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Mossbauer spectroscopy in space
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Nearly 40 years after the discovery of the Méssbauer effect for the first time a Mossbauer
spectrometer will leave our planet to explore in situ the surface of another solar system body:
the red planet Mars [1]. We are currently developing a miniaturized Mdssbauer spectrometer
(MIMOS) which is part of the scientific payload of the Russian Mars96 mission, to be launched
within the next 2-4 years [2,3]. To fulfill the requirements for a space mission to the planet
Mars, all parts of the spectrometer had to be extremely miniaturized and ruggedized to with-
stand the space flight and Mars environmental conditions. The relevant parts (e.g. drive, detec-
tor system, electronics etc.) will be described in more detail and its characteristics compared
to standard systems. Because of this new development there now is a growing interest to include
a Mossbauer (MB) instrument in future space missions to other solar system bodies as for
instance Venus, the terrestrial Moon, and a comet nucleus. Because of extremely different
environmental conditions (e.g. nearly zero gravity on the surface of a comet nucleus, high pres-
sure and temperature on the surface of Venus, etc.) different instrument designs and concepts
are required for different missions. We will present some ideas for various types of missions, as
well as the motivation for using Mdssbauer spectroscopy in these cases.

1. Introduction

The primary goal of planetary exploration is to achieve a deep understanding
of the Solar System. To understand the origins of the Solar System and the origin of
life itself is one of the longest standing goals of human thought. Today it is gener-
ally accepted, that our Sun and its planets have formed out of an interstellar cloud
which collapsed due to gravitational forces, forming a disk shaped so-called proto-
solar nebula, with the young star in the center. The interstellar cloud formed out
of the interstellar medium which consists of remnants from nova and supernova
explosions. Besides silicates and carbon grains also metal grains, oxides and sul-
fides should have been present. One of the important elements present in the proto-
solar nebula with relatively high abundance is iron. Furthermore, it is believed
that simple molecules such as water (H,O), carbon monoxide (CO) and hydrocar-
bons (combinations including hydrogen and carbon) were formed in this protoso-
lar nebula [4].

Such disk shaped and dust grain containing protosolar nebulae have now been
observed. One of them is surrounding the young star Beta pictoris [5,6].
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As we know very well, at least in one case — our own Solar System — a variety of
different objects were formed: planets, meteoroites, asteroids, and comets. At least
on one of these planets, the Earth, life has formed. The different types of bodies in
our Solar System can be classified as indicated in fig. 1. The Sun and the planets are
processed bodies, whereas asteroids are supposed to be only partially processed.
The comets are believed to be remnants of the protosolar nebula.

The primary goals of the exploration of our Solar System, as identified by the
Solar System Exploration Committee (SSEC), an ad hoc committee of the NASA
Advisory Council, established in 1980, are the following:

— determination of the origin, evolution and present state of the Solar System;

— understanding of the relationship between the chemical and physical evolu-
tion of the Solar System and the appearance of life;

— understanding of the Earth through comparative planetary studies;

— survey of resources available in near-Earth space.

The process of birth and evolution of our Solar System can be investigated indir-
ectly by studying all the different members of the planetary system, which in some
respect represent different stages in the evolution of the solar system, by means of
remote sensing and planetary robotic space missions. One of the key elements in the
evolution of the Solar System is iron. The chemistry of iron is strongly coupled to
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Fig. 1. Schematic history of circumstellar dust grains from their birth in stellar atmospheres to their
analysis in terrestrial laboratories. With courtesy of ESA [83].
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the chemistry of abundant elements as hydrogen, oxygen and carbon. By studying
the cosmic history of iron we have the possibility of understanding the chemical
evolution of matter and life itself, For instance, the study of the oxidation state of
iron in the surface rocks of the planets is an important aspect because according to
theoretical studies iron contained in a planetary body should be the more oxidized
the farther away from the sun this body has formed. Here Mdssbauer spectroscopy
is the obvious tool, because it is a unique method for determining the oxidation
state of the element iron. Furthermore, the mineralogical composition of iron con-
taining surface rocks and their weathering products can be determined directly.
This will contribute to an understanding of the history and development of the pla-
netary surface as, for instance, the Martian surface. On Mars there is evidence
that in the past liquid water may have been present on the surface which might have
led to the formation of life similar to the Earth.

Madssbauer spectroscopy has made decisive contributions to the understanding
of the evolution of the Solar System by laboratory studies of meteorites, especially
carbonaceous chondrites (see for instance refs. [7,8]), which are available on
Earth, and laboratory studies of Lunar material (see for instance [9—12]), which has
been brought back to Earth by the American Apollo missions and the Soviet
robotic sample return missions. But up to now no in situ measurements have been
performed by Mossbauer spectroscopy as part of planetary missions, because no
space qualified instrument has been available. This situation has changed within
the last 2 to 3 years. For the Russian Mars96 mission a Moéssbauer spectrometer
was proposed [13] and has finally been included in the scientific payload. We
are currently developing this instrument at the Technische Hochschule (TH)
Darmstadt[2,3,14,15]. A similar instrument is currently under development in the
USA [16-18]. These developments have created a lot of interest in Mossbauer
spectroscopy among planetary scientists, and today for several other missions the
use of a Mdssbauer spectrometer is under discussion, as for instance different
kinds of Mars missions, as well as missions to the planet Venus, the Moon and a
comet. In the following chapters we will discuss in more detail the technical design
of a space qualified Massbauer spectrometer and the instrument which will be
installed on the Russian Mars Rover for the Mars96 mission. Other missions
require different designs due to different technical constraints (as for instance lim-
ited power resources) or due to different environmental conditions (high tempera-
ture on the surface of Venus). We will present some different designs for such
missions as well as the motivation for including a Mossbauer instrument in mis-
sions to targets others than the planet Mars.

2. General design of a space qualified M&ssbauer spectrometer

Planetary and interplanetary space missions usually have limited resources in
mass, volume and electrical power, especially if the instruments should be deployed
on the surface of a solar system body. Due to these constraints for a space qualified
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Maossbauer spectrometer the standard laboratory equipment had to be extremely
miniaturized and optimized in power consumption. All the different components
have to withstand high acceleration forces and shocks, as well as temperature varia-
tions and cosmic ray irradiation. Because of restrictions in data transfer rates the
Maossbauer system has to boot with a simple “on’” command and/or by switching
on the power. In all cases which will be discussed in this paper the measuring time
for a particular sample has to be in the order of 1-10 h. Therefore, high detection
efficiency is extremely important.

There also should be a possibility to calibrate the instrument in situ during the
measurements, or maybe before and/or afterwards. One possible solution for this
would be to have a second, less intense radioactive source mounted on top of the
drive and a reference absorber in transmission geometry.

The main parts of the Mdssbauer (MB) spectrometer are the electromechanical
vibrator, usually mounted in the center of the instrument, the detector system, the
electronics for the detector and the vibrator, the 3’Co MB source, a multilayered
radiation shield, and a y- and X-ray window. The general design of these compo-
nents suitable for space applications will be described in the following.

2.1. MOSSBAUER SOURCE AND SHIELDING

The highest possible source strength is desirable; however, the size of the source
has to fit in the given system. On the other hand, the size of the source is dictated
by the specific activity, which is limited by the requirement that over a certain per-
iod (some years) the source line width should not increase significantly (in the
order of a factor of 2-3). Calculations indicate an optimum at 1 Ci/cm? [19-21].
Sources of 150-300 mCi 3’Co in Rh with this specific activity and of comparable
quality to commercial sources were supplied by the Russian Space Research Insti-
tute IKI for testing. With a rhodium matrix no additional broadening due to the
low temperatures should occur.

Most important is an effective shielding of the detector system from direct and
cascade radiation. A graded shield consisting of concentric tubes of brass, U, W
and another outer brass cylinder has been chosen. The thickness and the shape of
different parts of the shielding have to be optimized so that no 122 keV radiation
will be seen in the detectors (see also section 3.1).

This shielding also acts as a collimator, limiting the maximum emission angle
to 25° and reducing the cosine smearing [22] to a level that still allows a reasonable
separation of the outer lines of y- and a-Fe,0s.

2.2. DRIVE SYSTEM
The simplest way to fulfill the space and weight conditions was to scale down

the drive systems we have been building in this institute [23,24] for many years. A
decisive aspect in this scaling is the size and the mass (2—4 g) of the sources. We thus
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constructed a drive about one fifth the size of our standard system. It has a diam-
eter of 22 mm, a length of 40 mm and about 50 g mass[25].

The system equipped with SmCo permanent magnets was newly optimized with
regard to a homogeneous and high magnetic field in the coil gap. For this, an ela-
borate computer code (at the Gesellschaft fiir Schwerionenforschung (GSI),
Darmstadt) was used and good agreement between calculations and experimental
results, using a Hall sensor, was found.

The decisive improvements of the drive, made in the last decades, are a rigid
tube connection between the driving and the velocity pick up coils in the double-
loudspeaker arrangement and good shielding between the two coils to avoid cross-
talk. The short tube guarantees a fast transfer of information with the velocity of
sound in the aluminum and thus a minimum phase lag and a high feedback gain
margin. Fortunately, despite the increase of unwanted crosstalk due to the smaller
distance between the coils, the relative contribution is still less than 0.01% in the
frequency domain of the triangular waveform and is thus tolerable.

These relations are depicted in fig. 2 in the Bode diagram of the transfer func-
tion, which is the output voltage over input current as a function of frequency. The
1/f behavior above the main resonance at about 25 Hz extends up to 20 kHz. The
small dipole at about 2 kHz is caused by a coupling of the Co source to the tube
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Fig. 2. Amplitude abs(H) and phase transfer function of the drive as function of frequency of the

input current. Abs(H), given in arbitrary units, is the ratio of the output voltage of the pickup coil and

the input current of the driving coil. The phase is given in degrees. Also indicated is the crosstalk
and the calculated transfer behavior for an Al tube (dashed line).
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but is of no significant relevance for the feedback behavior. The available gain at
a phase of —180° determines the possible feedback gain of 3 x 103, which is excel-
lent. Because of the steep phase change at this point additional filtering makes no
sense and was not used. The figure also shows the calculated transfer function for
an Al tube having a speed of sound of 5000 m/s. The first resonance of the tube
shows up at 1/T = ¢/l = 25 kHz (see fig. 2). This is in reasonable agreement with
the experimental results considering the rather complex structure of the tube. Due
to the shorter tube this drive achieves a feedback gain and performance in triangu-
lar velocity motion superior to our standard drive. For the light weight sources
the linearity is better in comparison to the standard drive, and the difference signal
is nearly free of ringing.

The drive will be running at about 25 Hz frequency at which it also has its main
resonance. This low frequency allows a broad bandwidth for the closed loop sys-
tem and good performance with triangular reference signal. But this requires rather
soft springs. As a consequence a rotation of the drive from horizontal to vertical
position in earth gravity leads to a shift of the equilibrium position of the tube of
about 0.4 mm. The resulting nonlinearity between velocity and pickup voltage is
still tolerable within 0.1% accuracy. In principle this can be compensated by a DC
current if necessary. In case of a mission to Mars with a factor 3 smaller gravity for-
ces this will create no problem and no correction is needed.

Concerning the large accelerations during launch and landing the construction
provides limiters to avoid the destruction of the soft Kapton springs. The whole sys-
tem including the drive has to survive an extremely rough testing procedure. Vibra-
tion and shock tests of the drive system and the analog part of the detector
system, with shocks up to 100 g, have been performed at CNES/CNRS in Tou-
louse, France. No problems or damage of these parts occurred.

2.3. DETECTOR SYSTEM AND ELECTRONICS

Maossbauer spectroscopy can be performed in transmission geometry as well as
in backscattering geometry. In transmission geometry a well prepared relatively
thin and homogeneous sample is needed to avoid thickness effects [26]. The back-
scattering geometry does not need sample preparation for the measurement itself.
Therefore, if somehow possible in a space mission, a Mdssbauer experiment should
be performed in backscattering geometry to avoid sample preparation.

For a backscatter geometry a detector system covering a large solid angle is
needed to minimize data acquisition time. Because secondary radiation created by
the 122 keV y-rays creates background in the 14.4 and 6.4 keV window good
energy resolution of the detector is desirable such that a narrow window set on
these lines will produce a good signal to background ratio.

We have chosen silicon-PIN-diodes [27] with 5 x 5 mm? or 10 x 10 mm? active
area. A thickness of about 400 pm is a good choice according to our experience.
The efficiencies for 6.4 and 14.4 keV radiation are nearly 100% and about 65%
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respectively. Diodes with a larger thickness and therefore higher efficiency for the
14.4 keV radiation, having a smaller capacity and minimal leakage current, are not
available today, but would lead to a significantly better performance of the detec-
tor system.

The energy resolution of the Si-PIN-diodes improves at lower temperatures
[28]. Fig. 3 shows the energy spectra for two temperatures. In fig. 4 the temperature
dependence of the resolution and the leakage current is depicted for two different
detector sizes. The leakage current is the dominant source for line broadening at
higher temperatures. The improved resolution of the smaller diode originates from
its lower capacity.

Spectra of S7Co/Rh radiation backscattered from an Al and a stainless steel
(SS) plate, which are equal in recording time, are shown in fig. 5. A geometry as
described in section 3.1 was used for these measurements. A continuum is seen
above 122 keV resulting from the few 692 keV y-quanta which are not completely
absorbed in the shielding. No photo peak appears at 122 keV. But this radiation
shows up in a broad Compton distribution being more intense for the lower Z Al. A
second Compton distribution originates in the detector itself, as seen in the rising
slope starting below 40 keV. On top of these we see a peak at 22.1 keV due to the
Ag backing of the detector. Below this energy the 14.4 keV MB resonance line and
also the 6.4 keV X-ray line dominate in SS at zero velocity, in contrast to Al where
only the 14.4-0.4 keV Compton scattered line appears.
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Fig. 3. Energy spectra of a ’Co/Rh source with a 5 x 5 mm? PIN-diode of 380 um thickness at two
temperatures (direct illumination of the detectors by the source).
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In addition to Mossbauer spectroscopy it would be desirable to perform X-ray
fluorescence (XRF) measurements for an elemental analysis of the same sample.
As seen in fig. 4 the energy resolution of Si-PIN-diodes is rather good, in particular
at lower temperature (as for instance during the cold Martian night), which makes
XRF feasible especially for higher Z elements. Recently a Si-PIN detector system
has been developed with an energy resolution of about 280 eV at —30°C. The size of
the PIN detector was about 7 mm? [29,74]. Another possibility is to use a different
X-ray detector for XRF. This could be a small Hgl, detector which gives the best
resolution even at room temperatures [18,30]. Recently it has been shown that
charge coupled devices (CCD) have an excellent energy resolution if operated in a
special mode [31]. One of these new technological developments will be implemen-
ted in a space qualified M B instrument. This will allow a more accurate interpreta-
tion of the Mdssbauer data.

As discussed above, a high energy resolution is required for each of the diodes.
Therefore the noise contributions have to be minimized. That means each of the
detectors needs its own preamplifier-amplifier-ADC (or -SCA) system (see section
3.1, figs. 7 and 8). For the measurement of the energy spectra a 12 bit ADC,
selected for good differential linearity, is used. Only the most significant 8 bits are
read out. Therefore no sliding scale technique is required. These measurements also
allow a performance check of the system.

At least one channel should be used for high resolution X-ray fluorescence
spectroscopy. This one could be most simply run under identical conditions as the
other channels. For velocity calibration a separate channel should be added, possi-
bly with simplified electronics. The 100 V DC voltage for the diodes are generated
by a high frequency cascade circuitry with a power consumption of less than
5 mW.

The operational control of the experiment and the data handling is done by a
microprocessor which is suitable for the special applications (fig. 8). Two possible
solutions are described in the following chapters.

3. Possible targets in the Solar System

The activities leading to the development of a space qualified Mdssbauer instru-
ment were started in connection with the worldwide efforts of the exploration of
Mars [2,13,15,16,32]. After it had been shown that the construction of a space qua-
lified Méssbauer spectrometer (MBS) is possible, the discussion on the implemen-
tation of a MBS in missions to planetary bodies other than Mars began. First of all,
of course, some of the actual mission plans were reanalysed in respect to the inclu-
sion of MBS after planetary scientists recognized the new possibilities using MBS.
Some of these missions for which the inclusion of a MBS is now considered ser-
iously, will be discussed in the following chapters. There are of course some solar
bodies which are currently not in the focus of solar system exploration programs,
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but would be of scientific interest to explore. We will discuss very briefly some
aspects of scientific interest to explore these objects.

It turned out in the discussion of space application of Moéssbauer spectroscopy,
that a very important aspect is the laboratory work accompanying a certain space
mission. For example, the work on Mars sample analogues [33-39] or the work on
atmosphere—surface interaction on Venus [40—44] is extremely important for the
preparation of the space experiment itself and also for the interpretation of data
which will be received from the space mission. In respect to Mars and Venus a num-
mer of research groups have started the investigation of different possible analo-
gue samples. The samples are investigated not only by MBS but also by other
methods. Some of them are also part of these space missions.

3.1. MARS

In the coming decades the red planet Mars, the colour of which is due to iron oxi-
des, will play an essential role in the study of the Solar System by spacecraft mis-
sions. There are plans at the space centers NASA (United States of America), ESA
(Europe) and IKI (Russia) to install stationary and/or mobile systems on the sur-
face of Mars. Part of the scientific payload of the Russian Mars96 mission [45]is a
57Fe-Mossbauer (MB) spectrometer installed on a rover of about 1 m size to be
placed on the surface of Mars [14,15].

3.1.1. Motivation, goals

The elemental composition of the Martian soil was determined by X-ray fluores-
cence analysis during the Viking mission in 1976 [46], but not its mineralogical com-
position. One suggestion is that it is composed mainly of iron-rich clay minerals,
with an iron content of about 14 + 2 wt%. The soil also contains about 5 wt% of a
strongly magnetic mineral, perhaps maghemite (y-Fe;0;3) [46], or nanocrystalline
hematite (a-Fe;O;) [47]. Besides other elements, about 0.6% + 0.2% of Ti were
found by X-ray fluorescence. It will be significant to establish whether the magnetic
phase on the surface of Mars contains titanium or not. The pathways of formation
of maghemite and titanomaghemite are very different [1,48]. Also of extremely
great interest is the oxidation state of the iron and the mineral composition of the
Mars surface [49-51]. To both questions MB spectroscopy can provide important
information. The question, “Why have a MB experiment on Mars?”’, has been
extensively discussed by Knudsen[1,5,32].

One particular question is whether the SNC meteorites unequivocally can be
shown to have come from Mars or not? If they really originate from the red planet,
how did they get to Earth? Mdssbauer spectroscopy can contribute significantly
to the answer of this question by comparing the laboratory Mossbauer results with
the data from the in situ analysis on Mars. If it will really be shown that the SNC’s
originate from Mars we already have a few kg of Martian material available for
laboratory research on our planet.
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3.1.2. A Méssbauer spectrometer for the exploration of Mars

General remarks. The planet Mars has about half the diameter of the Earth, about
1/10 of the mass of it, and a mean density of about 70% of the terrestrial density.
The mean surface gravity g on Mars is about 3.7 m s~2, approximately 1/3 of the
surface gravity on Earth. The atmosphere of Mars consists mainly of CO,
(95.32%), nitrogen N (2.7%), and argon (1.6%) [49]. The total pressure on the sur-
face is in the range of 5-10 mbar. The temperature on Mars typically varies
between about 160 and 280 K, but depending on the latitude on the surface some-
what higher or lower temperatures are possible. These are the main environmental
constraints for the design of instruments to be deployed on the Martian surface,
leading to general requirements which will be discussed for the case of an MBS in
the following section.

Regquirements for the instrument. There are different kinds of missions proposed
for the exploration of the red planet. First of all stationary instrument packages, as
for instance the so-called ““small stations” in the Russian Mars94 mission, are sup-
posed to be deployed on the surface in such a way that they will form a network
necessary for seismological investigations. There are plans of ESA and NASA to
implement such a network. Russia is going to deploy at least two stationary landers
in 1996 (Mars94). The next step further is the landing of a roving system which
will allow to investigate more than one single sample. Besides the big Russian rover
for the Mars96 mission, scheduled to launch in 1998, also some small rovers have
been developed as for instance the Rocky IV from Jet Propulsion Laboratory
(JPL), which is part of the payload for the American Mars Pathfinder mission, or
the Instrument Deployment Device (IDD), developed for the ESA MarsNet mis-
sion proposal. A miniaturized version of the IDD is now under development for the
Mars94 mission.

In the following the requirements for a Mdssbauer instrument, which are valid
for all the different Mars missions, will be discussed. After this the specific con-
straints for the different missions and their influence on the instrument design will
be given.

First of all one has to have a look on the possible source activity which will be
available on the Martian surface. For all missions proposed up to now a cruise
duration of about 1-2 years is calculated which is equivalent to about 2-3 half lives
of the MGssbauer source.

As shown above, sample preparation as needed for a transmission experiment
has to be excluded. However, the MB backscattering technique is highly suitable
for a rover mission with the possibility for selecting samples. This was already
recognized in an early proposal for this mission [13].

The main disadvantage of backscattering is the secondary radiation caused by
the 122 keV transition. For a reduction of the background at the 14.4 keV y-ray
and the 6.4 keV X-ray line, good energy resolution of the detector system is
required as well as high count-rate capabilities with the strong sources to be used.
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Good resolution is even more important for elemental analysis with the X-ray
fluorescence technique. For this reason Si-PIN-diodes were chosen as detectors
instead of a set of gas-counters considered by other authors [52,53].

The general setup of our miniaturized Mossbauer backscattering spectrometer
(MIMOS) is shownin fig. 7.

The detector system consists of silicon-PIN-diodes [27] with a 5 x 5 mm? or
10 x 10 mm? of active area in an array arrangement as indicated in two options in
fig. 7. The temperatures on Mars are well below freezing point of water. Fortu-
nately, the energy resolution improves at lower temperatures [28]. For the interpre-
tation of the MB spectra it is important to resolve the Ti X-rays of4.51 keV [32].

As mentioned before, a rotation of the drive from horizontal to vertical position
in Earth gravity leads to a shift of the tube equilibrium position of about 0.4 mm,
resulting in a nonlinearity within the 0.1% accuracy. In principle this can be com-
pensated by a DC current if necessary. On Mars with a factor of 3 smaller gravity
forces than on Earth this will create no problem and no correction is needed.

Because of the dusty atmosphere, the MB system has to be dust tight and precau-
tions have to be taken into account to avoid a dust covered entrance window.

Velocity calibration and control of linearity will be done by simultaneously
recording a calibration spectrum using a second source at the other end of the
moving tube. A combination of reference absorbers is considered, as for instance
a-Fe, y- or a-Fe;O;, both magnetically split, and the quadrupole split SNP
(Nay[Fe(CN);NOJ]-2H,0). From the temperature dependence of the hyperfine
interaction an average temperature may be deduced.

The experiments have to withstand accelerations over a broad bandwidth in fre-
quency up to 200 g as well as the large diurnal temperature variations on the Mar-
tian surface. The memory and microprocessor chips have to survive two years of
cosmic ray irradiation.

According to the COSPAR requirements (less than 300 spores per m? [54]), ster-
ilizing procedures are necessary before departure and have to be considered in the
construction.

The large Russian Mars rover. The Russian Mars96, which is scheduled to launch
in 1998, will deploy a balloon (French contribution) and a rover to the lower atmo-
sphere and the Martian surface respectively. The Mossbauer instrument is part of
the scientific payload of the rover. The big step forward in having a rover compared
to the stationary Viking and Mars94 landers is the possibility to study different
samples at different geologically attractive sites. For the MB setup it will be of
importance to record spectra of the fine soil on the surface, of rocks and of the deep-
est few centimeters of the soil, which may be accessible by using one of the wheels
of the rover for digging, or possibly a drilling device.

For the Mars96 mission, the rover of overall size of 1 m and weight of about
70 kg will supply a total of 10-15 W electric power on average. This power has to
be shared between experiments and the movement devices of the rover itself.
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Finally the total average power available for experiments depends on the distance
the rover is decided to go. The total weight for about eight experiments will be lim-
ited to 10-15% of the weight of the rover. Considering all these facts the Moss-
bauer spectrometer to be implemented on the rover is limited to a total mass of less
than 500 gand an average power consumption of about3 W.

The MB experiment will be positioned together with an a-backscattering experi-
ment [30] and a small TV camera on a robotic arm (see fig. 6), which is under devel-
opment at Vinii Transmash, St. Petersburg, and the Space Research Institute
(IKI), Moscow, Russia.

As mentioned above, the Martian soil contains a significant amount of a mag-

3 (b)

Fig. 6. Scheme of the Russian Mars rover, together with the robotic arm mounted on the chasis. The

arm (2) will carry the instrument head (1) with the Méssbauer spectrometer, an a-backscattering

and X-ray spectrometer, a CCD camera and some devices for sample preparation. The rover has

three axes, six wheels (4) and instrument boxes (3). (a) shows the arm in the parking position,
(b) shows it in working position. With courtesy of Dr. S. Linkin and Dr. Rodin, IKI.
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petic material. It would be desirable to also have the possibility of magnetic separa-
tion which would allow this component to be identified with high accuracy. The
use of permanent magnets as in the Viking mission [46], or maybe of a magnet array
as now included in the US Pathfinder mission [55,56], in combination with the
MB instrument will allow this. This proposal [57] is now seriously considered for
the Mars96 mission.

Very important is the ambient temperature, which will change between about
180 and 290 K during a Martian day for equatorial landing sites. There is no power
left for temperature control but these temperature fluctuations may be considered
of great scientific advantage for both the detectors and the samples, which may be
investigated over a range of measurable temperatures.

Another problem is microphonics due to other experiments, the rover itself, or
in particular to winds or even dust storms expected in Martian autumn. This makes
a sturdy connection between sample and MB drive essential. For these reasons the
pickup voltage from the drive will be used as a check for the level of microphonics
before the start of the MB experiment.

Due to restrictions in data transfer (20 min Mars—Earth travel time; low rover—
orbiter transfer rate), the MB system has to boot with a “power on” command and
the data have to be stored within the system until a contact between rover and orbi-
teris established.

The measuring times for a particular sample have to be of the orders of a few
hours depending on the rover program. Because of the expected complex spectra
over a large dynamic range in velocity high detection efficiency is extremely
important.

The system has the size of a soft drink can, a weight of less than 500 g and a
power consumption of less than 3 W, as defined at the beginning (see above). The
57Co source is mounted to the small drive and surrounded by a graded shield. Colli-
mated radiation passes through a Be window and the reemitted radiation is
detected by a ringlike array of PIN-diodes behind the same Be window. To achieve
noise reduction and high count-rate there are six independent preamplifier—
amplifier~ADC channels. Data storage and data transfer are controlled by a trans-
puter which also produces the velocity reference signal. There is a seventh channel
for velocity calibration of the MB drive with a small source mounted to the top of
the drive and a reference absorber in transmission geometry (see fig. 7). In addition
there are temperature sensors active during the MB experiment, and during the
off time vibrations will be detected.

Most important is an effective shielding of the detector system from direct and
cascade radiation. The 8 mm inner diameter graded shield consists of concentric
tubes of 0.5 mm thick brass, ] mm U, ] mm W and another 0.5 mm brass. No
122 keV radiation is seen in the detectors. This shielding acts also as collimator,
limiting the maximum emission angle to 25° and reducing the cosine smearing [22]
to a level that still allows a reasonable separation of the outer lines of y- and
a- FCzOg .
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Fig. 7. Mossbauer spectrometer MIMOS for backscattering geometry with two possible detector
arrangements as seen from the bottom.

A high energy resolution is required for each of the diodes. That means each of
the detector needs its own preamplifier—amplifier—ADC system (see figs. 7 and 8).
A 12 bit ADC, selected for good differential linearity, is used. Only the most sig-
nificant 8 bits are read out. Therefore no sliding scale technique is required. Two
digital windows at 6.4 and 14.4 keV are set by the transputer software. The perfor-
mance of the system has to be checked repeatedly. This is most easily done by tak-
ing energy spectra. The ADC conversion time has to be short for the rather high
count-rates expected. Also for this reason the Gauss filter amplifiers provide bipo-
lar output pulses allowing good resolution up to 10 kHz.

The operational control of the experiment and the data handling is done by a
microprocessor which is suitable for fast real time applications (fig. 8). The choice
of the Transputer T225 microprocessor was also biased by the broad experience we
have in using them in a transputer tree for the read out of a multiwire chamber for
the Kaon spectrometer at GSI [58,59).
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Fig. 8. Scheme of the electronic part of MIMOS. “Amp” consists of the preamplifier, connected to
the PIN diode, and the Gauss amplifier. For detailed description see text.

Main parts of the CPU module are a 16 bit transputer T225 running with
20 MHz clock frequency, 64 kByte static RAM to hold the program and spectrum
data and some control logic contained in an ASIC (application specific integrated
circuit). The control program is stored in a 128 KByte (E)EPROM and will be
transferred to the RAM via a transputer link at power on time. The large
(E)EPROM capacity allows to store more than one copy of the control program in
order to increase security against bit faults. Communication with the host compu-
ter of the rover will be done using a second transputer link or some other serial inter-
face. All parts of the CPU module are realized in low power CMOS technology.

The transputer generates a clock driving the analog reference signal for the drive
using a 12 bit DAC. In the multiscaler mode it provides the digital filtering of the
6.4 and 14.4 keV ADCssignals. The selected events from the different detector chan-
nels are routed by the transputer to the actual velocity channel of the correspond-
ing Mdssbauer spectra. With about 25 Hz drive frequency and 512 channels per
MB spectrum all this has to be done in less than about 80 ps.

In addition measurements of temperature, vibrations and energy spectra are
controlled by the transputer.

Small stationary stations and small rovers. Besides the Mars96 mission Russia is
going to launch the Mars94 mission two years earlier (in 1996). Both missions have
been shifted for two years in respect to previous time schedule. In the Mars94 mis-
sion the deployment of two stationary stations is planned. A technical scheme of
such a station is shown in fig. 9. These so-called small stations have originally been
designed for meteorological investigations, but a number of other instruments
have been added meanwhile. The payload includes a meteorological complex with
sensors for pressure, temperature, humidity, wind velocity, and solar direction, an
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MOx BATTERY
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Fig. 9. Technical scheme of the “‘small stations” of the Russian Mars94, without a Méssbauer instru-
ment. The MBS would be installed on the free leaf, similar to the APX instrument. By courtesy of
Barbara Brown, Jet Propulsion Laboratory (JPL), NASA.

alpha-backscattering spectrometer for chemical analysis of the surface, a magnet-
ometer, a seismometer, and an oxidation experiment (MOx), looking for the degree
of oxidation of different materials.

After shifting the time schedule for two years it was proposed to also add a Moss-
bauer instrument. With respect to the large Mars rover the constraints in power
and mass are much more severe: the mass has to be below about 300 g, and the total
average power consumption has to be less than 300 mW! This is due to the fact
that the available power is limited by the RTG (radioisotopic generator) used for
these stations, which produces about 200 mW continuously.

By redesigning the instrument for the large rover we have been able to construct
a miniaturized Mdssbauer spectrometer, with power consumption of about
300 mW, and a mass in the order of 300 g (see preliminary design scheme in fig. 10).
This spectrometer is of course less capable than the design for the rover (see
above). The main changes with respect to the large rover instrument are the use of a
different microprocessor, which needs significantly less power, but is not as ca-
pable as the T225. Furthermore, instead of ADC’s in each detector channel only
discriminators will be used. No energy spectra can be measured. Only two detectors
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Fig. 10. Preliminary design of a possible Mdssbauer instrument for the small station, based on the
design parameters described in the paper. The instrument housing has a volume of about
220 cm® (4 x 6 x 9 cm?).

will be used instead of six in the rover instrument. Additionally, the design of the
Moéssbauer drive and its corresponding electronics have been changed significantly
to reduce the power consumption of this part by about a factor of 10 (from about
300 to about 30 mW)!

This instrument will allow only the measurement of one Mossbauer spectrum
using the 14.4 keV radiation. The instrument may be installed on one of the four
leaves of the Russian small stations. Such an instrument could be used also for other
missions where similar power restrictions apply (for instance the MarsNet pro-
gram of ESA [60]). In the MarsNet proposal a Mossbauer instrument is included.

For such small stations different kinds of small, and moving instrument carriers
have been developed. They got very different names. In the ESA MarsNet
program a so-called instrument deployment device (IDD) was included, carrying
the APX- and the Mdssbauer instrument. In the American Pathfinder the
American micro-rover Rocky IV is included. It will carry the APX instrument. At
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the moment a so-called Nano-Rover is under development by the Max-Planck-
Institute for Cosmochemistry, Mainz, in cooperation with our team at the Institute
for Nuclear Physics, TH Darmstadt (see fig. 11). This ‘“Rover’ is smaller than the
IDD. The Nano-Rover will carry an a-proton backscattering spectrometer to
determine the chemical composition of the surface, a Mossbauer spectrometer to
determine the mineralogical composition of Fe-bearing phases, a small CCD-cam-
era with a resolution of about 50 um and an X-ray fluorescence detector. A total
volume of about 160 cm? is available for the Méssbauer system together with an X-
ray fluorescence detector. For the construction of the instruments installed on
this Nano-Rover advanced technologies as hybridisation, SMD, ASICs, etc. have
to be used. It has been demonstrated by the Clementine mission (see section 3.3)
that such new technologies, which are usually not space qualified, are working very
properly in space applications. This Nano-Rover might be installed on a Russian
small station supposed to fly in 1996.

It is of course not clear whether this very capable instrument package will be
launched in 1996 or not. But such a sophisticated instrument package could be
installed on a lot of different missions to Mars, the terrestrial Moon, asteroids and
comets. There are also some terrestrial applications one might think of.

The different possible designs of a Mossbauer instrument for different missions
to Mars, covering a wide range of different experimental and technical constraints,
clearly demonstrate, that our Mdssbauer system is very flexible in its design. In

Fig. 11. The small Nano-Rover, which is under development at the MPI Kosmochemie, Mainz. The

dimensions of the Nanokhod are about 20 cm x 15 cm x 5 cm. The central box which is carrying the

instruments, can be moved and rotated independently from the outer two boxes with the tracks. By
courtesy of Professor H. Winke and Dr. R. Rieder.
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some cases a reduction of capabilities is necessary to fulfil the requirements, but
up to now for every mission an optimal and working compromise has been found.

3.2. VENUS

The planet Venus is the planet second nearest to our Sun. Venus is very similar
to our planet Earth in size, mass and density, in contrast to the planet Mars. Never-
theless, Venus is also very different from Earth in environmental conditions as
also Mars is. The planet is completely covered by clouds. The surface temperature
is about 500°C and the surface pressure is about 100 bar. The atmosphere consists
mainly of CO; (about 96.5% =+ 8%). The high temperature is interpreted as a result
of the so-called green house effect. It is obvious that the evolution of the planets
Venus, Earth and Mars, born at the same time, has ended up in very different
states. One of the major questions is what is the reason of this? Could it be the differ-
ence in size? This might explain the difference between Earth and Mars. But this
cannot hold for Venus. To solve this puzzle, which will help to understand the for-
mation and evolution of the solar system, and to predict the future evolution of
the Earth, it is necessary to explore the surface of Venus in respect to mineralogy,
chemistry, morphology, as well as the surface—atmosphere interaction.

3.2.1. Motivation and goals for the exploration of Venus

In the last 20 years a number of space missions have been send to Venus. From
the Russian landers (Venera 9 to 14) the chemical composition at the ground of two
landing sites could be determined. Recently, the very successful American
Magellan space probe mapped the complete Venus surface by radar and revealed
evidence for both evolved compositions (steep-sided domes and festoons; [61]) and
primitive compositions (sinuous channels and large flood basalts [62]). Also reflec-
tivity values vary very sharply at certain altitude [63].

However, the elemental and mineralogical characteristics of this observed range
of morphological and radar property variability are not presently known. Besides
other open questions there is a major uncertainty about the oxidation state of the
surface of Venus [64] and the interaction of the atmosphere and surface rocks [65].
From the data of the Pioneer Venus spacecraft, the Venera 11/12 spacecraft, etc.,
a theoretical model for the sulfur geochemical cycle on Venus has been proposed
[66,67] (fig. 12). An important component of this sulfur geochemical cycle is the
chemical weathering of pyrite. This was predicted to be a source of reduced sulfur
gases at the surface of Venus. After the Pioneer Venus and Magellan missions pyr-
ite was also proposed to be present in low emissivity regions in the highlands of
Venus [68-70].

The questions on the oxidation state of the surface of Venus and whether pyrite
is stable or not have been investigated by laboratory experiments [40—44]. A
detailed experimental Mdssbauer study of the kinetics and mechanism of the chem-
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Fig. 12. Modified version of the Venus sulfur cycle proposed by Von Zahn et al. in 1983 and Prinn in
1985. According to the results from refs. [41,43] the reaction sequence pyrite — pyrrhotite = Fe
oxide has been incorporated into this diagram.

ical weathering of pyrite (FeS;) under Venus surface conditions showed that pyrite
is unstable on the Venusian surface [43,41]. All studies performed with CO; and
CO; gas mixtures (CO-CO,, Ar-CO;, H,—CO,, CO-CO,-S0;) along five iso-
therms in a temperature range of 390-531°C showed that pyrite thermally decom-
poses to monoclinic pyrrhotite (Fe;Sg). By continued heating more Fe-rich
hexagonal pyrrhotite is formed (see fig. 13). During this process the pyrrhotites are
oxidized to form magnetite (Fe;O,), which is converted to maghemite (y- Fe;03)
and then to hematite (a-Fe;0O3). This reaction sequence could be determined by
X-ray diffraction and Mossbauer spectroscopy (see fig. 13). The reaction rate of
pyrite was determined by quantitative Mdssbauer spectroscopy, by measuring the
weight loss and the thickness of the unreacted pyrite in the sample. The derived acti-
vation energy of about 150 kJ mol~! corresponds to a destruction rate on the sur-
face of Venus of about 1225 3 238 days/cm at the top of Maxwell Montes (about
660°K) to about 233 + 133 days/cm in the plains of Venus (about 740°K). These
lifetimes are very short on a geological time scale.

Experimental Mossbauer studies of the weathering of basalt powder [42] under
Venus surface conditions suggest that the red colour observed by Pieters et al. [64] at
the Venera 9 and 10 landing sites is due to the sub-aerial oxidation of Fe?*-bearing
basalt and that hematite, instead of magnetite, is present on the surface of Venus.
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Fig. 13. A set of Mdssbauer spectra showing the reaction progress for samples heated on the 530°C

isotherm. Going from top to bottom, the samples were heated for 2.5, 8, 16, 43, and 97.5 h. The

change from pyrite to monoclinic pyrrhotite to hexagonal pyrrhotites is clearly visible in the Mdss-
bauer spectra.

These laboratory results are of course important for the models of Venusian geo-
chemistry, for models of sulfur chemistry in the lower atmosphere of Venus, and
for studies of the origin and evolution of the atmosphere of Venus. But it is very
important to verify these results by the in situ Mossbauer analysis of the Venusian
surface material during a future spacecraft mission to Venus.

3.2.2. Possible mission concepts

After the Russian Venera 9-14 and the US American Magellan spacecraft
mission to Venus there are no approved new missions which will go to Venus. There
are some plans to propose a Venus mission in the frame of the NASA discovery
class mission programme. One of them is the SAGE mission (Discovery Venera
Surface—Atmosphere Geochemistry Experiments), with Jim Head III (Brown
University, RI) as Principal Investigator. The main part of the mission is to launch
a Venera-class lander to a designated target of interest on the surface of Venus.



G. Klingelhifer et al. / Missbauer spectroscopy in space 7

The lander should carry instruments to measure lower atmosphere constituents,
surface geology and surface geochemistry and mineralogy. Besides other instru-
ments the use of a Mdssbauer spectrometer is in discussion [71,72].

The landing vehicle consists of a pressurized container 1 m in diameter, a scienti-
fic instrumentation bay, an antenna, a fixed aerodynamic decelerator, and a land-
ing gear [73]. The total weight of the lander is about 760 kg. The scientific payload,
including the soil collection hardware, weighs about 150 kg. During the descent
phase acceleration forces up to 160 g will appear. The landing speed is less than
8 m/s.

The lander has a spherical heat-resistant sealed compartment protected from
heating by a two layer, high-level thermal insulation system, consisting of rigid,
porous and machined high-temperature silica blocks. The inner hull is thermally
insulated and isolated from the outer hull. The lander compartment contains the
battery, the thermal protection system, and the scientific instruments.

The total surface life time is estimated to be about 2 h. This short lifetime is due
to the fact that the lander is heating up inside due to its own internal power con-
sumption. It cannot get rid of the heat due to the excellent thermal insulation. One
way to increase the lifetime would be to reduce the total power consumption,
which is actually about 200 W, according to the mission concept [73]. The sample
material needed for the geochemical and mineralogical analysis will be delivered by
a sample acquisition system identical to that used on the Russian Venera 13 and
14 and the Vega 1 and 2 spacecraft. Via a complex system this material is brought
inside the compartment, into the soil sample container, a separate vacuum cham-
ber inside the compartment. This sample container is designed to withstand the
atmospheric pressure of about 100 bar, and a temperature of about 700°K, in the
case the soil sampling device will fail. The other instruments in the inner part of the
compartment will not be affected in such a case, and they can finish the mission
goal properly. In this way the instruments for geochemical and mineralogical
analysis do no have to withstand the ambient temperature and pressure on the
Venusian surface.

But there is very limited space available in the soil sample container, mainly
due to the safety requirements discussed above. This is of importance for the design
of instruments, located in this container.

3.2.3. Possible instrument design

Due to the constraints in available space the Mdssbauer instrument should be
divided into two parts, one part consisting of the y- and X-ray detectors, including
the preamplifier and the filter amplifier, the source and the Mdssbauer drive (let
us call this part the “detector head”), and the ADC, the drive control system and
the micro-processor (let us call this part the “electronic system’”). Only the detector
head should be mounted in the soil sample container. The electronic system should
be located in the inner compartment of the system itself.
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A possible design of the detector head is shown in fig. 14. Also shown are some
possible solutions for arranging the Si-PIN-diodes. The final solution will depend
of course on the geometry and space available in the real soil sample container. The
number and size of the diodes should be chosen in such a way that the solid angle
covered is as large as possible. In contrast to the Mars mission power is not a prob-
lem, so the number of detector channels could be as high as needed.

For XRF one or two separate detectors will be included. As detectors Hgl,,
small PIN-diodes [74] or CdZnTe [75-77] may be used. Recently with 7 mm? Si-
PIN-diodes, slightly cooled (about —30°C), an energy resolution of about 260 eV
(at 5.9 keV) has been achieved, which is comparable to the Hgl; detector included
in the Mars94 APX instrument [30].

An increase in temperature causes a decrease in energy resolution and therefore
a decrease in the signal to noise ratio. Therefore the detector head should be cooled
to keep it at the lowest possible temperature as long as possible. This will also mini-
mize the uncertainty in the velocity signal due to temperature changes of the drive
itself.

The electronic system can be operated within a larger temperature range up to
may be 60-80°C, and can be installed in the inner compartment, connected to the
detector head via electrical feed throughs. Of course due to temperature varia-
tions some components will change their values, which should be taken into
account in the design. Due to these complex temperature variations it will be
extremely helpful to measure a reference Mossbauer spectrum for a known source
sample combination.

Source

Radiation-
Shield
Detectors

Preamplifier

Surface (Sample)
——
2 cm

Fig. 14. Possible design of the detector head of the Méssbauer spectrometer, consisting of the MB
drive and source, the detectors and the preamplifiers. Shown are also some possible solutions for
detector arrangements.
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3.2.4. General problems and remarks

Probably the biggest problem in using a Mdssbauer instrument for a Venus
lander mission is the changing temperature of the sample itself. The surface mate-
rial has a temperature of about 500°C. The soil sample will be delivered within sec-
onds to the sample container, and its temperature probably is only slightly
reduced. Of course, the temperature will decrease rapidly by radiation, heat con-
ductivity, and convection, but during this time period due to the temperature
dependence of the Debye—Waller factor (f) and the hyperfine parameters, and may
be due to phase changes at certain temperatures, the shape of the Mossbauer spec-
trum might change with temperature (and therefore time!). Because of the limited
lifetime of the lander of about 2 h, the main goal is to obtain one Mdssbauer spec-
trum at a certain temperature with sufficient statistical quality.

To obtain this spectrum one should start measuring the Mdssbauer spectrum
when the sample temperature is more or less constant. On the other hand usually it
is very helpful for the identification of Fe-compounds and minerals to conduct tem-
perature dependent measurements even with less statistical quality. For this it will
be necessary to collect and transmit the spectra at certain time intervalls, may be
every few minutes, depending on the rate of sample cooling. This frequent data
transmission might create problems due to the limited downlink capacity. Further-
more the sample temperature is not necessarily uniform. Laboratory tests are neces-
sary to determine how useful such data could be.

To obtain a Mossbauer backscattering spectrum (MBS) of sufficient statistical
quality, a source with an activity as high as possible is needed (for limitations see
section 2.1). The flight time to Venus is in the order of 120-160 days, which is about
half as long as the flight to Mars. Therefore, the loss in intensity and the increase
in line width is significantly lower than during a Mars mission. By optimizing the
source activity versus increase in line width for a 140 & 20 days mission duration
the statistical quality of the spectrum will be enhanced significantly even without
increasing the number of PIN-diodes in comparison to the Mars instrument (see
section 3.1.2).

The final conclusion which can be drawn from the discussion above, is that a
Mossbauer spectrometer for a mission to Venus is feasible. There is also no doubt,
that such data would contribute significantly to the understanding of the evolution
of Venus, Earth, Mars and the whole Solar System. But it is completely open
whether there will be a Venus lander mission in the near future or not.

3.3. TERRESTRIAL MOON

Since the race to the Moon between the United States and the former Soviet
Union, which culminated in the first landing of astronauts on the Moon during the
Apollo 11 mission in 1969, there have been no missions to the Moon until the begin-
ning of this year. A small spacecraft, called Clementine, using very advanced tech-
nologies, developed partly for the US SDI (so-called ‘““Star Wars”’) program, was
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orbiting the Moon at the beginning of this year, mapping the lunar surface nearly
completely in various wavelength bands. These investigations allowed to identify
areas differing in age and mineralogy.

This mission might be the first step on the way ‘“Back to the Moon”, a program
which is under investigation at NASA now. Recently also at ESA some activities
have been started to initiate a program for Moon science. These programmes
include unmanned robotic missions as well as the set up of manned Lunar bases
[78]. What are the reasons to think about building lunar bases, where human beings
would be permanently present? There are indeed many open scientific questions
concerning the evolution of the Moon itself, the system Earth-Moon, and the Solar
System, which could be answered only by manned missions. Also the Moon can
act as the most ideal platform for different kinds of observatories. On the Moon
there is no atmosphere which on Earth sets a certain limit for optical astronomy as
well as for investigations in other wavelength bands. For instance radio and
gamma ray astronomy would find optimal conditions for operation on the Lunar
surface, especially on the back side. Also an idea of building a giant accelerator
around the equator of the Moon has been advanced [79]. No vacuum system is
required. Only the deflecting magnets and the accelerating stations would be
needed.

A Lunar base could also serve as an intermediate station on the way to other tar-
getsin the Solar System, for unmanned as well as manned missions. Less propellant
is needed in respect to a launch from the Earth. Finally people are thinking about
using Lunar resources to compensate limitations in terrestrial resources [78].

The feasibility of all these plans (some of them sound very futuristic) depends
strongly on the possibility of producing oxygen on the Moon. Oxygen will be used
as propellant (together with hydrogen), and it is needed for the life support system
of a Lunar base. Different research groups and companys have investigated how
to extract oxygen from Lunar material {78]. A very promising mineral for this issue
seems to be the mineral ilmenite, which is present in Lunar basalt, soils, and
rocks, with a natural abundance of about 5 wt% (in average). It has been demon-
strated recently that oxygen can be extracted in significant amounts from Lunar
material by reducing ilmenite. For these experiments 10 kg of Lunar material
(Apollo sample 70035) containing 25% ilmenite, have been used [81]!

To use ilmenite as a source for oxygen production would need knowledge about
locations on the Lunar surface with a high abundance of this mineral. This means
that as on Earth some kind of exploration is required to find these ilmenite rich
places. Here Mossbauer spectroscopy may play an important role [80]. Ilmenite
can be easily determined by MBS due to its characteristic pattern (see for instance
ref. [81]). Having a Méssbauer instrument mounted on a Lunar rover would allow
to search for ilmenite very effectively. Also the absolute amount of this mineral
could be determined if the MBS will include XRF capabilities, too (see section
3.1.2). Furthermore, MBS could be used to monitor in situ the degree of reduction
of ilmenite during the oxygen production process.
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Besides the use of Mdssbauer spectroscopy for the exploitation of Lunar
resources such an instrument could be used in unmanned missions to the Moon,
dedicated specifically for basic research purposes. It has been demonstrated during
the analysis of the Lunar material, which have been brought back to Earth by the
Apollo missions, that Mossbauer spectroscopy is extremely helpful for the determi-
nation of minerals present in these samples [82].

In comparison to missions to Venus or Mars (or even other missions to more dis-
tant solar bodies) the experimental constraints are not very severe in Lunar mis-
sions. The flight duration is in the order of days. Therefore problems concerning
the maximal source activity only would arise if the mission on the Lunar surface
lasts in the order of one half life of ’Co (about 260 days) or longer. There also
should be enough power available to operate experiments in an optimal way. Mass
restrictions should not be as severe as in missions to more distant targets. There-
fore a very capable Mossbauer instrument could be sent to the Moon, from which a
lot of very interesting data would be expected.

3.4. COMETS

Comets and asteroids are believed to represent the most primitive solar system
bodies. They are assumed to have kept a record of the chemical processes occurring
during the early stages of the solar system. It is assumed that comets have been
formed at large heliocentric distances and kept there at low temperatures. Some of
these are occasionally transferred to trajectories crossing the inner part of the
Solar System, sometimes coming close to planets (e.g. the Earth).

Cometary material is assumed to contain presolar grains and condensates from
the protosolar nebula, from which the planetesimals and afterwards larger plane-
tary bodies have formed. Therefore, cometary material represents the oldest mate-
rial available in the Solar System. Material from asteroids in this point of view is
in a stage of evolution inbetween cometary and planetary material. It is found that
asteroids with relatively large distances to the Sun have spectral similarities with
cometary nuclei. This is especially the case for the most distant asteroid Chiron,
with an orbit outside the planet Saturn. This asteroid is often considered as a
“giant” comet nucleus [83].

The trademark of comets is their gas activity, leading to more or less pro-
nounced tails. Models of cometary nuclei were based on the idea of some kind of a
“dirty snowball’’ (icy conglomerates) [84]. But the recent space missions to comet
P/Halley, and other observations during the last years have shown that at least P/
Halley and other short period comets are extensively covered by refractory mate-
rial. The relative abundance of dust (refractory material) at least near the surface of
a comet is large (nearly 50%). It is now considered probable that cometary nuclei
are dominated by this refractory material, consisting mainly of silicates and
organic material. Instead of a dirty snowball a comet nucleus seems to be more like
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an “icy dustball” (see fig. 15) [83]. But what is the composition of such a comet
nucleus, which is supposed to resemble primitive solar system material?

Extraterrestrial material available on Earth, divided into two major classes, pro-
vide the actual data base for what is believed to be primitive solar system mate-
rial: (1) chondrites and (2) interplanetary dust. Chondrites are a special class of
meteorites, which are believed to originate mainly from the main belt of asteroids.
Of extreme interest is the subclass of carbonaceous chondrites, which is considered
to be the most primitive class of meteorites. Carbonaceous chondrites may be iden-
tical with cometary material (probably in a more processed stage).

Carbonaceous chondrites (CI, CM) are the only meteorites, where magnetite
has been found [86-88], with exception from the SNC meteorites, which are sup-
posed to originate from the planet Mars [7,89—92]. Furthermore, the five CI’s have
an elemental composition that matches very closely the condensable portion of
the Sun. To establish whether this class of meteorites resembles really cometary
material, in a more processed stage, would be very important. If CM’s and CI’s are
really of cometary origin, a significant amount of cometary material would be
available on Earth. In this case the question of having a very expensive sample
return mission to a comet would not arise immediately.

The main contributions of Mdssbauer spectroscopy to the understanding of the
origin and evolution of the solar system itself, and its present status, would be:

— determination of whether magnetite (Fe3Oy4) is present on the surface of a co-

met nucleus (in the dust material) or not;

— identification of the Fe bearing minerals;

— identification of the oxidation state of iron, which is very important for differ-

ent models on the evolution of the solar system.

REFRACTORY 4 GAS-RICH ZONE

DUST MANTLE

BOULDER

EXPOSED

DRILL CORE /
DRILL CORE GAS-RICH ZONE

Fig. 15. Macroscopic model of the near surface zone of a comet nucleus at a potential landing site
(by courtesy of ESA [85]).
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3.4.1. Main characteristics of amission to a comet and their implications to a
Moéssbauer instrument

The characteristics of a mission to a comet of course depend on the target itself.
Different comets are very different in minimum distances to Earth (or the Sun).
They do have very different orbiting times. Also a comet with a rather well known
trajectory should be chosen to allow a sufficiently good targeting of the space-
craft. According to the Rosetta mission studies [83] reachable targets are short-
period comets with low inclination with respect to the ecliptic plane and perihelion
radii near 1 astronomical unit (AU). Different possible cometary targets have
been studied under different assumptions (see the Rosetta report [83]). A list of 11
possible targets has been determined, with launches between the year 2002 and
2004, and flight times between 5 and 10 years (arrival at the comet).

Having a closer look at the different possible targets (please note: the Rosetta
mission has been approved by ESA in 1994, which means that this mission really
will go!) a number of serious constraints for the spacecraft, the lander module and a
possible Méssbauer instrument could be identified, which partly are described in
the Rosetta report [83]. One of the most fascinating and difficult tasks of the mis-
sion itself, after approaching the comet and getting into a stable orbit around the
nucleus, which has nearly zero gravity, is the landing of the surface probe. The
diameter of a typical comet nucleus is in the order of a few kilometers (e.g. P/Hal-
ley). Due to the very low gravity the speed during landing has to be kept as small
as possible to minimize the probability of a rebound, which could lead to the escape
of the surface package from the comets gravity field. Different techniques are in dis-
cussion to land the surface probe. One of them is to have some kind of a cork-screw
mounted on the probe [93,94]. By bringing the probe itself into well defined rota-
tion, during the landing the probe will fix itself by screwing into the surface of the
comet. But there are a lot of open questions, for instance nobody knows about the
structure of the surface material. At the moment is has not been decided how the
lander will be brought to the surface.

The main constraint for the Méssbauer instrument itself is the flight time of
about 5 to 10 years. The most probable targets are the comets Schwassmann—
Wachmann 3 and Wirtanen with flight times for the spacecraft of about 5 and 8
years, respectively. Because of the half-life-time of 5’Co of about 260 days there
would be a reduction in source intensity of about a factor of 130 and 2000 for the
missions to Schwassmann-Wachmann 3 and Wirtanen, respectively. The amount
of Fe present in the surface material of comets is not known. This makes it difficult
to estimate the measuring time needed to get a Mossbauer backscattering spec-
trum within the expected lifetime of the lander. Furthermore there are different
options of landers in discussion today, short living (up to about 1 day) and long liv-
ing stations (up to 10 days). Assuming a relative abundance of iron of about 10%
in weight (comparable to earth like planets), the 57Co Méssbauer source activity,
needed at launch time, can be estimated taking into account the mission constraints
itself:
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Version (a): 5 years of flight time (Schwassmann-Wachmann 3)

— short living lander; available measuring time about 10 h; source activity at

launch: about 3-5 Cij;

— long living lander; available measuring time about 50 h; source activity at

launch: about 1 Ci.

Version (b): 8 years of flight time (Wirtanen)

— short living lander; available measuring time about 10 h; source activity at

launch: 40-50 Ci;

— long living lander; available measuring time about 50 h; source activity at

launch: about 10 Ci.

The needed source activities for a mission to a comet are rather high. Due to lim-
itations to about 1 Ci/cm? a source with a rather large dimension is needed. This
will not allow to use a standard source-sample-detector geometry as is the case of
the “Mars” instrument (see fig. 7). To limit the cosine smearing to a tolerable value
one has to limit the maximum emission angle. This could be done by using a honey-
comb structure for the collimator.

To improve the signal to noise ratio the energy resolution of the detector should
be improved. There are several possibilities which seem to be feasible within the
next few years. First of all Si-PIN detectors with much better energy resolution
have been announced recently [74]. Very promising results using CdZnTe (CZT)
detectors have been published [75-77]. CZT has the advantage of high detection
efficiency (nearly 1 for energies below 15 keV), and a small Compton scattering
cross section. This material can be handled relatively easy, in contrast to the Hgl,,
which also has a very good energy resolution and a small Compton cross section,
But there are still problems in handling the material [95]. Having these types of
detectors available with sufficiently large sensitive area, which is in the order of
20 to 100 mm?, the sensitivity of the Mdssbauer instrument would be improved
significantly.

One also has to think of using a transmission geometry instead of the backscat-
tering geometry, proposed for space applications. This, of course, would need sam-
ple preparation, but in the case of a mission to a comet this might be easier to do
than to use those very strong sources. Both possibilities will be studied very care-
fully in the near future.

The long duration of the Rosetta mission is due to the fact that the spacecraft
needs some gravity assist by the Earth, Venus, and also Mars, to reach the comet,
because for launch a European Ariane 5 rocket will be used. The use of a more
powerful American or Russian launcher would allow a more direct pass to the
comet. The flight duration would be significantly shorter than using the European
launcher. In this case to build a Mdssbauer spectrometer would be much easier.

3.5. OTHER TARGETS

Besides the terrestrial Moon, Venus, Mars and the comets there are, of course,



G. Klingelhifer et al. / Missbauer spectroscopy in space 335

a lot of other solid bodies present in our solar system. All of them are of interest
for planetary science. One of the planets not very well known is Mercury. It is the
planet closest to the Sun, and therefore there is a big interest in its chemical and
mineralogical composition. The flight time needed to go to Mercury is not critical
for a Mossbauer instrument. This is not the case for the big planets Jupiter, Saturn,
Uranus and Neptun. A trip to these planets needs a relatively long time. As in the
case of the mission to a comet it will depend strongly on the capabilities of the
launcher whether one really would consider seriously sending a Mdssbauer instru-
ment to one of the planets. Furthermore, the surface environmental conditions
make it nearly impossible for a lander to survive a time period long enough to allow
measurements. Because of this the only accessible targets in this area of the solar
system might be the moons of these planets.

Very interesting from the point of view of evolution of the Solar System are aster-
oids (see section 3.4). Some of these bodies are occasionally approaching very close
to the Earth. Therefore, only relatively little time is needed to go to an asteroid.
Because of the low gravity the problem of how to land a surface probe has to be
solved. This is similar to a mission to a comet (see section 3.4).

4, Conclusion and outlook

By now five years have passed since the first realistic proposals for a Massbauer
spectrometer for space applications were made [13,16]. We have joined the
Mars96 project about four years ago and we experienced that the method of Moss-
bauer spectroscopy was not well known in the planetary science community. This
situation has changed significantly and MB spectroscopy is now widely accepted as
a new tool for this field of science. As shown in this paper a certain number of space
missions have a Mossbauer instrument in the payload, or have at least considered
seriously to include such an instrument. Therefore, there is a high probability that a
Mossbauer spectrometer will leave our planet within the next few years, because
sample return missions, which are also under consideration, are far beyond the
actual possibilities of financial resources.

There is a big and controversial discussion on whether one should have a sample
return mission. Bringing samples to laboratories on the Earth, or maybe to a future
space station, has, of course, the advantage that these samples can be analysed
with much higher accuracy than in situ on the surface of a solar system body. This is
valid also for a Mossbauer spectrometer. But will samples be delivered to the labs
really without any changes in their properties (e.g. oxidation)?

Besides the development of the instrument a number of laboratories have
started programs on so-called Mars sample analogs, which are not only studied by
the MB technique. Correlations of the MB results to magnetic properties, reflec-
tance spectroscopic data etc. are most important [32-39,1,47]. Similar studies are
now performed for the weathering of Venus surface material [40-43,65].
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The knowledge gained from all these activities will play a decisive role when
data are finally returned from solar system targets as for instance Mars or Venus.
Finally, M6ssbauer spectroscopy might help to understand the natural laws which
produced the world in which we live.
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