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ABSTRACT
We introduce a notional nulling interferometer for extinction of glare from single star exoplanetary systems. The
principle of double dispersion telescopy correlates an incident angular position with a unique wavelength. In such
telescopes, a secondary spectrograph is used to disambiguate overlapping wavelengths from the primary disperser. A
single rejection band can be created in the secondary spectrograph based on the resulting wavelength modulation. Two
optical paths are directed from the slit situated between the primary and secondary dispersers. Angles of incidence and
path lengths are slightly offset between the pair of post-slit wave trains. By this configuration, a half wave path
difference is established at the position and diameter of the host star, causing phase cancellation at a unique spectral
band. Having a single rejection band avoids repetitive banding endemic to conventional interferometric telescopy. There
is a tradeoff with chromatic aberration in the images of the exoplanets.
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1. INTRODUCTION
A new type of telescope that uses a diffractive primary objective alters the parameters of secondary telescope optics.
When the primary is highly dispersive, the secondary must disambiguate overlapping spectra. This calls for a secondary
spectrograph that locates objects on the image plane as a function of wavelength. If the telescope is used to acquire
exoplanetary data, it must also incorporate additional means to reduce the glare of the host star.
The first dual dispersive primary objective grating telescope, the eponymous “Dittoscope,” was introduced in 2002.1The
secondary consists of a spectrographic parabolic mirror telescope which accepts diffracted light at an angle of grazing
exodus to maximize the considerable length of the primary grating (POG). The Dittoscope has multiple object
spectroscopy features that recommend it for radial velocity Doppler shift surveys to detect the gravitational wobble
caused by orbiting planets. However, a Dittoscope cannot observe the planets directly.
In 2011 a holographic optical element (HOE) primary was incorporated into a model of the Dittoscope to serve in a
similar manner as the parabolic mirror.2 A Holographic Optical Method for Exoplanet Spectroscopy (HOMES) is being
proposed in a companion paper to this disclosure.3
1.1

A glaring fault

The HOMES concept presents many challenges. As addressed in our 2011 paper cited above, HOMES varies focal
length by exploiting a refractive lens which varies focal length proportional to wavelength. Now coronagraphy must also
be addressed, because in order for an exoplanet observation to take place, it is necessary to reduce the glare caused by
the host star by many orders of magnitude. In the visible band of light, the albedo of exoplanets will re-radiate energy at
a flux level 10-12 less than their parent star. In the mid-IR the flux ratio is a “mere” 10-10: to 1. Exoplanets within 10
parsecs are seen from our solar system within a few hundred milliarcseconds (mas) to their parent star. The most minor
optical imperfections in the imaging system produce blinding diffraction artifacts that overwhelm the images of
exoplanets on the focal plane. Therefore, exquisite coronagraphy is an inescapable requirement for exoplanet telescopy,
especially those within the habitable planet or “Goldilocks” zone.”
Two of the coronagraphic methods that have been studied to overcome this very difficult problem are eclipsing masks
and interferometry. In the former category are long stand-off occluders such as the New Worlds Observer4, a binary
mask that is separately launched from its space telescope and is positioned tens of thousands of kilometers away in a
tracking orbit relative to the telescope. Alternatively, interferometers can be incorporated that combine two or more
coherently phased signals at the image plane causing a sequence of subtractive phase nulls at a beat ratio determined by
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subtly off-axis versions of the star and its planetary system. When properly aligned, the null is superimposed over the
host star. Research is being pursued to make the null reach a 10-10 extinction.
A figure of merit for either occluders and interferometers in exoplanet telescope coronagraphs is the bandwidth over
which they work. The broader the band, the more flux from exceedingly dim exoplanets is available and some spectra
can be taken. However, a broader band of wavelengths poses greater challenges for coronagraphs which leak energy
outside of an optimal central wavelength.
Although diffraction gratings work on an interference principle not far removed from interferometry as we know it, in a
diffraction grating there are a plurality of re-radiators consisting of thousands to millions of grating grooves. A
conventional astral interferometer incorporates few, often only two, re-radiators. It could be surmised that to the extent a
diffraction grating differentiates wavelength, it has already accomplished the central function of the interferometer by
producing sharp spectra through interference. This can be exploited by a Dittoscope.
1.2

An alternative approach

The Dittoscope and HOMES use diffraction primaries, flat surfaces with a very large plurality of re-radiators.

Figure 1. In a ground observatory, at any instant of the night, a star at a particular angle is diffracted by POG A to secondary
parabolic mirror B, and the light is focused on slit C. A secondary disperser, D separates out all the visible objects as
spectrum E. Three distinct targets at angles -30°, -15°and 45° are illustrated in bold lines, but the entire line of right
ascension is covered. As the stars precess their entire spectra are taken over the course of the night.

The distinction between interference from sparse sources such as an astral interferometer and many sources such as a
POG deserves scrutiny with regard to the problem of exoplanetary host star nulling, because with a POG the problem
can be thought of in very different terms - not as a question of including the widest bandwidth at the null but rather the
shortest possible bandwidth notch. A fully developed Dittoscope with a primary in the tens to hundreds of meters along
its diffraction axis can resolve the diameter of a star over a wavelength band measured as narrow as thousandths of a
nanometer. Conceivably such narrow bands can be far more readily extinguished to a factor of 10-10 or even 10-12, than
broader bands sought for exoplanet telescopy as it is being pursued today. In other words, the native output of a
diffraction primary permits a “divide and conquer” approach to the problem of parent star nulling.

2. PRIMARY OBJECTIVE GRATING
2.1

Path lengths from flat surfaces

To preserve phase of incident periodic wave radiation, astral interferometric telescopes assume equal path lengths for all
rays from the source star to the image plane. This would seemingly rule out interferometry from flat diffraction primaries
such as the Dittoscope, because path lengths are intrinsically unequal (Figure 2).

Figure 2. Path lengths from POG to secondary mirror in a Dittoscope are all unequal, making normal astral interferometry
seemingly impossible.

Other than a central column perfectly perpendicular to the grating plane (green in Figure 2 above), the wave trains
arriving at the POG from angles away from the grating plane normal are out of phase with each other. Inside the
telescope, the path lengths are also unequal as they travel from the POG to the secondary parabolic mirror. Only the
waves from the mirror to the slit can preserve phase. At the slit of Figure 2 are discrete wavelengths corresponding to
stars distributed across the spectrum. A complete spectrum is illustrated schematically in Figure 3.

Figure 3. Full bandwidth output of the POG and secondary parabolic mirror of a Dittoscope at the pre-spectrograph slit

The wavelengths focused on the slit are caused by an interference phenomenon. There is an integral multiple wave delay
from groove to groove of the POG, the diffraction orders. For a fixed angle of reconstruction of the wavefront, there are
specific wavelengths that correspond to specific angles of incidence upon the grating. However, the device is not an
interferometer, per se. Figure 2 illustrates the front end of a dual dispersion telescope.
Unequal optical path lengths occur in all flat diffractive optics, for example, the aforementioned exoplanet spectrograph,
HOMES, which uses a flat holographic optical element (HOE) as its primary objective and the DARPA-funded MOIRE
which uses an in-line variation on a Fresnel zone plate. 5 A CubeSat miniature version of this membrane telescope is
scheduled for testing in LEO.6
2.2

Symmetrical path lengths from flat surfaces

However, unlike MOIRE which diffracts on-axis like a regular parabolic mirror telescope, the off-axis design of the
Dittoscope permits a pair of symmetrically opposed secondary mirrors. Symmetry allows the same POG to be used
twice. This has several advantages over a single mirror. With respect to astral interferometry, the two path lengths can be
equalized in length before the two mirrors are combined, Figure 4..

Figure 4. A second mirror placed in an equal and opposite position on the same POG can match the output of the first mirror

The outputs of the two mirrors can now be combined as they are in a dual mirror astral interferometer. A Zemax model
of the resulting embodiment is shown in Figure 5.

Figure 5. Zemax model of symmetrical mirrors. This POG is modeled in the reflection mode. The incident rays are
perpendicular to the grating plane. The pair of focii are combined and sent to a common slit.

This Zemax model is for a 547.9 nm plane wave incident along the grating plane normal with a POG of pitch of 550 nm.
The reconstructed plane waves diffract at an angle of 5 deg. of grazing exodus where they can be focused by parabolic
mirrors. The combiner is a “magical” double mirror that Zemax allows in multiple configuration mode. If the two sides
are identical except for a half wave difference between the distances of the mirrors to the combiner, at a slit after the
combiner, two equal and opposite wave trains are superimposed on an image plane. The symmetrically opposed waves
are shown schematically in Figure 6.

Figure 6. Symmetrical superimposition of two wave trains that are equal and opposite

If two wave .trains that are equal and opposite combine, there will be one very narrow region where waves lengths are
identical and will add constructively. Within half wave differences between the opposed mirrors, the waves can
destructively interfere to create a null. The nulls themselves will also be equal and opposite. Fringes appear over a
narrow region as the waves go in and out of phase. Notably this will be a very narrow slice of the available wave lengths.

When symmetrical mirrors are used in the model, Zemax produced the interferogram of Figure 7. An option that
calculates the optical path lengths was invoked..

Figure 7. Symmetrical superimposition of two wave trains that are equal and opposite On the left is the image plane with a
magnification x 1. The nulled area is magnified on the right hand side by about 15 x.

At this point neither the depth of the attenuation nor is the region covered by the null has been determined. What has
been proven by this Zemax model is that there are no repetitive fringes. This nulling method suggests that destructive
interference fringing can be completely avoided in the region outside of the star's diameter.
2.3

Symmetrical path lengths from multiple angles

The Zemax model was used to study a notional setup where off-axis plane waves struck the grating, Figure 8.

Figure 8. Equal and opposite incident plane waves of 400 nm upon a 25 cm POG of pitch = 550 nm.

The model is not intended to test an astral interferometer, because the sky does not have equal and opposite identical
sources. Rather model was a step toward a secondary with a new type of spectrograph that would eliminate a parent star
from an exoplanetary system image from the HOMES telescope.

Zemax model of Figure 8 produces an interferogram, Figure 9, of the symmetrical POG in Figure 8. It has the same selfcanceling characteristic as the case of Figures 4 and 5. The interference pattern is magnified by a factor of 10 for
visibility in the interferogram. At a single magnification it is identical in appearance to Figure 7 (left hand side).

Figure 9. The interferogram of the imaginary telescope of Figure 8. It remains to make this happen in the near-field.

Figure 10 is a sketch of the symmetrical POG with sources in the near-field producing spherical waves. The sources
would be distal tips of fiber pairs with a shared frontal tip. If the two sources carried the same waves, they should be
subject to self-cancellation at the wavelength that corresponded to the parent star of the exoplanetary system. Notably
the Zemax model of Figure 8 has a POG of length 25 cm. If the nulled region was precise enough to select the parent
star, the instrument would be a candidate for a exosolar nulling interferometer.

Figure 10. Equal and opposite incident spherical waves of 400 nm upon a 25 cm POG of pitch = 550 nm.

3. SPECTRAL INTERFEROMETRY
In the near-field the symmetrical POGs illustrated above could be said to fall into the class of instruments called Spectral
Interferometers. Interference can cause dispersion in a diffraction grating and phase cancellation in dual path devices.
The two related phenomena can be exploited in a single device.
3.3

Externally Dispersed Interferometer – EDI and TEDI

One version of a spectral interferometer is the Externally Dispersed Interferometer (EDI) patented by Erskine and
Edelstein.7 EDI uses evenly spaced interferometric fringes to create a Moiré vernier against which spectral lines can be
measured, in some cases to several times greater accuracy than the coarse resolving power of the native grating
spectrograph itself. An EDI instrument, TEDI, was employed in the search for exoplanets. TEDI does not take spectra of
exoplanets Rather than extinguishing the glare from the host star, TEDI depends on the star's radiation to take a radial
velocity measurement of a star through a Doppler shift to infer the presence of orbiting gravitational masses, presumably
exoplanets.
EDI is fiber-fed at the focal point of a mirror telescope, and the wavefront radiating from the distal fiber tip is not
coherently phased relative to the source. As would be expected, the fiber is not an impediment to taking spectra, but
more importantly in the context of nulling parent stars in exoplanetary systems, the, incoherent radiation from the fiber
does not prevent formation of interferometric fringes in the fiber-fed Michelson interferometer (Figure 11).

Figure 11. A spectral interferometer, EDI, after Edelstein and Erskine. 8 The interferometer is used after a fiber optic feed
that scrambles the phase relationships from a light source such as a star focused by a telescope.

Since EDI's interferometer works with post-fiber radiation it appears that the gold standard of astral interferometry,
equal path lengths from star to image plane, does not necessarily apply when discrimination is based on wavelength
rather than spatial displacement.
A key to making a spectral interferometer is to observe the rule that for any ray at a precise wavelength there is a ray
inside the interferometer to cancel it out. This pairing of matched rays can be achieved inside the interferometer in EDI
where each ray is split off into twin channels. The matched pair of waves is then recombined to produce interference.
3.4

HOMES

Like EDI, the spectral interferometer in HOMES has a fiber fed interferometer in front of a spectrometer, Figure 12. As
a result, the size of the spectrometer can be quite compact. It has to cancel out one very short wavelength region that
corresponds to the angle subtended by the diameter of the star as diffracted from a HOE. The HOE must be long enough
to discriminate the star from the exoplanets. In the model the HOE published contemporaneously with this paper, the
HOE is 50 meters long with a theoretical angular resolving power of 1 mas and a functional angular resolving power in a
Zemax model of 10 mas. This level of angular resolving power can isolate parent stars on exoplanetary systems within
30 light years of our solar system. The operation of the HOE is very similar to a POG, but the primary objective HOE
also focuses, one short wavelength band for each alternative view of the exoplanetary system. An end-to-end Zemax
model of HOMES is shown in Figure 13.

Figure 12. HOMES has an array of interferometers represented in this schematic by a Michelson type.

Figure 13. HOMES optical system end to end. The interferometer is a component inside the Chromatic Correction section.

If fibers are split at the distal side, they can be configured to interfere with each other in an arc around a POG. That
would allow a plane grating to suppress the parent star from all of the channels segregated by wavelength after the initial
HOMES primary objective HOE. A sketch of the concept is shown in Figure 14. The final spectrogram has the central
parent star suppressed while the exoplanets are diffracted in many precise wavelengths useful for matching to spectral
templates.

Figure 14. Split fibers from pickups at discrete wavelength regions coming of the primary could be sent to a symmetrical
POG type of self adjusting interferometer.

4. DUAL HOE INTERFEROMETER
Alternatively, a diffractive interferometer can be assembled from two HOEs that have equal and opposite axes of
diffraction. A HOE that is made from the interference of a plane wave and a spherical wave will play back a near-field
spherical wave as a plane wave. If that plane wave then is transmitted to the an identical HOE, the wavefront will focus.
4.1

Symmetrical path lengths from multiple angles

An example of a dual HOE modeled in Zemax is shown in Figure 15. .

Figure 15. Dual HOEs refocus two fiber fed sources on to each other with equal path lengths. The Sources are
on the right and the image plane is shown in the insert on the left hand side.
The path lengths of two sources are offset some length plus by one half wave additional displacement. Identical
wavelengths then cancel at the image plane. In this model a slight shift of 0.0375 nm between wavelengths interferes
constructively. The difference in wavelengths corresponds to the spacing between a parent star and a planet in the
Goldilocks zone as image by HOMES. The star would be attenuated, and the exoplanet would not be attenuated.
Examples of their interferograms are shown in Figure 16.

Figure 16. Dual HOE Interferograms. On the left is the parent star. The exoplanets appear in the constructive
interference band of wavelengths shown on the right hand side
The dual HOE method generates a repeating fringe pattern that can potentially put a null over an exoplanet as well as the parent star.
That limitation aside, it does work with near-field sources. It also is simultaneously a spectrometer and an interferometer. In Zemax
the model was set up with multiple fields to examine its behavior along both axes and with many different fiber positions. A 3D
shaded model is shown in Figure 17. The angular resolving power of the configuration appears to be low. An initial model appears in
Figure 18.

Figure 17 End to end Zemax model of Dual Hoe spectral interferometer. The device images laterally as well as
spreading spectra vertically.

Figure 18 Image plane of Dual HOE spectral interferometner. The blue rays are nulled while the red rays pass.

5. CONCLUSION
A new type of telescope which has a primary objective grating suggests a new type of interferometer that can be used to
null parent stars of exoplanetary systems. By superimposing spectra that are equal and opposite, the interferometer forms
nulls that are wavelength-specific. Such destructive half wave cancellations do not have repeated fringe patterns
extending into the region of the exoplanets. The design has not yet been made to work in the near-field where it would
be useful. An alternative design has been disclosed here that does not enjoy the non-repeating fringe feature but is a
holographic spectrometer that has equal path lengths and produces fringes. Both interferometers are being studied in the
context of the Holographic Optical Method for Exoplanet Spectroscopy.
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