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Abstract: We describe a white light fringe scanning and pupil bisecting
method of measuring the optical path difference (OPD) between arms of a
monolithic nulling interferometer that is designed to enable direct imaging
of planetary companions and the environments around nearby stars. This
measurement is used to determine the differential thicknesses of optically
contacted compensator plates used to reduce OPD, which can drastically
impair the optic’s performance in broadband light. By making this correc-
tion, we were able to reduce the initial OPD from 949± 44 nm to 63± 10
nm. In the absence of any other asymmetries that can compromise the null,
such a correction corresponds to an increase in an R-band (λc = 648nm)
nulling bandpass from monochromatic to 25%.
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1. Introduction

Monolithic optical systems [1, 2] have a few distinct advantages over systems assembled from
discrete elements. The greatest advantages to monolithic optics are mechanical stability and
reduced sensitivity to turbulence, both of which are critical for precision fringe measurement
in interferometers. In high-contrast broadband nulling interferometers (nullers) conceived for
exoplanet detection [3], absolute control over OPD is paramount.

Nuller development has progressed significantly in the past decade, particularly for the sin-
gle aperture variety, whereby the interferometer internally makes two copies of a single input
wavefront and then nulls on-axis sources by destructively interfering them while transmitting
the light from off-axis sources. The various methods by which a π-phase delay is introduced
for destructive interference are discussed in [4]. Contrast suppresion (nulls) have been demon-
strated in the visible using shearing at the 107 and 106 levels for monochromatic and 15%
bandpass light, respectively [5]. A mid-infrared null centered on 9.5 µm exceeding 104 with a
25% bandpass is reported using field-flipping in [6].

The monolithic achromatic nulling interference coronagraph (MANIC) is an optic designed
to achieve broadband 106 nulls of stars in order to image objects in their immediate environ-
ment [7, 8]. MANIC nulls by means of geometric field flips about orthogonal axes, and is based
on a fully symmetric rotational shearing interferometer (RSI) layout [9]. A throrough review of
MANIC’s heritage and an in-depth description of its operational principles are presented in [7].
In brief, MANIC consists of pairs of fused silica rhomboid, Porro, and rectangular prisms, and
a cubic beamsplitter that are optically contacted to form a single element nuller (see Fig. 1). The
Porro prisms produce the orthogonal electric field inversions, the rhomboid prisms balance s-
and p-plane reflections between arms, and the rectangular prisms eliminate air/glass interfaces.
Monolithic stability and achromatic performance, MANIC’s key features, are both highly de-
sirable qualities for a nulling interferometer. Achromatic performance for a (geometric) nulling
RSI, however, assumes that the interferometer is operating at zero OPD, which is a formidable
challenge to meet in fabrication of the monolith.

This work describes a method for reducing OPD initially built into the monolith in order to
limit this null leakage source to a tolerable level. While there are a number of other leakage
sources that must be dealt with in the design of a nuller (see e.g. [10]), they are small compared
to the built-in OPD. To measure the OPD internal to MANIC, we adopt a strategy of injecting
it with a bisected, fixed intensity beam and controlling the phase between the two bisected
beam halves by means of a delay line. The intensity in the two halves of MANIC’s output will
modulate in phase if the internal path difference between its arms is zero, and out of phase
proportional to the extent to which it is not.

2. Theory

In any nuller, static aberrations and low frequency path instabilties must be reduced to a tolera-
ble fraction of the operating wavelength, λ , typically to a length on the order of

σd ≈ Aλ
√

Ld/(2π), (1)

where A is a dimensionless geometric factor (of order 1) that depends on the nuller design and
Ld is null leakage (i.e. the amount of light from the star transmitted into the detector field
of view, which must be less than or comparable to planet/star contrast) attributed to OPD
[10]. This can be done using active or adaptive optics (AO), commonly in the form of one
or more tip/tilt/piston mirrors or deformable mirrors (DMs) paired with a wavefront sensor.
For a discrete-element interferometer this can be built into one arm of the interferometer to
provide piston control. For a monolithic nuller such as MANIC, wavefront correction must be

#130149 - $15.00 USD Received 14 Jun 2010; revised 27 Jul 2010; accepted 28 Jul 2010; published 30 Jul 2010
(C) 2010 OSA 2 August 2010 / Vol. 18,  No. 16 / OPTICS EXPRESS  17543



Fig. 1. MANIC (left) and a schematic of an AO-enabled nulling configuration (right) show-
ing CPs optically contacted to the Porro prisms. The details of the AO scheme and half-
pupil mask shown here are beyond the scope of this work (see [7] for details).

performed at the input (see Fig. 1). We note that in order to correct in front of a monolithic
interferometer, pupil locations must be remapped, e.g. by lateral or rotational shearing in the
inteferometer. If the beam pupil locations do not change, as in the case of the simple Michelson
interferometer, then an equal amount of phase delay at the input would be imparted to both
arms at the same recombination location having no effect.

The primary issue with correction of internal OPD at the input is refractive index mismatch.
This is because the path difference to be corrected is in the nuller material (Homosil) and the
correction is in air. An expression for the total chromatic leakage due to residual path error in
the monolith, lg over a given bandpass, B, may be adapted from work presented in [7]:

LOPD =
∫

B
1− cos

[2πlg
λ

(
ng(λ )−na(λ )

ng(λc)
na(λc)

)]
dλ , (2)

where ng(λ ) and na(λ ) are the dispersion formulae of the glass and air, respectively, and λc

is the central wavelength at which the OPD is actively corrected. The greater the built-in path
difference, the more the dispersion imbalance between propagation media will limit the deep
null bandpass. For this reason MANIC is designed to operate at zero path difference. To some
extent, built-in path error can be minimized in the initial fabrication by polishing the prism pairs
as single prisms, cleaving them, and then assembling them as symmetric pairs. Residual OPD
can then be measured and then further reduced by optically contacting to each arm compensator
plates (CPs), which are essentially differential thickness etalons made from the same material
as the prisms to match dispersion. Ultimately, given the dispersion of Homosil [11], the residual
path error post-CP correction must be less than 100 nm in order to be capable of producing a
competitive 106 null (all leakage terms included) over the entire R band (∼ 25% bandpass).

3. Pre- and post-path correction measurement and results

The layout used to measure the OPD between the two arms of the monolith is depicted schemat-
ically in Fig. 2. We designate the initially transmitted and reflected arms as T and R, respec-
tively. A somewhat unconventional delay line scheme is used to exploit the 180° relative pupil
rotation between MANIC’s output beams. The delay line was formed using an alignment cube
(AC) to bisect a collimated, aperture-stopped input beam into two semicircular pupils. One is
sent to a static rooftop mirror assembly (SMA), the other is sent to a delay rooftop mirror as-
sembly (DLA). Coarse delay was achieved using a combination of manual and stepper motor
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Fig. 2. Experimental setup schematic (roughly to scale) for measuring OPD internal to
the monolith. The axes denote the global coordinate system. Out of plane geometry is not
shown. The source is alternately a red HeNe laser used for alignment and calibrating fringe
spacing, and a halogen lamp for the OPD measurement. Lens L1 focuses the source on the
pinhole (PH) spatial filter. L2 collimates light from the PH. The bounding aperture (BA)
sets the beam diameter. The alignment cube (AC) bisects the pupil and redirects the beam
halves along static mirror assembly (SMA) and delay mirror assembly (DLA) paths. An
auxiliary interferometer formed by elements BS1, BS2, and M2 is used to align the SMA
and DLA in angle and path difference. Mirrors M1 and M3 through M7 are for steering.

controlled translation stages. Fine phase delay was driven by a piezoelectric transducer (PZT)
translation stage. The rooftop assemblies redirected the static and delay beams (hereafter ref-
ered to and subscripted as the s and d beams) back to the alignment cube, which then directed
the beams along parallel paths into the monolith.

Noting again that the geometric field inversion at the nuller output is accomplished by or-
thogonal field flips, the s and d beams each produce two nuller output beams: one a copy of
itself flipped horizontally, the other flipped vertically (about the y- and x-axis, respectively, as
denoted in Fig. 2). The mapping of these beams may be represented as:

input
(x,y)s

(−x,y)d

⎫
⎬

⎭
⇒

⎧
⎨

⎩

R (x-flip) T (y-flip)
(−x,y)s + (−x,−y)d ⇒ left null
(x,y)d + (−x,y)s ⇒ right null,

(3)

where left and right null refer to the relative positions of the nuller output pupils observed on
the monitor. It should be noted that the a change of sign from the left to right side of the above
map indicates a reversal of pupil location at the output relative to the input for a given beam.

An auxilliary alignment and phasing interferometer (shown in red and purple in Fig. 2) was
included in the optical layout to ensure that the phase delayed beams were parallel when in-
jected into the monolith. The zero OPD search space was increased by tilting M2 to produce a
high fringe count across the auxilliary interferometer pupil. After completing these steps, the
laser was replaced with a halogen source. The SMA and DLA were then successively posi-
tioned at zero OPD relative to M2 in order to make white light fringes observable in either half
of the auxilliary interferometer pupil (see Fig. 3). Once the beams were aligned and coarsely
phased, the DLA was scanned with a long period triangle wave signal. Images of the time
varying intensities were taken over many scan periods to mitigate environmental effects.

To determine the white light fringe spacing in physical units, a small amount of tilt was added
to the input beams such that the fringe pattern observed in the nuller output resembled those
observed in the auxiliary interferometer shown in Fig. 3. Images of the fringes produced by the
halogen source, and then the red HeNe were recorded. The pixel intensities were summed in
each row in one nuller output pupil half for both light sources in order to generate a 1D intensity
signal versus row number. Peaks were then located in the Fourier transforms of these signals to
calculate per pixel fringe spacings, ζhalogen and ζ632.8, the ratio of which is used to recover the
white light central wavelength,
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Fig. 3. Each detector image shows the nuller (low frequency fringes) and the auxiliary
interferometer (high frequency fringes) output. In image (a) the left side of the nuller output
(bounding box labled L) is nulled, the right side of the nuller output (bounding box labeled
R) is near the midfringe intensity, and the fringe patterns in the auxiliary interferometer
(labeled d and s for delay and static, respectively) appear to be nearly aligned. Note that
only partial fringes are sampled inside the bounding boxes. In image (b) the delay line is
positioned to null the right half of the nuller output, whereas the left null bounding box
intensity is near midfringe. The shift in the delay line is evidenced by the downward shift
of its fringes from image (a) to (b).

λo,c ≈ λHeNeζhalogen/ζ632.8, (4)

Here we note that the ratio of the refractive index of Homosil over the spectral range of the
source varies on the order of 0.4% with respect to its index at 632.8 nm [11]. This variation
is comparable to the room temperature relative temperature coefficient of air, which is on the
order of 10−3 K−1 [12], but significantly exceeds Homosil’s quoted room temperature relative
temperature coefficient of 1.5×10−5 K−1 [11]. The above assumption yields an uncertainty in
the measured OPD that scales with the actual remaining OPD.

To determine the OPD the intensity within a bounding box in each nuller output pupil half
was measured for each frame as the delay line was scanned. Intensity functions from two
measurements are plotted in Fig. 4. One is a measurement of the OPD to be corrected by the
CPs, the other is the residual OPD following correction. The effect of having added the CPs on
the fringe packet offset between the two measurements is clear. In the measurement taken be-
fore correcting the OPD, the packets are offset by multiple fringes. After correction, the fringe
packets are almost in direct overlap.

The overall relative phase differences, Δleft and Δright, between interfering beams observed
in the nuller outputs depend on the differing paths traversed prior to injection, ls and ld , and
internal to the monolith, lR and lT , all of which follow the same subscript designation described
in the text around Eq. (3), and are related by:

Δleft = (φd +φR)− (φs +φT ) = 2π[(ld − ls)+ng,λo,c(lR − lT )]/λo,c (5a)

Δright = (φd +φT )− (φs +φR) = 2π[(ld − ls)+ng,λo,c(lT − lR)]/λo,c (5b)

where subscripted φ corresponds to the phase contribution from the delay lines and monolith
arms and ng,λo,c is glass’ index at the wavelength that corresponds to the fringe spacing, λo,c.

As a nuller, the central fringe minima in the nuller output pupil halves occur at accumulated
phase delays of Δleft = 0 and Δright = 0, which occurs when the only free parameter in Eq. (5),
the delay path length ld equals lleft and lright, respectively. In this case, we may write

ng,λo,c(lR − lT ) = (lleft − ls) (6a)

ng,λo,c(lT − lR) = (lright − ls). (6b)

which when subtracted yield the result

ng,λo,c(lR − lT ) = (lleft − lright)/2. (7)
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Fig. 4. Two nuller output intensity functions (solid and dotted curves) are generated from
a series of detector images (e.g. those shown in fig. (3)), each corresponding to a different
location in a slow sawtooth scan of the DLA performed before (left) and after (right) at-
taching CPs. The two plots above show three sets of traces through the white light fringes
observed in each half of the nuller output. The number of frames between the fringe packet
minima for each set (approximately 120 and 10 frames for each set in the left and right
plots, respectively) are used with the fringe frequency and central wavelength to recover
the residual OPD in the optic, pre- and post-correction as described in Eq. (8).

Since, however, we are not directly measuring physical paths, rather fringe offsets and frequen-
cies, we rewrite Eq. (7) as

ng,λo,c(lR − lT ) = λo,cΛ(L −R)/2. (8)

where L and R are the frame numbers at which the central fringe minima are observed in the
left and right nuller outputs, respectively, and Λ is the measured fringe frequency per frame.

Following multiple measurements using the analysis described above, the OPD built into the
monolith was found to be 949± 44 nm. The ∼ 1 mm thick differential thickness CPs were
polished flat to λ/20 surfaces. The CPs were also fabricated from the same ingot used for
the prisms in order to match material properties. After optically contacting the CPs and re-
peating the same measurement, the remaining OPD was measured to be 63± 10 nm. Such a
post-correction residual path difference is consistent with the pre-correction measured error, a
product of refractive index uncertainty, and the effects of contacting ∼ λ/20 ≈ 30 nm surfaces.

4. Conclusion

We have demonstrated a method for measuring and correcting OPD in monolithic nulling in-
terferometers that would otherwise drastically impair broadband performance. Without such a
technique, the attractive concept of a monolithic nuller, with its most desirable quality of mono-
lithic stability, would not move forward. After the initial assembly, the OPD built into MANIC
was remarkably small considering the 210 mm of non-common path traversed in the two halves
of the optic. If this OPD were to be left uncorrected, however, dispersion imbalance would limit
the 106 null to a maximum 5% red light (R band) bandpass, whereas a 107 null would effec-
tively only be possible in monochromatic light. After attaching the CPs the OPD was reduced
to a level such that, assuming no other sources of null leakage, MANIC is theoretically capable
of 106 and 107 nulls over 50% and 25% bandpasses, respectively.
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