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Abstract
Spatial heterodyne interferometers are an enabling technology to build highly miniaturized optical instruments for the 
observation of faint emissions in the atmosphere. They are particularly suited for the deployment on nano- or micro-satellite 
constellations. One application of the SHI technology is a middle atmosphere temperature sounder based on the measure-
ment of relative intensities emitted by the  O2 atmospheric band system. Beside basic design considerations, aspects of the 
opto-mechanical design and assembly of a monolithic SHI for a space application are addressed. For the characterization of 
such an instrument, a light stimulus based on a Köhler illuminator is presented.
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1 Introduction

For the study of faint signals, Fourier Transform Spectrom-
eters (FTS) have significant advantages over conventional 
grating spectrometers. Their throughput is typically more 
than two orders of magnitude larger than grating spectrom-
eters of the same size can deliver. A Spatial Heterodyne 
Interferometer (SHI) is a special type of an FTS. It has no 
moving parts and can be built monolithic. Combined with 
two-dimensional imaging detectors, it can record the inter-
ferogram of the scene in one dimension and spatial informa-
tion in the second dimension.

An SHI can be designed to deliver vertical profiles of 
temperature in the middle atmosphere without the need of 

a radiometric calibration. This is possible by observing the 
relative intensity distribution of emission lines within the  O2 
(0,0) atmospheric A-band at 762 nm [22, 25]. The emitting 
states have a lifetime of 12 s, which is sufficiently long-lived 
to assure that the rotational distribution is fully thermalized 
and can be described by the kinetic temperature. Therefore, 
by measuring the relative distribution of those lines, atmos-
pheric temperature can be obtained. Figure 1 illustrates the 
broadening of the A-band emission with increasing tem-
perature. As a broad guide, a 1 K temperature change affects 
spectral intensity ratios by 1% [17]. Typical integration times 
to obtain an entire altitude profile of temperature are in the 
order of 1 s for daytime and 20 s for nighttime conditions 
for an instrument of a volume of 3 l. A concept for such an 
instrument compatible with a 6-unit CubeSat was recently 
presented by Kaufmann et al. [17], Olschewski et al. [21] 
and references cited therein.

With a constellation of those instruments, it is possible 
to sense atmospheric waves and their interaction with the 
global circulation (e.g., polar vortices) with unprecedented 
spatial and temporal resolution. This will allow to quantify 
waves coupling different layers of the atmosphere. These 
waves have a wide range of horizontal scales extending from 
mesoscale (gravity waves) to global scale (tides, planetary 
waves). Understanding how energy and momentum are 
transferred through the generation, propagation, and dissi-
pation of atmospheric waves over a wide range of spatial 
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and temporal scales is one of key factors to understand the 
variability of the T/I system [20]. Connecting the dynamics 
of the neutral atmosphere and the ionosphere improves the 
modelling and forecasting capabilities (see, e.g., [13, 19, 
20, 24]. Observing gravity waves in the middle atmosphere 
at high spatial resolution will also contribute to improving 
global and regional climate projections and sub-seasonal 
weather forecasts (10–30 days) due to the downward cou-
pling of these waves.

The enabling technical innovation to measure these 
waves at the required resolution is highly miniaturized SHI 
instruments, which are small and powerful enough to be 
accommodated by nano- or micro-satellites forming a sat-
ellite constellation. The second technical innovation is the 
development of three-dimensional tomographic reconstruc-
tion techniques for limb sounding of the atmosphere [16, 
27, 29], which are nowadays sufficiently efficient to process 
three-dimensional satellite observations in real time.

2  Basic theory of spatial heterodyne 
interferometers

In principle, an SHI is an FTS, where the mirrors in each 
arm are replaced by diffraction gratings (Fig. 2). The 
incoming wave front is separated at the beamsplitter and 
diffracted at the gratings, with a wavelength-dependent 
angle. The superposition of the two wave fronts then 
produces straight, parallel, and equidistant fringes with 
a spatial frequency depending on the wavelength of the 
light. The zero frequency of the fringe pattern is at the 
Littrow wavelength and small wavenumber changes result 
in fringes with discernable, low spatial frequency, which 
can be observed with available imaging detectors. The 
concept was originally proposed by Pierre Connes [2] in a 
configuration called “Spectromètre interférential à selec-
tion par l’amplitude de modulation (SISAM)”. With the 

Fig. 1  Simulated  O2 A-band spectra at 100  K, 200  K, and 300  K, 
respectively

Fig. 2  Principle design of the 
SHI with front and detector 
optics
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advent of imaging detectors, this idea was taken up by, 
e.g., Harlander and Roesler [8]; Douglas [4]; Smith and 
Harlander [26]; Harlander 9]; Watchorn et al. [31]; Har-
ris et al. [12]; Roesler [23]; Englert et al. [7]; Watchorn 
et al. [32]; Bourassa et al. [1], and Lenzner and Diels 
[18]. The design of an SHI for a particular wavelength 
range and desired spectral resolution follows a few simple 
relations, which are shortly summarized to illustrate the 
main characteristics of this device. For a derivation of the 
mathematical expressions, see, e.g., Harlander et al. [10]; 
Cooke et al. [3]; Smith and Harlander [26], and references 
cited therein.

The tilt angle of the gratings with respect to the optical 
axis is called Littrow angle ϴL. Light at the Littrow wave-
number σL is returned in the same direction as the incoming 
path, as described by the grating equation (for diffraction 
order one and grating groove density 1/d):

Combining the intensity equation of a conventional FTS 
and the grating equation for small incident angles at the grat-
ing gives the SHI equation for ideal conditions, relating the 
incoming radiation at wavenumber σ to the spectral density 
at position x parallel to the dispersion plane. The hetero-
dyned fringe frequency κ is

The maximum resolving power of an SHI without con-
sidering apodization effects is proportional to the number 
of grating grooves illuminated by the incoming beam. For 
narrow bandwidth SHI systems, the detectable wavelength 
range is primarily limited by the number of detector pixel 
due to the Nyquist theorem.

As for conventional FTS or Fabry–Perot instruments, the 
acceptance angle of light for a conventional SHI is inversely 
proportional to its resolving power [10]. The solid angle 
can be increased significantly if prisms are inserted into 
the two interferometer arms. The prisms rotate the image 
of the gratings, so that they appear to be located in a com-
mon virtual plane which is oriented perpendicular to the 
optical axis for a wide range of incident angles. At the end, 
the acceptance angle of the SHI including field-widening 
prisms is only limited by spherical aberration for systems 
with small Littrow angles and astigmatism for large Littrow 
angles [10]. Depending on the actual design, the prisms 
increase the etendue or throughput of an SHI by 1–2 orders 
of magnitude [10].

A general advantage of SHI is moderate alignment tol-
erances, because in most optical setups, the gratings are 
imaged onto a focal plane array. As a result, each detector 
pixel sees only a small area of the optical elements, so that 
misalignments or inaccuracies in the surface quality affect 

�L =
1

2d sin�L

.

� = 4 tan�L(� − �L).

limited spatial regions on the detector, only [5, 11]. This 
means that the interferogram is distorted locally rather than 
reduced in contrast. SHI can be realized using transmitting 
or all-reflecting elements. SHI using dispersive elements can 
be built monolithically, making them very robust for harsh 
environments, e.g., during rocket launches.

An integral part of an SHS design is the optical filter 
located between the interferometer and the scene to be 
observed. For this instrument, a six cavity design bandpass 
filter with a center wavelength of 763.6 nm and a bandwidth 
of 3.4 nm was chosen. The front optics of a limb sounding 
SHI instrument adapts the angular extend of the atmospheric 
scene (1–2°) and the acceptance angle of the field-widened 
SHI (5–10°). It also images the atmosphere onto the grat-
ings. The detector optics images the gratings onto the focal 
plane array. The utilization of a front optics, which has the 
foci on the SHI gratings, makes the system more sensitive 
to misalignments of the SHI than a collimated illumina-
tion, because any misalignment (such as an arm imbalance) 
results in shifts of foci, thus reducing the contrast of the 
interferogram. In addition, curved wave fronts introduce 
more aberrations than plane waves.

Since the performance of front- and detector optics are 
interdependent, they will be designed and optimized together 
taking the SHI performance into account. It is essential to 
minimize aberrations on a system level and to assure that the 
spatial frequencies generated by the interferometer are com-
patible with the modulation transfer function of the system 
and match pixel size and number of the focal plane array.

3  Opto‑mechanical design and assembly 
of an SHI

To maintain the distances and angles between the main com-
ponents of an SHI, spacers are included between the optical 
components. To interconnect the optical components of an 
SHI and to retain the distances and angles between them, 
spacers are included. These spacers are small glass prisms, 
which are located outside the optical path. A key challenge 
is to avoid any unwanted tilt or shift of the components with 
respect to each other and to maintain a well-defined bonding 
layer between individual components. In the initial design 
of an SHI as, e.g., described by Kaufmann et al. [16], a total 
of 18 bonds (beside the beam splitter) and the position of 15 
individual components had to be controlled.

The small size of some components and their limited 
accessibility during the assembly procedure hampers the 
compliance with required tolerances. A critical step is the 
alignment of the gratings. The gratings and prisms are 
separate components to allow the use of low-cost replica 
gratings. Another option are GRISMs, where the grating 
surface is bonded directly to the side of a prism. GRISMs 
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are ‘high end’ components and their production costs are 
significantly higher than all other components of the SHI. 
Beside opto-mechanical manufacturability, tolerancing all 
dimensions, distances, and angles of the components is key 
to obtain a system that is as tolerant as possible to misalign-
ments and temperature variations. Bonding technologies, 
which are suited to assemble SHIs at room temperature, are 
the following:

3.1  Adhesives

The use of UV-cured acrylics to bond glass components is 
well established at low costs. The bonding layer is relatively 
thin, but it is not easy to assure a uniform and well-defined 
layer thickness. The use of several bonding layers in a stack 
will add up alignment tolerances. If the last bond is per-
formed under optical/interferometric control, the misalign-
ment can be compensated. In this case, the variable glue 
thickness is an advantage. Acrylic glue shrinks during cur-
ing, which affects the bonding thickness.

3.2  Optical contacting

This is a non-adhesive room temperature-bonding process. 
The surfaces are bound together by weak van der Waals 
molecular- or other inter-atomic forces. It is sensitive to 
surface particulate, chemical contamination, humidity, or 
mechanical and thermal stress. The surface must have a flat-
ness in the order of 50 nm and must be polished. Optical 
contacting is a common bonding technique in the manufac-
turing process of optical components devices. De-bonding 
usually degrades surface quality. Beside a clean environment 
and good surface figure match, optical contacting does not 
require additional devices. Depending on cleanliness and 
surface quality, optically contacted surfaces can withstand 
the mechanical and thermal loads of a space instrument 
[7]. Otherwise, they should be complemented by additional 
mechanical support to fortify the bonds.

3.3  Hydroxide catalysis

This technique is also called silicate bonding. The chemis-
try involved can be considered to take place in three steps: 
hydration and etching, polymerization, and dehydration [14]. 
The  OH− ions in the bonding solution etch the silica surface 
and liberate silicate ions, which are released into the bond-
ing solution. The removal of  OH− decreases the pH of the 
solution to a value below 11 and Si(OH)4 is formed, which 
polymerizes to form siloxane chains and water. These chains 
bond the two surfaces rigidly, as the water evaporates or is 
absorbed by the bulk material. The initial pH value affects 
the speed of the bonding process (higher pH gives longer 
setting time). Dehydration or curing takes several weeks at 

room temperature and can be reduced by increasing tem-
perature. Besides etching, the silicate surfaces can also be 
activated by a plasma. Surface flatness has to be in the order 
of 50–100 μm and can be relaxed further if silicate is added 
to the surface activator. Surfaces have to be free of particu-
late and chemical contamination, as for optical contacting. 
A moderate surface roughness avoids unwanted contacting 
of the surfaces before final adjustment and allows for a short 
alignment period until dehydration commences. Silicate 
bonds are very strong and stable over a large temperature 
range if the coefficients of thermal expansion between the 
two surfaces match. Hydroxide catalysis is a ‘high end’ 
bonding process for optical instruments with tight toler-
ances, exposed to a wide temperature range, demanding out-
gassing requirements and/or long duration space missions.

Beside accuracy and strength of the bonds, outgassing 
and lifetime are important factors to be considered in the 
selection process of the bonding technology. For a low Earth 
orbit and mission lifetimes of a few years, all of these bond-
ing technologies are suitable. A crucial point is, whether tol-
erances in the assembly procedure are tight enough to omit 
the interferometric control of the final assembly step. Other-
wise, the last bond has to be performed under interferometric 
control to adjust tilt and rotation of the gratings, to balance 
interferometer arm lengths, or to adjust the Littrow wave-
length. Whereas a rotation along grating grooves changes 
the Littrow wavelength, a rotation around the axis which 
is perpendicular to grating grooves but within the grating 
surface tilts the two-dimensional interferogram. A rotation 
of the gratings perpendicular to the grating surface affects 
the visibility of the interferogram.

4  Light stimulus and calibration source 
for an SHI instrument

A key component in the assembly and test procedure of an 
SHI instrument is the illumination stimulus.

In this manuscript, we describe a light source that can 
be used for the bonding and assembly of an SHI and for the 
final calibration of the entire optical system. This includes 
the characterization of the visibility of the interferograms at 
different wavelengths, the flat field of the instrument, and the 
instrumental line shape. It can be used to verify the Littrow 
wavelength and the absolute radiometric responsivity as well 
if suitable detectors to quantify the radiant flux are available.

A key requirement to perform these calibrations using 
the entire instrument is to generate a light stimulus which 
is as similar as possible to the final observing geometry. In 
space, the SHI instrument is illuminated by plane waves, 
which are focused by the front optics onto the gratings. This 
means that the SHI is illuminated by waves with strongly 
curved wave fronts. The optical system is designed in such 
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a way that optical aberrations are minimized in this specific 
configuration. If the incident radiation at the front optics is 
not properly collimated, the waves will experience differ-
ent aberrations, which will lead to a different visibility of 
the interferograms and to a potential miscalibration of the 
system.

To characterize the visibility of the system, a tunable 
(laser) light source is most suitable to cover all spatial fre-
quencies recorded by the instrument. The ratio of the modu-
lated and the total signal defines the visibility of the system, 
which typically decreases towards high spatial frequencies 
due to optical aberrations. The instrument line shape can 
be obtained from the same measurements. Nonuniformities 
of the system caused by different sensitivities of detector 
elements, inhomogeneities within optical components, or 
any kind of misalignment of the optical components includ-
ing the SHI can be determined using this light stimulus as 
well. The methodology used is the “balanced arm flat-field-
ing approach” Englert and Harlander [6], where the SHI 

arms are blocked one by one to measure non-modulated 
intensities.

Thus, two major requirements have to be fulfilled by the 
illumination stimulus. At first, a homogeneous scene has to 
be virtually placed to infinity, and second, the wave fronts 
exiting the light stimulus have to be as plane as possible 
over the full field-of-view of the instrument. To generate a 
homogeneous top hat profile, a plane diffuser in front of an 
Ulbricht sphere or a setup of one or more micro lens arrays 
(MLAs) forming a Köhler integrator [15] can be used. After-
wards, the infinite conjugate of this scene can be achieved 
by a suitable telescope. For the space application described 
here, the Köhler illumination concept was chosen, because 
the overall size of the setup is small and fits well into a ther-
mal vacuum chamber to test the SHI instrument at various 
temperatures and under vacuum conditions (Fig. 3).

The principal setup can be divided into the laser light 
source, a de-speckle device, a homogeneous scene generator 
(HSG), and an imaging optics (Fig. 4).

To break the spatial coherence of the laser light, a rotat-
ing diffuser [28] is used. To illuminate the diffuser, a fore 
optics (finite–finite conjugate configuration) images the laser 
light emitted from a fiber coupler onto a well-defined spot. 
To obtain a homogenous flat-top profile, a configuration of 
two lenses, two identical MLAs, and a second rotating dif-
fuser is used.

The front focal plane of the lens just before the first MLA 
coincides with the back side of the first rotating diffuser. In 
this configuration, the first MLA is illuminated with col-
limated light so that each sub-aperture of the MLA forms a 
small image at the focal point. The divergence of the beam 
is given by the spot size on the second diffuser. To avoid 
overfilling, the distance between the two MLAs is adjusted 
in such a way that individual beamlets are smaller than 
the lenslet size of the second MLA. Typically, the second 
MLA is placed close to the focal plane of the first one. The 

Fig. 3  Top view of SHI [17]. The blue-shaded components are spac-
ers, which are not in the light path. α, β, and η are prism apex angle 
and spacer angles, respectively

Fig. 4  Light stimulus and calibration setup for an SHI instrument
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selection of suitable MLAs (pitch, focal length, etc.) and 
adjacent lenses is described, e.g., in Voelkel and Weible 
[30]. Dependent on the pitch p, the focal length  fLA of the 
MLAs, and the focal length  fFL of the following condenser 
lens, the size A of the illuminated flat-top profile in the 
object plane at the second diffuser follows [30]:

In the third section of the optical setup, the flat-top profile 
at the diffuser is virtually placed at the infinite conjugate 
which mimics the instruments viewing geometry of the 
atmosphere.

As an example, two MLAs with a pitch of 300 µm and 
a focal length of 8.7 mm were simulated using the opti-
cal ray-tracing software (Fig. 5). The condenser lens’ focal 
length is 150 mm. The simulation shows a well-defined top 
hat profile, whose actual area is with 1–2 mm smaller than 
calculated using the formula given above.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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