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cannot resolve biomarker

Science	mo)va)on:	detec)on	of	bio-related	
molecules	in	exoplanets

Atmospheric	molecules	(water,	CO2,	methane	etc)	vibra/onal	
spectra	have	a	fingerprint	which	makes	them	easy	to	detect	
using	a	small	interferometer	addi/on

Features	consist	of	set	of	quasi-periodic	30-40	fine	lines

1.6	um	band

GPI’s	Integral	Field	Spectrograph	cannot	resolve	these	
features	with	its	low	R~40
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Interferometer transmission comb, delay = 0.56 cm

An	interferometer	of	~6mm	delay	has	a	periodic	
response	almost	matched	to	the	feature	shape

Placing	the	interferometer	in	series	with	the	IFS	
creates	moire	fringes,	which	can	detect	the	
biomarker.		Res~40	has	been	effec/vely	boosted	
100x	to	Res~4000.

Technique	is	called	Externally	Dispersed	
Interferometry	(EDI).
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Figure 7. Complementary Output Monoliths– Schemes to use monolith interferometers (a), to reduce instrument volume
and vacuum-optics losses, can be arranged to simultaneously record the complementary output beams (b, c). The near-
parallel output scheme (c) is amenable to echelle spectrographs.
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Figure 8. Reflective Interferometer Schemes– A reflective cavity Michelson scheme using a thin-plate beam splitter (a)
reduce transmission losses. Completely reflective schemes (b) can use gratings as beam splitters. A symmetric profile
blaze can be designed for symmetric 1st-order response and suppressed higher-orders. An asymmetric profile is used for
beam turning.

4.3. Configurations & Complementary I/O
To obtain full e�ciency from the EDI, both interferometer complementary outputs need to be collected. Various
complementary output designs that have been functionally verified in our laboratory are shown in Fig. 6. In
the Mach-Zehnder (M-Z) scheme (a), the outputs are conveniently separated and can be collected to either
a di↵erent spectrograph, or joined along a single spectrograph’s imaging slit. M1 is piezo actuated for phase
stabilization and stepping. Note that the complementary outputs are 180� out of phase so only a single �/2 path
step yields all four phase recordings. The M-Z scheme also illustrates how complementary inputs can be used

Interferometers can be made compact

It could be inserted into the existing 
beam like a filter



 

 

 

 

In the subsequent Critical Design phase, this analysis was replaced with a sophisticated optic-by-optic Fresnel 

simulation. Results from this are presented below (Section 9) and described extensively in a companion paper
7
. 

3. INSTRUMENT OVERVIEW AND LIGHT PATH 

GPI consists of six major subsystems. The adaptive optics (AO) system controls the wavefront errors induced by the 

atmosphere, telescope, and GPI’s own optics. The coronagraph masks control the diffraction of coherent starlight. The 

calibration interferometer (CAL) is one of the most unique features – a post-coronagraphic wavefront sensor, it exploits 

the optical properties of the coronagraphic process to sense the wavefront at the focal plane occultor, the key location. 

The cryogenic Integral Field Spectrograph (IFS) is the only science instrument. Finally, an opto-mechanical 

superstructure (OMSS) supports all the subsystems and components. Top-level software
8
 coordinates the operation of 

the instrument and interfaces to the observatory.  

Figure 3 shows the light path. Light enters the instrument through a window; the instrument enclosure is overpressurized 

with dry clean air to protect optical surfaces. A deployable atmospheric dispersion corrector aligns different wavelengths 

of light in both the coronagraphic focal plane and (equally crucially) on all the GPI internal optics, so that the light seen 

by wavefront sensors acquires the same aberrations as the light in the science path. A variety of calibration sources can 

be injected into the input focus. To achieve good coronagraphic images, these light sources must produce very uniform 

illumination of the pupil, which will require sending the light through a very small pinhole and massively overfilling the 

GPI optics. As a result, we require an extremely bright light such as a supercontinuum source with a power of several 

mw in a single-mode fiber.  

 

Figure 3: GPI Schematic design. 

It	could	replace	a	
90°	mirror	here

Interferometer	“filter”	would	be	inserted	prior	to	IFS

Or	inserted	here



Interferometer	creates	a	sinusoidal	transmission	comb

Intrf.	peaks	and	valleys	can	be	used	to	resolve	narrow	features	
well	beyond	resolu/on	of	na/ve	spectrograph
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Interferometer	creates	a	sinusoidal	transmission	comb

Intrf.	peaks	and	valleys	can	be	used	to	resolve	narrow	features	
well	beyond	resolu/on	of	na/ve	spectrograph

Only	a	few	mm	(6	mm)	intrf.	delay	is	needed	to	resolve	
biomarkers,	to	yield	effec/ve	R~4000

1.0

0.8

0.6

0.4

0.2

0.0

In
te

n
si

ty

5100500049004800
Wavenumber (cm-1)

 Native spectrograph Res=70
 EDI, with delay 0.58 cm
 Classical at Res = 3850

With Classic at Res = 3850

With EDI



1.0

0.8

0.6

0.4

0.2

0.0

In
te

n
si

ty

5100500049004800
Wavenumber (cm-1)

 Classical at Res = 3850

With Classic at Res = 3850

With EDI

Three	atmospheric	absorp/on	features	at	R=3850,	at	2	micron

Feature	consists	of	group	of	about	40	almost	evenly	spaced	lines
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Current	GPI	resolu/on	R~70	insufficient	to	detect	fine	features
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Interferometer	(EDI)	at	6mm	delay	has	similar	sensi/vity	to	fine	
features	as	R~3850



Similar	for	the	1.6	um	band



R	=	70

R	>	25,000
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1.96	um2.08	um



5.8	mm	delay	interferometer	comb

1.96	um2.08	um

Period in wavenumber (cm-1) space 
is reciprocal of delay (cm)



interfrmtr_comb	*	spectrum

1.96	um2.08	um
Moire fringes are produced which encode 

spectral information



We have software which reverses this process 
to deduce the high res spectrum from the moire

blow excessively magnify noise. We zero out eqðρÞ in regions
where the sensitivity is expected to be zero.

The EQ is applied to the FFT of the data, srrawðρÞ via

EQ-TARGET;temp:intralink-;e034;63;719sroutðρÞ ¼ srrawðρÞeqðρÞ: (34)

The choice of goal resolution for the Gaussian in Eq. (33) is
a tradeoff between resolution and ringing. In the presence of
gaps in the delay coverage, increasing resolution increases the
ringing.

7.7.1 Selecting etalon values in a future instrument

As the average ν increases, the width of each etalon peak in the
MTF narrows, so a designer needs to select etalon values to pro-
duce contiguous coverage at the blue end of the native spectro-
graph bandpass. It is also beneficial to have enough overlap of
etalons to produce two independent sets of SR results, one for
the odd numbered etalons and the other for even numbered
(using different equalizations). These can be used to confirm
fidelity of the SR process, since it is unlikely an artifact
would have the same appearance for different delays.

8 Example Reconstructed Spectra
Observations of many stars were performed with the TEDI
interferometer producing reconstructed resolution as high as
∼27;000 (10× boost), using 3 cm maximum delay with
TripleSpec having a native resolution of ∼2700. Figure 22 is
an example of 10× resolution boosting. Figure 23 shows the
extremely wide bandwidth we can achieve, covering all four
orders of the native spectrograph from 4100 to 10;500 cm−1.
Figures 24 and 25 show closeups for the reddest order.

Figure 22 shows 10-fold boost in resolution (2700 becoming
27,000) observing mostly telluric features in the spectrum of
star κ CrB along with ThAr calibration lamp emission lines,
observed June 2011. Seven contiguous delays were used [as
seen in MTF Fig. 21(a)], 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 and E8
(3 to 4.6 cm), then the equalized output resolution could be
as high as 36,000 [dotted curve of Fig. 21(a)] or more without
significant ringing.

Figure 23 shows the wide bandwidth capabilities: star
HD219134 measured simultaneously over the four orders,
4100 to 10;500 cm−1. The EDI resolution scales with wavenum-
ber (or as τmax∕λ), so the resolution is not constant across this
wide bandwidth.

Figure 24(a) shows the whole A-order at 4× resolution boost
and Fig. 25 shows closeups. The black curve is the theoretical
telluric + ThAr model. The data (red and green curves) are
attenuated significantly on the red end of the spectrum, probably
due to transmission loss of the native spectrograph.

Note how the broad features of the red and green curves fol-
low each other accurately, even though the red curve is obtained
entirely from the fringing signal component and the green curve
from the nonfringing portion. These are independent measure-
ments extracted from the same data set. The nonfringing data
were not included in the sum which forms the red curve.

8.1 Comparing Two Fibers on Same Star

Figures 26 and 27 show EDI measurements comparing the two
fibers A (blue curve) and B (red curve) measuring the same
source, their difference curve (gold), and compared to the tel-
luric model (gray). The two fibers used different detector pixels
in the Y direction and were exposed at times ∼10 min different
because the role of the fibers was being alternated between Star
and Star + lamp. Hence the fibers experienced different PSF
distortions to the native spectrograph (see Sec. 9.4). Yet the
resulting absorption lines yield reasonably accurate lines
because it sums over several wavelets.

8.2 Measurement Comparing Star to Literature
Spectrum

Figure 28 compares our EDI measurement of HD219134 with a
spectrum obtained by another group with a conventional
spectrograph, the NIRSPEC at Keck Observatory.21 All the stel-
lar NIRSPEC features are seen in the EDI output, but many are
unresolved in the TripleSpec native spectrum (green curve).

Fig. 22 Demonstration of a 10-fold resolution boost observing telluric features mixed into spectrum of
star κ CrB along with ThAr calibration lamp emission lines. The green dashed (top) curve is the “ordinary”
spectrum measured without the interference, having native resolution 2700. It cannot resolve any of the
telluric features. The red (middle) curve is the EDI (TEDI) reconstructed spectrum measured with seven
contiguous delays, up to 3 cm, and equalized to a Gaussian resolution of 27,000. The gray (bottom) curve
is a model of telluric19 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 to
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 June 19, 2011.
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Erskine et al.: High-resolution broadband spectroscopy using externally dispersed interferometry. . .

10x	res	boost	demo’d	on	Mt.	Palomar

2700	-->	27,000	using	7	delays,	up	to	3	cm

“High-resolution broadband spectroscopy using externally dispersed interferometry at the Hale telescope: Part 1, data 
analysis and results”, D.J. Erskine, J. Edelstein, E. Wishnow, M. Sirk, P.S. Muirhead, M.W. Muterspaugh, J.P. Lloyd, Y. Ishikawa, E. 
McDonald, W. V. Shourt, and A. M. Vanderburg, J. Astr. Tele. Instrm. Sys. 2(2), 025004 (2016), doi: 10.1117/1.JATIS.2.2.025004.

“High-resolution broadband spectroscopy using externally dispersed interferometry at the Hale telescope: Part 2, 
photon noise theory”, D.J. Erskine, J. Edelstein, E. Wishnow, M. Sirk, P.S. Muirhead, M.W. Muterspaugh, and J.P. Lloyd, J. Astr. 
Tele. Instrm. Sys. 2(4), 045001 (2016), doi: 10.1117/1.JATIS.2.4.045001. 



Moire fringes survive the 
spectrograph blurring

Medium res

Low res



Native R~700

R~70

Mag ~ 16% of 
continuum

Mag ~ 7% of 
continuum

Plots	subtract	the	nonfringing	por3on



Fourier	Transform	of	feature	
shows	concentra/on	of	signal	
at	high	frequencies

We	have	picked	delay	to	probe	this	frequency

1.6	um	band
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