Mass Spectrometry

International Journal of Mass Spectrometry 215 (2002) 113-129

www.elsevier.com/locate/ijms

Space-borne mass spectrometer instrumentation

M. Hilchenbach

Max-Planck-Institut fir Aeronomie, 37191 Katlenburg-Lindau, Germany
Received 23 July 2001 ; accepted 1 October 2001

Abstract

In-situ space-borne mass spectrometers are applied in different fields of space physics. These instruments observe the
wind plasma, solar energetic particles and cosmic rays, the atoms of the local interstellar medium, the gas and dust of the c
and tail of comets or planetary atmospheres and magnetospheres. The flux intensity, mass, energy and charge of the par
is measured in-situ and density, bulk velocity and temperatures of the particle populations are derived. The interplanet
space is a very large plasma physics laboratory and with in-situ instruments one is able to observe and learn to underst
the physical phenomena in this plasma. A future application of high precision mass spectrometers is the in-situ measurern
of the elemental, isotopic and molecular composition of samples of planetary bodies and comets. (Int J Mass Spectrom :
(2002) 113-129) © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Space; Plasma; In-situ; Particle; Detector

1. Introduction ground or balloon based instrumentation, it is the at-
mosphere and the Earth’s magnetic field, which cut
Instruments such as mass spectrometers are used fooff the lower energetic ions of the space plasma. The
in-situ particle and ion observations in space. Ener- advent of space age with the launch of SPUTNIK in
getic rays and particles have been observed since thel957 and EXPLORER I in 1958 triggered the research
end of the 19th century. First radioactivity of ground of in-situ space plasma physics and the development
minerals was identified as the source of radiation, but for suitable detectors. The Geiger counter instrumen-
it become clear with the advent of balloon experiments tation measurements on the Explorer satellite lead to
and the decisive experiments and discovery in 1912 the discovery of the enormous number of high-energy
that there was also an energetic radiation called “cos- particles trapped in the Earth’s magnetic field, known
mic rays” from space [1]. The instrument was an elec- as the Van Allen Radiation Belts. The existence of the
troscope and it discharged more rapidly as the balloon solar wind was predicted in 1951 from remote obser-
ascended. The radiation was initially believed to be vations of the inclination of the comet ion tails off
electromagnetic in nature, but during the 1930s, it was the radial comet-Sun direction and the solar coronal
found that cosmic rays must be electrically charged be- source was modelled in 1958. But it was not before
cause they are affected by the Earth’'s magnetic field. LUNIK Il in 1960 and finally MARINER Il in 1962
While cosmic ray research is still carried out also with that the existence of the solar wind was proven by di-
rect in-situ observations [2—6]. In-situ space plasma
E-mail: hilchenbach@linmpi.mpg.de instrumentation was not the driving factor to move
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into the space age, this was the competitive race to long term capable to derive results comparable to the
the moon, i.e., manned space flight. However, to the precision of ground based laboratory measurements.
end of the last millennium, all solar system planets ex-  Besides mass spectrometer type instrumentation,
cept Pluto have been visited by spacecrafts and spaceother in-situ instruments measure the magnetic fields
plasma parameters were measured in-situ from 0.3 AU and waves in the space plasmas such as solar wind or
to beyond 80 AU. planetary magnetospheres. These measurements are
Particle space research is spanning the whole field crucial for the interpretation and understanding of the
of in-situ plasma observations and the exploration of observed ion and electron fluxes and their temporal
planetary bodies including their magnetospheres, at- variations.
mospheres and surfaces. The first generation of par- In the following, we will present the principles of
ticle instruments was focusing mainly on the energy space borne mass spectrometers and some examples
distribution of the ions and electrons in the space (by far not all) and discuss their capabilities and appli-
plasma. The instrumentation became more mature andcations. For space-borne instrumentation, the available
presently flying mass spectrometers have mass resolutesources, such as mass, volume, power and telemetry
tions resolving elements and isotopes, determine en-budget restrict the designs of instruments. The thermal
ergy and charge of the particles. The questions to be and radiation environments are very different from the
answered in the next decades ask for mass resolutiongerrestrial environment and are unique for each space
and sensitivities for very precise isotopic ratios and mission. The goal is to design and built instrumen-
guantitative measurements of trace elements, presentlytations for exquisite scientific data return within the
only achieved with ground based laboratory instru- given resources.
ments. Returning samples from space, such as the sil-
icate minerals of the lunar regolith and igneous rocks
returned by the APOLLO and LUNA spacecrafts, and 2. Space plasma, planetary bodies and
analyse the probes in laboratories on Earth is one pos-magnetospheres
sibility. Then the rocket not only has to launch the in-
struments required for sampling and storage, but also The solar wind is a steady flow of highly ionised
the Earth Return Vehicle. This was exercised with the plasma out of the solar atmosphere. The average so-
probes from the moon, it was envisaged for the can- lar wind is composed of electrons and approximately
celled MARS SAMPLE RETURN 2005 mission and 95-97% protons, 2—4%-particles (H&") and 1%
will be realised onboard the STARDUST or GENE- minor ions. The most abundant minor ions are the ele-
SIS mission. Samples of cometary dust or the solar ments C, N, O, Ne, Mg, Si and Fe. At Earth’s orbit the
wind plasma will be collected in-situ and returned to solar wind plasma is very dilute and hot. The plasma
Earth. The sampled material can then be thoroughly density is about 1-10ions/chand the bulk speed is
analysed in terrestrial laboratories and be compared supersonic and about 300-800 km/s, but under some
to the known terrestrial and meteorite abundances [7]. conditions can exceed 1000 km/s. The energy of solar
The precise mineral, elemental and isotopic composi- wind ions is between 0.5 and 2.0keV/nuc. The flux
tions of the samples of lunar rocks and regolith have intensity of the solar wind is about-2108 ions/cn? s.
been determined as well as the cosmic radiation expo- The kinetic temperature is betweerfhd 16 K and
sure ages and geochronical ages. The drawback of thisthe interplanetary magnetic field strength is about 5 nT.
approach is the possible terrestrial contamination, i.e., Despite the absence of collisions this plasma behave
the lunar rocks, stored on Earth, contain traces of wa- much like collisional gases or fluids, with coherent be-
ter vapour from the Earth’s atmosphere [8]. Future ex- haviour induced by their electric and magnetic fields.
plorations should therefore include very sensitive and The electrical conductivity of the solar wind plasma
high-resolution in-situ space-borne instruments, in the is very high, as the plasma is nearly fully ionised,
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i.e., main ions are protons, Pfe or a-particles, & All planets and comets explored to date have mag-
or Ot or F&t to Fetét. A second temperature, re- netospheres [10]. They are the regions above the
ferred to as the coronal temperature, is used to char-atmosphere and ionosphere where magnetic phenom-
acterise the solar wind. It is derived from the relative ena and the high atmospheric conductivity caused by
charge state distributions of the elements in the so- ionisation are important in determining the behaviour
lar wind and is typically of the order of the temper- of charged particles. In the 1960, this research was
ature of the solar corona, 48. The charge distribu-  not limited to observing the energetic particle natu-
tions are “frozen-in” in the solar corona, and are a rally occurring in the Earth radiation belts, but within
“ion-thermometer” to measure in-situ the temperature the frame of the ‘Starfish’ programme H-bombs were
in the distant solar corona. The solar magnetic field detonated in the upper atmosphere and the result-
lines are tied to the plasma due to the high conductiv- ing energetic electrons lasted for about 5 years in
ity. As the solar wind flows outward from the rotat- the Earth’s radiation belts. Magnetospheric plasma
ing Sun, the field patterns take on the general form of physics studies the magnetospheres of planets, as-
a spiral, the so-called Parker’s spiral. The knowledge teroids and comets and the structure of the magne-
of the solar wind elemental and ionic charge compo- tospheres due to the interaction of the solar system
sition, the kinetic temperature and the variability is bodies with the solar wind. The solar wind carries
essential for our understanding of the physics of the with it a magnetic field and a frame dependent electric
solar wind, the solar atmosphere and heliosphere andfield (Lorentz force). This electric field is very im-
the Sun itself. One fundamental question is how the portant for the depletion or even removal of planetary
solar wind is accelerated in the vicinity of the Sun and atmospheres from an unmagnetised planet, such as
why the solar corona is so extremely hot compared to Mercury or Mars [11,12], as well as sweeping out of
the relative ‘cool’ photosphere (millions degree Kelvin  the heliosphere the so-called pick-up ions. These are
compared to a few thousand degree Kelvin) [9]. formerly neutral atoms, ionised by charge exchange
High-energy solar particles are accelerated near thewith the solar wind plasma or solar UV radiation. The
Sun due to flares or coronal mass ejections. Energeticmajor source for neutral atoms in the solar system
interplanetary particles are accelerated in the helio- is the interstellar local medium, which is due to the
sphere in so-called co-rotating interaction regions or local dilute gas cloud our solar system is presently
by interplanetary shocks and at the termination shock passing through. This interstellar local medium has a
of the heliosphere. Cosmic rays and galactic particles density of about 0.1 atoms/Gma relative velocity of
have been accelerated to extreme energies far away26 km/s and a temperature of about 5000 K. Resulting
from our heliosphere, to energies even beyond TeV. pick-ion populations have been measured in-situ, i.e.,
Galactic cosmic rays consist of energetic electrons and H, 3He™, “Het or Ot originating from the local
nuclei, which are a direct sample of material from interstellar medium [13,14]. Another source of neu-
far beyond our solar system. They could have been tral atoms is atoms sputtered of solar system body
accelerated by shock waves of supernova explosions.surfaces, such as the moon. These lunar pick-up ions
The origin and transport processes for these particle such as O, Al* or Sit have been observed [15,16].
populations and the underlying acceleration mecha- The dust grains in the solar system have been known
nisms, for example plasma cyclotron wave resonancesbefore the space age due to the observed zodiacal light.
for solar particle acceleration or Fermi’'s acceleration The elemental composition of interplanetary dust par-
process in the vicinity of a supernova, are studied ticles (asteroidal and cometary) is one of three ma-
with the data of the in-situ particle instruments. The jor types: chondritic (60%), iron—sulfur—nickel (30%),
high-energy cosmic and galactic rays are modulated and mafic silicates, which are iron—-magnesium-rich
by the interplanetary field, i.e., with the 11 or 22 years silicates (10%). Since dust and especially interstellar
solar activity cycle. dust is believed to be composed of primordial matter
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of the time of the formation of the solar system, the capable to observe an energy range of the space plasma
determination of the composition of individual grains ions ranging from eV to beyond GeV. The flux intensi-

is of interest to planetary science and the science of ties vary from 18%ions/cnt s sr (MeV/nuc)?! for so-

the early solar system development. To understand thelar wind protons to 10 ions/cn? s sr (MeV/nucy!
process of dust transport in the solar system and its for galactic cosmic rays.

interaction with the interplanetary magnetic field, not

only the grain mass and orbital elements, but also the

charge of the dust grains must be measured in-situ. 3. Space plasma in-situ measurements and

As comets (or “dirty snow balls”) approach the Sun, instrumentation
they develop a coma consisting of gas and dust grains.

The observable coma, the ion and dust tails of the There are different types of in-situ space plasma
comets are up to ftimes larger than the nucleus of instruments, such as stacks of solid state particle de-
the comet. Comets are the grand, most tiny cheaterstectors, magnetic field combined with solid state par-
in our solar system. The gas contains not just atoms ticle detectors, electrostatic analysers with a charge
or simple molecules such as CO or®, but also detector, magnetic velocity filters combined with
more complex organic molecules such as formic acid electrostatic energy analysers and electrostatic energy
or acetonitrile. The composition of planetary atmo- analysers combined with time-of-flight mass spec-
spheres, i.e., the isotopic abundances of the traces oftrometers. The design of these instruments is driven
noble gases such as Ne and the identity of the molecu-by the science requirements, which define the energy
lar species such asPN; or CO; has been measured range, the required sensitivity, and the spatial and
[17]. The geological age of lunar rocks was determined time resolution. The instruments must be capable to
in samples returned to Earth. Radioactive decay mea-analyse, classify and compress the observed particle
surements of lunar samples show that the highlands events before the data is transmitted by the telemetry
formed about 4 billion years ago and the lowlands to an antenna on Earth. The limited telemetry data
about 3.5 billion years ago. This is in marked contrast rate resources are a major design factor of in-situ
to surface rocks on Earth, which show a wide distri- Space instruments. The available resources of the spe-
bution of ages, from very young to about 4 billion cific space missions in mass, volume and power and
years. Lunar rocks are old; and it was concluded that the expected extraterrestrial environment define the
the Moon is not geologically active. All lunar rocks envelope of possible instrument developments. The
are igneous (solidified lava). Lunar rocks are depleted expected radiation and thermal environment are major
in elements with low boiling points. This suggests that design factors. The properties of an in-situ instrument
the material in the lunar crust was subjected at some are defined by their energy, mass and charge range
point to higher temperatures than rocks in the crust of and resolution as well as the sensitivity, expressed by
the Earth. The origin of the Moon is still unknown. the geometrical factor (detector area and solid angle
Before the advent of space age theories have includedof field of view) and detection efficiency.

simultaneous formation of the Earth and Moon which

is ruled out by the observed chemical composition dif- 3.1. Plasma and suprathemal particle instruments
ferences [8,18].

Different in-situ mass spectrometers should be ca- Since the advent of space age, a lot of plasma
pable to measure the mass of particles in space such asnalysers and suprathermal particle instruments have
ions, atoms, molecules and dust grains. Some must bebeen launched to explore the solar wind plasma and
capable to observe particle fluxes from different direc- the plasma of planetary magnetospheres. Some ex-
tions and determine the trajectory path of the incoming amples are launched onboard PIONEER, HELIOS,
particles. In-situ space plasma instrumentation must be VOYAGER, ULYSSES or WIND [19-23].
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The first in-situ observations of the solar wind rated with such an the instrument. The abundance of
plasma were carried out onboard MARINER II, which C8t can only be inferred from measurements of the
headed towards Venus in 1962 [24,25]. The Solar other charge states of carbon, i.e>tCThis is done
Corpuscular Radiation Electrostatic Particle Analyser by assigning a value of coronal ion temperature to the
consisted of a curved plate analyser with variable solar wind and extract the abundances via modelling.
electric field to determine the energy/charge and the For cases where the most abundant charge state of an
detector was a sensitive vibration-reed electrometer element is obscured, a large uncertainty in the abun-
to measure the charge of the ions. This instrument al- dance of the element is introduced.
lowed to measure the energy ranges of the impinging To overcome this instrumental design restriction,
solar wind in a temporal sequence by stepping through an electrostatic analyser combined with time-of-flight
the high voltage applied to the curved plate analyser. spectrometers was introduced in the 1980 to in-situ
The instrument determined the density, velocity and mass spectrometers [26,27]. Three parameters are
temperature of the solar wind. It observed the pattern measured for each ion: energy/charge, velocity and to-
of slow and high speed streams and determined thattal energy of each ion in a triple coincidence scheme.
the a-particles had about the same velocity as the From this information, mass, charge state and en-
protons. The first space-based composition measure-ergy of each ion is derived. These instruments can
ments were carried out of the-particle to proton cover a wide range of energies and have a very low
ratio. These measurements relied on the fact that thebackground due to the triple coincidence detection
mean energy/charge of theparticles is twice that of  scheme. The effective duty cycle for these instru-
the protons, i.e., in first order all ions have about the ments is a function of the number of energy/charge
same velocity in the solar wind plasma. Tdaarticle steps needed to cover the full energy/charge range.
to proton ratio varied substantially with solar wind The principle of operation of these instruments is:
conditions. The solar wind is only observed within The ion passes an electrostatic analyser. The ion is or
a few degrees off the satellite-Sun line. For this first might be “post accelerated” in a high potential field
observations great care in the instrument design wasin the order of 20—30kV and then penetrates through
taken prior to launch to suppress and block the solar a thin carbon foil to enter the time-of-flight section.
photon radiation and suppressing photoelectrons dueOn leaving the foil, secondary electrons are released
to UV photons such as Ly- by means of a black  which are accelerated towards a micro channel plate
gold coating of the analyser plates. This interference (MCP) or channeltron detector, triggering the start
of the solar photon radiation is an ongoing design of the time-of-fight measurement. The ion passes
factor for in-situ space instrumentation and had be- through the field-free time-of-flight section and hits
come more important as the sensitivity, field of view a solid state particle detector. Emerging from the de-
and effective geometrical factor of the instruments tector surface on ion impact are secondary electrons
increased. and these are accelerated towards another detector

More modern instrument types measure ion veloc- and the time-of-flight measurement is stopped. The
ity and energy/charge separately and from these mea-post acceleration is necessary as the solid state detec-
surements the mass/charge is derived. This instrumenttors have a low energy threshold due to the front-end
type needs to scan over the full ranges of both velocity detector deadlayer and the nuclear defect. Such type
and energy/charge. The result is a disadvantageouslyof instrumentation with three coincidence detection
low duty cycle, that can only in part be overcome with of the ions have been very successfully applied as
adaptive scanning schemes. Another limitation is over- in-situ mass spectrometers [28,29].
lapping values of mass/charge of space plasma ions. The entrance systems or electrostatic analysers of
For example, the common solar wind ions?4eand the instruments have been developed from the cylin-
C5* have the same mass/charge and cannot be sepadrical to the sperical and “top hat” analyser. Variations
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of the latter allow spatial 3D sampling of the particles time-of-flight spectrometer. The latter is based on the
in the space plasma [30-32]. principle that the time-of-flight of an ion of a given
For isotope abundance measurements it is neces-mass/chargenq, is proportional to ifVg)Y/2 in the
sary to be able to distinguish ions differing in mass presence of an electric field that increase linearly with
by 1 amu for masses as large as 100 amu. Isochronouddistance (harmonic oscillator). The measurement of
time-of-flight instruments have been developed for the time-of-flight gives unambiguous values of m/q
space application [33,34]. These type instruments usefor individual ions. The required electric field is pro-
electric deflection fields shaped in such a way that the duced by a combination of a hyperbolic plate set at
time-of-flight is independent of the ion’s kinetic en- a large positive voltage (20-30kV) and a V-shaped
ergy and only a function of the ion’s mass/charge. plate at ground potential. The high mass resolution of
An example is the isochronous mass spectrometerthe sensor is due to the fact that the time-of-flight is
of the CELIAS (Charge, Element and Isotope Anal- independent of the ion energy and angle at which the
yser System) instrument package onboard the SOHOIon enters. The value of the high voltage determines
mission, shown in Fig. 1 [35]. SOHO is the Solar the maximum ion energy that can be deflected, but it
and Heliospheric Observatory, launched on December does not affect the mass resolution. The time-of-flight
2, 1995 and positioned in a halo orbit at Lagrange range is up to 500ns. The practical implementa-
point L1. The mass determining time-of-flight sensor tion required a conversion of the multiple charged
(MTOF) is a high mass resolutiorm{Am > 100) solar wind ions into singly charged ions. This is ac-
system to measure the solar wind composition. The complished with a thin carbon foil at the entrance.
sensor consists of a wide angle, variable energy/chargelons passing through the foil undergo a large num-
passband deflection system and the isochronousber of collisions with the carbon atoms, resulting in
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Fig. 1. The isochronous time-of-flight mass spectrometer CELIAS/MTOF onboard SOHO. The time-of-flight TOF of the ions is only a

function of their mass/chargen(g*)!/2 in the linear increasing electrical field (harmonic oscillator).
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Fig. 2. Solar wind elements and isotopes observed by CELIAS/MTOF (raw counts). The dark shaded isotope peaks were observed in
solar wind for the first time.

some energy loss, scattering and charge exchange An example for an in-situ mass spectrometer for
[36,37]. Most ions emerge from the foil as neutrals, a the suprathermal energy regime of the space plasma
few percent are singly ionised and a fraction has more is shown in Fig. 3. The Suprathermal Time-Of-Flight
than one charge. As the ions leave the foil, secondary (STOF) instrument is also part of the CELIAS pack-
electrons are produced and accelerated towards theage onboard SOHO [35]. STOF is a particle tele-
time-of-flight start detector (microchannel plate). The scope for the measurement of ionic charge states of
stop signal is created by the ions at the end of the particles with suprathermal energies in the range of
time-of-flight region. An example for the resulting 50-4000keV/nuc or above the solar wind to low en-
time-of-flight spectrum is shown in Fig. 2 [38]. This ergy flare and shock accelerated particle energies. It
spectrum was accumulated over a 3-day period. The has a stacked multiple-segment electrostatic analyser
MTOF sensor was set in a mode that was optimised with a large area time-of-flight and a pixeled energy
for observing solar wind species with masses above measuring system. STOF combines the electrostatic
that of sulfur. This is why the peaks for Ca (mass 40) analysis with the time-of-flight and the determination
and Fe (mass 56) are so dominant. The O (mass 16) isof the residual energy in a solid state detector. The
actually the most abundant heavy element in the solar solid state detector covers an area of about 105 cm
wind, and the true Fe (mass 56) abundance would be It consists of 12 detector chips mounted on six ce-
roughly 10% that of O. For example, the Si, S and ramic hybrids. Each hybrid carries two detectors
Ni isotopes were measured for the first time in-situ in and a special amplifier chip with the associated ana-
the solar wind. logue and digital electronics for signal processing.
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Fig. 3. Suprathermal particle instrument STOF onboard SOHO. From the measurement of the energg/ghange-of-flight t ~ (MVE)1/2
and residual energg* the mass/chargevg, massm and energ)E of the ions are determined.

The detector is divided in 192 pixels, each can be for a single pulse height event to about 8 keV as only
pulse-height analysed separately. The purpose of thethe capacity of a single pixel of 0.5 énis contribut-
separating the large area of the detector is to reduceing to the detector noise. The solid state detector is
the effective capacity noise of the full detector area shown in Fig. 4 [39].

Fig. 4. The 105 crhpixeled solid state particle detector of STOF. It consists of six ceramic hybrids. On the right-hand side two single hybrid
units are visible, the bottom side with the electronic components including the amplifier chip and the topside with the two detector chips.
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STOF has an additional section, HSTOF, for detected in a semiconductor detector. Electrons are
high-energy ions and neutrals. The entrance system ofdeflected and detected on another semiconductor de-
HSTOF consists of flat deflection plates. The HSTOF tector. Positrons (if present) are deflected in the oppo-
section determines the mass and energy of an incom-site direction and detected in another detector. These
ing energetic particle. At low energies, the HSTOF instruments are cable to distinguish ions, electron and
section of the instrument is a detector of energetic positrons and were applied in an energy range from
neutral atoms, i.e., atoms with energies below the about 50 keV to several hundred MeV. Due to the cos-
cut-off of the HSTOF entrance systems deflection mic ray radiation background (about 1 particlefesn
plates [40,41]. at 1 AU or Earth’s orbit), these instruments need some

In the STOF section, from the energy/charge and kind of anti-coincidence to distinguish traversing cos-
the time-of-flight, the mass/charge of the ions is ob- mic ray particles from particles of lower energy being
tained. In both sections, from the residual energy and stopped within the detector. Another type of high
the time-of-flight the mass of the particle is derived. energy or cosmic ray particle detector consists of a
The STOF instrument measures the mass, charge andletector telescope containing a stack of semiconduc-
energy of each ion. Typical STOF observations in tor detectors of increasing thickness surrounded by an
the energy versus time-of-flight, the energy/charge anti-coincidence scintillation detector. The principle
versus the time-of-flight and the derived mass and of observation is based on the energy loss measured
mass/charge of the ions are shown in Fig. 5(a, b and in the front detectorsAE) and the residual energy
c) for June 8, 2000, as an interplanetary shock was measured in the (thick) back detectd).( Since the
passing across the satellite towards Earth. The massenergy loss is a function of the nuclear chaigeand
resolution of the instrument is about 5 and the en- the residual energy a function of the kinetic energy or
ergy/charge resolution about 0.1. The elemental ratios massA, the AE versusE plot allows the identification
of He/H and Fe/O and the charge state ratios for He of the particle mass. These type of instruments are
as determined by STOF for suprathermal ions since capable of measuring protons and heavier nuclei from
launch to the end of the year 2000 are shown as anbelow 1 MeV/nuc to GeV/nuc. Recent examples are
example in Fig. 6. During this period, the solar activ- instruments onboard SAMPEX and ACE [49-51]. For
ity was increasing from solar activity cycle minimum the observation of minor ions and resolving the charge

in 1996 towards solar activity maximum in 2000. states in the energy range from about 0.2-3 MeV/nuc,
larger geometrical factors were necessary [52,53].
3.2. Energetic particle detectors Such instruments achieve the charge resolution by

focusing of the incoming ions through a multi-slit

Energetic particle detectors are in-situ instruments mechanical collimator and an electrostatic analyser
developed to measure high energetic ions beyond thewith a deflection voltage and the measurement of the
solar wind and up to the cosmic and galactic ray en- impact position in the detector system. To determine
ergies. Examples of these instruments were launchedthe nuclear chargeZ, and energy of the incoming
onboard GALILEO, ULYSSES and ISEE [42-45]. In ions the combination of thin-window flow-through
1951, it was found that not only gas-filled Geiger-type proportional counters filled with a counter gas, e.g.,
counters but semiconductor devices were suitable isobutane, and ion implanted solid state detectors
“solid state” detectors for high energy particles and al- provide for anAE (energy loss) versug (residual
lowed the precise measurement of the particle energy energy) telescope with a large geometrical factor. The
[46-48]. Some high-energy spectrometers utilised multi-wire proportional counter simultaneously deter-
an inhomogeneous magnetic field for separation of mines the energy losAE and the impact position of
the charged particles. Protons (and heavier particles)the ions. Suppression of background from penetrating
traverse the magnetic field almost unaffected and are cosmic radiation is provided by an anti-coincidence
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Fig. 5. The pulse-height data of STOF from June 8, 2000. (a) The particle mass tracks in the residual energy versus time-of-flight plane. (b)
The particle mass/charge tracks in the energy/charge versus time-of-flight plane. (c) The calculated mass versus the calculated mass/charge
(background subtracted).

system such as a Csl scintillator and Si-photodiodes. charge state of the detected ion and analyse the charge
For the determination of the charge of energetic ions state distribution by statistical methods [54]. The very
the Earth’'s magnetic field was used as well. The high energetic particles will be measured onboard
trajectories of the detected ions are traced back, i.e.,ISS [55]. This instrument relies on micro calorime-
their passage in the Earth’s magnetic field is mod- ters that measure directly the energy deposited in an
elled. Then one can derive limits on the possible absorber. These instrument detectors make use of a
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Fig. 6. Observations of STOF of the elemental helium/hydrogen He/Pr and iron/oxygen Fe/O ratios, and the He charge state ratios
suprathermal ions from Febuary 12, 1996 to December 31, 2000.

superconducting quantum interference device (SQUID) CASSINI [57,58]. In the plasma-neutral reaction pro-
and must be operated at temperatures of aboutcesses, such as charge exchange, the so-called pick-up

0.1 mK. ions as well as energetic neutral atoms can be created.
In the latter process, an energetic ion captures an elec-
3.3. Neutral particle detectors tron of a neutral atom and moves on as an energetic

neutral atom on ballistic trajectories, unaffected by the
In-situ instruments have been launched in the last interplanetary or planetary magnetic fields. Detection
decade with the capability to observe neutral atoms of the neutrals and reconstruction of their flight path
and the interaction of space plasma, radiation and makes the “imaging” of planetary magnetospheres
the neutral atoms, originating from of the local in- or even the heliosphere with in-situ instruments pos-
terstellar medium, interplanetary and interstellar dust sible. Some of the in-situ neutral detectors operate
grains, planetary bodies and atmospheres [56]. In-situ like conventional ion-type detectors, just diverting
mass spectrometer type instruments designed to de-the charged particles in front of the detector. This is
tect neutral atoms are presently onboard IMAGE and applicable to energies down to about 1keV [59-62].



124 M. Hilchenbach/ International Journal of Mass Spectrometry 215 (2002) 113-129

For lower energies of about several eV the design very low photoelectron yield, provided the surface is
approach is the implementation of target converting clean. The ion yield on He atom impact is compar-
the atom in a negative ion. The negative ion is accel- atively high since LiF is an ionic crystal and most
erated and detected as in an convential ion instrumentsputtered atoms leave the surface ionised. Due to the
(applicable for atoms such as H, O, F or Cl, but not better momentum transfer, the yield of'Lis higher
He) [56]. than F on He bombardment. The tiions are accel-
The very challenging direct in-situ observation of erated in an electric field towards the detector. The de-
the He atoms of local interstellar medium, their den- tector is positioned in such a way that no photons can
sity, bulk velocity and temperature was accomplished hit the front plane of the detector directly. The sput-
with the neutral-gas instrument onboard the ULYSSES tering yield is a function of impinging atom energy
mission [63,64]. The neutral He of the local interstel- and reaches about 1% at 80 eV. The LiF evaporation
lar medium was detected via secondary ions or elec- system is an essential subunit to evaporate layers of
trons, which are emitted upon particle impact from fresh LiF on the conversion plates. This was achieved
a freshly deposited lithium-fluoride (LiF) layer. The with a tiny furnace, filled with LiF. The effective tem-
solar gravitational field is employed as a natural ve- perature was about 60C and the evaporation was
locity analyser and so the density, velocity and tem- monitored with a quartz crystal (shift of resonance
perature of the He gas were derived. A collimator and frequency). A possible successor to the described ex-
an electrical field in front of the detector unit sup- perimentis shown in Fig. 7. The design principles are
press the charged particles of the space plasma. Thevery similar to the original instrument, but the over-
suppression of the photoelectrons due toolyho- all geometrical factor and therefore the sensitivity is
tons is achieved by the LiF-coated target. The latter increased by a factor of about 10 due to the larger de-
is transparent to Lyx photons and therefore, has a tector area.

target: LiF coated

atom surface

detector

LiF
furnance

ion optics

Fig. 7. Design study of a low energy He detector with large geometrical factor for the observation of the helium atoms in the interplanetary
medium. The neutral He atoms impact on the target covered with LiF and the sputtéramh&iare guided by the ion optics to the detector.
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3.4. Dust detectors For measuring only the dust flux and grain momen-
tum, a microphone type of instrument can be used.
Dust grains are measured in-situ or collected with Another approach followed up is a polyvinylidene flu-
highflying aircrafts and analysed in ground based labo- oride (PVDF) sensor, a permanently polarised poly-
ratories. In-situ dust detectors are instruments capablemer. The hypervelocity dust particle impacts on the
to determine the orbital elements, i.e., arrival direction PCDF sensor. This produces a rapid local destruction
and velocity, and flux of dust particles. Examples for of dipoles (crater or penetration hole) which results in
this type of instruments have been launched onboard a large and fast current pulse (ns range). The output
HELIOS, STARDUST and CASSINI [65—-67]. Some pulse amplitude depends on impacting particle mass
of them are also capable to determine the charge and/orand velocity [69].
mass of the dust grain particles. The grain masses
are detected in a range of 1% to 10 °kg. Further-  3.5. In-situ instruments observing the soil and
more, some dust detectors determine as well the com-atmospheres of planets, comets or other solar
position and charge of the grains. The dust analyser system bodies
could consist of three subsystems: The dust velocity
sensor measures speed, direction and, if possible, the The first in-situ surface composition measurements
charge of the dust grain. The impact plasma sensor of refractory material have been carried out not by
measures mass and speed or momentum of the grainmass spectrometer instrumentation but an elegant
which on impact on the detector surface is converted method for the determination of the major elemental
into a plasma plume and the resulting charge is pro- composition, the proton at-particle Rutherford back
portional to the momentum of the grain. A mass spec- scattering and X-ray fluorescence. These observations
trometer measures the composition of the emerging are carried out during the SURVEYOR missions on
plasma. the Moon, the VEGA and VENERA missions to Venus
The dust detector onboard CASSINI uses two in- and the PATHFINDER mission to Mars [70-73]. The
clined entrance grids at the front of the detector. An latter instrument was mounted on a mobile rover and
electrically charged grain flying through these grids therefore capable to measure the surface major ele-
will induce charge signals on the grids. This induced mental composition of different rocks in the vicinity of
charge is directly proportional to the charge of the par- the lander. In the 1990, it was claimed that, possibly,
ticle and allows therefore a direct determination of its extraterrestrial organic material might have been found
electric charge. The inclined grid geometry leads to in a meteorite attributed to Martian origin [74]. This
asymmetric signal shapes allowing the measurementtriggered again the exobiology research, as 3 decades
of the particle direction in one plane. The particle can ago leading to the very ambitious experiments carried
impact on an analyser target. The impact generatesout onboard the VIKING landers on Mars in the year
charged and uncharged fractures (ejecta), atoms andl976. The VIKING experiments on the surface are:
ions. The electrons and ions of this plasma are sepa-(a) gas exchange chamber: introduced water and nu-
rated by an applied electric field, the ions are collected trients, looked for change in composition of gas in a
and their total charge is proportional to the momentum chamber. (b) Labelled-release chamber: used radioac-
of the impinging dust grain. A fraction of the ions are tively tagged elements in the nutrients to see if they
diverted by a strong electric field into a time-of-flight were turned into gases by organisms and released into
mass spectrometer giving information about the el- the chamber. (c) Pyrolytic-release chamber: radioac-
emental composition of the dust grains. The whole tive COy, otherwise the same as Martian environment
measurement scheme relies on a multiple coincidence(no added nutrients). (d) Gas chromatograph and mass
signal to discriminate against accidental coincidence spectrometer (GCMS): analysed the chemical ele-
events [68]. ments in the soil to see what was there and how much.
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The results were that the three chamber experimentschemistry and geology of our solar system. The next
showed chemical activity, but not of sort expected from generation of detectors might combine the detec-
life. No organic materials were found in Martian soil tion ability of neutral atoms and ions. For the solar
analysed by GCMS. It was concluded that the chem- wind energy range of ions and neutrals, using a lin-
ical activity was caused by active chemistry of the ear time-of-flight analyser with a floatable drift tube
Martian soil, made more sensitive by UV light [75,76]. might be applicable. The potential accelerates the
The in-situ mass spectrometers on VIKING measured ions, but not the neutrals. Then the ions would be
the Martian atmosphere, its elemental, molecular and observed in an up-shifted velocity regime while the
isotopic composition. These results helped to identify neutrals would still have their original, lower, speed.
some meteorites found on Earth as to be of possible A possible extention of this method to, presently not
Martian origin [77]. The enclosed traces of the atmo- observed, negative ions seems plausible [85]. A mass
spheric gases were found to be similar to the Martian spectrometer with an electric and parallel magnetic
atmospheric composition found by VIKING obser- field has been proposed for space application. Then
vations. The mission MARS EXPRESS will carry a ions are diverted while neutrals travel undisturbed on
lander to Mars in 2003, the so-called BEAGLE-2 [78]. their original trajectories and could be observed by a
Sample analysis by a mass spectrometer will include second mass spectrometer without interference of the
isotopic analysis of surface material and the quest ions [86]. Another approach is a mass spectrometer
to search for minute traces of organic material by with a rotating electrical field, the mass/charge is then
in-situ detection on Mars will be persued. The com- measured as a function of position and time relative
position of the coma of comets have been measuredto the phase of the rotation of the electric field. The
(21P/Giacobini-Zinner and Halley) and will be mea- neutrals would pass again unaffected while ions are
sured (46 P/Wirtanen) by in-situ particle instrumen- deflected and measured [87]. The energy loss and the
tation onboard ICE, VEGA, GIOTTO and ROSETTA scattering in foil type time-of-flight instrumentation
[79-82]. Isotopic ratios in the atmosphere of Venus might be overcome by gated time-of-flight sensors.
were measured by mass spectrometers onboard VEN-Without any other means this would result in a very
ERA 13 and 14 [83]. In-situ surface mass spectroscopy low duty cycle. A solution might be a Hadamard type
will be carried out by GCMS on the ROSETTA of time-of-flight instrument which can achieve a duty
LANDER, a mission to land on the nucleus of comet cycle of up to 50% and very good mass resolution [88].
46P/Wirtanen in the year 2012 [84]. The goal of the A new field for in-situ detection would be the direct
GCMS instrumentation is the measurement of the iso- observation of metastable atoms. The detection prin-
topic ratios of the elements and the molecular compo- ciple could be based on the high secondary electron
sition of the cometary matter. This is achieved with a yield of metastable atoms, such as H or He, impinging
drill to sample the probes from the cometary surface, on a clean target surface [89,90]. The charge detec-
pyrolysis ovens with temperatures up to 8@and a tion could gain from the fast improvement associated
gas chromatograph operated with helium gas and high with the charged coupled device (CCD) technology.
resolution time-of-flight multi-reflectron. With this  First steps of charge detector anodes based on this
approach, the volatile components of the cometary technology are promising [91]. Still more sensitive
matter such as organic matter and gases can be meaeharge detectors are based on the quantum dot tech-
sured, but not the refractory matter such as silicates. nology. But these detectors would require cooling to
about 40 mK [92]. For in-situ instruments for measur-
4. Future prospects ing the composition of soils the laser ablation method
combined with a time-of-flight mass spectrometer
The observations of space-borne mass spectrom-is promising [93,94]. The laser ablations allows the
eters have allowed new insights in the physics, measure depth profiles of the elemental abundances
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on a 10°°m scale. The in-situ observation with mass
spectrometer instrumentations on extraterrestrial sur-
faces is one of the most exciting and challenging fields
in present instrument development. Generally, the
trend is towards highly integrated instruments, where
the signal processing electronics is mounted in the
vicinity of the detection device or the electronics such
as the signal amplifier are already integrated in the
detector [95]. The development of the Micro Electro
Mechanical Systems (MEMS) and the Lithographic
and Galvanic technology (LIGA) makes possible the

127

[19] D.D. McKibbin, J.H. Wolfe, H.R. Collard, H.F. Savage, R.
Molari, Space Sci. Instrum. 3 (1977) 219.

[20] R. Schwenn, H. Rosenbauer, H. Miggenrieder,
fahrtforschung 19 (21) (1975) 226.

[21] H.S. Bridge, J.W. Belcher, R.J. Butler, A.J. Lazarus, A.M.
Mavretic, J.D. Sullivan, G.L. Siscoe, V.M. Vasyliunas, Space
Sci. Rev. 21 (1977) 259.

[22] D.T. Young, B.L. Barraclough, J.J. Berthelier, M. Blanc, J.L.
Burch, A.J. Coates, R. Goldstein, M. Grande, T.W. Hill,
J.M. llliano, M.A. Johnson, R.E. Johnson, R.A. Baragiola,
V. Kelha, D. Linder, D.J. McComas, B.T. Narheim, J.E.
Nordholt, A. Preece, E.C. Sittler Jr., K.R. Svenes, S. Szalai,
K. Szego, P. Tanskanen, K. Viherkanto, SPIE 2803 (1996)
118.

Raum-

design studies of very small mass spectrometers and[23] G Gloeckler, H. Balsiger, A. Birgi, P. Bochsler, L.A. Fisk,

electrostatic lenses [96,97]. These novel techniques
and their application to space-borne instruments are
promising as one can design and launch very small
and precise detectors onboard future space missions.

References

[1] V.F. Hess, Phys. Zeitschrift 13 (1912) 1084.

[2] L. Biermann, Zeitschrift Astrophys. 29 (1951) 274.

[3] E.N. Parker, ApJ 128 (1958) 664.

[4] K.I. Gringauz, V.G. Kurt, V.. Moroz, |.S. Shklovskii,
Astronomicheskii Zhurnal 37 (1960) 716.

[5] K.I.  Gringauz, V.V. Bezrukikh, V.D. Ozerov,
Rybchinskii, Sov. Phys. DokL. 5 (1960) 361.

[6] M. Neugebauer, JGR 102 (1997) 26887.

[7] E. Anders, N. Grevesse, Geochim. Cosmochim. Acta 53
(1989) 197.

[8] R.D. Beckinsale, Phil. Trans. A285-1327 (1977) 417.

[9] AJ. Hundhausen, Coronal Expansion and Solar Wind,
Springer Verlag, New York, 1972.

[10] J.A. van Allen, Icarus 122 (1996) 209.

[11] H. Rosenbauer, N. Shutte, I. Apathy, M. Verigin, M. Witte,
A. Galeev, K. Gringauz, H. Griinwaldt, K. Jockers, P. Kiraly,
G. Kotova, S. Livi, E. Marsch, A. Remizov, A.K. Richter,
W. Riedler, K. Szego, P. Hemmerich, R. Schwenn, K.
Schwingenschuh, M. Steller, Sov. Astr. Lett. 16 (1990) 156.

[12] H. Rosenbauer, N. Shutte, A. Galeev, K. Gringauz, |. Apathy,
Nature 341 (1989) 612.

[13] E. M0bius, D. Hovestadt, B. Klecker, M. Scholer, G.
Gloeckler, Nature 318 (1985) 426.

[14] G. Gloeckler, J. Geiss, Nature 381 (1996) 210.

[15] M. Hilchenbach, D. Hovestadt, B. Klecker, E. M&bius, Solar
wind seven, in: Proceedings of the 3rd COSPAR Colloguium,
Goslar, Germany, Vol. 349, 1992.

[16] M. Hilchenbach, D. Hovestadt, B. Klecker, E. Mdbius, Adv.
Space Res. 13 (1993) 321.

[17] A.O. Nier, M.B. McElroy, Y.L. Yung, Science 194 (1976) 68.

[18] O. Eugster, Meteor. Planet. Sci. 34 (1999) 385.

R.E.

A.B. Galvin, J. Geiss, F. Gliem, D.C. Hamilton, T.E. Holzer,
D. Hovestadt, F.M. Ipavich, E. Kirsch, R.A. Lundgren, K.W.
Ogilvie, R.B. Sheldon, B. Wilken, Space Sci. Rev. 71 (1995)
79.

[24] C.W. Snyder, M. Neugebauer, Astrophys. Space Sci. Lib. 3
(1965) 67.

[25] C.W. Snyder, M. Neugebauer, Science 138 (1962) 1095.

[26] G. Gloeckler, F.M. Ipavich, D.C. Hamilton, R.A. Lundgren,
W. Studemann, B. Wilken, G. Kremser, D. Hovestadt, F.
Gliem, W. Rieck, IEEE Trans. Geosci. Rem. Sens. GE-23
(1985) 234.

[27] E. M6bius, D. Hovestadt, B. Klecker, M. Scholer, H. Arbinger,
H. Hoefner, E. Kunneth, P. Laeverenz, G. Gloeckler, F.M.
IEEE Trans. Geosci. Rem. Sens. GE-23 (1985) 274.

[28] G. Gloeckler, Rev. Sci. Instrum. 61 (1990) 3613.

[29] G. Gloeckler, J. Geiss, H. Balsiger, P. Bedini, J.C. Cain, J.
Fischer, L.A. Fisk, A.B. Galvin, F. Gliem, D.C. Hamilton,
A&ASS 92 (1992) 267.

[30] H. Reme, J.M. Bosqued, J.A. Sauvaud, A. Cros, J. Dandouras,
C. Aoustin, J. Bouyssou, Th. Camus, J. Cuvilo, J. Martz, J.L.
Medale, H. Perrier, D. Romefort, J. Rouzaud, C. D'Uston, E.
Mobius, K. Crocker, M. Granoff, L.M. Kistler, M. Popecki,
D. Hovestadt, B. Klecker, G. Paschmann, M. Scholer, C.W.
Carlson, D.W. Curtis, R.P. Lin, J.P. McFadden, V. Formisano,
E. Amata, M.B. Bavassano-Cattaneo, P. Baldetti, G. Belluci,
R. Bruno, G. Chionchio, A. di Lellis, E.G. Shelley, A.G.
Ghielmetti, W. Lennartsson, A. Korth, H. Rosenbauer, R.
Lundin, S. Olsen, G.K. Parks, G.K. McCarthy, H. Balsiger,
Space Sci. Rev. 79 (1997) 303.

[31] J.W. Keller, D.J. Chornay, F.H. Hunsaker, K.W. Ogilvie, M.A.
Coplan, Rev. Sci. Instrum. 70 (1999) 3167.

[32] L. Duvet, J.J. Berthelier, J. llliano, M. Godefroy, Meas. Sci.
Technol. 11 (2000) 375.

[33] E. Mdbius, P. Bochsler, A.G. Ghielmetti, D.C. Hamilton, Rev.
Sci. Instrum. 61 (1990) 3609.

[34] D.C. Hamilton, G. Gloeckler, F.M. Ipavich, R.A. Lundgren,
R.B. Sheldon, D. Hovestadt, Rev. Sci. Instrum. 61 (1990)
3104.

[35] D. Hovestadt, M. Hilchenbach, A. Burgi, B. Klecker, P.
Laeverenz, M. Scholer, H. Grunwaldt, W.l. Axford, S. Livi,
E. Marsch, B. Wilken, H.P. Winterhoff, F.M. Ipavich, P.
Bedini, M.A. Coplan, A.B. Galvin, G. Gloeckler, P. Bochsler,



128

H. Balsiger, J. Fischer, J. Geiss, R. Kallenbach, P. Wurz,
K.U. Reiche, F. Gliem, D.L. Judge, H.S. Ogawa, K.C. Hsieh,
E. Mobius, M.A. Lee, G.G. Managadze, M.l. Verigin, M.
Neugebauer, Solar Phys. 162 (1995) 441.

[36] M. Gonin, R. Kallenbach, P. Bochsler, Rev. Sci. Instrum. 65
(1994) 648.

[37] S.M. Ritzau, R.A. Baragiola, Phys. Rev. B 44 (1998) 2529.

[38] F. Ipavich, Press Release, AAS meeting, Madison, WI, 11
June 1996.

[39] R. Hartmann, Max-Planck-Institut
Astrophysik, Thesis, Technical
Garching, 1992.

[40] V.A. Drake, B.R. Sandel, D.G. Jenkins, K.C. Hsieh, Proc.
SPIE 1744 (1992) 148.

[41] M. Hilchenbach, K.C. Hsieh, D. Hovestadt, B. Klecker, H.
Gruenwaldt, P. Bochsler, F.M. Ipavich, A. Birgi, E. M&bius,
F. Gliem, W.I. Axford, H. Balsiger, W. Bornemann, M.A.
Coplan, A.B. Galvin, J. Geiss, G. Gloeckler, S. Hefti, D.L.
Judge, R. Kallenbach, P. Laeverenz, M.A. Lee, S. Livi, G.G.
Managadze, E. Marsch, M. Neugebauer, H.S. Ogawa, K.U.
Reiche, M. Scholer, M.I. Verigin, B. Wilken, P. Wurz, ApJ
503 (1998) 916.

[42] D.J. Williams, R.W. McEntire, S. Jaskulek, B. Wilken, Space
Sci. Rev. 60 (1992) 385.

[43] H.M. Fischer, J.D. Mihalov, L.J. Lanzerotti, G. Wibberenz,
K. Rinnert, F. Gliem, J. Bach, Space Sci. Rev. 60 (1992) 79.

[44] L.J. Lanzerotti, R.E. Gold, K.A. Anderson, T.P. Armstrong,
R.P. Lin, S.M. Krimigis, M. Pick, E.C. Roelof, E.T. Satrris,
G.M. Simnett, A&ASS 92 (1992) 349.

[45] D.J. Wiliams, T.A. Fritz, E. Keppler, B. Wilken, G.
Wibberenz, IEEE Trans. Geosci. Electr. GE-16 (1978) 270.

[46] K.G. McKay, Phys. Rev. 84 (1951) 829.

[47] 3. Kemmer, Nucl. Instrum. Meth. 169 (1980) 499.

[48] F.M. Ipavich, R.A. Lundgren, B.A. Lambird, G. Gloeckler,
Nucl. Instrum. Meth. 154 (1978) 291-294.

[49] G.M. Mason, D.C. Hamilton, P.H. Walpole, K.F. Heuerman,
T.L. James, M.H. Lennard, J.E. Mazur, IEEE Trans. Geosci.
Rem. Sens. 31 (1993) 549.

[50] B.L. Dougherty, E.R. Christian, A.C. Cummings, R.A.
Leske, R.A. Mewaldt, R.A. Milliken, D. Barrett, T.T. von

fur Physik und
University of Munich,

Rosenvinge, M.E. Wiedenbeck, Proc. SPIE 2806 (1996) 188.

[51] E.C. Stone, C.M.S. Cohen, W.R. Cook, A.C. Cummings,
B. Gauld, B. Kecman, R.A. Leske, R.A. Mewaldt, M.R.
Thayer, B.L. Dougherty, R.L. Grumm, B.D. Milliken, R.G.
Radocinski, M.E. Wiedenbeck, E.R. Christian, S. Shuman,
T.T. von Rosenvinge, Space Sci. Rev. 86 (1998) 357.

D. Hovestadt, B. Klecker, M. Scholer, H. Arbinger, G.
Gloeckler, F.M. Ipavich, J. Cain, C.Y. Fan, L.A. Fisk, J.J.
Ogallagher, IEEE Trans. Geosci. Electr. GE-16 (1978) 166.
E. Mdbius, L.M. Kistler, M.A. Popecki, K.N. Crocker, M.
Granoff, S. Turco, A. Anderson, P. Demain, J. Distelbrink, I.
Dors, P. Dunphy, S. Ellis, J. Gaidos, J. Googins, R. Hayes,
G. Humphrey, H. Késtle, J. Lavasseur, E.J. Lund, R. Miller,
E. Sartori, M. Shappirio, S. Taylor, P. Vachon, M. Vosbury,
V. Ye, D. Hovestadt, B. Klecker, H. Arbinger, E. Kiinneth, E.
Pfeffermann, E. Seidenschwang, F. Gliem, K.-U. Reiche, K.
Stockner, W. Wiewesiek, A. Harasim, J. Schimpfle, S. Battell,
J. Cravens, G. Murphy, Space Sci. Rev. 86 (1998) 449.

[52]

(53]

M. Hilchenbach/ International Journal of Mass Spectrometry 215 (2002) 113-129

[54] B. Klecker, D. Hovestadt, M. Scholer, H. Arbinger, M. Ertl,
H. Kastle, E. Kunneth, P. Laeverenz, E. Seidenschwang, J.
B. Blake IEEE Trans. Geosci. Rem. Sens. 31 (1993) 542.

[55] M.H. Israel, R.E. Streitmatter, S.P. Swordy, AIP Conf. Proc.
458 (1999) 114.

[56] M. Gruntman, Rev. Sci. Instrum. 68 (1997) 3617.

[57] D.G. Mitchell, S.E. Jaskulek, C.E. Schlemm, E.P. Keath,
R.E. Thompson, B.E. Tossman, J.D. Boldt, J.R. Hayes, G.B.
Andrews, N. Paschalidis, D.C. Hamilton, R.A. Lundgren, E.O.
Tums, P. Wilson, H.D. Voss, D. Prentice, K.C. Hsieh, C.C.
Curtis, F.R. Powell, Space Sci. Rev. 91 (2000) 67.

[58] P. Wurz, in: K. Scherer, H. Fichtner, E. Marsch (Eds.),
The Outer Heliosphere Copernicus Gesellschaft e.V.,
Katlenburg-Lindau, Germany, 2000, p. 254.

[59] H.O. Funsten, D.J. McComas, B.L. Barraclough, Proc. SPIE
1744 (1992) 62.

[60] D.J. McComas, H.O. Funsten, J.T. Gosling, K.R. Moore, M.F.
Thomsen, in: Proceedings of the Meeting on Instrumentation
for Magnetospheric Imagery, San Diego, CA, July 1992, p. 40.

[61] M. Barat, J.C. Brenot, J.A. Fayeton, Y.J. Picard, Rev. Sci.
Instrum. 71 (2000) 2050.

[62] H.D. Voss, E. Hertzberg, A.G. Ghielmetti, S.J. Battel,
K.L. Appert, B.R. Higgins, D.O. Murray, R.R. Vondrak, J.
Spacecraft Rockets 29 (1992) 566.

[63] M. Witte, H. Rosenbauer, E. Keppler, H. Fahr, P. Hemmerich,
H. Lauche, A. Loidl, R. Zwick, A&ASS 92 (1992) 333.

[64] M. Witte, S. Bleszynski, M. Banaszkiewicz, H. Rosenbauer,
Rev. Sci. Instrum. 70 (1999) 4404.

[65] H. Dietzel, G. Eichhorn, H. Fechtig, E. Griin, H.J. Hoffmann,
J. Kissel, J. Phys. E6 (1973) 209.

[66] J.G. Bradley, E. Griin, R. Srama, Proc. SPIE 2803 (1996) 108.

[67] D.E. Brownlee, P. Tsou, D. Burnett, B. Clark, M.S. Hanner,
F. Horz, J. Kissel, J.AIM. McDonnell, R.L. Newburn, S.
Sandford, Z. Sekanina, A.J. Tuzzolino, M. Zolensky, Meteor.
Planet. Sci. 32 (1997) A22.

[68] R. Srama, E. Grun, Adv. Space Res. 208 (1997) 1467.

[69] A.J. Tuzzolino, in: Proceedings of the Lunar and Planetary
Institution Workshop on Particle Capture, Recovery and
Velocity/Trajectory Measurement Technologies, Vol. 89,
1994.

[70] A.L. Turkevich, J.H. Patterson, E.J. Franzgrote, Science 160
(1968) 1108.

[71] J. Bruckner, G. Dreibus, G.W. Lugmair, R. Rieder, H. Wéanke,
T. Economou, in: Proceedings of the 30th Annual Lunar and
Planetary Science Conference, abstract no. 1250, 1999.

[72] V.L. Barsukov, S.P. Borunov, V.P. Volkov, M.Yu. Zolotov,
Yu.l. Sidorov, I.L. Khodakovsky, Lunar Planet. Sci. XVII 28
(1986).

[73] lu.A. Surkov, L.P. Moskaleva, O.P. Shcheglov, V.P.
Khariukova, O.S. Manvelian, Kosmicheskie Issledovaniia 21
(1983) 308.

[74] D.S. McKay, E.K. Gibson, K.L. Thomas-Keprta, L.H. Vali,
C.S. Romanek, S.J. Clemett, Z.D.F. Chillier, C.R. Maechling,
R.N. Zare, Science 273 (1996) 924.

[75] V.I. Oyama, B.J. Berdahl, G.C. Carle, Nature 265 (1977) 110.

[76] G.V. Levin, P.A. Straat, Science 194 (1976) 1322.

[77]1 R.H. Carr, M.M. Grady, I.P. Wright, C.T. Pillinger, Nature
314 (1985) 248.



M. Hilchenbach/International Journal of Mass Spectrometry 215 (2002) 113-129

[78] M.R. Sims, C.T. Pillinger, I.P. Wright, J. Dowson, S.
Whitehead, A. Wells, J.E. Spragg, G. Fraser, L. Richter, H.

129

T. Matsuo, C.T. Pillinger, F. Raulin, R. Roll, W. Thiemann,
Adv. Space Res. 23 (1999) 333.

Hamacher, A. Johnstone, N.P. Meredith, C. de La Nougerede, [85] V.A. Morozov, F.W. Meyer, Rev. Sci. Instrum. 70 (1999)

B. Hancock, R. Turner, S. Peskett, A. Brack, J. Hobbs, M.
Newns, A. Senior, M. Humphries, H.U. Keller, N. Thomas,
J.S. Lingard, J.C. Underwood, N.M. Sale, M.F. Neal, G.
Klingelhofer, T.C. Ng, Adv. Space Res. 23 (1999) 1925.

[79] H. Balsiger, K. Altwegg, F. Buehler, J. Fischer, J. Geiss,
J. Benson, P. Hemmerich, B.E. Goldstein, R. Goldstein, M.
Neugebauer, J. Phys. 20 (1987) 759.

[80] F.M. Ipavich, A.B. Galvin, G. Gloeckler, D. Hovestadt, B.
Klecker, M. Scholer, Science 232 (1986) 366.

[81] A.P. Remizov, M.I. Verigin, K.I. Gringauz, |. Apathy, I.
Szemerey, T.I. Gombosi, A.K. Richter, in: ESA Proceedings
of the 20th ESLAB Symposium on the Exploration of Halley’s
Comet, Vol. 1, Plasma and Gas 387 (1986).

[82] H. Balsiger, K. Altwegg, E. Arijs, J.-L. Bertaux, J.-J.
Berthelier, P. Bochsler, G.R. Carignan, P. Eberhardt, L.A.
Fisk, S.A. Fuselier, A.G. Ghielmetti, F. Gliem, T.I. Gombosi,
E. Kopp, A. Korth, S. Livi, C. Mazelle, H. Réme, J.-A.
Sauvaud, E.G. Shelley, J.H. Waite, B. Wilken, J. Woch, H.
Wollnik, P. Wurz, D.T. Young, Adv. Space Res. 21 (1998)
1527.

[83] V.G. Istomin, K.V. Grechnev, V.A. Kochnev, Sov. Astr. L. 8
(1982) 211.

[84] H. Rosenbauer, S.A. Fuselier, A. Ghielmetti, J.M. Greenberg,
F. Goesmann, S. Ulamec, G. Israel, S. Livi, J.A. MacDermott,

4515.

[86] H.O. Funsten, D.J. McComas, E.E. Scime, Rev. Sci. Instrum.
68 (1997) 292.

[87] J.H. Clemmons, F.A. Herrero, Rev. Sci. Instrum. 69 (1998)
2285.

[88] A. Brock, N. Rodriguez, R.N. Zare, Rev. Sci. Instrum. 71
(2000) 1306.

[89] A.A. Borovik, H.L. Rojas, G.C. King, Meas. Sci. Technol.
11 (2000) N42.

[90] W.E. Lamb, R.C. Retherford, Phys. Rev. 72 (1947) 241.

[91] J.S. Vickers, S. Chakrabarti, Rev. Sci. Instrum. 70 (1999)
2912.

[92] M.W. Keller, A.L. Eichenberger, J.M. Martins,
Zimmermann, Science 285 (1999) 1706.

[93] W.B. Brinckerhoff, G.G. Managadze, R.W. McEntire, A.F.
Cheng, W.J. Green, Rev. Sci. Instrum. 71 (2000) 536.

[94] R.J. Deyoung, W. Situ, in: Proceedings of the Lunar and
Planetary Institution Workshop on Advanced Technologies
for Planetary Instruments, Part 1, 5, 1993.

[95] K. Birkinshaw, J. Mass. Spectrom. 32 (1997) 795.

[96] P. Siebert, G. Petzold, A. Hellenbart, J. Miller, Appl. Phys.
AB7 (1998) 155.

[97] R.R.A. Syms, T.J. Tate, M.A. Munir, S. Taylor, IEEE Trans.
Electr. Devices 45 (1998) 2304.

N.M.



	Space-borne mass spectrometer instrumentation
	Introduction
	Space plasma, planetary bodies and magnetospheres
	Space plasma in-situ measurements and instrumentation
	Plasma and suprathemal particle instruments
	Energetic particle detectors
	Neutral particle detectors
	Dust detectors
	In-situ instruments observing the soil and atmospheres of planets, comets or other solar system bodies

	Future prospects
	References


