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Abstract. The atmospheric chemistry suite (ACS) package is a part of the Russian contribution
to the ExoMars ESA-Roscosmos mission. ACS consists of three separate infrared spectrometers,
sharing common mechanical, electrical, and thermal interfaces. The near-infrared (NIR) channel
is a versatile spectrometer for the spectral range of 0.7–1.6 μm with a resolving power of
∼20;000. The instrument employs the principle of an echelle spectrometer with an acoustooptical tunable filter (AOTF) as a preselector. NIR will be operated in nadir, in solar occultations,
and possibly on the limb. Scientific targets of NIR are the measurements of water vapor, aerosols,
and dayside or nightside airglows. The mid-infrared (MIR) channel is a cross-dispersion echelle
instrument dedicated to solar occultation measurements in the range of 2.2–4.4 μm targeting the
resolving power of 50,000. MIR is dedicated to sensitive measurements of trace gases. The thermal infrared channel (TIRVIM) is a 2-inch double pendulum Fourier-transform spectrometer for
the spectral range of 1.7–17 μm with apodized resolution varying from 0.2 to 1.6 cm−1 . TIRVIM
is primarily dedicated to the monitoring of atmospheric temperatures and aerosol states in nadir.
The present paper describes the concept of the instrument, and in more detail, the optical design
and the expected parameters of its three parts channel by channel. © 2014 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.8.084983]
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1 Introduction
The studies of the Martian atmosphere and climate have been identified as the primary scientific
goal of the ExoMars trace gas orbiter (TGO),1 which follows up on the Mars science orbiter
concept.2 The core element of the ESA-NASA ExoMars cooperation, TGO was conceived
to carry a powerful set of atmospheric instruments: solar occultation Fourier-spectrometer
Mars atmospheric trace molecule occultation spectrometer (MATMOS),3,4 dedicated to sensitive
measurements of trace gases in the range of 850 − 4300 cm−1 at a spectral resolution of
0.02 cm−1 ; nadir and occultation for Mars discovery (NOMAD),5 supporting the MATMOS
measurements of methane in solar occultation (2.2–4 μm, resolution 0.15 − 0.2 cm−1 ), and
is intended to search for the sources of methane in nadir; EMCS (ExoMars Climate
Sounder),6 a limb radiometer for monitoring the atmospheric state in the thermal infrared
*Address all correspondence to: Oleg Korablev, E-mail: korab@iki.rssi.ru
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Journal of Applied Remote Sensing

084983-1

Downloaded From: http://remotesensing.spiedigitallibrary.org/ on 01/16/2015 Terms of Use: http://spiedl.org/terms

Vol. 8, 2014

Korablev et al.: Three infrared spectrometers, an atmospheric chemistry suite for the ExoMars. . .

(IR) range bands characteristic for CO2, H2 O, dust, and clouds; and a wide-angle UV-visible
camera Malin Space Science Systems (MSSS, San Diego, California)7 to monitor dust and
clouds in nadir. In 2011, NASA withdrew from the project, and European NOMAD remained
the only instrument onboard to characterize the Martian atmosphere. The function of continuous
monitoring of the thermal state and aerosol loading of the atmosphere, the sensitivity of
MATMOS, and the redundancy to detect the trace gases were lost. For the new configuration
of the project based on ESA-Roscosmos cooperation, we have proposed a suite of spectroscopic
instruments for the studies of the Mars atmosphere in the IR spectral range, the atmospheric
chemistry suite (ACS). Selected by the solar system panel of the Space Council of Russian
Academy of Science, this instrument was introduced by Roscosmos as one of two Russian contributions to TGO, the second being a collimated neutron detector FREND (fine resolution epithermal neutron detector).8 The new set of TGO instruments was discussed and approved by the
European Space Agency and Russian Federal Space Agency, Roscosmos, during 2012; the final
ExoMars cooperation agreement was signed in March 2013. The new TGO payload includes
four payloads: NOMAD, ACS, FREND, and CaSSIS (high-resolution color stereo camera).
ACS is the set of three spectrometers being built in Space research Institute (IKI) in
Moscow, Russia. Its design capitalizes on the previous developments of high-technology readiness: two instruments built for the unsuccessful Phobos-Grunt project9–11 and one instrument
flown at the International Space Station (ISS) in 2009–2012.12 Some components/subsystems
were contributed by the German Institut für Planetenforschung (DLR) and LATMOS (CNRS)
in France. The present paper briefly describes the concept of the instrument and the planned
observations, and in more detail, the optical design and the expected parameters of its three
parts, channel by channel. A detailed analysis of the ACS’s science objectives will be presented elsewhere.

2 Atmospheric Chemistry Suite Architecture
ACS includes three separate spectrometers, sharing common mechanical, thermal, and electrical
interfaces. On the TGO spacecraft, the instrument occupies the slot at the upper deck, previously
devoted to MATMOS. The ACS architecture and its concept design are shown in Fig. 1.
ACS has several optical openings allowing observations in nadir (−Y in the spacecraft coordinate system), and in solar occultation, at 67 deg from −Y to −X in the XY plane, and possibly
on the limb (using nadir apertures). The accuracy of spacecraft attitude control is 1 mrad. The
main opening of NIR is pointed to the nadir direction (−Y). The auxiliary solar port of NIR and
the only opening of mid-infrared (MIR) are pointed to the sun. The thermal infrared channel
(TIRVIM) is equipped with a one-dimensional (1-D) scanner/positioner rotating its field of view
(FOV) in the XY plane from þX to almost −X. It allows us to observe nadir, internal

Fig. 1 The concept design of ACS. Suite consists of four blocks: the NIR channel, the MIR channel, the TIRVIM channel, and the electronic block. The yellow blocks designate the instrument’s
radiators. The pointing directions of the ACS channels are shown.
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Fig. 2 The ACS block diagram. The common electronic block (BE) serves as a single electrical
interface of the ACS to the spacecraft in terms of power, commands, and data.

Table 1 Measurement and interface parameters of the three scientific channels of atmospheric
chemistry suite (ACS) and the overall values for the whole instrument. Mass and power allocations
are preliminary and in the last column they include maturity margins.
Parameter

NIR

MIR

TIRVIM

ACS

Operation modes

Nadir (dayside
and nightside), SO

Solar occultation
(SO)

Nadir (dayside and
nightside), SO

Field of view (FOV)

2 × 0.02 deg

10 × 0.5 arc min

3 deg full solar disk
in SO

Spectral range

0.73–1.6 μm

2.3–4.3 μm 7
photometers
(TBC) 0.2–0.9 μm

2–17 μm 1.7–4 μm
Nadir “CH4 ”

Instantaneous spectral
range

50 × 100 cm−1 ;
16 nm at 1.37 μm

7 × ð0.28 −
0.32 μmÞ ex.
3.13–3.46 μm

Full range

Time to measure one
spectrum

1 s Nadir 50 ms
SO

0.5–1 s

4 s Nadir 10 s Nadir
“CH4 ” 2 s SO

Number of spectra per
measurement

≤10

1 or 2

1 or 2

Spectral resolution/
resolving power

λ∕Δλ ≥ 20;000

λ∕Δλ ≥ 50;000

1.6 cm−1 Nadir
0.2 cm−1 Nadir
“CH4 ” 0.2 cm−1
SO (λ∕Δλ ≈ 15;000
at 3.3 μm)

Mass

3.3 kg

12.2 kg

11.6 kg

33.5 kg

Power

15 W

30 W

28 W

39–85 W survival
22 W

Volume

12 × 35 × 25 cm3

20 × 50 × 60 cm3

20 × 44 × 30 cm3

52 × 60 × 47 cm3

Data rate (preliminary
allocation)

0.1 Gb∕day

0.7 Gb∕day

0.7 Gb∕day

1.5 Gb∕day
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blackbodies, and the open space, which are necessary for absolute calibration of TIRVIM in the
IR. TIRVIM has also a separate solar occultation port.
The ACS block diagram is shown in Fig. 2. The common electronic block (BE) serves as a
single electrical interface of the ACS to the spacecraft in terms of power, commands, and data.
The power interface includes the main power switch, power conditioning, and the specific
switches for each scientific channel. The final power distribution is done in the channels
using regulated voltage lines from the BE. The command and data interfaces to TGO are
MIL1553 and SpaceWire, respectively. Fully redundant BE electronics are field-programmable
gate array based and includes 32 GB of flash memory. Control electronics units of each channel
are redundant as well. The data and command interfaces between the BE and the scientific channels are low-voltage differential signaling.
General measurement and interface parameters of ACS are summarized in Table 1. ACS
consists of four blocks bolted together and sharing a single mechanical interface to the spacecraft. Roughly two-thirds of its mass allocation of 33.5 kg is dedicated to larger channels, MIR
and TIRVIM. The remaining mass is shared between the smaller NIR channel, the BE, the
mechanical structure, and the thermal regulation system.
Following the spacecraft requirements, the ACS suite regulates its thermal characteristics,
minimizing thermal flux to the spacecraft. The thermal control is provided by several radiators
placed at the upper plane of TIRVIM and MIR channels, and a radiator at the right surface of
MIR (as in the figure; þX and −Z axes of the spacecraft, respectively), as well as by independent
operational and survival thermal control systems. During the cruise/aerobraking phases of flight,
the BE is off and the regulation of survival heaters is provided by dedicated subsystems.

3 Near-Infrared Channel
The ACS NIR channel employs the scheme of solar occultation infrared (SOIR), a combination
of an echelle spectrometer and an acousto-optic tunable filter (AOTF) for the selection of diffraction orders. This scheme was originally proposed and prototyped for the measurements in the
terrestrial atmosphere,13 and first implemented in space for the case of Venus.14 NOMAD on
TGO5 employs the same principle and actually consists of two SOIR-type spectrometers,
one optimized for solar occultation, and another for nadir. The closest analog of NIR is the
RUSALKA instrument (Russian acronym for manual spectral analyzer of the atmosphere constituents), flown on the ISS in 2009–2012.12 RUSALKA covered the spectral range of 0.7–
1.65 μm with the resolving power of 20,000, and demonstrated measurements of terrestrial
CO2 and CH4 in nadir. However, cosmonauts operated RUSALKA in the habitable compartment
of the ISS, and the instrument was built according to these requirements, which are very different
from those on a deep space mission. ACS NIR is the adaptation of the RUSALKA design for
autonomous operation in open space with several amendments aimed to improve the sensitivity
and the optical quality of the instrument.
ACS NIR is able to perform nadir and occultation observations using two FOVs, which are
combined inside the instrument. A part of the nadir aperture of the instrument (Ø20 mm) is
covered by a periscope mirror, forming the sun FOV. A red filter at the entrance right after
the periscope mirror cancels out all wavelengths shorter than 0.7 μm.
The optical scheme of the instrument consists of two main parts (see Fig. 3). The entry part,
illuminating the slit of the echelle spectrometer, includes the foreoptics, the telescope, and the
AOTF with a number of its auxiliary elements, such as polarizers, diaphragms, and so on. The
entrance lens doublet has a focal length of 120 mm. The AOTF is an optical filter based on the
principle of acousto-optic diffraction in an anisotropic medium. The central wavelength of the
filter’s spectral response function (SRF) is determined by the frequency of the signal supplied to
the acoustic transducer. The acoustic wave modifies the refractive index of a birefringent crystal,
and diffraction at the resulting distributed structure separates the incident ray into two diffracted
beams and a zero-order beam. A noncollinear TeO2 AOTF is employed.15 In contrast to previously implemented design solutions, the acousto-optic filter is placed in a converging
beam. Diffracted and nondiffracted rays are polarized athwart, allowing us to use a polarizer
to suppress the unwanted zero order. Besides, the nondiffracted light is separated angularly.
Journal of Applied Remote Sensing
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Fig. 3 A simplified optical scheme of the NIR channel. (1) solar FOV periscope; (2) blocking filter;
(3) entry telescope; (4) AOTF in the converging beam, (5), (6) folding mirrors, (7) slit, (8) main
collimating mirror of the spectrometer, (9) diffraction grating, (10) detector array.

The acousto-optic interaction length is 27 mm. The radiation filtered by the AOTF is incident
through the slit into the echelle spectrometer. The slit has a size of 4 mm × 40 μm, forming the
FOV of ∼2 × 0.02 deg (33 × 0.3 mrad). The slit is inclined at 5 deg around the optical axis to
compensate for the tilt of the slit image on the detector.
The echelle spectrometer employs the Littrow autocollimation scheme, in which an off-axis
parabolic mirror plays the role of the collimating and the imaging elements. The separation of the
incident and the dispersed light is made in the plane perpendicular to the dispersion (along the
slit height). A custom-sized echelle grating is produced by Spectra Physics Corp., Richardson
Grating Laboratories, New York (blaze angle 70 deg, 24.35 grooves∕mm, and useful area of
46 × 102 mm2 ) on a Zerodur substrate. An aluminum alloy (diamond turning) off-axis
(10 deg) parabolic mirror (focal length F ¼ 200 mm, size 58 × 53 mm2 ) serves as the collimator. The surface of the mirror is additionally polished to avoid scattering on the groves from the
diamond tool in the near-IR range. We apply a copper coating technology that is very stable and
gives good reflection in the given wavelength range.
To enhance the sensitivity compared to the previous design (RUSALKA), we use a higher slit
in combination with a 2-D array detector allowing us to capture the flux of the dispersed light
along the full dimension of the slit. We adapt for the space implementation, a XSW-640 Xenics,
Leuven, Belgium IR camera module based on a TE-cooled InGaAs array of 640 × 512 pixels.
The detector features a pixel pitch of 20 × 20 μm2 , and an extended spectral range InGaAs sensitive between 0.4 and 1.7 μm. The slit is imaged onto the detector with the ratio of 1∶1, hence
only a part of the detector’s height (4 mm or ∼200 out of 512 pixel lines) is illuminated.
The AOTF SRF width is aligned with the free spectral range of the echelle spectrometer.
Expressed in wavenumbers, the free spectral range is independent of wavelength
Δν ¼

1
;
2a · sin θ

(1)

where 1∕a is the number of grooves per cm, and θ is the blaze angle (in autocollimation). In our
case, Δν ≈ 130 cm−1 . If one ignores the dispersion of the TeO2 , the width of the SRF is approximately constant in wavenumbers as well. We have chosen a design half-width of the AOTF’s
SRF of 70 cm−1 with apodization of the SRF to form a more rectangular bandpass curve, relative
to the conventional sin x∕x. These measures assure a good coverage of the echelle spectrometer’s free spectral range.
The spectral range of the instrument (0.73–1.6 μm) corresponds to the echelle diffraction
orders from 48 through 105. Following the Nyqvist sampling (2 pixels per resolution element),
the resolving power of an aberration-free spectrometer could reach R ≈ 27;500. The aberrations
of the off-axis parabolic collimator reduce the resolving power to ≥20;000.
The detector’s lines are averaged onboard into five bands of programmable position and
height, each 640 pixels long. The instrument can be programmed to register sequentially up
to 10 diffraction orders (10 different AOTF tunings, i.e., acoustic frequencies, and therefore
10 relatively small portions of the whole 0.73–1.6 μm range). The exposure time can be
tuned from 1 ms to 1 s depending on an observation regime. Furthermore, an onboard
image averaging up to 256 single frames can be programmed in flight.
Journal of Applied Remote Sensing
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4 Mid-Infrared Channel
The MIR channel is a cross dispersion spectrometer working in the 2.3–4.2 μm spectral range,
and simultaneously covering up to 300 nm per measurement. With a cross dispersion concept,
the echelle orders are dispersed along the x-axis and separated along the y-axis of the focal plane
by a secondary dispersion element, making full use of the two dimensions of the detector array.
Acquisition of the wide wavelength domain at once provides a strategic advantage for maximizing the number of gaseous species simultaneously mapped. The concept of the cross dispersion
echelle instrument, which is widely accepted in astronomy, has already been employed in planetary missions with visible and infraRed thermal imaging spectrometers, with high resolution
(VIRTIS-H) instruments presently in flight on Rosetta and Venus Express missions.16,17 The
concept of VIRTIS-H consists of acquiring a broad spectral range of 2–5 μm instantaneously
at the 2-D detector using the echelle grating and a prism. With number of diffraction orders of
∼10, the resolving power of VIRTIS-H is λ∕Δλ ≈ 2000.
Targeting much a higher resolving power than that of VIRTIS-H, and a broader instantaneous
spectral range than that of SOIR-type echelle-AOTF instruments, we conceived a new type of
optical scheme: a cross dispersion echelle spectrometer with a movable secondary dispersion
element. This concept allows us to achieve high spectral resolution instantaneously in a
large number of adjacent diffraction orders (from 10 to 30 in our case), covering only a fraction
of the full spectral range. A moving dispersion element allows the instrument to switch from one
group of diffraction orders to another prior to a series of measurements, or alternates between
two desired positions during one measurement sequence. Introducing the moving parts is the
main disadvantage of this method. It reduces reliability, and the mechanical switching is slow,
compared to the AOTF tuning. However, considering the advantage of broad instantaneous coverage against several very narrow spectral intervals is important and justifies spending some time
on the mechanism action. Also, the positioner of the secondary disperser could be as reliable as a
scanner device; OMEGA (French acronym for observatory for minerals, water, ices, and activity)
on Mars Express,18 which is celebrating 10 years in Mars orbit, is a good example.
Targeting very high spectral resolution, the MIR channel operates in solar occultation only.
The optical scheme of MIR can be separated into three main parts: the entry optics, the echelle
spectrometer, and the secondary disperser (see Fig. 4). All the refractive elements are designed
with ZnSe and CaF2 , transparent for visible light, and other elements are aluminum alloy mirrors
fabricated by diamond turning.
The entry optics consists of a periscope mirror imposed by mechanical constraints. A blocking filter (not shown in Fig. 3) is made of an AR-coated Si 5-mm slab. A telescope with a relative
aperture of 1∶4 forms the image of the solar disk on the slit. The FOV is determined by the slit
and it consists of 0.5 × 10 arc min (0.1 × 2.9 mrad).

Fig. 4 A simplified optical scheme of the MIR channel. (1), (3), folding mirrors; (2) entry telescope;
(4) slit; collimator of the main spectrometer: (5) primary mirror, (6) secondary mirror, (7) echelle
diffraction grating, (8) folding convex, (9) collimator of the secondary grating; (10) steerable secondary grating; (11)–(13) detector’s focusing lenses; (14) cold filter; (15) detector array.
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Like the NIR channel, the echelle spectrometer employs the autocollimation Littrow scheme.
Two conditions needed to achieve the high spectral resolution are a large enough echelle grating
and a high linear dispersion. The diffraction-limited resolving power is
RDL ¼

λ
2−D
≈
tan θ;
Δλ
λ

(2)

where D is the collimator diameter and θ is the blaze angle. For the worst case of 4.3 μm and
tan θ ¼ 2, the requirement of R ≥ 50;000 implies D ≥ 54 mm, which is easy to fulfill. The
linear dispersion determines a slit-limited resolving power
Rsl ¼ 2 tan θ

f col
;
δsl

(3)

where f col is the collimator focal length, and δsl is the slit width. IR arrays with a pitch of less
than 15 μm are not available, and for a Nyquist slit of 2 · 15 μm, the requirement of R ≥ 50;000
results in f col ≥ 750 mm. This value is the principal design driver, which determines the dimensions of the grating and the MIR channel in general.
The large focal length in a reasonable size and volume could be achieved using a twomirror collimator design. In the precursor compact echelle spectrometer10 for the same purpose,
we have used a segment of the Klevtsov–Cassegrain design, a fully spherical combination of a primary mirror and a subaperture corrector, a meniscus, and a Mangin mirror. In the MIR collimator,
both mirrors are aspherical. The aperture of the collimator is chosen as a compromise between the
desired etendue of the instrument and the suitable size of the grating given a f col of ∼750 mm.
We use a large custom-made echelle grating from AMOS (Liege, Belgium) with a ruled area
of 107 × 240 mm. The grating is blazed at 63.43 deg (R2), and has 3 grooves∕mm. The grating
is ruled on the aluminum substrate using diamond turning. Following Eq. (1), the free spectral
range for one diffraction order is FSR ≈ 16 cm−1 (or 17.7 nm at 3.3 μm). The full spectral range
is covered on 107 diffraction orders, from 142 to 248.
The linear dispersion for the short-wavelength side of the spectral range is 2.0 nm∕mm
(0.030 nm∕pix), and 3.1 nm∕mm (0.047 nm∕pix) for the long-wavelength edge. The quality
of the imaging system is close to the diffraction limit; the spot diagram gives a root mean square
of 6.5 μm in the center of the diffraction orders with some worsening to the edges. The spectral
resolution of the spectrometer is fully slit-limited, and with a 30-μm slit, the resolving power of
λ∕Δλ ≥ 50;000 at 3.3 μm is supported.
The secondary cross dispersion diffraction grating (plain, 200 grooves∕mm) is mounted on a
stepper motor to change the observed echelle orders. The design of the grating positioner capitalizes on mercury sodium atmosphere spectral imager (MSASI, Tokyo, Japan) scanner development for Bepi Colombo mission.19 Changing the position of the secondary grating in angular
steps of 1.8 deg from 10 to 30 echelle orders is available for simultaneous recording, depending
on the wavelength (see Table 2). The full spectral range is covered in seven positions of the
secondary grating with comfortable overlapping. As a result, the detector area is covered by
10 to 30 stripes, each corresponding to a single diffraction order. The height of the stripes ranges
from 150 to 200 μm depending on the wavelength. It is planned that there will be a possibility to
change the position of the stepper motor during the occultation measurements, and to register
two adjacent groups of diffraction orders.
The detector is a space-grade version of the standard Scorpio MW K508 Sofradir (ChatenayMalabry, France) product, with an optimized spectral range. Adaptations with respect to this
standard detector are: the replacement of the standard Scorpio cold filter (bandpass 3.7–
4.8 μm) by a custom filter; adaptation of the window AR coating; adaptation of the cryocooler
K508 RICOR (En Harod Ihud, Israel) for operation in space (same as for the Venus Express).
This detector includes a 640 × 512 MWIR retina made of a mercury cadmium telluride (MCT),
(HgCdTe) hybridized onto a silicon ROIC (read-out integrated circuit) by indium bumps. The
pixel pitch is 15 × 15 μm2 . Given the complexity of the diffraction orders’ pattern, full detector
frames will be transmitted to the ground with lossless compression. However, similarly to the
NIR, the onboard averaging will be possible. A single data frame will be accumulated for each
0.5 or 1 s by the stacking of a number of shorter exposures.
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Table 2 Estimated wavelength coverage and the resolving power of mid-infrared (MIR) in function
of angle of the secondary grating.
Secondary
grating
angle (deg)

Diffraction
orders

Number of
diffraction
orders

Wavelength
range (μm)

Optimized
(central)
order

Wavelength
range in central
order (nm)

Resolving
power in
central order

48.2

248–219

30

2.40–2.73

232

110

74,000

50

221–201

20

2.69–2.97

208

137

66,000

51.8

203–185

19

2.93–3.23

193

159

62,000

53.6

187–173

15

3.18–3.45

178

187

57,000

55.5

174–160

14

3.42–3.74

166

215

53,000

57.2

161–149

13

3.69–4.01

155

246

49,000

59

151–142

10

3.94–4.21

146

277

47,000

An optional addition to the MIR channel is being studied. An implementation of several
photometric channels sensitive in the ultraviolet (UV) and visible light spectra in solar occultation would support aerosols’ characterization, and allow the measurements of species absorbed
in the UV, like ozone. Seven photometers for the wavelengths of 200, 275, 310, 430, 580, 750,
and 900 nm are being considered. Each photometer will include a 10-nm bandpass filter, a focusing lens, a diaphragm, and a photodiode detector. The photometric channels are optically independent from the main telescope and the spectrometer. The decision on the photometers will be
made after the careful assessment of the final ACS flight model mass budget.

5 Thermal-Infrared Channel
In contrast to NIR and MIR abbreviations, which are self-explicit, TIRVIM stands for thermal
infrared V-shape interferometer mounting, but also commemorates the initials of Vassilii
Ivanovich Moroz, the IR astronomer and the leader of the planetary school in IKI during
1968–2004, who introduced the Fourier-transform spectrometers and pursued their development
in this institution.20
TIRVIM is a 2-inch double pendulum Fourier-transform spectrometer for the spectral range
of 1.7–17 μm. The primary scientific goal of TIRVIM is the monitoring of atmospheric temperatures and aerosol states in nadir. The instrument capitalizes on previous developments of IKI in
Fourier spectrometers.11,21,22 One may note its resemblance to PFS/Mars Express;22 however, the
mass allocation of TIRVIM is 12 kg against 31.4 kg for the PFS, and hence a two-channel PFSlike design was not possible. In TIRVIM, the whole spectral range is covered by one doublependulum interferometer with a KBr beamsplitter (KBr is transparent from 0.25 to 25 μm). The
principal improvements in comparison to PFS are the full (two-sided) maximal optical path difference (OPD) increased to as much as 12 cm, allowing it to reach an apodized spectral resolution of 0.2 cm−1 , and a bi-color MCT detector assembly cooled by a Stirling machine
(IKI, Moscow, Russia), thus increasing the sensitivity of the instrument by a factor of 50–
80. One detector (longwave, LW) is sensitive at 1.7–17 μm, another (shortwave, SW) at
2.2–3.5 μm. The LW detector is employed both in nadir and in solar occultation, allowing spectral resolution of 1.6 cm−1 and 0.2 cm−1 , respectively. The SW detector optimized for the 3-μm
range targets the mapping of minor gases in nadir with the best spectral resolution of 0.5 cm−1 .
An additional pyroelectric detector operates at ambient temperature in the 1.7–25 μm range. The
20–25-μm PFS range is dedicated to atmospheric water vapor in nadir. These are robust measurements,23 also proven as such by the TES/Mars global surveyor.24 However, with an uncooled
detector, the signal-to-noise ratio (SNR) in this range is low, requiring the averaging of many
spectra. There are several other strong H2 O bands falling in the range of TIRVIM and NIR, hence
the requirement to cover the range beyond 17 μm was waived. The pyroelectric detector is
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conserved for redundancy in solar occultation measurements, allowing it to record the full-range
solar spectrum at 0.2 cm−1 resolution with reduced SNR. Final characteristics, including the LW
cutoff of this redundant detector, shall be confirmed at the later development stage.
In conclusion, TIRVIM is based on a single 2-in. double-pendulum interferometer, and has
three detectors, allowing operation in four different operation modes. Main parameters of the
instrument in these modes are summarized in Table 3. The optical scheme of TIRVIM is presented in Fig. 5. It consists of the following main parts: a sun periscope, a scanner, a blackbody
simulator, the interferometer with a reference channel, and the three detectors with their associated proximity optics.
The scanning device of TIRVIM allows it to point its optical axis to nadir, to the limb, to the
internal blackbody, and to open space to obtain absolute radiometric calibration. This 1-D scanning positioner is much simpler than the previously developed and tested devices of PFS/Mars9621 and AOST/Phobos-Grunt.25 The scanning flat mirror (85 × 60 mm2 ) can be rotated within
270 deg. The separate solar entry is fixed and the solar periscope is pointed in the direction of
67 deg from the −Y spacecraft axis (see Fig. 1). The solar periscope includes a blocking filter and
two folding elements delivering the solar radiation to the interferometer.
The interferometer is the central unit of TIRVIM (see Fig. 6). All principal design solutions
are inherited from AOST/Phobos-Grunt, but the TIRVIM interferometer is larger (2 in. versus 1
in.). The length of the double-pendulum arm (from the rotation center to the center of the corner
cubes) is 130 mm. The corner cubes have a useful diameter of Ø50.8 mm. This full aperture is
used in the nadir mode of observation; in the solar occultation mode the useful aperture is limited
to Ø10 mm. The beam splitter and the compensator are made of KBr, Ø88 mm, and are 12-mm

Table 3 Main parameters of thermal infrared (TIRVIM) in different modes of observation.
Nadir dayside/
nightside
MCT-LW
detector

Mode of operation

Solar
occultation
MCT-LW
detector

SO:
redundant
pyroelectric
detector

2.9–17 μm

1.7–17 μm

3450 − 590 cm−1

5880 − 590 cm−1 5880 − 590 cm−1

4550 − 2860 cm−1

Spectral resolution,
nonapodized/
apodized, cm−1

0.9

0.12

0.12

0.3

1.5

0.2

0.2

0.5

FOV

3°

Sun disk
(0.35°)

Sun disk
(0.35°)

1.5°

Real aperture Ø, mm

38

10

50

44

NEP, W NEB,
W∕cm2 ∕sr∕cm−1

1.2 10−9 @
14 μm

1.2 10−11 @
3.3 μm

5.4 10−10 @
3.3 μm

7.9 10−10 @
3.3 μm

Detector

MCT at 65 K

MCT at 65 K

Pyroelectric;
ambient
temperature

MCT at 65 K

OPD

8 mm

60 mm

60 mm

24 mm

Time to measure
the interferogram, s

2s

2s

3s

10 s

Sampling, number
step, nm

21,053

1,57,895

1,57,895

63,158

760

760

760

760

0.6

0.08

0.08

0.2

4576

63,529

63,529

8104

Spectral range

Step in computed
spectrum, cm−1
Spectral points
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1.7–17 μm

Nadir dayside
MCT-SW
detector
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Fig. 5 The optical scheme of the TIRVIM channel. Foreoptics: (1) scanning flat mirror (rotates
around Z axis); (2) calibration blackbody; (3) fixed flat mirror; (4) inlet window. Solar entry: (5)
blocking filter and field stop; (6) folding prism; (7) flat mirror. Interferometer: (8) compensator
(KBr); (9) beam splitter (KBr); (10), (11) corner cube retro reflectors. Reference channel: (12) optical fiber from the laser; (13) collimating lens; (14)–(16) folding prisms; (17) detector lens; (18)
detector. Detectors assembly: (19) parabolic mirror, (20) pyrodetector, (21) three-position mirror;
(22) corrector (ZnSe); (23) aspheric planoconvex ZnSe lens, (24) MCT detectors inlet window
(Ge), (25) MCT detectors sensitive area; View B shows the implementation of the reference channel, O–O is the optical axis. Blue lines trace solar occultation rays. The axes X, Y, and Z coincide
with spacecraft axes. The elements 20, 19, 3, 2, and 1 are shown rotated for convenience of representation in 2-D.

thick. The prototype interferometer is shown in Fig. 5. The reference channel consists of a distributed feedback laser diode for the wavelength of 760 nm from Eagleyard Photonics, Berlin,
Germany, a Si photodiode detector, and a number of optical elements are necessary to introduce
the laser beam into the interferometer. The digitalization of the two-sided interferogram is performed at every other zero crossing of the reference signal in all the operation modes. Therefore,
the Nyquist sampling is satisfied for all wavelengths longer than 1.52 μm.
The radiation is directed to one of the three detectors by the three-position flat mirror. The
photovoltaic MCT detector unit is custom-built in Russia. The LW detector is sensitive in
the range of 1.7–17 μm; a germanium inlet window determines its short-wavelength cutoff.
The diameter of the sensitive element is 2 mm, and the specific detectivity D is
3.3 1010 cm Hz1∕2 W−1 at 14 μm. The nadir SW detector is sensitive in the range of 2–
3.5 μm with a peak at 3.3 μm. The diameter of the sensitive element is 1 mm, and its
D  ≈1011 cm Hz1∕2 W−1 at 3.3 μm. Both sensitive elements are adjacently mounted in a
common Dewar and are cooled down to 65 K with a single rotary Stirling cooler from
RICOR (En Harod Ihud, Israel), similar to that of MIR channel. The redundant pyroelectric
detector has a diameter of 2 mm, a flat spectral curve, and operates at the same temperature
as the interferometer.
The thermal regime of TIRVIM is maintained by two separate passive radiators, and by two
separate systems of temperature regulation. One radiator emits the heat produced by the electronics, the other drains the heat of the Stirling cooler. During the cruise phase, a dedicated
Journal of Applied Remote Sensing
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Fig. 6 Photograph of the prototype interferometer unit of TIRVIM.

temperature control system is powered directly from the TGO survival heater line. The Stirling
cooler will have a temperature of about −50°C, the optics one of about 0°C, and the electronics
one of about −20°C. The blackbody temperature will be maintained at þ55°C, heating the rear
side of the scanner mirror to avoid its contamination. During operations in the Martian orbit, the
temperature control is managed by the TIRVIM control electronics. The Stirling base will be at
þ85°C, the electronics at þ40°C, and the interferometer stabilized at þ25°C.

6 Atmospheric Chemistry Suite Operation Plan
The ExoMars TGO mission phases and their duration are listed in Table 4. The near Earth commissioning phase is dedicated mainly to activation and checkout of each of the ACS’s channels
and the BE. This involves, among other activities, the checkout of the interfaces with the spacecraft, and verification of how the overall system performance meets the requirements of critical
operations, e.g., power-up sequences will be at first performed only in ground coverage periods
when real-time control and monitoring of the S/C is possible. All the checkouts performed before
the EDM separation will not be fully representative, because the EDM is shading the ACS radiators, and the thermal regime of the instrument would not be nominal. On the top of the checkouts, the ACS will perform, depending on schedule, at least one of the following calibration
sessions: line of sight mismatch calibration, spectral calibration, stray light calibration, and
dark sky calibration.
During the cruise phase, ACS will be kept off, except for survival heaters powered directly by
TGO. Checkouts, including the sun pointing, are requested at least twice during the cruise. Upon
arrival to the Martian orbit and after the EDM release, ACS will be finally be ready for a checkout and calibration session. It will be important to perform this session after the cruise, so that
Table 4 ExoMars trace gas orbiter (TGO) mission phases and timing.
Launch window

January 7–27, 2016

Near-Earth commissioning

L + up to 1 month

Cruise phase

Approximately 250 days

EDM release and Mars orbit insertion

October 19, 2016

Aerobraking into 400-km circular orbit

Approximately 230 days

On-orbit commissioning

Approximately 2 weeks

Science operations

1 Martian year

Beginning of relay phase

January, 2019 (rover arrival)

End of mission

December 31, 2022
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any issues discovered could be analyzed during the following ∼230 days of the aerobraking
phase, in search of solutions, preparation of software patches, and so on.
The science operations phase starts after aerobraking is finished and TGO has reached the
nominal operation circular orbit. This orbit is the near-polar 400-km altitude circular orbit, with
an inclination of 74 deg, and an orbital period of ∼2 h. The orbit is optimized for atmospheric
observations allowing diurnal monitoring and to observe solar eclipses at each revolution. With
12 orbits per day, one observation every egress and ingress, up to 24 occultations per day can be
observed. The full surface of Mars will be scanned with the exception of polar areas. Science
operations will last at least one Martian year, before TGO passes into the relay mode upon the
arrival of the 2018 ExoMars landing mission.
The ACS will perform the occultation measurements in all the three channels, and nadir
measurements only by NIR and TIRVIM. MIR will operate exclusively in solar occultation.
In nadir, both dayside and nightside observations will be performed, with TIRVIM operating
evenly on both sides, and NIR preferentially on the dayside. The density of the nadir measurements and the exact number of observed occultations per orbit will be defined in long-term
planning and specified in middle-term planning according to spacecraft resources.
Each observation is initiated by a telecommand, which is transmitted by the BE to appropriate
ACS channels. For each channel, the operation starts with a detector precooling procedure, which
last at least 5 min. Additional time is necessary for internal checks and reserve, hence every session
starts in advance, 10 min prior to the occultation or to the desired nadir coordinates. Every
occultation lasts for 2 min and corresponds to an altitude range of the tangent point of 0–160 km.

7 Conclusions
The ACS suite to study the atmosphere of Mars in the spectral range from the near IR (0.73 μm)
to ∼17 μm in various modes of observation is being developed for the launch on the ExoMars
TGO spacecraft in 2016. The two main features of the instrument are (1) redundant solar occultation measurements in the full spectral range with resolving power from λ∕Δλ ∼ 20;000 in the
near IR, ∼50;000 in the 2–4 μm range and ∼3000 at the 17-μm edge and (2) the sensitive nadir
measurements, in the near IR, with ∼20;000 resolving power, and in the 4–17 μm range at a
resolution of 1.6 cm−1 . The preliminary design review was completed in 2013, and the critical
design review is planned in 2014. We present the optical design concepts, and design characteristics of the three channels of the instrument. The parameters reported are to be confirmed upon
testing of prototypes.
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