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even small, lightweight interferometers
can achieve a level of performance equal
to or superior to that of grating instru-
ments of practical dimensions. On the
other hand, the fact that interferometers
require subwavelength optical flatness,
alignment and stability has been a barrier
to their deployment for short wave-
lengths and in harsh environments.

With these limitations in mind, we
have been developing a novel spectro-
scopic interference technique called 

spatial heterodyne spectroscopy (SHS).
SHS is an interferometric Fourier trans-
form technique, but unlike conventional
Fourier transform spectroscopy (FTS) 
it requires no moving parts to obtain 
the spectrum. At ultraviolet wavelengths,
SHS instruments are more practical than
Fabry-Pérot or Michelson FTS spectrom-
eters because of their relaxed tolerances
on element flatness, reduced sensitivity 
to coating absorption and ability to 
correct for interferometer defects and
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T here are numerous advantages to
the use of interference spectrome-
ters for space-based spectroscopy

on diffuse sources. First, interferometers
can achieve higher sensitivities than con-
ventional grating spectrometers of simi-
lar size and spectral resolution because
they gather much more light. What’s
more, when used at high spectral resolu-
tion, interferometers don't require a long
focal length element to image a slit onto a
detector pixel of typical size. As a result,



misalignments in data analysis. In addi-
tion, SHS instruments can be field-
widened without moving parts to achieve
even higher sensitivity.

A disadvantage of Fourier transform
spectrometers, both SHS and FTS, is that
in certain applications, the signal-to-
noise ratio in the measured spectrum
can be decreased because of the multi-
plex noise that results from each detec-
tor element recording photons over the
entire instrumental passband. The mag-
nitude of this noise depends on the dis-
tribution of signal across the spectrum,
the spectral resolution and the noise
characteristics of the detector. In situa-
tions in which multiplex noise is the
limiting factor, SHS instruments may
still outperform conventional spectrom-
eters as a result of their greater light-
gathering power (throughput advantage)
and/or size advantage.

In this article we will briefly review 
the properties of SHS instruments and
discuss the development and testing of
an extremely robust, monolithic SHS
interferometer that consists of optically
contacted fused silica elements. The
monolithic interferometer will fly aboard
the small satellite STPSat-1, scheduled 
for launch in 2006, to measure hydroxyl
(OH) emission from Earth’s upper atmo-
sphere. More details on SHS and the 
scientific issues addressed by upper
atmospheric measurements of OH can 
be found in the references.1-5

About SHS
SHS is a method of Fourier transform
spectroscopy based on a Michelson
interferometer modified by replacing the
mirrors in each arm with fixed diffrac-
tion gratings. For each wavelength in the
wave front entering the interferometer,
two wave fronts with a wavelength-
dependent crossing angle between them
exit (see Fig. 1). The resulting superposi-
tion of Fizeau fringes with wavelength-
dependent spatial frequencies is localized
near the gratings and imaged by exit
optics on a position-sensitive detector.
Since each spectral element at the input is
modulated by a unique spatial frequency
at the output, the fringe image is a con-
stant plus the Fourier transform of the
input spectrum about the heterodyne
wavelength (the wavelength producing

parallel output wave fronts). The Fourier
transform of the fringe image produces
the spectrum within a limited spectral
range, with the zero of the transform cor-
responding to the heterodyne wavelength.
High resolution spectra can be achieved
with only modest requirements on the
spatial resolution of the detector. If the
fringe pattern is imaged by N pixels in the
dimension parallel to Fig. 1, N/2 spectral
elements can be obtained without alias-
ing. An interference filter can be used to
eliminate aliasing and multiplex noise
from out-of-band light.

SHS achieves a maximum resolving
power equal to the theoretical resolving

power of a dispersive (grating and prism)
system; at the same time, its field of view
is characteristic of interferometric spec-
trometers. When expressed as a solid
angle, the field of view of a non-field-
widened SHS is approximately 100 times
larger than that of a conventional grating
spectrometer of the same resolution.
Without degrading the resolving power,
fixed field-widening prisms can be placed
in the arms of the interferometer (as
shown in Fig. 1) to increase the solid-
angle field of view by another factor of
~100. The prism angle is chosen so that
the gratings—when viewed from the exit
of the interferometer—appear from a
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Figure 1. Schematic diagram of the field-widened SHS configuration. For each wavelength 
in the incident wave front, two wave fronts—with a wavelength-dependent crossing angle
between them—exit the interferometer. The resulting superposition of Fizeau fringes with
wavelength-dependent spatial frequencies is localized near the gratings and imaged by exit
optics on a position-sensitive detector. The image is the Fourier transform of the input 
spectrum about the heterodyne wavelength (the wavelength producing parallel output 
wave fronts). The arrow indicates the typical location of the detector for FTS and Fabry-Pérot
spectrometry. From this position the interferometer elements are completely out of focus. 
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SHS is a method of Fourier transform spectroscopy
based on a Michelson interferometer modified by
replacing the mirrors in each arm with fixed 
diffraction gratings. 
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geometrical optics standpoint to be
coincident to and perpendicular to the
optical axis. Depending on the detector
and optics before the interferometer,
zero, one, or two dimensions of spatial
information can be recorded.

Compared to scanning FTS and
Fabry-Pérot spectrometers (FPS), SHS
instruments have greatly relaxed align-
ment and surface figure tolerances. This
is because in SHS, the elements of the
interferometer are nearly imaged on the
detector. As a result, each detector pixel
integrates only over a small area in the
interferometer and misalignments of a
few wavelengths shift the heterodyne
wavelength but do not reduce the fringe
contrast. As long as the optical quality of
the elements is good over the small area
sampled by a detector pixel, flatness
errors on the gratings, prisms and beam-
splitter, or index of refraction inhomo-
geneities, distort the Fizeau fringe pattern
but do not reduce its contrast. The mea-
sured response to monochromatic light
sources provides a measure of the phase
errors that can be used in software to cor-
rect broadband interferograms with
minimal impact on the signal-to-noise
ratio in the recovered spectrum. The typ-
ical location for the detector in a FPS and
FTS is indicated in Fig. 1. At this location,
the interferometer elements are com-
pletely out of focus and optical misalign-
ments and/or flatness errors of more
than a fraction of a wavelength reduce
the detected fringe contrast and the sig-
nal-to-noise ratio of the spectrum.

The monolithic 
SHS interferometer
With support from NASA's Planetary
Instrument Definition and Development
Program (PIDDP), we have developed
the first monolithic SHS interferometer
(see Fig. 2). The gratings, prisms and
beamsplitter are optically contacted by
means of fused silica spacers instead of
being individually fixed in a mechanical
structure. As a result, the critical align-
ment between elements is maintained 
by the parts themselves. To achieve the
required interferometric alignment, great
care must be taken in the fabrication and
assembly of the elements and spacers.
Once it has been successfully assembled,
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Figure 2. Monolithic SHS interferometer. The beamsplitter (the central hexagonal section) has
20 mm x 20 mm faces. Working outward in each arm, the first elements are wedged spacers
that mate the beamsplitter faces to the field-widening prisms. Parallel spacers mate the prisms
to the gratings. 

Table I. Monolithic interferometer design parameters.

Monolithic Interferometer Design Parameters

Resolving power 26,500

Grating  Etched holographic
Active area 10 mm � 10 mm 

Groove density 1200 l/mm
Prisms Homosil 13.02° wedge 5.0 mm thick

Field of view 10º at gratings
Beamsplitter Homosil zero-order path difference 

Hexagonal 20 mm � 20 mm faces
Spacers Homosil 

Beamsplitter to prism 8.73° wedge, 5.0 mm thick 
Prism to grating Plane parallel, 2.0 mm thick

Coatings 
Antireflective 1/4 wave MgF2 on transmitting surfaces
Beamsplitting Multilayer dielectric nonpolarizing

Grating Al with SiO2 overcoat
Bandpass 3 nm (detector limited)

Field of view Cone 10°, full angle with no vignetting
Transmittance > 15%

Fabrication tolerances
Heterodyne wavelength 307.1 ± 0.3 nm (± 25 fringes)

Parallelism of fringes Less than 8 vertical fringes 
to grating grooves over 10 mm aperture



however, the monolithic interferometer 
is extremely robust, nearly impossible to
misalign and much lighter and smaller
than a system that employs mechanical
mounts. The design parameters and tol-
erances for the monolithic interferometer
are shown in Table I.

Figure 3 shows a photograph of the
interferometer. Chief rays at the center
and edges of the field are indicated by
solid lines, while the dashed lines indi-
cate the marginal rays of central field
point for the 10-degree cone angle. The
intersection of this cone with the grat-
ing and prism indicates the small area
over which the flatness of the surfaces
must be of interferometric quality.

The monolithic interferometer 
was specifically developed to measure
from space atmospheric OH solar reso-
nance fluorescence near 308 nm. It is
currently being integrated at the U.S.
Naval Research Laboratory (NRL) 
into the SHIMMER-STPSat-1 (Spatial
Heterodyne IMager for Mesospheric

Radicals) instrument that is scheduled
for launch on STPSat-1 in 2006.
SHIMMER-STPSat-1 is the second in 
a series of instruments designed for
atmospheric OH measurements. The
first generation SHIMMER instrument,
which does not use a monolithic inter-
ferometer, flew as a Middeck experi-
ment on Space Shuttle STS-112 in
October 2002.

Fabrication issues 
The initial step in fabrication of the inter-
ferometer was to machine and polish all
sides of the prisms, grating blanks and
beamsplitter halves to arc-second angular
tolerances. The grating grooves were then
etched only over the central 10 � 10 mm
area of the 20 � 20 mm blank, leaving a 
5 mm wide border for optical contact-
ing around the perimeter of the grating.
After application of the beamsplitting
coating to one half of the hexagonal
beamsplitter, the halves were optically
contacted, heat-treated, and then hand

polished until a zero-order white-light
fringe was observed over the entire
beamsplitter field. During assembly of
the interferometer arms, alignment of
the spacers, prisms and gratings to the
beamsplitter was accomplished with the
aid of a Zerodur plate onto which the
bottom surface of the beamsplitter was
placed and aligned to form a Fizeau
fringe field between the plate and the
bottom of the beamsplitter. As the parts
were contacted to the beamsplitter, the
Fizeau fringe field between the plate
and the bottom surfaces of the parts
was monitored to ensure proper align-
ment to the beamsplitter.

Optical tests 
The optical performance of the mono-
lithic interferometer was tested for
angular acceptance, heterodyne wave-
length, fringe contrast and resolving
power. Figure 4 shows the fringe pattern
obtained using a multi-line MnNe hol-
low cathode lamp corrected for dark
field, background and flat field. The dis-
persion plane of the gratings is in the
horizontal direction. The high contrast
band running vertically through image
center is the location of zero path differ-
ence. Along this line, the images of the
gratings intersect on the detector and all
wave-front pairs have the same phase.

The modulation (~5 fringes) along
this band is caused by a slight tilt of one
of the interferometer arms in the plane
perpendicular to Fig. 1 but is within the
8-fringe tolerance indicated in Table I.
The bright feature near the top right of
the image is additive scattered light in
the test set-up.

To obtain a MnNe spectrum, the
fringes shown in Fig. 4 were apodized
with a Hanning function and two-
dimensionally Fourier transformed.
A slice from the transform is shown 
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Figure 3. Photograph of the interferom-
eter. Chief rays at the center and edges
of the field are indicated by yellow lines,
while the orange dashed lines indicate
the marginal rays of the central field
point for the 10-degree cone angle. The
intersection of the cone with the grating
and prism indicates the small area over
which the flatness of the surfaces must
be of interferometric quality.

Figure 4. MnNe fringe pattern. The hori-
zontal direction is in the dispersion plane
of the gratings.
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Once the monolithic
interferometer has been 
successfully assembled,
the only risk in its 
operation is maintaining
the optical contacts. 
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in Fig. 5. The wavelength scale was
obtained by a least-squares fit to 17
known lines in the MnNe spectrum,
11 of which are labeled on the figure.
The derived resolution of the system 
is 0.0127 nm, which corresponds to a
resolving power of 24,500. The reduc-
tion in resolution of ~8 percent from
the design value shown in Table I is
consistent with cropping applied to the
fringe image. The heterodyne wave-
length determined by the least-squares
fit is 307.291 nm, which is within the
tolerance indicated in Table I.

Figure 6 shows the fringe pattern
(processed similarly to the fringe pat-
tern shown in Fig. 4) obtained using 
a virtually monochromatic Zn lamp
emission feature at 307.59 nm that was
isolated with an interference filter. The
straight fringes indicate the flatness of
the optical surfaces and the homogene-
ity of the fused silica, while the near
uniform modulation across the image
indicates that the Zn line is unresolved
and that the fringe amplitude is not
degraded significantly by the large
angular acceptance (10 degree full
angle) of the instrument. The visibility
[(I max – I min)/(I max + I min)] of the
fringe pattern at the center of the image
(near zero path difference) is in excess
of 0.85.

Mechanical tests
Once the monolithic interferometer has
been successfully assembled, the only
risk in its operation is maintaining the
optical contacts. To empirically test the
strength of the optical contacts, we
performed a successful qualification-
level vibration test (12.3 g rms, three
axis) on the interferometer integrated in
its STPSat-1 flight fixture. We also per-
formed successful thermal tests over the
expected temperature range of STPSat-1
on an optically contacted part with size,
mass and contact area similar to those of
the actual interferometer.

The future
The first orbital flight of an SHS instru-
ment to study OH solar resonance fluo-
rescence occurred with the launch of
SHIMMER-Middeck aboard STS-112 in
October 2002. Although the instrument

did not include a monolithic interfer-
ometer, it provided valuable data to
help guide the development of SHS
instruments and analysis routines for
future missions, in addition to provid-
ing a limited atmospheric OH data 
set. The monolithic interferometer
described in this article is scheduled for
launch on STPSat-1 in 2006. SHIM-
MER-STPSat-1 will view Earth's limb
from the tropics to mid-latitudes for at
least a year and is expected to provide
valuable data to address outstanding
questions pertaining to OH in the
chemistry and physics of Earth’s upper
stratosphere and mesosphere.3-5
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Figure 5. MnNe spectrum. Although
all the line positions were used to
determine the heterodyne wavelength
and resolution, only the 11 brightest
lines are labeled.

Figure 6. Zn interferogram
(�=307.59 nm).
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