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ABSTRACT

Spatial heterodyne spectroscopy has become increasingly attractive for remote sensing of the at-
mosphere from microsatellites. Its outstanding light gathering power makes this technology partic-
ularly suitable for the detection of faint signals with minimal volume requirements. This paper is
about an instrument, which was designed to measure the spectral shape of an atmospheric oxygen
emission. The near infrared emission is observed in limb viewing geometry from space. The optical
setup and specific characteristics of the design are presented. A focus is on the straylight behaviour
of the system. In-field and out-of-field contributions are discussed. Straylight kernels are applied
to expected background radiation fields with regard to performance-limiting factors of the system.
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1. INTRODUCTION

Spatial heterodyne spectroscopy (SHS) is a relatively new method of Fourier transform spectroscopy
that offers advantages over conventional Fourier transform spectrometers in specific applications.' ¢

The spectrometers used in SHS are called Spatial Heterodyne Interferometers (SHI). Unlike con-
ventional Michelson interferometers, which use mirrors in their arms, SHIs use diffraction gratings.
These gratings are fixed in the Littrow configuration, while one or both mirrors in a conventional
Michelson interferometer are usually moving. This results in the mechanical simplicity of a static
grating spectrometer combined with the high light-gathering power of interference spectrometers.
In the SHS system, an additional light-gathering gain of about two orders of magnitude over con-
ventional FTS or Fabry-Perot interference spectrometers can be achieved by field-widening using
fixed prisms. These prisms are inserted between the beam splitter and the gratings. They are also
necessary for converged beam configurations to maintain the imaging capabilities of the system.

The instrument described in this article is an advancement of the one described previously.” 8
It uses an SHI to measure atmospheric Oz A-band emissions at 762 nm in limb viewing geometry
from a microsatellite. The rotational structure of that emission is used to obtain temperatures
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in the mesosphere and lower thermosphere. The relative intensities of the emission lines follow
a Boltzmann distribution and the ratio of the lines can be used to derive kinetic temperature.
This is made possible because the emitting molecular states are in rotational local-thermodynamic
equilibrium. Satellite-borne instruments that have utilized this method for temperature derivation
include, among others, OSIRIS,? SCIAMACHY,'® MIGHTL'' and MATS.!?

The modifications from the originally presented design include expanding the wavelength range,
which now spans from 760 nm to 767 nm, encompassing the entire O, A-band.'® The grating
constant has been quatered, and the Littrow angle was adjusted accordingly. The Littrow wave-
length is now 766.5 nm and the spatial frequency range of interferogram fringes ranges from 1 to
10 cycles/mm. The spectral resolving power (after apodization) is about 4000 using Norton-Beer
strong apodization.

The optical system of the instrument consists of a front optic with a straylight baffle and an
interference filter placed in front of it. Following that is a spatial heterodyne interferometer. The
objective lens focuses light from the Earth limb onto the gratings of the spectrometer. After
dispersion, the light is imaged onto a two-dimensional detector array by the detector optic. The
entire optical system has been completely redesigned and exhibits significantly better performance
than the old system.

The effective focal length of that system is 400 mm. The entrance aperture of the objective lens
is circular with a diameter of 75 mm and it has a field of view of 1.3 degrees (full cone). This field
of view is then imaged onto a 2-dimensional detector area of 1 cm?.

Figure 1. Light enters the instrument through the baffle and a band pass filter from the left. The front
optics focuses the atmospheric scene onto the gratings of the SHI. The light is dispersed at the gratings
and forms a fringe pattern. The detector optics image this fringe pattern onto a 2-dimensional detector.

2. STRAYLIGHT

In the context of employing this system for spatially-resolved measurement of spectral information,
from which temperature information is subsequently derived,'* the calibration process holds special
significance.'® This work aims to address the importance of stray light in this context, as it can
introduce disturbances affecting both the spatial information and the spectral sensitivity of the
measurements.

Straylight refers to any unwanted light that reaches the detector, but it is not part of the signal
of interest. This can occur due to reflections, scattering, or other optical imperfections within
the instrument. To address this issue, we conducted a stray light sensitivity assessment during
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the design phase to mitigate its effects, wherever possible. We utilized the Advanced Systems
Analysis Program Straylight (ASAP), a commercial ray tracing program that combines geometrical
optical simulation with physical optics calculations. ASAP allows to identify stray light paths and
characteristics effectively. To assess the current instrument, we employed forward and reverse ray
tracing methods. A particular focus was on critical objects that scatter light directly towards the
detector and on surfaces that receive light directly from the outside (termed ’illuminated objects’).
Some components in opto-mechanics can be both critical and illuminated objects at the same time,
making them potentially dangerous. In stray light analysis, it is important to identify these objects.
To quantitatively evaluate the contribution of different optical and mechanical surfaces to the
total straylight budget, we selectively traced only those rays that reach the detector (”importance
sampling”). This was achieved by forward ray tracing the image of the detector through the system,
which is called the ”important edge” in ASAP terminology.

Initially, the stray light analysis was utilized to optimize the optomechanics, ensuring that it no
longer exerts a significant influence on the straylight budget. The simulations indicate that, after
optimization and implementing some adaptations, the peak irradiance of scattered light from the
mechanics is significantly less than 1%, which is considered sufficiently low for this application.

Ghost images, resulting from internal reflections within the optical elements, superimpose on the
primary image and can adversely affect the imaging quality of the instrument. Additionally, they
can degrade the spatial interferogram patterns, potentially leading to inaccuracies in the spectral
response of the system. For this particular instrument the main ghost is caused by a reflection at
the detector surface. The light travels backward through the camera optics onto the beamsplitter
and the gratings, from which it then follows the nominal path again. The peak irradiance of the
main ghost is on the order of 7% of the nominal light assuming that the detector surface has 30%
reflectivity, which is considered as a worst case assumption. This ghost is focused on the detector
and follows the nominal light path. It can be considered as quasi-nominal light and its existence
is inherent in the specific design of the SHI instrument. Other ghosts can be created at inner
surfaces of the beam splitter, sharing the path of the nominal light as well. The only ghosts that
lead to spatially displaced patterns are generated on the reflections on lens surfaces. However,
the intenisties of these reflections are generally smaller than 0.2% of the nominal light. It can be
demonstrated that none of these ghosts are major contributors that negatively impact the overall
instrument performance.

The most significant source of stray light is particle contamination on the optical surfaces. At
first glance, this might appear surprising, given that the instrument is assembled within ISO-class
5 cleanroom conditions, which are designed to ensure low particle contamination on the surfaces.
However, when the protective cap of the optics is removed during the launch preparations, the
contamination increases significantly and becomes even more pronounced the longer the instrument
waits for launch. For the deployment of this instrument on a small satellite, a contamination
analysis was conducted, and the anticipated particle load on the front optics was estimated. A
particle contamination of 300 ppm, including contributions from the launch, is expected. This
value was used in the subsequent stray light analysis. The particle size distributions were chosen
according to Dittman (2002),'¢ assuming cleaned surfaces.

ASAP simulations reveal that under these conditions up to 0.7% of the nominal light may end
up as straylight due to scattering on particles, assuming that the light source is Lambertian and
has a 2-degree angular extent. This number initially conveys limited information, as stray light
sources, particularly outside the nominal field of view, are often orders of magnitude brighter than
the actual signal of interest. Therefore, for further assessment of the influence of stray light, it
is crucial to realistically simulate three aspects: the stray light kernels, the intensity of the signal
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Figure 2. Example of the ghost straylight kernel captured on the detector surface at an elevation of 0.6
degrees and an azimuth of 0.6 degrees.

of interest in the nominal field of view, and the typical brightness distribution of the stray light
sources in- and out of field.

For this purpose, we first calculated high-resolution stray light kernels using ASAP and then
interpolated them onto a continuous grid.!” Subsequently, we computed the expected stray light
scenes for a wide range of field angles using the radiative transfer model libradtran,'®'? which
is a software package used for radiative transfer calculations in the Earth’s atmospere. It allows
for the calculation of spectral irradiance and actinic fluxes in the atmosphere, including effects of
atmospheric constituents such as aerosols, clouds, and gases on the transmission and absorption of
solar radiation. The signal of interest was simulated with an in-house non-local thermodynamic
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Figure 3. Integrated radiance of the Oz A-band signal of interest along with the background radiance
associated with straylight.
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After convolving the straylight kernels and the stray light sources, we obtain the expected stray
light for each point within the field of view, which we add to the signal of interest. As demonstrated
in a more detailed analysis (Kaufmann et al., in preparation, 2023), the stray light is dominated
by particle contamination on the first optical surface of the front optics and thus, it fundamentally
affects both the spatial resolution capability of the instrument and the spectral modulation.

By observing the Oz A-band, which arises from a radiative transition to the electronic and
vibrational ground state of molecular oxygen, a peculiarity arises concerning the influence of stray
light. That is the partial absorption of the stray light by atmospheric oxygen, resulting in a spectral
signature imprinted on the straylight signal that is essentially in antiphase with the signal of interest
which is an emission spectrum. How this appears in the spectral distribution of the measurement
signal after Fourier transformation of the interferograms is exemplified in Figure 4.
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Figure 4. Signal of interest and expected straylight spectrum for a tangent altitude of 108 km

Despite this clearly visible contribution of stray light to the measurement signal, it could be
demonstrated that the stray light spectrum can be effectively separated from the signal of interest
over a wide range of altitudes, with minimal interference in the derivation of atmospheric temper-
atures. However, at both low and high altitudes, the impact of stray light surpasses that of the
signal of interest, thus constraining the altitude range for the temperature data.

3. CONCLUSION

An innovative limb sounder employing a spatial heterodyne interferometer was presented for mea-
suring spatially resolved atmospheric temperatures. Simulations were conducted to analyze the
impact of stray light on the spatial and spectral sensitivity of the measurements. It has been noted
that although the stray light can be efficiently mitigated from the signal at most altitudes, it does
impose restrictions on the measurable altitude range, especially at higher altitudes.

It is essential to emphasize that the findings presented here are solely derived from simulations.
Deviations between the actual components and the assumed conditions may result in significant
variations in stray light sensitivity. As a result, laboratory measurements are currently underway,
with a particular focus on studying the stray light behavior of the optomechanics and the ghosts.

To investigate the ultimate influence of particle contamination on stray light, comprehensive
assessments will be conducted during the orbit phase. This will involve illuminating the instrument
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from different angles using celestial objects such as the Moon. These in-orbit observations will
provide crucial insights into the impact of particle contamination on stray light and will serve to
validate and refine the simulation outcomes.
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