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The echelle-spectrometer TIMM-2 is the instrument developed for the unsuccessful Russian mission PhobosGrunt. It was dedicated to solar occultation studies of the Martian atmosphere by measuring the contents of
methane, sensitive measurements of other minor constituents, profiling of the D/H ratio and aerosol structure. The
spectral range of the instrument is 2300 - 4100 nm, spectral resolving power λ/∆λ exceeds 25 000, the field of view
is 1.5×21 arc min. The spectrum is measured in narrow spectral intervals, corresponding to discreet diffraction
orders. One measurement cycle includes several spectral intervals. To study the vertical profiles of aerosol the
instrument incorporates four photometers in the UV to near-IR spectral range. The mass of the instrument is
2800g and its power consumption is 12 W. One complete flight model remains available after the Phobos-Grunt
launch. We discuss the science objectives of the occultation experiment for the case of Mars, the implementation of
the instrument, and the results of ground calibrations. © 2012 Optical Society of America
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Express SPICAV-SOIR experiment9 is the derivative of
SPICAM/Mars-Express with an addition of high-resolution
echelle-spectrometer SOIR, dedicated specifically to solar
occultations. SPICAV-SOIR is in orbit since March 2006. Solar
observations of the atmosphere above clouds allowed to deduce
vertical profiles of D/H, SO2, and other minor constituents10-12, to
discover new isotopic bands of CO2, and to study the aerosol
structure13-15.
With the objective of sensitive measurements of minor species,
the solar occultation is the preferred technique in future Mars
missions. It is employed by instruments on Trace Gas Orbiter
(TGO), planned for launch in 201616-18.
TIMM-2 is the instrument built for Phobos-Grunt project19, 20.
It is a combination of the highly dispersive echelle-spectrometer
operating in the high diffraction orders, and the acousto-optic
tunable filter (AOTF) used for isolating one of these orders at a
time. During one exposure only a small portion of the spectrum is
measured, but the AOTF allows fast and random access to any
other diffraction order. First proposed for atmospheric studies in
200221, 22, this type of the spectrometer materialized as
SOIR/Venus Express23, 9 for space application. SOIR covers the
spectral range of 2300–4300 nm with resolving power of ~25000.
Dedicated to studies of greenhouse gases in the terrestrial
atmosphere, RUSALKA spectrometer operated by ISS
cosmonauts in 2009-201224. RUSALKA is a modification of SOIR

1.INTRODUCTION
Study of the planetary atmospheres by solar occultations is an
efficient mean to obtain information about their composition and
vertical structure. The advantages of the method are the high
source brightness, self-calibration, and robust retrieval of vertical
profiles. In turn, the measurements are tied to the occultation
occurrences, geographically, and in time, and always reflect
somewhat special sate of atmosphere at the terminator.
In the planetary research, the first solar occultation study of
the Martian atmosphere was done from the Phobos-2 Soviet
spacecraft1. Spectra in the range from the UV (250 nm) to IR
(3700 nm) have been collected during 1.5 months; resolving
power in two ranges of 1900 and 3700 nm was ~2000. The study
resulted in vertical distribution of aerosols2, water vapor 3, etc.
Enhanced experiment was prepared for Mars-96 project4 and
finally implemented in Mars Express mission5. Versatile
spectrometer SPICAM on Mars Express operates in the orbit
around Mars since January 2004. A UV spectrometer for the
range 118–320 nm with resolving power of ~300, and an acoustooptic near-IR spectrometer6 (1100–1650 nm) with resolving
power of 1500–2000 can be both operated in solar occultation,
using a lateral low aperture solar port. These studies allowed
systematic studies of water vapor profiles and aerosol7, and the
discovery of supersaturated water in the atmosphere8. On Venus
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for the spectral range of 700–1700 nm, and works primarily in
nadir. The principle of SOIR (Solar Occultation InfraRed) allows
to reduce significantly the mass and dimensions of a highresolution spectrometer, in particular when using the Sun as the
radiation source. Higher resolving power could be achieved with
only the Fourier-transform spectrometers (FTS) with large
optical path difference, like ACE-FTS25 or MATMOS17 planned
for Mars. The mass of such instruments exceeds 50 kg.
TIMM-2 was a late addition to Phobos-Grunt payload26, fully
dedicated to the studies of the Mars atmosphere. The main
science goals were formulated as methane detection with low
threshold, sensitive search for minor constituents, and D/H
profiling. A number of auxiliary photometric detectors tackle the
aerosol studies in the UV-near IR spectral range, which is beyond
the range of the main spectrometer. The name TIMM-2 is
arbitrary and inherited from previously planned thermal IR
mapping instrument. TIMM-2 was built in IKI with contribution
from LATMOS that supplied SORFADIR array detectors. The
testing of the instrument was conducted in France as well. Main
parameters of the TIMM-2 instrument are compiled in Table 1.

the Sun (+X axis in the case of Phobos-Grunt). If the S/C is
maintained in solar-optimized attitude, only a correction for a
small additional angle is required, so that the optical axis of the
instrument pointed to the center of the solar disc. Then the S/C
should remain in inertial attitude during 5 - 10 min of the
measurement sequence. To follow the angular position of the Sun
the instrument includes a four-quadrant solar sensor covering
the area of 1.3°×1.3°. It was foreseen to calibrate the exact
direction of the instrument’s FOV in the S/C coordinate system
before science operations during the cruise flight. The
measurements in the orbit around Mars start 10 - 15 min prior to
ingress or egress. Approximately 6 minutes are required to
prepare the instrument (detector cooing, checking). Then a
number of solar spectra (ingress), or dark spectra (egress) is
recorded. The line of sight traverses the atmosphere during ~100
s, and from 50 to 200 meaningful spectra can be recorded,
depending on the number of spectral intervals to scan. The
measurement is completed with the record of dark spectra
(ingress), or solar spectra (egress). Using the solar spectra,
recorded when the altitude of the tangential point exceeds 200
km, and there is no absorption due to the atmosphere, the
average reference spectrum IS is calculated. Similarly, dark
spectrum I0 is obtained from a number of spectra recorded in the
shadow of the planet. The spectrum of atmospheric transmission
T is then

Table 1. Main characteristics of TIMM-2 spectrometer
Parameter
Spectral range
Resolving power,
(/∆)
Wavelengths coverage

Field of view
Limb resolution
(Phobos orbit)
AOTF

Echelle grating

Detectors

Max power
consumption
Data rate
Mass
Dimensions

High-resolution
spectrometer
2400 – 4200 nm
better than 20000
14 ranges,
widths 14 – 23.5 nm
0.4 mrad spectral
6 mrad spatial
60×2 km

Photometric
channels
250 - 1500 nm
30 - 150

𝐼−𝐼0

𝑇=𝐼

250, 340, 990,
1550 nm
bandpass 10 nm
1 mrad circular

𝑆 −𝐼0

(1)

Therefore the instrument is self-calibrated at each occultation.
The experiment is dedicated to sensitive measurements of
minor atmospheric constituents. This is allowed by high signalto-noise ratio (S/N), and high resolving power. The estimated
ratio at 3 μm exceeds 500. The vertical resolution at the limb
could be better than 2 km provided the S/C can be rotated around
+X axis, so that the slit of the spectrometer is oriented parallel to
the limb. The most sensitive measurements occur in the altitude
range of 20–40 km: above there are fewer molecules on the line of
sight, and below the signal is frequently depleted by atmospheric
aerosol. The detection capabilities are significantly reduced
during the period of a global dust storm.
Comparing to SOIR23 or RUSLKA24 instruments, TIMM-2 is
characterized by increased linear dispersion, and it employs the
diffraction grating with relatively large number of grooves per
mm. As a result, the spectrometer covers only a limited number
of distant spectral intervals, corresponding to diffraction orders.
The wavenumbers 0 corresponding to the centers of these
intervals are summarized in Table. 2 together with approximate
widths of the intervals d, AOTF tuning frequencies (see §3.2),
and main gaseous atmospheric absorbers. The spectral coverage
of the instrument is also illustrated in Fig. 1.
During one measurement lasting from 0.5 to 2 s the
instrument can measure up to eight spectral intervals, allowing
simultaneous measurements of minor atmospheric targets,
reference СО2 lines, and a number of auxiliary gases of climate or
chemistry interest.
The main goals for the atmosphere of Mars are:
‒ Sensitive measurements of methane (CH4) with
detection threshold of 0.5 ppb;

10 km

TeO2, 20 - 40 MHz,
bandpass 20±0.5 cm-1,
40% eff. at 3390 nm
Newport/RGL
24.355 gr/mm,
blaze angle 70°,
ruled area 46×96 mm
SOFRADIR
Hamamatsu
320×256 pix, 30×30 μm
3 Si ph-diodes
Thales closed-cycle
2×2mm
Stierling cooler
1 InGaAs Ø1 mm
Stand-by 2 W.
operation 12 W.
Max 40 kb/s ; 22 Mb/occultation
2830 g
262×165×139 mm3

Fig1
2. MEASUREMENTS OF MARS ATMOSPHERE
The experiment depends on the occurrences of eclipses. For
the Phobos-Grunt mission, ~300 eclipses were planned during
several months before the approach and landing to Phobos.
Pointing to the Sun is provided by aiming the spacecraft (S/C) to
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Measuring and profiling of D/H ratio by simultaneous
measurements of HDO and H2O lines;
Profiling of CO2, and H2O;
Measuring the isotopic abundances in CO2;

‒
‒
‒

‒
‒

detection of methane. Nevertheless, the accuracy of all the global
measurements is so far compatible with 3-ppb contents of
methane, and such measurements are the dedicated science
objective of the ExoMars Trace Gas Orbiter (TGO)34.
Targeting this prime importance scientific goal, the 23rd
diffraction order of the TIMM-2 spectrometer was tuned to a
group of strong methane absorption lines P4 of the ν3
fundamental band at 3357 nm.

Table 2. Spectral coverage of TIMM-2 in diffraction orders from
18 to 33.

18

2332.23 9.61205

19.480

Atmospheric
targets
CO2

19

2461.8

10.146

20.699

CO2 isotopes

20

2591.37 10.6801

21.918

CO2, H2O

21

2720.94 11.2141

23.137

HDO, H2O

Diffraction order

0, cm-1

d, cm-1

Frequency,
MHz

22

2850.51 11.7481

24.356

H2CO

23

2980.08 12.2821

25.575

CH4

24

3109.65 12.8161

26.793

25

3239.21 13.3501

28.012

26

3368.78 13.8841

29.231

27

3498.35 14.4181

30.450

CO2 isotopes

2.2 Other scientific goals
The mean D/H ratio on Mars is 5.5 (±2) times terrestrial35, 36,
and the accumulation of the heavy isotope is interpreted as the
evidence of dissipation of water from the planet during its climate
evolution. Quantitative assessment of the dissipation processes,
the exchange of water between subsurface reservoirs and the
atmosphere requires precise measurements of D/H ratio and of
its vertical profile37. So far the D/H is measured from the ground,
with H2O and HDO lines recorded separately. This leads to
considerable uncertainties. Also, the profile of the HDO/H2O ratio
has never been measured.
TIMM-2 allows measurements of water vapor lines in several
diffraction orders. The alignment to the P4 methane line in the
23rd order gives access to the strongest and isolated HDO lines of
the ν3 band near 3700 nm (28 and 29 orders). This allows
simultaneous and precise measurements of both H2O and HDO.
The HDO measurements are the main driver of the chosen
wavelengths alignment: The strongest methane feature is the Qbranch of the fundamental band at 3314 nm, but tuning the 23rd
order to this wavelength results in HDO lines blended by CO2
isotopic lines of similar intensity.
The atmospheric aerosol on Mars is an important factor of
climate system. The dust in the atmosphere leads to its warming,
by cancelling the thermal radiation to space. In turn, water ice
clouds increase the albedo, reducing the absorption of solar
energy. Quantitative assessment of the aerosol optical
parameters, and monitoring of its content is necessary for
realistic climate models. Solar occultations allow to measure
slant aerosol extinction at the limb. The most important are the
wavelengths comparable to the characteristic size of aerosol
particles, i.e., in the visible to near-IR. TIMM-2 can deliver the
continuum extinction in selected diffraction orders where gaseous
absorption is low. To extend the wavelengths range towards the
important visible part of the spectrum TIMM-2 includes a
number of photometric channels.
Additionally, high spectral resolution allows to detect the
water vapor lines up to ~100 km, and CO2 lines up to ~150 km, to
investigate the isotopic bands of CO2, and to search of yet
undetected species, such as H2CO, C2H6, HCl, etc. A pair of
photometric channels at 250 and 340 nm are dedicated to
measurements of ozone using differential absorption in the
Hartley band.

H2O

28

3627.92 14.9521

31.669

29

3757.49 15.4861

32.887

CO2 isotopes,
H2O
H2O

30

3887.06 16.0201

34.106

H2O

31

4016.63 16.5541

35.325

32

4146.19 17.0881

36.544

CO2 isotopes,
H2O
CO

33

4275.76 17.6221

37.763

CO

Sensitive search for minor constituents possibly related
to volcanic or biologic activity, C2H6, H2CO, HCl, …;
Aerosol profiling in the range 0.25-4 μm.

2.1 Methane detection
Three independent groups resumed the long-term quest for
methane on Mars with its sensational discovery in 2004.
Undoubtedly stimulating was the PFS/Mars Express experiment
in orbit around Mars27. The resolving power of PFS in the range
of methane fundamental band at 3.3 μm is ~2000, and the
detected quantity was ~10 ppb of CH4. Published first were
results of independent astronomical observations related to 1999,
with the same detected quantity of methane28. The PFS team
later found variations of methane from 0 to 30 ppb in function of
time or geographic location29, 30. The strongest observational
evidence about methane, its localized release and later
disappearance during 2003, the behavior very different from PFS
results, was published by Mumma et al.31.
Photochemical lifetime of methane, 300–400 years, implies the
active source of methane to maintain the observed quantities. In
turn, it is incompatible with the observed variability allowing
ample time for methane to be well mixed in the atmosphere. The
methane detection on Mars generated a wealth of contradicting
interpretations about its potential sources and variability. The
detection itself is put in question32. Indeed, accurate local
measurements at NASA MSL/Curiosity rover33 so far missed the
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3. IMPLEMENTATION OF THE INSTRUMENT

Fig 4

3.1 Mechanical design and accommodation at the spacecraft
Lately added to the payload, on the Phobos-Grunt spacecraft
the TIMM-2 occupied the resources of another instrument.
Available volume was very limited preventing from the optimal
development of the optical scheme along the axis of the optical
entry. As a result the instrument scheme was compacted and
folded in 3D, with the entry optics placed perpendicular and
above the spectrometer, and the AOTF unit serving as a
periscope.
Mechanically the instrument is a single unit, consisting of four
parts: a box-shape casing of the main unit made of aluminummagnesium alloy incorporating echelle-spectrometer, detectorcooler assembly, and electronic cards. The entry telescope is
rigidly connected to the block of photometers, and is attached to
the main unit from above. The AOTF block is a separate unit
attached to the rear side of the instrument. The mechanics of the
instrument includes the baffle for the telescope, covers, and
auxiliary supports for the cable harness of the satellite. The
external view of the instrument and the location of the main
internal elements is shown in Fig. 2. The instrument was flatmounted on a thermally-stabilized panel of the spacecraft and
under multilayer insulation, provided by the spacecraft.

3.3 High-resolution spectrometer
The echelle-spectrometer employs autocollimator Littrow
scheme. The entry and the output beams are separated in the
diffraction plane. The entry slit 0.0753 mm is located in the focal
plane of the AOTF collimator. The entry beam is introduced to
the spectrometer using a small flat mirror near the detector
window (Fig. 3).
The autocollimator with equivalent focal lengths of 460 mm is
built using optical surfaces of a two-mirror scheme with
corrector39. This telescope scheme characterized by low
aberrations employs only spherical optics, and is therefore
scalable: a fraction of a symmetric scheme can be used. Also, the
use of spherical optics was imposed by limited manufacture time.
The main mirror 38×50 mm is etched from aluminum. The
secondary mirror with corrector consist of spherical meniscus and
Mangin mirror, both made of AR-coated ZnSe. For the same
reason of limited development time we have used a standard
catalogue grating from Newport – Richardson Gratings: blase
angle –70° (tanθB = 2.75), 24.355 grooves per mm, ruled area of
46×96 mm2 and zerodur substrate of 50×100×16 mm3.
The etendue of the spectrometer, which determines the
throughput of the entire instrument is limited by the projection of
the grating surface (46×35 mm2), and the resulting focal ratio is
about 1:11.
The spectral resolution of an IR spectrometer with small
aperture is readily limited by diffraction. In our case at 3.3 µm

Fig 2
3.2 The optical scheme
Folded, as described in §3.1 the optical scheme of the
instrument is depicted in Fig. 3. The Entry Telescope is of
Cassegrain type. The useful diameter of the primary mirror is 50
mm, its focal length is 500 mm. A silicon AR-coated slab (5-mm
thick) in front of the telescope blocks the most intense solar
radiation in the visible part of the spectrum. The mirrors of the
telescope and its entire structure are fabricated of aluminum
alloy by NII OEP PLC, Sosnovyi Bor, Leningrad region, Russia.
A diaphragm 3×1 mm in the focal plane of the telescope forms
the field of view (FOV) of 6×2 mrad. The longer dimension
corresponds to the average angular diameter of the solar disc as
seen from the Mars distance. The divergent beam after the
diaphragm is sent to the AOTF unit.
Fig 3
We have used the classical non-collinear AOTF made of
TeO238, in which the useful diffracted beam coincides with the
optical axis. The AOTF unit (Fig. 4) is custom-made by NPP
KBSP, Moscow, Russia. The TeO2 crystal along the optical axis
measures 35 mm; the length of the transducer is 20 mm, and the
length of the acousto-optic interaction is ~14 mm. A collimator of
two identical achromatic lenses (ZnSe-CaF2 doublets with AR
coatings, focal length 27 mm) formed the pupil inside the crystal.
Separation of the output beams is made angularly, the zero order
beam is deviated from the useful beam at ~6.6°. The useful beam
follows the direction of the incoming light remaining at the
optical axis. The separation occurs in the focal plane of the AOTF
collimator at the slit of the echelle-spectrometer. The AOTF unit
included two flat diagonal mirrors making it a periscope,
transferring the radiation from the entry telescope to the echellespectrometer.

𝜆

𝑅𝐷𝐿 = ∆𝜆 ≈

2𝐷
𝜆

tan 𝜃𝐵 ≈ 58 000.

The slit width, 75 µm is slightly larger than required for
Nyquist sampling (2×30µm) and corresponds to the resolving
power

𝑅𝑆𝑙 = 2 tan 𝜃

𝑓𝑐𝑜𝑙
≈ 33 500.
𝛿𝑆𝑙

The real resolving power is aberration-limited, and is about
20 000-25 000.
The detector is the CMT (cadmium, mercury, tellurium)
320×256 array from SOFRADIR (France), contributed by
LATMOS. We have used a customized version of
MARS MW K508 standard configuration. The dimensions of the
matrix are 9.6×7.68 mm, pixel pitch is 30×30 µm. The cold filter
was removed, and the AR coating of the entry window modified
so its transmission was better than 95% in the spectral range of
2.0-4.4 µm. The longwave bound of the CMT sensitivity of this
detector is 5.2 µm. No proximity optics to form a pupil in the
vicinity of the cold diaphragm was possible because of limited
dimension. We therefore used the largest standard diaphragm
(f:1.93, diameter 10.6 mm) not to obscure the sensitive array.
The detector is integrated with a closed-cycle cooler K508 (Ricor /
Air Liquide). This type of cooler is used in space missions since
long time (Clementine, Rosetta, Venus-Express, etc.) The
operational temperature of the detector is ~90 K. During the cooldown the power consumption of the cooler is ~9 W, and in the
stationary regime it falls to ~5 W. The mass of the detector
assembly is 540 g.
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The read-out is provided by integrated CMOS circuit (ROIC),
with an integration capacitor of 2.1 pF, allowing to accumulate
the maximal charge of 36106 е-. The response of the detector is
~25 V/nW per pixel. The linearity of the detector is ±1% within 25
– 92% of full dynamic rage, and ±2% within 10 – 98%.

The measured frames can be co-added (from 1 to 15 frames),
allowing
increasing
effective
integration
time:
(0.25…64 ms)×(1...16). The frames consist of 16-bit words: (12-bit
ADC and 4 bits from co-adding). The result of the summation, a
full frame of 320×256 pixels is stored into the FIFO buffer
memory (128K×16 bits). In order to reduce the telemetry volume,
the detector’s frame is further binned so that only a few spectra
are transmitted to the ground. Up to six adjacent bands along the
spectral direction of the matrix (across the slit) can be chosen.
The first band can be located anywhere along the spatial
coordinate (along the slit). The length of bands is always 320
pixels; the position of the first line of the first band, the number of
bands, and the width of each band (1…256 pixels) are defined in
the command word. All the columns within the band are coadded, so the detector read-out results in several (1…6) spectra of
320 pixels, corresponding to different parts of the spectrometer’s
slit and different angular ranges of the FOV. The word length
after the windowing is 24 bits, (16 bits measurement plus 8 bits
from co-addition of up to 256 lines), and in the data block, words
are truncated to 16 bits.

3.4 Photometric channels
Photometric channels covering the spectral range from UV to
near-IR are dedicated to aerosol studies, estimation of ozone
contents, and auxiliary purposes. The photometric channels are
optically independent from the main telescope and the
spectrometer. Each channel is a complete optical system,
including an interferential filter, a lens, a diaphragm and a
detector. All filters and lenses are from Edmund Optics. The
focal length of lenses is 100 mm. The diameters of lenses are 10
and 12 mm; the aperture is further obscured using circular
diaphragms in order to obtain comparable signal levels at
different wavelengths. In their focal planes are positioned the
FOV diaphragms (pinholes, see Fig. 5), and photodiodes placed
just after the diaphragms. The parameters of the photometric
channels are summarized in Table 3.

Fig 6
The signals from eight photometric channels (four signals of
the pointing sensor, and four narrow-band photometers, see
Table 3) are measured in parallel with the help of integration
amplifiers and a 16-bit ADC (DDC118 from Texas Instruments).
Similarly with the array detector, the photometer signals are
measured several times (1…256) and the measurements are coadded. The resulting measurement requires 24-bit words, which
are packed into 16-bit data with the help of scaling coefficients.
The coefficients can be different for each photometer, but the
integration time (0.25…64 ms) and the number of integrations
are the same. In case of problems with the array detector the
instrument can read the photometric channels separately.
The results of the measurements, the windowed IR detector
frames, the photometer measurements, and the service
information are stored in the non-volatile memory. Two
redundant memory units are installed, both with the volume of
276 Mbytes. The information is stored in both units, and can be
read from either of them.
The AOTF is controlled via the FPGA. The electronic unit of
the AOTF includes a RF synthesizer, and a programmable power
amplifier controlled by a 12-bit DAC. The RF level is monitored
using a dedicated ADC.
The cooling system of the detector includes the units guiding
the power of the Ricor cooler drive, and the unit, which measures
the temperature of the array. The regulation loop is provided by
microcontroller software.
The interface controller supports the MIL1553B standard
command and data interface with OBDH. The auxiliary port
(serial asynchronous interface) allows to patch the controller
software if needed.

Fig 5
Table 3. Characteristics of the photometric channels.
Purpose

λ,
nm

Δλ,
nm

Aperture,
Ø [mm]

Pinhole
Ø [mm]

Detector

250

10

11

0.1

2.4×2.4 mm
Si
Hamamatsu
S1336-5BQ

340

10

8

0.1

-'-

990

10

3

0.1

Aerosol

1550

12

3

0.1

Pointing
monitoring

550

1

3

-

-'Ø 1 mm
InGaAs
Hamamatsu
G8370-01
4× 1×1mm Si
FD19KK

Ozone
Aerosol,
ozone
Aerosol

4. ELECTRONICS, TIMING AND CONTROL
4.1 The block diagram
The structure of TIMM-2 electronics and its connections with
the spacecraft system are shown in Fig. 6. The general control
and timing of the instrument is provided by a microcontroller
C8051F120 (Silicon Laboratories), running at 48 MHz clock
frequency with the help of a FPGA XC2C256 (Xilinx Inc). The
microcontroller is connected to the most of peripherals, including
commanding of the power supply via the same FPGA. The
integration time of the detector, on-chip binning and framing is
managed directly by the microcontroller. The read-out of the
array detector is provided by 12-bit ADC (AD1266) controlled by
FPGA. The read-out rate is 1.5 MHz at each of the four outputs
of the detector.

4.2 The measurement cycle
The instrument is powered up by the spacecraft commanding
system. Immediately after the voltage is on, the commanding
system allows OBDH to communicate with the instrument.
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Initializing the electronics and the embedded software takes 5 s.
This includes the verification of four copies of the program
memory, and loading of a correct copy to executable memory
area. After that the instrument is waiting for a command coming
from OBDH. Acquisition of a valid command brings the
instrument into the operation mode. The instrument can
communicate with OBDH and receive time and external events
tags at any moment of the measurement cycle.
Science measurements can only be started after the detector
reaches the necessary temperature and flash-memory is verified.
For these start-up operations, a fixed time of 6 min is allocated.
In order to synchronize the measurements with the events of
solar occultations (ingress or egress) the measurement cycle
starts after a programmable delay (up to 40 min), allowing to
minimize the acquiring of solar or dark spectra.
The measurement cycle stops upon one of the following events:
‒ Preprogrammed time (10 s × (1…255)) elapsed from
the beginning of the measurements. If the time
equals zero, only one measurement is performed;
‒ 30 s elapsed after the external event tag “Ingress” is
received;
‒ 150 s elapsed after the external event tag “Egress”
is received; the tags are assumed to be set ~10 s
prior to the event;
‒ The non-volatile data memory is full (if it is used).
In the end of the measurement the analogue power of the
detector, and the cooling system is turned off. The controller
remains active, and multiple activations of the measurement
cycle are possible.
An elementary measurement consists of acquiring of one
frame. It is generally repeated in cycle and includes the following
actions:
‒ Setting the frequency and power of the AOTF RF;
‒ Parallel measurements of the detector frame and
measurements in photometric channels;
‒ Storing the packet of data in the flash-memory or
its direct transmission to the OBDH.
The averaging and windowing the frames to bands, as
described in §4.1 is a part of the elementary measurement. The
measurement is synchronized with the instrument clock with an
accuracy of 0.1 s. Time tags are included in the data block
alongwith other auxiliary parameters, such as detector
temperature, and RF power.
A science measurement includes several elementary
measurements, for which the AOTF is tuned to different
diffraction orders (from 1 to 8). It can also include the
measurements of the dark signal (RF is off). The measurements
in different orders are performed sequentially for
preprogrammed RF values within the range of 20…40 MHz. The
RF power (256 grades) is programmed simultaneously for all
frequencies of the science measurement. Similarly, the
integration time, number of frames in the elementary
measurement, and the windowing parameters are the same for
all frequencies.
The measurements of the dark signal are performed within an
independent cycle, with a period of N =2…255, so that one dark
signal measurement (RF off) is done every N–1 elementary

measurement when RF is on, independently on the frequency
settings.

5. CALIBRATIONS AND TESTS
In course of preparation of the Phobos-Grunt mission two
flight units of TIMM-2 were fabricated (#4 and #5). The FM#5
has undertaken a full cycle of qualification tests following the
Phobos-Grunt project technical requirements at the testing
facility of IAS in Orsay, France. The FM#4 has been delivered to
Lavochkin Association and integrated on the Phobos-Grunt
spacecraft. The two flight units are different with respect to
detectors used: the FM#4 employs the Sofradir detector type ID
MM067-46, which is different from MW-K508 detector described
above (see Tables 4, 5) in terms of the long-wave bound (4.4 µm
vs 5.25 µm) and the diameter of the cold diaphragm (F:3.91 vs
F:1.93). In the present paper we describe the parameters of the
FM#5, which remains available for a reflight.
5.1 Calibrations of the AOTF
The tuning curve of the AOTF (the dependence of the
wavelength from the RF) determines the narrow wavelength
range of radiation fed to the spectrometer. Keeping in mind the
distant diffraction orders of this spectrometer, the tuning curve of
the AOTF is of primary importance. The first-order calibration
was done using 3.39-µm HeNe laser line and two DFB laser
diodes emitting at 2.64 and 2.69 µm. Two AOTF units were
tested assembled, together with the proximity collimating optics.
The modulated laser radiation was fed into the units using an offaxis parabolic mirror (F=50 мм). Detector (PbSe Thorlabs
PDA20H-EC) was placed in the focal plane of the output lens of
the AOTF unit. The AOTF 2 (#1101003) was installed in the
FM#4, and AOTF 1 (#1101002) is employed the FM#5.
The band-pass functions of the two AOTF units are presented
in Fig. 5 in function of RF. The width of the function is the same
for both units. The efficiency of the diffraction measured at 3390
nm in polarized light is 60±5% for the AOTF 1, and 70±5% for the
AOTF 2. In turn the AOTF 2 has slightly larger sidelobes.
These three wavelengths are insufficient to characterize the
AOTF tuning curve, which could be closely approximated by a
parabolic law. Only the linear approximation is possible because
the 2640 and 2680 nm wavelengths are too close:

f = A+ B

The accuracy of this approximation is enough to tune the
AOTF to any diffraction order. A more precise tuning curve could
be obtained using progressive scan of the AOTF frequency in
flight, when observing the sun from space, similarly as it was
done with SOIR spectrometer on Venus Express.
Fig 7
5.2 Calibrations of the spectrometer
The instrument function of the spectrometer, which
determines the spectral resolving power was characterized using
the HeNe laser line at 3390 nm (Fig. 8). Its full width at half
maximum (FWHM) is 4 pixels, whereas the slit width
corresponds to 2.5 pixles that corresponds to resolving power of
~25000 at 3390 nm (see §8).
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6. CONCLUDING REMARKS
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Fig. 1. The spectral range of TIMM-2 echelle-spectrometer in wavenumbers scale, and synthetic transmission spectra of some gases computed in the
assumption of occultation through the Mars atmosphere with tangential altitude of 22 km, and resolving power of 25000. The spectral coverage
corresponding to diffraction orders (numbers above the upper panel) is indicated by solid vertical bars.
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Fig. 2. Above: assembled Flight Unit of TIMM-2 (FM#4) flown on Phobos-Grunt. Below: a 3-D model of the instrument showing its internal structure. 1entry telescope; 2- AOTF unit; 3- slit; 4- collimator primary mirror; 5- collimator secondary mirror/corrector; 6- echelle grating; 7- detector Dewar; 8cryocooler; 9- photometers unit. The main electronic card, covers, and some auxiliary elements are not shown.
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Fig. 3. The optical scheme of TIMM-2. 1- Si filter blocking the visible light; 2- primary mirror of the telescope; 3- secondary mirror; 4- translation flat
mirrors forming the periscope with the AOTF unit; 5- AOTF collimator; 6- AOTF crystal; 7- slit; 8- diagonal mirror in the spectrometer; 9- secondary
mirror of spectrometer and corrector; 10- primary mirror of the spectrometer; 11- echelle grating; 12- entry window of the detector and the cold diaphragm;
13- detector array.

Fig. 4. The AOTF unit. The AOTF crystal is located in between of two collimator lenses and diagonal mirrors. Electronic cards of RF synthesizer and power
amplifier with impedance matching scheme occupy the corners of the unit.

Fig. 5 The optical layout of the photometric channels and the pointing sensor. Lager apertures are used for the UV photometers.
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Fig. 6. Block-diagram of TIMM-2 electronics and control system. ADC– analog-digital converter; AOTF– acoustooptic tunable filter; FPGA– fieldprogrammable gate array, FIFO– buffer memory; Flash– mass memory; OBDH– on-board data handling system of Phobos-Grunt science instruments,
EGSE– experiment ground support equipment, allowing reprogramming of the microcontroller.
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Fig. 7.Transmission functions of the two AOTF units measured at three wavelengths: 3390, 2640, and 2680 nm at the frequency scale. Note the shift of
horizontal axis at the upper panel.
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Fig. 8. The instrument response (ADC counts) on the 3390 nm laser line passed through the complete optical set-up. The detector is read in the full-frame
regime; only the part of the frame is shown. (b) The cross-section of (a) in the spectral dimension through the maximum of the instrument curve. The full
width at half maximum is ~4 pixels (the slit widths corresponds to 2.5 pixels).

15

Fig. 9. Solar spectra recorded by TIMM-2 (FM#5) through terrestrial atmosphere in diffraction orders 22 (above) and 23 (below), together with synthetic
spectra of the atmospheric transmission. Measurements are taken in Moscow 19 July 2011 at 14:47 GMT (17:47 LT). Six bands covering the entire slit
width were used; the presented signals are averages from the three most intense bands. The integration time was 30 ms (152 ms). The 22nd order contains
H2O/HDO features, and the 23rd order contains mainly the methane and H2O features.
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