calibration is
performed by fitting the calibration line phase curve to the zenith
phase measurements, which is consistent with the assumption
that the vertical wind speed averaged throughout the night is
zero (Englert et al., 2010b).

Fig. 5 shows the meridional wind speeds retrieved from the
southward REDDI field of view and the southward and northward
FPI fields of view versus time in hours from midnight (Eastern
Daylight Time (EDT)). Similarly, Fig. 6 shows the zonal wind
speeds that were retrieved from the eastward REDDI field of view
and the eastward and westward FPI fields of view. Also shown in
Figs. 5 and 6 are the wind velocities from the Horizontal Wind
Model (HWM07), which represent a wind field climatology that is
based on decades of historical data (Drob et al., 2008; Emmert
et al. 2008).

To estimate the uncertainties of the REDDI data shown in
Figs. 5 and 6, we divided the two dimensional fringe image
measured by REDDI into ten parts, yielding ten subimages, each
of which can be used independently to retrieve the wind velocity.
The error bars shown represent twice the standard deviation (two
sigma) of the distribution of these ten independent wind velocity
retrievals divided by the square root of the number of subimages
(10½¼3.16). The distribution of the values retrieved from these
ten sub-images of the data include the effects of the independent
photon shot noise and the different flat and dark fields (Englert
and Harlander, 2006; Marr et al., 2012).

The uncertainties of the FPI data shown in Figs. 5 and 6 are
determined using the method discussed in Section 2.2 above.

5. Discussion and conclusions

We successfully performed coordinated measurements of
thermospheric wind velocities and directions around 250 km
altitude using the Doppler shift of the oxygen red line at
630.0 nm with the relatively new DASH technique and the well-
established FPI technique. The main purpose of this experiment
was to provide an independent ground-based validation of the
DASH technique following successful measurements in a controlled
laboratory environment (Englert et al., 2007; Harlander et al., 2010),
and initial thermospheric wind measurements (Englert et al., 2010b).

Fig. 4. Raw phases of the REDDI inteferograms. The calibration line phases
represent the temporal variation of the instrument. A phase drift of 0.1 rad
corresponds to an interferometer temperature drift of 0.08 1C.

Fig. 5. Retrieved meridional wind velocities for the two instruments, and
corresponding results from the HWM07 climatology (including geomagnetic
activity effects). The best agreement is expected between the two southward
looking fields of view since the sampled air masses are nearly collocated, whereas
the northward looking field of view of the FPI measures the meridional wind
component with a miss distance of more than 500 km (see Fig. 2). The dashed line
represents zero wind velocity for easy reference.

Fig. 6. Retrieved zonal wind velocities for the two instruments, and corresponding
results from the HWM07 climatology (including geomagnetic activity effects). The
best agreement is expected between the two eastward looking fields of view since
the sampled air masses are nearly collocated, whereas the westward looking field
of view of the FPI measures the zonal wind component with a miss distance of
more than 500 km (see Fig. 2). The discontinuities in the HWM07 zonal winds are
due to changes in the 3-h Kp index. The dashed line represents zero wind velocity
for easy reference.

C.R. Englert et al. / Journal of Atmospheric and Solar-Terrestrial Physics 86 (2012) 92–9896

Fig. 24. Comparison of the SHS (DASH) wind velocities to the more conventional Fabry-Perot
interferometer (FPI) instrument results, both measuring winds from the ground on the same night.
The dashed line represent zero wind velocity. The HWM07 is a Horizontal Wind Model based on
historical data. Photo reprinted from Ref. 28, Copyright (2012), with permission from Elsevier.
(See electronic edition for a color version of this figure.)
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