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Abstract

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was introduced into
cosmochemistry about a decade ago. Major advantages of TOF-SIMS compared to other
ion microprobe techniques are (a) parallel detection of all secondary ions with one polarity
in a single measurement — both polarities in subsequent analyses, (b) high lateral resolu-
tion, (c) sufficient mass resolution for separation of major mass interferences, and (d) little
sample destruction. This combination makes TOF-SIMS highly suitable for the analysis
especially of small samples, like interplanetary and presolar dust grains, as well as tiny in-
clusions within meteorites. Limitations of this technique are mainly referring to isotopic
measurements and quantification. The possibility to measure molecular and atomic ion
species simultaneously extends the applications of TOF-SIMS to the investigation of in-
digenous hydrocarbons in extraterrestrial material, which might have been essential for the
formation of life. The present work gives an overview of TOF-SIMS in cosmochemistry,

technical aspects as well as applications, principles of data evaluation and various results.






Table of contents

1. Introduction 1
2. Principles of secondary ion mass spectrometry 3
2.1. Generation Of SECONAATY 10MS .....eeuiieiieriieeiieiie et eieeeie et sre ettt e beeseeeeebeeaeeeenes 4
2.2. Separation 0f SECONAATY 10NS ......eieuiieriieeiieiieeieerite et eiee et et e ebeebeeseaeeseessaeenseenens 6
2.3, QUANTITICATION . ..viiiiieiiiie et ete e e e ettt e e et e e e e etaeeeeeenaeeeeearaeaaas 7
2.4. Static and dynamic SIMS ......oooiiioiieeeeee e e 8
2.5. Charge COMPENSATION ....ccueeruieeiieiieeieenite et eeiteeteestteeteesteesbeesseessseenseesnseeseesnseenses 9
2.6. MaSS INTETTETEINCES ....c.veeuiiiieiiiieriteteee ettt ettt et 9
2.7. Mass resolution in time-of-flight mass spectrometry ..........cccoeecveeeeieevceeenceeennnen. 13
3. Time-of-flight secondary ion mass spectrometry 15
3.1. Secondary 10n Mass SPECIIOMELETS ........ueeerureeeireeeireerieeesreeesreeesreeeseeesreeesseaenns 15
3.2. Description of the TOF-SIMS INStrument ..........c.cccveeeieerieeiienienieenieeeeeeseeeeeeeenne 18
3.3, TOF-SIMS MAaSS SPECLTA.....ueeeruiiieriiiieniiieeiieeeiteeeieeesieeesibeeeireesneeesbaeesabeeesaseeennne 27
3.4, QUANTITICATION ....uiiiiiiiiii et et e et e e e e et e e et e e e e eaaaeaaas 29
3.5, Element analySiS.....cccecuieeiiieeiiieeiieesiee ettt ettt et e e st e e eebeeenreeeaaeeenns 31
3.6, SIMS SENSILIVILIES ..eveeneienrieiientiete ettt ettt ettt sttt et e b et sbeenaeens 42
3.7. TSOtOPE ANALYSIS...eeeiieiieeiiieiieeie et ettt te et e ete et e s be et essbeeteesabeenbeessneeseesneeenne 43
3.8, Organic MOIECUILS ......ccuiieiiieciiieceeeee ettt eeeveeeaaeeenns 46
3.9, Data PIrOCESSINE....cccuviieiurieeiiiieeitieeeireeetreesieeesteeessseeessseeassseeassseesseeessseesssseeessseennns 46
4. Meteorites 47
4.1. Ca,Al-rich inclusions in carbonaceous chondrites ............c..cccoevvvvieeevivieeeeineeeeenn, 47
4.2. Organic molecules in Allan Hills 84001, Murchison, and Orgueil........................ 50

4.3, Further meteorite studies With TOF-SIMS . ..o 57



5. Interplanetary dust 61

5.1, Volatile €lements........c.coiiiiiiiiiiiieie et 62
5.2. Mineral 1dentifiCation ..........coeiiirieriiiiiiiiesee e 65
5.3. The COLECOr PIOJECL. ....eieiiieiiieiieeiieeiie ettt ettt ettt et seeeebe e b e eebeensaeenreens 66
5.4. Particle impact residues from Space Probes .........cccvveeeeuveeriieeeiieeeiiie e eeiee e 68
5.5. Further TOF-SIMS StUAIES.....cc.eoiiiiiiiiiiiiieeee e 69
6. Presolar grains 71
6.1. ISOtOPE MEASUICIMENLS .....eeeuivieeiiieeiieeeiie et ertte et et e et e e st ee e st e e sabeesabeesneeeeas 71
6.2. Element mapping with TOF-SIMS .........cooiiiiieeeeeee e 74
7. TOF-SIMS in space 77
8. Summary 79
9. Acknowledgements 81
10. References 83

11. Appendix 103




1. Introduction

The analysis of micrometer-sized samples like, e.g., interplanetary dust, presolar
grains, and small inclusions in meteorites has become more and more important in cosmo-
chemistry. Recent technical developments lead towards the ultimate analytical goal, the
localization and identification of every single atom and its chemical bonding state in a
sample. The transmission electron microscope (TEM) with an extremely high lateral reso-
lution allows even seeing individual crystallographic layers. Therefore, this technique has
been established widely into cosmochemistry (e.g., Tomeoka and Buseck, 1984, 1985,
1988; Bradley, 1994a). New developments in mass spectrometry like resonant ionization
mass spectrometry (RIMS) enable to analyze the isotopic composition of an element that is
present with just a few atoms (e.g., Hurst et al., 1979; Pellin et al., 1987; Ma et al., 1995;
Nicolussi et al., 1996, 1998a).

Secondary ion mass spectrometry (SIMS) has also become an increasingly important
tool in geo- and cosmochemistry during the last two decades. After first developments in
the 1960s, a generation of instruments with high mass resolutions like the Cameca IMS 3f
and the SHRIMP (sensitive high mass resolution ion microprobe) allowed to introduce
SIMS into this scientific field mainly during the 1980s. Since then, this technique has been
used for trace element analysis and isotope measurements in terrestrial as well as extrater-
restrial geological samples. The applications range from the analysis of rare earth elements
in various samples (e.g., Zinner and Crozaz, 1986; Bottazzi et al., 1994; Floss and Jolliff,
1998; Fahey, 1998) to isotope measurements (Zinner, 1989) in meteorites (e.g., McKeegan
et al., 1998; Leshin et al., 1998; Chaussidon et al., 1998; Eiler et al., 1998), interplanetary
dust (e.g., McKeegan et al., 1985; Zinner, 1991), presolar grains (e.g., Zinner et al., 1989;
Zinner, 1991, 1998), and also terrestrial (e.g., Froude et al., 1983; Chaussidon and Li-
bourel, 1993; Didenko and Koval, 1994; Schuhmacher et al., 1994) and lunar (e.g.,
Compston et al., 1984) minerals. Technical developments of conventional SIMS instru-
ments during the last years led to increased sensitivities at high mass resolution and high

spatial resolution. This culminated in the development of the Cameca IMS 1270, optimized
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for high mass resolution at high transmission (de Chambost et al., 1992, 1997), and the
Cameca Nanosims 50 with a lateral resolution of 50 nm (Hillion et al., 1994, 1997,
Stadermann et al., 1999a,b).

Finally, since the early 1990s, also time-of-flight (TOF-) SIMS has been introduced
to the analysis of extraterrestrial sample (Stephan ef al., 1991; Radicati di Brozolo et al.,
1991).

Common to all different SIMS techniques is that secondary ions are released from a
sample surface by sputtering with a primary ion beam. In conventional ion microprobes,
using mainly double-focusing magnetic mass spectrometers (DF-SIMS), different secon-
dary ions are usually measured sequentially during continuous sputtering. Since this proc-
ess is destructive, the number of analyzed secondary ion species is limited depending on
the available amount of sample material or, because the analyzed material may change
during sputtering, on the heterogeneity of the sample. In TOF-SIMS, the secondary ions
are used more efficiently. All secondary ion species with one polarity, either positive or
negative, are here detected quasi-simultaneously. Destruction of the sample is minimized
by pulsing of the primary ion beam. The high transmission and in most cases sufficient
mass resolution in combination with a high lateral resolution (~0.2 pum) makes TOF-SIMS
highly suitable for the analysis of small samples.

The aim of the present work is to summarize ten years of analytical experience with
TOF-SIMS in cosmochemistry. After a more general introduction into the principles of
secondary ion mass spectrometry, TOF-SIMS will be explained in detail with special em-
phasis on applications in cosmochemistry. The principles of TOF-SIMS data acquisition
are illustrated as well as evaluation procedures to achieve useful information on the ele-
mental, isotopic, and molecular composition of the respective samples. The most intriguing
results of TOF-SIMS studies in cosmochemistry are reviewed in subsequent sections of the

manuscript.



2. Principles of secondary ion mass
spectrometry

Secondary ion mass spectrometry in general is a technique used for surface analysis.
Samples are bombarded with primary ions at typical energies of 10-30 keV. Secondary
particles are released in a so-called sputtering process from surface-near layers. Besides
electrons, these secondary particles are atoms and molecules, which are in part (approxi-
mately 1 %) positively or negatively charged. The secondary atomic and molecular ions
are extracted with electric fields and then separated and detected in a mass analyzer
(Fig. 1). Depending on the type of mass analyzer, one discerns between either conventional
SIMS, with magnetic or quadrupole mass spectrometers, or TOF-SIMS, with time-of-flight

mass spectrometers.
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Fig. 1. The principle of secondary ion mass spectrometry: On the sample surface, an energy-
rich primary ion beam generates secondary ions, which are separated and detected within a

mass spectrometer.
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2.1.  Generation of secondary ions

2.1.1.  The sputtering process

The sputtering process can be described qualitatively, at least for amorphous and
polycrystalline samples, by cascades of atomic collisions (Sigmund, 1969). An impinging
primary ion experiences a series of collisions in the target material (Fig. 2). Recoiling at-
oms with sufficient energy go through secondary collisions and create further generations
of recoiling atoms. Both, primary ions and recoil atoms, have a chance to leave the target
material as back-scattered ions or secondary atoms. The majority of sputtered particles re-
sult from clouds of high-order recoil atoms. They have very low energies (several electron
volts) and originate from the uppermost atomic layers of the target.

The collision cascade has a characteristic dimension of 10 nm in SIMS. Crystalline
targets allow typically much higher penetration depths along open crystal directions in a
so-called channeling process. The collision cascade model is not applicable here, because
binary collisions are relatively rare. The charging state of the sputtered particles also can

not be derived from this simplified model, and multi-element targets are not considered.
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Fig. 2. Primary ions transfer energy in a collision cascade to the target atoms. Ion implanta-
tion (A) or back-scattering (B) may occur. A third alternative, for thin samples only, is for-
ward scattering (C). Atoms from the target material can leave the sample after several colli-
sions as secondary particles (backward sputtering: a and b; transmission sputtering: c).
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2.1.2.  Emission of secondary ions

The ionization energy of an element is decisive for the generation of positively
charged secondary ions. Consequently, ions from alkali and alkaline-earth metals are
formed most efficiently during the sputtering process. On the other hand, for negative sec-
ondary ions, the electron affinity plays the major role, and halogens have the highest ion
yields. Besides this, the ionization probability depends strongly on the charging state of the
respective particle within the sample, i.e., its chemical environment. This characteristic,
known as “matrix effect”, complicates the proper quantification of SIMS results (see be-

low).

2.1.3.  Post-ionization of sputtered neutrals

About 99 % of all secondary particles escape the sample electrically neutral and are
not detectable in classical SIMS. However, by subsequent ionization with electron or laser
bombardment (Oechsner, 1994; Wittmaack, 1994; Koétter and Benninghoven, 1997; Ar-
linghaus et al., 1997; Arlinghaus and Guo, 1998), the sputtered neutrals can be measured in
a mass spectrometer. The mass spectrometry of secondary neutrals (SNMS) has two major
advantages: (1) The ionization efficiency is increased compared to the SIMS process. (2)
Matrix effects are reduced because the secondary particles are ionized after they have left
the solid body, and when the chemical environment has lost most of its influence.

In general, multiphoton processes are necessary to exceed the first ionization poten-
tial for atoms (4—17 eV for elements aside from noble gases) and molecules. Individual
photon energies of most laser systems are typically too low to ionize the atom or molecule
directly. Two major techniques for post-ionization with laser light are established, resonant
and non-resonant ionization.

In the non-resonant multiphoton ionization (Kampwerth et al., 1990; Terhorst et al.,
1992, 1994; Nichuis, 1994; Schnieders et al., 1996, 1998; Schnieders, 1999) an atom or
molecule has to transit through a series of intermediate states to reach its ionization energy.
These “virtual” states are not quantum-mechanical excitation states and have therefore
very short lifetimes, of the order of 107> s. This process can be described as simultaneous
absorption of several photons. Crucial for the ionization probability is the total photon flux
density. Practically all atomic and molecular species are affected in this non-resonant laser

ionization.
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The resonant case uses quantum-mechanical transition states for ionization that are
specific for an atom or a molecule (Hurst ef al., 1979; Pellin et al., 1987; Ma et al., 1995).
Therefore, the photon energies of one or a few lasers have to be tuned carefully to match
exactly the required excitation energies. The results are extremely high ionization yields
for specific atoms or molecules. The ionization of other neutral species at the same time is
effectively suppressed, if single photons cannot ionize these species and if the photon flux
density does not reach values necessary for non-resonant multiphoton ionization. Because
of that, isobaric interferences at same nominal masses are avoided (e.g., interferences of
92Mo, 94Mo, and **Mo with 92Zr, 94Zr, and 96Zr) even with a relatively low mass resolution
of the spectrometer.

In cosmochemistry, resonant laser post-ionization is up to now mainly used together
with laser ablation instead of primary ion bombardment. Applications have been the analy-
sis of titanium, zirconium, and molybdenum isotopic compositions of individual presolar
silicon carbide or graphite grains (Ma et al., 1995; Nicolussi et al., 1997a,b, 1998a,b). Mi-
croprobe two-step laser desorption/laser ionization mass spectrometry (uL*MS) has been
used for the analysis of organic molecules in various kinds of extraterrestrial material (Ko-

valenko et al., 1991, 1992; Clemett et al., 1992, 1993, 1996, 1998; Thomas et al., 1995).

2.2.  Separation of secondary ions

2.2.1.  Conventional SIMS

In conventional SIMS instruments, secondary ions are generated continuously by use
of a static primary ion beam, and the different ion species are detected sequentially, e.g., in
a double-focusing magnetic mass spectrometer or a quadrupole spectrometer. At a given
instant, only secondary ions of a previously selected mass-to-charge ratio reach the detec-
tor. Thus, most secondary ions are not measured. Even in multi-detector instruments, only
a few ion species with similar mass-to-charge ratios can be detected simultaneously. Most

secondary ions are therefore lost during the analysis.

2.2.2.  TOF-SIMS

Contrary to this, time-of-flight mass spectrometry allows to measure all secondary
ions with one polarity quasi simultaneously. The sample is bombarded in TOF-SIMS with

a short-time primary ion pulse with typical lengths between several hundred picoseconds
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and a few nanoseconds. This is repeated every few hundred microseconds, resulting in a
duty cycle of typically 107,

All secondary ions with one polarity are accelerated in an electric field with potential
U and mass separated in a field-free drift tube. Particles with different mass-to-charge ra-

tios m/q reach the detector after the time-of-flight #:

2eU
mjq= = t? (1)

Here, s is the effective flight path, corresponding to the length of the drift tube.

2.3.  Quantification

2.3.1.  Element ratios

Quantification, i.e., to determine useful element ratios, is a problem in SIMS due to
the above described matrix effect. Since the emission of secondary ions from multi-
element samples is theoretically not well understood, only an empiric approach is possible
(Meyer, 1979). Standards with a chemical composition as similar as possible to the respec-
tive sample have to be used. These standards have to have well defined element abun-
dances. Since usually only a small volume of the standard is analyzed, this volume has to
be representative for the entire standard. This leads to high demands on purity and homo-
geneity of the standard. Amorphous or polycrystalline standards and samples are desired,
because crystalline targets lead to unwanted effects like channeling. Only relative abun-
dances can be determined with SIMS, even if all these conditions are satisfied. The secon-
dary ion sensitivity for each element is calculated from the standard relative to a reference
element Ey, often silicon. Using these relative sensitivities, the respective element ratios
E/E in the analyzed sample can be calculated from the determined secondary ion intensi-

ties ST

[SI(E)/SI(E, )]s,
(E/ E, )Sample = [ S ](E ) /S (E } )]Standard (E/ E, )Standard (2)
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The relative sensitivity

SI(E)/SI(E,)

RS(E,E,)= BE
0

A3)
depends on the respective ion species, the polarity, the sample material (matrix), as well as
the analytical conditions, like primary ion type, energy, and angle of incidence, together

with the detection efficiency for the secondary ion species.

2.3.2.  Isotopic ratios

The matrix effect plays a much less pronounced role for isotopic ratios. Nevertheless,
effects of mass fractionation occurring in the SIMS process or during subsequent mass
separation and detection of the secondary ions have to be taken into account if high accu-
racy of isotope measurements is required (Slodzian et al., 1980, 1998). Again, standards

with known isotopic ratios can be used to monitor these effects.

2.4. Static and dynamic SIMS

Secondary ion mass spectrometry in general is a destructive technique. However, one
often discerns between static and dynamic SIMS due to the difference in sputtering inten-
sity. Static SIMS describes the case where the sample surface is not altered during the
SIMS analysis. Dynamic SIMS, on the other hand, is much more destructive but facilitates
quantification. Interaction of the primary ion beam — often O for positive and Cs’ for
negative secondary ions — with the sample generates more reproducible conditions in dy-
namic SIMS. The high abundance of oxygen facilitates the formation of positive secondary
ions and the actual (pre-sputtering) oxidation state within the samples loses its influence.
Cesium, the element with the lowest ionization potential, supports the generation of nega-
tive secondary ions. With this strategy, dynamic SIMS becomes much less susceptible to
matrix effects than static SIMS.

Static SIMS conditions cannot be achieved strictly speaking, because primary ion
bombardment even at lowest intensity alters the sample surface. However, TOF-SIMS is a
good approach to static SIMS conditions especially with a less focused primary ion beam.
The probability for a primary ion to hit an area on the sample already altered by sputtering
can be neglected, and sputter times of several hours are necessary to consume one mono-

layer (Benninghoven, 1973, 1975, 1985, 1994).
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2.5. Charge compensation

Since most samples of geo- or cosmochemical interest are electrical insulators, sam-
ple charging during primary ion bombardment has to be considered (Werner and Morgan,
1976; Werner and Warmoltz, 1984; Blaise, 1994). Charging affects the positioning of the
primary ion beam, which is deflected by the electric surface potential, and, on the other
hand, it affects the energy of the secondary ions, because they are not extracted from a
well-defined electric potential.

For conventional SIMS analyses, samples are therefore often coated with 20—100 nm
of carbon or gold (Zinner, 1989). The primary ion beam then sputters a small (up to
20 um) hole into this coating, and the underlying material can be analyzed. Small samples,
single grains up to 30 pm in size, can be pressed into gold foil (McKeegan et al., 1985;
Zinner, 1989). Although, strictly speaking, the actually investigated sample area is still in-
solating, charging is no longer critical in both cases. Electrons for charge compensation are
picked up from the surrounding conductive neighborhood, which also takes up surplus
electrons when the sample is bombarded with negative primary ions.

Surface coating has to be avoided in TOF-SIMS, because only the uppermost atomic
monolayers are analyzed. Even if coating of a single spot can be removed by sputtering,
larger areas would not be accessible. However, a charge compensation system has been
developed especially for pulsed primary ion sources used in TOF-SIMS (Hagenhoff et al.,
1989). Electrons from a pulsed low-energy electron source reach the target between two
primary ion shots. This process is self-regulative due to the low energy (10-20 eV) of the
electrons. The secondary ion extraction field is switched off during the electron pulse. For
the analysis of negative secondary ions, a slight negative retarding field at the extractor

prevents the electrons from reaching the detector.

2.6. Mass interferences

A major problem in SIMS in general and TOF-SIMS in particular is the separation of
mass interferences. Therefore, this subject is discussed in detail here, especially for TOF-
SIMS. The ability to separate two neighboring mass peaks in mass spectrometry is de-
scribed as the mass resolution or the mass resolving power (m/Am). This mass resolution

can be adjusted in DF-SIMS over a wide range at the expense of the ion transmission of
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the instrument. The mass resolution in TOF-SIMS mainly depends on the accuracy of the
flight time measurement as will be discussed later.

The term “required mass resolution for separation of two peaks” is used in the fol-
lowing for theoretical values resulting solely from the mass difference of the respective
peaks. It does not include considerations on peak shape, required accuracy, or varying peak
intensities, which often lead to more strict limitations for a proper peak separation. For the
experimentally determined mass resolutions of an actual mass spectrometer, the width
(Am) of a mass peak has to be determined at a certain height of the peak. The full width
half maximum (FWHM) definition is used throughout this work if not specified otherwise.
The actual mass resolution for a sufficient separation of two peaks might be required at a
lower peak height, depending on the relative intensities of the respective ion signals and
the required accuracy. This has especially to be considered in time-of-flight mass spec-
trometry, where peak integrals and not peak heights are determined.

There are four major groups of mass interferences with typical characteristic fea-
tures: (1) Isobaric interferences from nuclides of different elements, (2) hydrides, (3) ox-
ides and hydroxides, (4) simple hydrocarbons. These groups are now discussed in greater

detail.

2.6.1.  Isobaric interferences from other nuclides

Isotopes from different elements at the same nominal mass are one group of isobaric
interferences. Two stable nuclides exist for 52 isobars and even three naturally occurring
nuclides can be found for five isobars. Mass resolutions between m/Am=10"* (**Ca and **Ti)
and 6:107 (**'Re and '®"Os) are required to separate their corresponding mass peaks from
each other (Fig. 3). This is not achievable with the available TOF-SIMS instruments, as
will be shown later. However, for the analysis of element abundances, these interferences
have to be considered but are not crucial. They can be corrected in most cases by using

other isotopes from the respective element (see below).

2.6.2. Hydrides

Due to adsorbed hydrogen atoms or hydrocarbons, hydrides are important in surface
analysis and are therefore often observed, especially in TOF-SIMS mass spectra. Some-

times they can reach the same intensity as the element peak itself. Hydrides from one
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isotope may interfere with an isotope of the same or a neighboring element. The required
mass resolutions are typically lower here and can be achieved in TOF-SIMS, at least for
low masses, by using very short primary ion pulses. At masses above ~90 amu (amu =
atomic mass unit = 1/12 of the mass of '’C) the required mass resolution exceeds
m/Am=10* (Fig. 4), which is approximately the maximum mass resolution reachable with

present TOF-SIMS instruments.

2.6.3.  Oxides and hydroxides

Oxides and hydroxides account for similar problems as hydrides. Since '°O
(15.995 amu) almost exactly lies on the nominal mass, any nuclide and its oxide have the
same deviation in mass from the nominal mass. This mass difference typically increases
for low-mass nuclides with increasing mass number. Between 88 and 140 amu it is practi-
cally constant, before it decreases again for higher masses. Therefore, in the middle mass
range, around 110 amu for oxides and 130 amu for hydroxides, their separation from

atomic ions requires non-achievable high mass resolutions, well above m/Am=10* (Fig. 5).
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Fig. 5. Mass resolution needed for separation of oxides (" '°A'®0, solid symbols) and hy-
droxides ("'"B'°0"'H, open symbols) interfering with nuclides at mass .
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Fig. 6. Mass resolution required for separation of hydrocarbons 2C,'H,, 1, from element
peaks at mass m.

2.6.4.  Hydrocarbons

Hydrocarbons occur almost throughout the entire mass spectrum. Nevertheless, their
interferences with atomic ions are rather easy to separate, especially when several hydro-
gen atoms are present. Each additional H-atom shifts the peak 7.98-10 amu to the right of
the nominal mass (towards higher masses). Except for the light elements up to nitrogen and
the very heavy elements thorium and uranium, elemental mass peaks lie left (towards
lower masses) of the respective nominal mass. Up to *°Fe the mass-to-nucleon ratio de-
creases (*°Fe is the nuclide with the highest binding energy). Consequently, the required

mass resolution for separation of hydrocarbons has a minimum at masses around 56 amu

(Fig. 6).

2.7. Mass resolution in time-of-flight mass spectrometry

In general, mass resolution in TOF mass spectrometry depends on time resolution of

the flight time measurement. According to Eq. (1) follows

m t

m_ 4
Am 2 At )
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This resolution depends on the resolution of the mass analyzer R,, (Mamyrin et al., 1973),
the time resolution A, of detector and registration electronics, and the duration Az, of the
ionization event that in SIMS is the pulse width of the primary ion shot (Jiirgens et al.,

1992; Jirgens, 1993):

-1/2
At AL
ﬂ: {Rl ) reg p ] (5)

From the linear correlation between 7 and m (Eq. (1)) follows

P 2 -1/2
m 1 AL, +A1 ]
e — (©)
Am R, c m

where the constant ¢ depends on instrument parameters, length of the flight path and ex-
traction voltage.

Actual values of mass resolutions achievable in TOF-SIMS will be discussed later,

when the TOF-SIMS instrument used in this study is described.



3. Time-of-flight secondary ion mass
spectrometry

The following section will concentrate on practical aspects of TOF-SIMS. First, for a

better understanding, the principles of conventional DF-SIMS and TOF-SIMS instruments

are compared.

3.1. Secondary ion mass spectrometers

3.1.1. DF-SIMS

Double-focusing magnetic mass spectrometers in SIMS are separating secondary

ions by electrostatic and magnetic sector fields (Fig. 7). In the electrostatic field, the sec-

ondary ions are dispersed according to their energy. Centrifugal and electrostatic forces are

in equilibrium here:

Electrostatic | Magnetic
Sector Sector
Field | Field
Energy Slit
Primary

Tons — | = Fntrance Slit

Sample Exit Slit =—|—

Detector ———=

Fig. 7. Schematic view of a DF-SIMS instrument. Not shown are ion-optical elements like

deflectors or electrostatic lenses.
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=qE (7)

The radius » depends in a given electrostatic field £ on the kinetic energy (mv’/2) per
charge g. With the aid of the energy slit (cf. Fig. 7), selection of secondary ion energies is
possible, and the system can be used as an energy filter.

In the following magnetic field B, the secondary ions are dispersed according to their
mass-to-charge ratio and their energy. It can be regarded as a filter for momentum (mv).

Here, centrifugal and magnetic forces are in equilibrium:

2
my

=qvB (8)
r

The combination of electrostatic and magnetic fields allows compensation of energy
dispersions from the electrostatic and magnetic analyzers. The result is separation of sec-
ondary ions according to their mass-to-charge ratio regardless of their energy, the principle
of double-focusing mass spectrometry.

Nevertheless, the energy slit can be used for narrowing the energy bandwidth of the
secondary ions. The width of the secondary ion energy distribution decreases with in-
creasing complexity of the molecular ion and depends on the relative mass difference be-
tween the constituents of the molecule (Crozaz and Zinner, 1985). Consequently, energy
filtering is not efficient for the removal of hydrides and most monoxides, but complex
molecular mass interferences can be effectively suppressed (Crozaz and Zinner, 1985).
This is done by setting the sample potential and the width of the energy slit to values that
only secondary ions within a certain energy window above a specific energy reach the de-
tector. This energy filtering technique has been successfully applied, e.g., to the measure-
ment of rare earth elements (Crozaz and Zinner, 1985; Zinner and Crozaz, 1986).

A special feature of the experimental set-up shown in Fig. 7 is that it can transport
ion images, showing the lateral distribution of the respective ion species. Secondary ion
images can be generated by using a defocused primary ion beam. Direct imaging through
ion optical projection is often called ion microscope technique in contrast to SIMS instru-
ments where secondary ion images are generated by scanning the primary ion beam over

the sample (ion microprobe technique).
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Energy filtering in DF-SIMS also reduces chromatic aberrations of secondary ion
images. Analogous to light optics, the focal length of an ion-optical lens varies with the

energy of the ions (equivalent to wavelength or color of light).

3.1.2. TOF-SIMS

All types of TOF-SIMS instruments are based on the same principle: The velocity of
an ion with a given kinetic energy depends on its mass. One discerns between two major
groups of TOF-SIMS instruments. Besides analyzers with three hemispherical electrostatic
analyzers (Schueler et al., 1990; Schueler, 1992), most TOF-SIMS instruments use a more
simple design with an ion reflector (Mamyrin et al., 1973; Niehuis et al., 1987; Niehuis,
1990). Only the latter type is explained in detail here, because most analyses discussed in
this study were performed with this type of instrument. However, the major difference
between the two set-ups is that the triple sector spectrometer allows direct imaging through
ion optical projection (ion microscope). Spatial information gets lost in the reflector in-

strument and the ion microprobe mode is used for imaging.

Reflector
Secondary
Tons Post-
acceleration
Detector
Primary
Tons = Extractor

I Sample

Fig. 8. Schematic view of a TOF-SIMS instrument.
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A schematic view of a reflector TOF-SIMS instrument is given in Fig. 8. Secondary
ions are extracted from the sample surface by acceleration in an electric field. In the subse-
quent drift tube, the ions are separated according to their velocity before they reach the
detector. Since slightly different starting energies result in slightly different flight times,
even for ions of the same species, a reflector is used for energy focusing (Mamyrin et al.,
1973). Ions with higher energies penetrate its electric field deeper and are therefore de-
layed compared to lower-energy ions. By adjusting the electric fields carefully, all secon-

dary ions of one species can reach the detector practically simultaneously.

3.2. Description of the TOF-SIMS instrument
The Cameca/ION-TOF TOF-SIMS IV instrument used in this study is a reflector-

based instrument as described in the previous section and shown in Fig. 8. The present
TOF-SIMS 1V instrument at the Institut fiir Planetologie in Miinster is equipped with two
primary ion sources for analysis, an electron impact ion gun mainly for argon primary ions
(Niehuis ef al., 1987) and a gallium liquid metal ion gun (Ga-LMIS; Niehuis, 1997). In ad-
dition, the instrument has a sputter source, a combination of a cesium thermal ionization
source and an electron impact source for argon or oxygen sputtering ions (Terhorst et al.,
1997). It can be used for cleaning of the sample surface as well as for depth profiling. All
ion beams reach the sample with an angle of 45° and the secondary ions are extracted per-
pendicular to the sample surface with an extraction potential of 2 kV (Fig. 8). The sample
is at ground potential.

After the reflection, the secondary ions are post-accelerated with energies of 8—
10 keV before they reach the detector. The detector consists of a microchannel plate for ion
to electron conversion, a scintillator for electron-to-photon conversion, and a
photomultipier, which is placed outside the vacuum chamber. All three steps lead to an
amplification of the signal, but the major advantage of this set-up is the separation of high-
voltage at the detector and low-voltage of the electronics. A constant fraction discriminator
converts the incoming signal to a normalized signal, which is further processed in a time-
to-digital converter (TDC). The time resolution of the TDC is adjustable between 50 and

1600 ps, but it is mostly operated at 200 ps.
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P 90° Deflector

Primary
Ion Source Sample

Fig. 9. Schematic view of the pulsing and bunching system of the electron impact primary
ion gun. Focussing elements like lenses and deflection units for beam alignments were
omitted. Primary ions, mainly Ar', are generated in a conventional electron impact ion
source. A 90°-deflection unit is used to cut ion packages with pulse lengths of 10—15 ns out
of a continuous ion beam. These pulses are compressed to pulse lengths of ~1.2 ns in a
bunching system.

A second detector system is used for detection of secondary electrons. With this, a
secondary electron image similar to those generated in a scanning electron microscope can
be obtained by scanning the primary ion beam over the sample. A pulsed low-energy

(~18 eV) electron source is used for charge compensation.

3.2.1.  The argon primary ion source

A schematic view of the pulsing system of the electron impact primary ion gun is
given in Fig. 9. This primary ion source is mainly used with *°Ar" as primary ion species.
Ion pulses with typically lengths of 10-15 ns are generated from a continuous ion beam
with a 90°-deflection unit. Each ion package is compressed along its flight direction to
typically 1.2 ns pulse length in an electrodynamic bunching system. Ions from the rear of
the package are accelerated to catch up with those from the front when they reach the tar-
get. (Niehuis ef al., 1987)

The argon electron impact ion source has its main advantage in producing short pri-
mary ion pulses with relatively high intensities (cf. Table 1). The major drawback of this
type of ion source is the limited lateral resolution (~10 um), due to the relatively large vol-
ume where ion formation takes place. Projection of this ionization volume onto the sample
surface leads to inevitable dispersion of the ion beam. Acceleration of the ions to different
energies in the bunching unit also reduces the lateral resolution. These energy variations

increase chromatic aberrations of the target lens.
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Fig. 10: Schematic view of the gallium liquid metal ion source. Focussing elements like
lenses and deflection units for beam alignments were omitted. Primary ion packages with
pulse lengths of ~5 ns are produced from a continuous beam with a blanking system. These
packages can be chopped a second time or compressed along their flight direction in a
bunching system to further reduce their pulse lengths.

3.2.2.  The gallium primary ion source

The gallium primary ion source is shown in Fig. 10. A tungsten needle with a thin
liquid gallium film is exposed to a high electric field. At typical extraction potentials of 5—
10 keV the liquid gallium forms a so-called Taylor-cone at the tungsten tip and Ga' ions
are emitted. These ions stem from a very small region with a typical size of 10 nm. This
small spot size is responsible for the achievable high lateral resolution of the Ga-LMIS
(beam diameter ~200 nm).

The Ga-LMIS can be operated in different modes, which mainly differ in length of
the primary ion pulse, primary ion intensity, and achievable spatial resolution (cf. Table 1).
Typical pulsing systems produce single ion packages with lengths of ~5 ns by blanking a
continuous ion beam. There are two possible techniques to further reduce the pulse length.
Each ion package can be chopped a second time (Fig. 11) or compressed along its flight
direction in a bunching system analogous to the argon source (Nichuis et al., 1987,

Schwieters et al., 1991, 1992).
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TABLE 1. Comparison of different analytical modes for argon and gallium ion sources.

. Prlmary Pulsing mode Pglse Spatlgl . Primary .Secondary

ion species width resolution  ions/cycle ions/cycle
PAr* blanked-+bunched 1.2 ns 10 um 500 2.5
¥Ga” blanked 5ns 200 nm 50 0.25
Ga" blanked+chopped 1.5 ns 200 nm 10 0.05
Ga" blanked-+bunched 600 ps 5 um 50 0.25
¥Ga” burst mode nx1.5ns 200 nm nx10 nx0.05

A value of one secondary ion per 200 primary ions was assumed. This is only a rough esti-
mate, based on analyses of typical glass standards. For these conditions, one sputtered parti-
cle for each primary ion can be assumed. The actual values strongly depend on sample mate-
rial and surface conditions. Typical repetition rates are 5—-10 kHz, leading to total count rates
of several thousand secondary ions per second spread over the entire mass spectrum.

In the first case, the primary and therefore the secondary ion intensity decrease with
the pulse length. Extremely short pulses result in extremely small signals, often not suffi-
cient for trace element studies. On the other hand, the spatial resolution (beam diameter)

remains unchanged in this case. Typical pulse lengths achieved with high-frequency chop-

chopper

pers are 1.5 ns.

blanker

blanker + chopper

burst mode

| 1 | 1 | 1 | v/ /1 1 | 1 | 1 | 1

0.1 0.0 0.1 02 7999 1000 100.1 1002
Time [us]

Fig. 11. Timing schemes for blanker and chopper. The blanker is used to select one or a se-
ries (burst mode, dotted line) of 1.5 ns ion pulses continuously produced by the high-
frequency (40 MHz) chopper. Blanker and chopper are both pulsing units which are applied
in different ways. Sometimes, these names are used in the literature the other way round.
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The electrodynamic bunching system allows an axial compression of the ~5 ns ion
package to ~600 ps pulse length. Since no primary ion gets lost, secondary ion intensities
are usually by a factor of five higher than in the chopped mode. This is mostly sufficient
for trace element studies. On the other hand, chromatic aberrations of the target lens here

limit the achievable spatial resolution to ~5 um.

3.2.3.  Mass resolution — spatial resolution — signal intensity

The three parameters mass resolution, spatial resolution, and intensity of the secon-
dary ion signals are strongly related to each other in TOF-SIMS. The mass resolution can
be adjusted in DF-SIMS over a wide range by changing the widths of the different slits
(Fig. 7) at the expense of the ion transmission of the instrument. This is not the case for
TOF-SIMS. Here, the mass resolution depends on the duration of the primary ion pulse,
the length of the flight path, the energy focusing in the reflector, the time resolution of the
detection system, and, finally, on the mass itself. The dependence on time resolution of the

flight time measurement has been discussed above.
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8000F  _"aa g i
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B Ga- 1.6 ns * blanked+chopped
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O Ar - 1.3 ns ¢ blanked+bunched
0t L L 1 L 1 L 1 L 1]

0 20 40 60 80 100
m [amu]

Fig. 12. Mass resolution (FWHM) depending on mass for typical measurements with gallium
and argon primary ion sources. Data points show selected peaks with no apparent mass inter-
ference. The gallium ion source was operated in three different modes. The mass resolution

of the analyzer is m/Am=10500 in all cases.



3. Time-of-flight secondary ion mass spectrometry 23

The mass dependence of the mass resolution at full width half maximum (FWHM) is
demonstrated in Fig. 12 for the argon primary ion source as well as for different analytical
modes of the gallium source. From best fits according to Eq. (6) for the data points of un-
disturbed mass peaks, a resolution R,, for the analyzer of about 10500 has been inferred.
This resolution describes the asymptotic limit at high masses, whereas the accuracy of the
time measurement, mainly from A¢,, shapes the fit curve at low masses. The time resolu-
tion of the registration system At,., was 200 ps. Primary pulse lengths A¢, of 1.3 ns for the
argon source and 5.2, 1.6, and 0.6 ns for blanked, blanked+chopped and blanked+bunched
modes of the gallium source, respectively, have been determined.

A simultaneous increase of all three parameters, mass resolution, spatial resolution,
and intensity of the secondary ion signals, is restricted, because the number of charged
particles within a small volume is also limited due to space charge effects. Extension of the
1on package in flight direction results in low mass resolution. Extension perpendicular to
the flight direction results in low spatial resolution. The different pulsing modes of the gal-
lium source in Table 1 show the mutual influence of these parameters.

Nevertheless, if high lateral resolution and high mass resolution are required, the
secondary ion yield can be increased by applying a series of 1.5 ns primary ion pulses,
spaced 25 ns apart from each other, in every shot cycle. This so-called “burst” mode
(Fig. 11) results in a series of overlapping mass spectra, which can be summed up by ap-
propriate computer programs. For primary ion bursts of five single pulses, approximately
the same intensity is reached as in the “blanked” mode (cf. Table 1). This leads to useful
results for masses up to ~200 amu, where the last peak from one nominal mass begins to
overlap with the first peak of the next nominal mass. By varying the number of primary ion
shots within one burst, the usable mass range can be adjusted. An increasing number of ion
shots within one burst leads to a decreasing upper limit for the usable mass range (e.g.,
~50 amu for bursts of 10 shots). Therefore, the burst mode is not applicable to the investi-

gation of large molecules.
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Fig. 13. Schematic view of the so-called dual beam sputter source. It is a combination of a
cesium thermal ionization source and an electron impact source for argon sputtering ions. As
in previous figures, focussing elements like lenses and deflection units for beam alignments
were omitted.

3.2.4.  Sputtering

Since TOF-SIMS analyzes the uppermost surface of a sample, contamination can be
a severe problem. Therefore, the surface often has to be cleaned. To avoid adsorption of
molecules present in the ambient air after the cleaning procedures, this is preferentially
performed directly under ultra-high vacuum conditions in the TOF-SIMS instrument prior
to the analysis. It can be done by sputtering with the primary ion gun. The TOF-SIMS IV
instrument is equipped with an additional ion source exclusively for sputtering. Besides for
surface cleaning, the sputter gun can also be used for depth profiling (Williams, 1998). The
TOF-SIMS 1V sputter source (Fig. 13) is a combination of a cesium thermal ionization
source and an electron impact source for argon or oxygen sputtering ions (Terhorst et al.,
1997). The beam diameter is ~50 pm.

Secondary ion yields can be influenced and drastically increased by selecting specific
1on species for sputtering. Bombardment with oxygen ions, e.g., enhances the positive sec-
ondary ion signal (Wittmaack, 1998); cesium ions increase negative ion abundances. Al-

though such an increase is desirable, the occurrence of molecular ions like oxides,
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Fig. 14. Timing scheme for simultaneous use of two ion sources for insulating samples. A
gallium primary ion source pulsed with 10 kHz is used for the actual TOF-SIMS analysis.
Sputtering with a pulsed argon source occurs between two gallium shots. Secondary ions are
only extracted directly after the gallium pulse. During the sputter pulse, a slight retarding
field at the extractor prevents secondary ions from reaching the detector.

stimulated by oxygen sputter ions, may complicate the interpretation of the mass spectrum.
Therefore, sputtering with inert ion species like argon is more advantageous and has been
performed in this study.

After removing adsorbed hydrocarbons through sputtering, even under ultra-high
vacuum conditions (~2-107'° mbar), the sample surface can regain atoms and molecules
like hydrogen or hydrocarbons present in the residual gas. The primary ion source is not
able to prevent this adsorption sufficiently with its low duty cycle, especially when a large
area is scanned with the ion beam. Therefore, an analytical mode has been developed,
where the sample is analyzed with a gallium primary ion source and sputtered simultane-
ously with an argon sputtering source (Fig. 14). The sputter pulse is applied between two
gallium pulses during charge compensation. The intensity of the sputter pulse is limited to
~100 pA at 10 kHz repetition rate (~6:10* ions/shot) due to charging of the sample. Al-
though the electron current for charge compensation easily exceeds 1 pA, the efficiency of
charge compensation mainly depends on the number of electrons reaching the area of ac-
tual ion bombardment, ~50 um in diameter for the sputter source. However, the sputter

current of 100 pA is sufficient to suppress adsorption effectively during the analysis.
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Fig. 15. Variations of secondary ion intensities caused by sputtering. A 50x50 um® area of
glass StHs6/80-G (cf. Appendix) was bombarded with 5 ns gallium shots. After 580 scans
(256256 pixels, one shot per pixel) the sample was simultaneously sputtered with an argon
beam. This led to an increase of most secondary ion signals by factors of 50-200. Surface
adsorbed hydrocarbons are suppressed efficiently. The H and C" signals decreased by fac-
tors of 2 and 10, respectively. Stable signals were reached after 700—800 scans (~80 minutes)
with simultaneous sputtering. After switching off the sputter source (after scan 2210) hydro-
carbon signals increased again to values similar to those before sputtering. Signals for other
elements decreased slightly, but still remained clearly above the values before sputtering.
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3.3. TOF-SIMS mass spectra

TOF-SIMS mass spectra contain a wealth of information due to parallel detection of
an in principle unlimited mass range. Before the rules of data evaluation are explained, ex-
amples for positive and negative secondary ion mass spectra (mass range 1-100 amu) ob-

tained from a glass standard after extensive argon sputtering are given in Figs. 16 and 17.
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Fig. 16. Highly compressed mass spectrum of positive secondary ions obtained from glass
standard KL2-G (cf. Appendix) after extensive argon sputtering. Only the mass range from
1-100 amu is shown here.
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Negative ion spectra are disturbed by electrons, which partially result from charge
compensation. They are also generated as secondary or tertiary electrons from interaction
of primary as well as secondary ions with various surfaces within the instrument. Some of
these electrons appear as distinct lines or broad peaks in the respective spectrum, but a

general baseline increase is also observed throughout the entire mass range.
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Fig. 17. Mass spectrum (1-100 amu) of negative secondary ions from glass standard KL2-G
after argon sputtering. Broad peaks are caused by electrons from various origins. They are
also responsible for the higher overall background in negative mass spectra compared to

positive spectra (cf. Fig. 16).
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Fig. 18. Comparison between mass spectra at 29 and 43 amu at low (5 ns pulse length; top)
and high (0.6 ns pulse length; bottom) mass resolution, respectively. At 29 amu the five
peaks in the high-resolution spectrum can be identified as (1) *Si", (2) **Si'H', (3)
2C'H'"°0", (4) "C'H;"*N", and (5) "*C,'Hs", respectively. At 43 amu (6) “Ca” with a contri-
bution from *Ca'H", (7) *’Al'°0", (8) *Mg'°0'H’, (9) **Si"’C'H;" (10) “C,'H;"°0", (11)
12C,'Hs"*N", and (12) '*C5'H;" emerge in the high-resolution spectrum.

The spectra in Figs. 16 and 17 are highly compressed, and peaks at identical nominal
masses can not be separated in these diagrams. The actual fine structures at 29 and 43 amu,
respectively, are shown in Fig. 18 for low and high-resolution mass spectra of positive sec-
ondary ions. ’Si” and **Si'"H" can only be distinguished in the high-resolution spectrum at
29 amu. At low mass resolution, only hydrocarbon peaks can be separated. This is also ob-
vious at nominal mass 43 amu. The unambiguous identification of every single peak is
even complicated for the high-resolution spectrum. Especially for some peaks (peaks 3, 4,

and 7-11 in Fig. 18) that lie between the element and the pure hydrocarbon peak, assign-

ments made in the figure caption are equivocal.

3.4. Quantification

Quantitative evaluation of the mass spectra is one of the major objectives in TOF-

SIMS analysis. From each signal in the spectrum, the abundance of the secondary ion spe-
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cies and ultimately the concentration of the respective element, isotope, or molecule in the
target have to be deduced. However, only elemental or isotopic ratios can be determined in
SIMS. Absolute concentrations cannot be obtained due to insufficient knowledge of sputter
volumes, absolute ion yields, transmission of the instrument, and detection efficiencies.
Prerequisites to determine these ratios are, besides knowledge of the respective SIMS sen-
sitivities, linearity of the detection and registration system, as well as control of instru-

mental mass fractionation effects.

3.4.1.  Linearity of the detector

Linearity of the detection system over a wide dynamic range is indispensable for a
quantitative evaluation of mass spectra in TOF-SIMS, where the entire spectrum is meas-
ured simultaneously. Isotopic and element ratios up to several orders of magnitude occur,
and secondary ion sensitivities span a vast range. Therefore, high count rates for major
peaks are often compulsory to achieve sufficient ion intensities for minor isotopes or trace
elements. For single-ion-counting, the typical detection technique in TOF-SIMS, dead time
effects for high-intensity mass peaks have to be considered. Since signal intensities in
TOF-SIMS fluctuate on an extremely short time scale (nanoseconds), these effects become
more complex than for constant or exponentially decaying signal intensities (Schiff, 1936;
Esposito et al., 1991). However, dead time effects have to be considered also in conven-
tional SIMS. Especially in isotope studies, they contribute significantly to measurement
uncertainties (Storms and Peterson, 1994).

The actual dead time of the TOF-SIMS IV instrument is ~40 ns, which mainly results
from the exponentially decaying scintillator signal. Therefore, only one secondary ion per
nominal mass can be detected for each primary ion shot. However, dead time correction of
TOF-SIMS spectra may be performed using Poisson statistics. If only one mass peak is

present at a given nominal mass, the dead time corrected peak integral /., becomes

cor

[ex
I  =-NIn|1--2 9)
N

where /., i1s the measured integrated peak intensity and N the number of primary ion shots.

The statistical one-sigma error of the corrected signal is
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The correction of multiple peaks at one nominal mass becomes more complicated,
but even entire mass spectra can be corrected for dead time effects by applying similar
formulae. This has been demonstrated in greater detail by Stephan et al. (Stephan, 1992;
Stephan et al., 1994a). Limitations of these corrections result from two deficiencies. First,
the actual dead time cannot be described by a single numerical value. A probability func-
tion has to be used instead, which is only roughly known. Second, constant peak intensities
during the measurement are indispensable for an exact dead time correction. However,
simplified correction techniques deliver results with sufficient precision (~10 %) for ele-
ment analysis even for correction factors up to three. Restrictions are more severe for iso-

tope studies, where higher accuracy (few per mill) is required.

3.4.2.  Mass fractionation

Instrumental mass fractionation effects play a less pronounced role in TOF-SIMS.
Here, general mass fractionation effects have not been observed so far. If there are any ef-
fects, they only have to be considered in isotope analysis, where high accuracy is required.
But even there, statistical errors dominate at least for less abundant isotopes the analytical
uncertainties. For high intensity ion signals, dead time effects often exceed mass fractiona-
tion effects. However, instrumental mass fractionation has always to be considered, before

deviations from “normal” isotopic ratios can be claimed.

3.5. Element analysis

Peak assignments for quantitative analyses follow the same principles as described
by Eugster ef al. (1985). For each isotope of a given element, at most the whole intensity at
the respective mass window can be assigned. This mass window is defined by the expected
center of mass and the prevailing mass resolution. A value for the expected total elemental
ion intensity can be calculated from each assumed isotope peak. Since mass interferences
may affect one or more of these peak intensities, the minimum value deduced from the dif-
ferent isotopes is the upper limit for the intensity of the respective element. A proper
analysis of the respective element can only be inferred, if the calculated total elemental ion

intensities for major isotopes agree within statistical error limits. If this is not the case, at
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least one isotope is affected by interference and the others might also be influenced by
similar interferences. Consequently, one has to interpret the calculated elemental ion abun-
dance as an upper limit. Strictly speaking, all calculated ion abundances are upper limits, if
interferences cannot be unequivocally excluded.

Figures 19 and 20 comprise peak assignments and the principles of quantitative
evaluation for positive and negative secondary ions, respectively. Moderate mass resolu-
tion, sufficient for a complete separation of most interfering molecules like hydrocarbons,
was assumed (e.g., 5 ns primary ion pulse length with the above described gallium source).
In the following, the evaluation is discussed for different elements. Prerequisite for the
here described principles are “normal” (=cosmic) isotopic ratios of most elements. —
Throughout this study, isotopic abundances are used according to Anders and Grevesse
(1989). — Cosmic isotope ratios can be assumed within statistical error limits in most cases.
Nevertheless, one has to be aware of the possibility of non-solar isotopic ratios during the
analysis of extraterrestrial material. Especially for the analysis of presolar grains, this has
to be taken into account and will be discussed in more detail below. Some of the interfer-
ences like hydrides, considered as non-separable in the present section, can be resolved by
using very short primary ion pulses or mathematical peak deconvolution techniques. The
latter will be explained in an extra section. Isotopic compositions for some elements, espe-
cially the light ones, can be determined even at low mass resolution. This is discussed now,

together with the principles of element analysis.

3.5.1.  Hydrogen

Although hydrogen forms positive as well as negative secondary ions during the
SIMS process, the negative polarity dominates. For positive secondary ions, a mass inter-
ference is observed for deuterium (*H") from "H," molecular ions. In addition, 'H; -ions
are often present in secondary ion spectra. The analysis of hydrogen with TOF-SIMS is
affected by the residual gas in the vacuum apparatus, because it is typically dominated by
hydrogen. Even at a pressure of several 10" mbar in the analysis chamber, hydrogen is
still adsorbed onto the sample surface during primary ion bombardment and can be ob-
served in every mass spectrum. Therefore, the analysis of indigenous hydrogen isotopic
ratios was not possible so far, although H, forms practically no negative secondary ions

and consequently “H™ is not influenced by any mass interference.
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Fig. 19. Flow chart showing the principles of peak assignments and determination of positive
secondary ion abundances for elements from hydrogen to nickel.
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Fig. 20. Flow chart showing the principles of peak assignments and determination of nega-

tive secondary ion abundances for elements from hydrogen to iodine.

3.5.2.  Lithium, beryllium, and boron

Lithium, beryllium, and boron all form positive secondary ions. Molecular interfer-
ences are almost negligible during their analysis. Like all alkali metals, lithium is not ob-
served as hydride in the positive spectrum. It would be unequivocally identifiable as 'Li'H"
at nominal mass 8 amu. Any contribution of °Li'"H" at mass 7 amu to the "Li" mass peak
would be easy to subtract, particularly since °Li has an isotopic abundance of only 7.5 % in
“normal” lithium.

Beryllium has only one stable isotope at nominal mass 9 amu. Here no mass interfer-
ence occurs except *'Al’", which can easily be separated (required mass resolution
m/Am=490). For boron, the convenient isotopic ratio of about four for ''B/'’B allows a
definite determination of the B -intensity. BeH" in most cases plays a minor role and, if at

all, only for the less abundant isotope '’B”.
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3.5.3. Carbon

Carbon forms positive as well as negative secondary ions during primary ion bom-
bardment. Like observed for hydrogen, negative ions form the majority. Especially the
polarity of the carbon secondary ions depends on their chemical environment. Hydrocar-
bons generate C™ as well as C secondary ions, whereas carbonates and in particular car-
bides mainly form C -ions. CH, CH,, and CHj are also observed in both polarities. Conse-
quently, separation of the 12CIH-Signal from the "*C peak is essential for the measurement
of '2C/"C isotopic ratios in both polarities. A minimum in mass resolution of m/Am=2910
is necessary for this separation. Since the intensity of the '2C'H-ions is often comparable
with the '*C-signal, this mass resolution is required at ~1 % of the peak height in case of

solar carbon (*2C/"*C=89.9).
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Fig. 21. Comparison between TOF-SIMS (top) and DF-SIMS (bottom, courtesy of F. J.
Stadermann) spectra at masses 12 (**C) and 13 amu (°C and "“C'H), respectively. With
TOF-SIMS, positive secondary ions were retrieved from a Teflon sample by using an Ar"
primary ion beam. The DF-SIMS analysis was performed on a terrestrial silicon carbide
grain. TOF-SIMS analyses of silicon carbide are described in a later section. Mass resolu-
tions (m/Am) are given at 12 amu for full width at 50, 10, and 1 % peak height.
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For a proper measurement of isotopic ratios, preferentially the amount of the hydrate
CH has to be minimized. This can be done by sputtering of the sample, since hydration is
often due to the residual gas in the vacuum system (see above). To separate the two peaks
at 13 amu, often mathematical peak separation techniques have to be applied (cf. section
on presolar grains). A comparison between TOF-SIMS and DF-SIMS spectra for masses
12 and 13 amu, respectively, is shown in Fig. 21. Although the TOF-SIMS spectrum
(Fig. 21 top) was obtained under nearly optimal conditions — flat Teflon sample, only little
surface adsorption of hydrocarbons (low CH-signal), and short primary ion pulses
(~1.2 ns) — the two peaks at 13 amu were not separated sufficiently. In contrary to this,

these two peaks are separated completely with DF-SIMS (Fig. 21 bottom).

3.5.4. Nitrogen

Nitrogen has only a small ionization yield in the SIMS process. Nevertheless, nitro-
gen can be measured as CN if carbon is present. For the measurement of '*N/*°N isotopic
ratios, first, the 2c/Be isotopic ratio has to be calculated. Then, the mass peaks at 26 and
27 amu are determined. The former can be identified as 12CMI\T, whereas the latter is
formed by *C'"*N™ and >C"’N". These two ion species cannot be separated in TOF-SIMS
(required mass resolution m/Am=4270). The '*N/"*N-ratio can be calculated now with the

known '*C/"*C-ratio according to

12cl4N7 B 126
12C 15N7 ]27 _ 13C/12C'126

14N/15N: (11)

or

ISN/HN:%_BC/HC (12)

26
where /, is the peak integral at x amu.

3.5.5. Oxygen

Oxygen is the classical element providing negative secondary ions in most SIMS ap-
plications. In oxidized compounds, it takes up the electrons released during the formation

of positive metallic ions. Nevertheless, because of its high abundance in rocks, oxygen is
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also observed as positive secondary ions, though with lower intensity. Therefore, oxygen is
qualified as reference element besides silicon for the comparison of negative and positive
secondary ion spectra. Because of the very low abundance of '"O (CI: 0.038 %) and the

high '°O'H" intensity, only '°O and 'O can be measured satisfactorily in TOF-SIMS.

3.5.6. Fluorine, chlorine, bromine, and iodine

All halogens form preferentially negative secondary ions. Chlorine, the element with
the highest electron affinity, has the maximum negative secondary ion yield. Nevertheless,
especially samples with high fluorine concentrations often show signals at 19 amu also in
the positive secondary ion spectrum. Fluorine and iodine are both monoisotopic elements,
whereas chlorine and bromine have two stable isotopes each. Convenient isotopic ratios of
about three for *>C1/>’Cl and about one for "’Br/*'Br, respectively, allow measuring all four
nuclides. Since "’Br is often disturbed by molecular interferences, *'Br is the isotope of
choice for a proper bromine analysis (Stephan et al., 1994b).

Especially chlorine and fluorine are omnipresent in our environment. Therefore,
many samples show halogen contamination on the surface, often together with the alkalis
sodium and potassium. Consequently, cleanness of the sample surface is especially impor-

tant for a proper halogen analysis.

3.5.7.  Sodium, potassium, rubidium, and cesium

The same high demands on surface purity apply to the alkalis, especially sodium and
potassium, which are often observed as surface contamination. The alkalis have the highest
positive secondary ion yield, analogous to the high yield for negative ions for halogens.
Hydrides and doubly charged secondary ions are not observed. The monoisotopic element
sodium can unequivocally be analyzed at 23 amu, where no molecular interference ap-
pears. Potassium as K can easily be separated from C;H;™ at a low mass resolution
(m/Am=652). *°’K (0.01167 % of K) is not distinguishable from *’Ca (96.941 % of Ca) due
to a required mass resolution of m/Am=28400 and its low abundance. Although the abun-
dance of *'K is higher (6.7302 %), mass 41 amu is typically dominated by *°C'H (required
mass resolution m/Am=4770). Rubidium has two primordial isotopes *’Rb (72.165 %) and
*’Rb (27.835 %). The latter is interfering with ¥7Sr (7.00 %, required mass resolution

m/Am=296000). Cesium is monoisotopic and can be seen at 133 amu.
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3.5.8. Magnesium, calcium, strontium, and barium

The alkaline-earth metals are the group with the second highest yield for positive
secondary ions. They often form hydride-ions like, e.g., MgH', complicating isotope
analyses. “*Mg'H" overlaps with *Mg", *Mg'H" with **Mg", and finally **Mg'H" coin-
cides with 2’Al" (required mass resolutions m/Am=3550, 2350, and 3040). The latter inter-
ference complicates the analysis of aluminum. However, assuming a “Mg/**Mg-ratio of
0.127, which mostly is justified for the achievable accuracy, one can calculate a possible

**Mg-enrichment and also the contribution of *Mg'H" to mass 27 amu:

26 +
YAl =1, -1, 24Mg-MgH+ (13)
Mg Mg
with
Mot = Js
MgH" /Mg* = 0.127 (14)
124
and
Mg/ Mg = 26— 0.127. MeH (15)
1, Mg

Similar to this, YCa'H" interferes with 'K like discussed above. Besides hydrides,
also oxides are observed. To separate **‘Mg'°O" from **Ca and *°Ca'®0O" from *°Fe, mass
resolutions of m/Am=2300 and 2480, respectively, are required. Hydroxides like
“Ca'®0'H" at 57 amu also emerge in the mass spectra. */Ca, the other isotope available for
quantitative calcium analysis interferes with 2*Si'°O (m/Am=2690). Therefore, *’Ca is more
reliable for a quantitative analysis especially of silicates. **Ca can be useful only in Mg-
rich, Si-poor samples like some carbonates.

Doubly charged ions like **Mg*" or **Ca®" are also observed for alkaline-earth met-
als. Since the mass scale in TOF-SIMS spectra is actually a mass-to-charge scale, they ap-
pear at 12 amu and 20 amu, respectively. Consequently, **Mg®" interferes with '*C”
(m/Am=1600), but this contribution can be calculated from the *Mg®" intensity at

12.5 amu.
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Strontium is measured mainly as **Sr" (82.58 %) and *°Sr" (9.86 %); ¥’Sr" (7.00 %)
interferes with *’Rb" (see above). Barium is detected primarily as **Ba’ (71.70 %) and
7Ba* (11.23 %) but can also be seen as °Ba’ (7.854 %), '*Ba” (6.592 %) and '**Ba”
(2.417 %). °Ba’ (0.106 %) and "**Ba” (0.101 %) are too rare in most spectra to be de-
tected.

3.5.9. Aluminum

The monoisotopic element aluminum can be measured at nominal mass 27 amu con-
sidering corrections from “°Mg'H" according to Eq. (13). AIO™ at 43 amu, A’ at 13.5 amu
and even Al’" at 9 amu are also observed. The hydride might be present at 28 amu but is

often not resolved from 2*Si* (m/Am=2250).

3.5.10. Silicon
Silicon has three stable isotopes, 2°Si (92.23 %), *’Si (4.67 %), and *°Si (3.10 %).

Although it forms predominately positive secondary ions, also negative ions occur. For
silicates it is suited as reference element besides oxygen for the comparison of negative
and positive secondary ion spectra (see above). Furthermore, because of its ubiquity in
rocks, it is used as normalization element for element abundances in meteorites or the solar
system (Anders and Grevesse, 1989). Similar to magnesium, hydrides occur and interfere

with 2°Si, *°Si, and 'P.

3.5.11. Phosphorous

The monoisotopic element phosphorous forms normally *'P -ions, but also positive
secondary ions are observed in samples with high phosphorous concentrations like phos-
phates. Similar to ’Al" and its interference with **Mg'H", *'P" is influenced by **Si'H",

which can be corrected analogous to Eq. (13).

3.5.12. Sulfur

Sulfur, which forms negative secondary ions, has two isotopes, >°S (95.02 %) and **S
(4.21 %), that are measurable in TOF-SIMS. Especially for **S, the O, molecule plays an
annoying role in the mass spectrum, but it can be separated sufficiently at moderate mass

resolution (m/Am=1800).
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3.5.13. Scandium, titanium, vanadium, and chromium

The monoisotopic element Scandium has typically very low abundances in most
rocks (Sc/Si=3.42-10"°, chondritic atomic abundance according to Anders and Grevesse,
1989). In addition, *Sc” interferes with 2*Si'®°O"H" and can therefore only be seen in TOF-
SIMS spectra with high mass resolution.

In Ti-rich samples, all five stable isotopes (*°Ti: 8.0 %, *'Ti: 7.3 %, **Ti: 73.8 %,
¥Ti: 5.5 %, and *°Ti: 5.4 %) can be found as positive secondary ions. Since besides **Ca,
no major interference is observed, and the share from **Ca can easily be calculated from
the total calcium, **Ti is used to determine the element abundance. On the other hand,
BTi'°0" interferes with **Zn" as described below.

Because of the low abundance of *V (0.250 %) and its interference with *°Ti and
> 0Cr, vanadium can only be measured as Sy Chromium, finally, is measured as > 2Cr, but it
also contributes significantly to the peaks at 50, 53, and 54 amu. However, >*Cr’ can be

neglected in most cases due to much higher contributions from **Fe”.

3.5.14. Manganese, iron, cobalt, and nickel

Iron usually dominates the positive mass spectrum at 54 and 56 amu due to its high
cosmic abundance. Nevertheless, in Ca-rich, Fe-poor samples, **Ca'®O" contributes sig-
nificantly to the mass peak at 56 amu. Another possible interference is the **Si,” dimer.
Whenever these peaks are not separable (required mass resolution m/Am=2480 for
*Ca'®0" and 2960 for **Si,"), the less abundant >*Fe-isotope (5.8 % instead of 91.72 % for
>®Fe) has to be taken for calculation of the iron abundance after correction for contribution
from **Cr. *"Fe* (2.2 %) is in most cases not discernable from *°Fe'H" (m/Am=7730) and
often influenced by *°Ca'®O'H" (m/Am=1900). Especially the FeH/Fe-ratio is important to
determine, since **Fe'H" is the major interference at mass 55 amu for Mn" (m/Am=5850).
Similarly, the analysis of cobalt, which is also monoisotopic, is complicated by **Ni'H".

Nickel can be measured as “*Ni* and 6ONi+, the former with interferences from *Fe” and

57FelH+'

3.5.15. Copper and zinc

Copper and zinc have both low cosmic abundances (Cu/Si=5.22-107",

Zn/Si=1.260-10", chondritic atomic abundances according to Anders and Grevesse, 1989)
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and are therefore difficult to determine. From the easy to confirm isotopic ratio of ap-
proximately 7:3 for ®Cu/*Cu, an unequivocal identification of copper is sometimes possi-
ble. Zinc, although having more stable isotopes, is harder to identify because of interfer-

-t
ences from TiO".

3.5.16. Gallium

Gallium was mainly used as primary ion species for the TOF-SIMS analyses in this
study. Although the ion source is equipped with “monoisotopic” ®*Ga, some remaining
"IGa (~0.2 %) was still present, since the industrial isotope separation process is not per-

fect. Therefore, both isotopes cannot be used for the analysis of indigenous gallium.

3.5.17. Silver

Silver has a comparatively high ionization yield although it has a relatively high
ionization energy (7.58 eV). Silver or silver oxide is often used as substrate for the analysis
of organic substances since it also has a positive effect on the ionization probability of
other elements and molecules (matrix effect). Both isotopes can be measured ('°’Ag:

51.839 % and ' Ag: 49.161 %) and show typically no interferences.

3.5.18. Lanthanides

Rare earth elements could be seen in the positive secondary ion spectrum. Neverthe-
less, an unambiguous determination of these elements is not possible so far, due to a
wealth of isobaric interferences and the presence of hydrides and oxides — oxides of the

low-mass lanthanides overlap with those of the high-mass ones.

3.5.19. Lead

As a surface analytical technique, TOF-SIMS often “sees” lead present in the posi-
tive secondary ion spectrum resulting from surface contamination, because this highly

volatile element is omnipresent in our environment.

3.5.20. Other elements

Noble metals besides silver have typically low secondary ion yields and are therefore
not suited for TOF-SIMS analysis. Noble gases normally are not ionized in the SIMS proc-
ess. Other elements not mentioned specifically here are typically too rare in cosmic materi-

als. Nevertheless, some of them can certainly be analyzed with TOF-SIMS.
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Fig. 22. Relative TOF-SIMS sensitivities for positive (solid symbols) and negative (open
symbols) secondary ions relative to silicon derived from the analysis of eight glass standards
with the gallium primary ion source. The sensitivities were determined from measurements
with simultaneous argon sputtering and directly after sputtering. Here, only for negative
oxygen ions, a significant difference between both measurements was found (the open
square gives the O -sensitivity after sputtering, the open circle during sputtering). Carbon
sensitivities are determined from silicon carbide samples.

3.6. SIMS sensitivities

For a quantitative analysis with TOF-SIMS, to transform secondary ion intensities
into element ratios, relative sensitivities must be determined. Therefore, carefully selected
standards have to be analyzed. Since the actually investigated volume is extremely small,
only a few atomic monolayers thin, sample homogeneity and purity are crucial. As de-
scribed before, amorphous or polycrystalline standards are desired. However, certain mate-
rials, glass as well as some minerals, used as standards in other techniques, do not meet the
requirements of TOF-SIMS concerning homogeneity on a micrometer scale. Therefore, the
quality of a standard must always be monitored in the TOF-SIMS analysis.

In Fig. 22, typical TOF-SIMS sensitivities are shown for positive and negative sec-

ondary ions. These results were derived from TOF-SIMS analyses of eight glass standards
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(Jochum et al., 1999) with known composition. They meet the above mentioned strict re-
quirements for standards concerning homogeneity as was shown during the TOF-SIMS
analysis. The results are comparable to DF-SIMS sensitivities in the literature (e.g., Meyer,
1979; Lange et al., 1986).

Unfortunately, fluorine and sulfur concentrations are not known so far for these glass
standards. Therefore, the data set on negative secondary ion sensitivities is quite incom-
plete. Previous investigations of halogens and sulfur showed that the selection of appropri-
ate standards for these elements is rather difficult. Sensitivities here vary over more than
one order of magnitude.

All glass standards were measured twice, with simultaneous argon sputtering and di-
rectly after sputtering. Sensitivities before sputtering could not be determined since no sta-
ble ion signals were reached (cf. Fig. 15). Except for O -ions, differences between sensi-
tivities during and after sputtering seem not to exist for most elements, although absolute
secondary ion yields typically decrease after sputtering (Fig. 15). For negative oxygen
1ons, the sensitivity relative to silicon increases by a factor of ~1.7 after sputtering com-
pared to the sensitivity during argon sputtering.

Detailed results from the analyses of the individual glass standards are listed in the
Appendix. For chlorine, only the sensitivity obtained during sputtering from the most Cl-
rich glass (ATHO-G, 400 ppm Cl) is shown in Fig. 22. All other samples showed traces of
surface adsorbed chlorine. For other elements, geometric means for the sensitivity values
given in the Appendix are shown in Fig. 22. Error bars mark the range of values for differ-
ent measurements. Since no carbon is present in the glass standards, C-sensitivities relative
to silicon were determined from the analysis of several silicon carbide grains, although it is

expected that matrix effects in silicone carbide hardly resemble those in glass.

3.7.  Isotope analysis

Only a few elements in typical rocks allow isotopic analysis at moderate mass reso-
lution. For hydrogen (negative secondary ions), lithium, and boron, practically no interfer-
ences are observed in the spectrum. Starting with carbon, hydrates become a major prob-
lem, because they are not separable with moderate mass resolution. Hydrates are less im-
portant for elements with isotopes that are separated by two mass units, e.g., copper or sil-
ver. Since these are typically present as trace elements in natural samples, other mass inter-

ferences like oxides often prevent proper isotopic analyses.
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If isotopic analysis with high accuracy is required, short primary ion pulses are in-
dispensable to achieve high mass resolution. Even with these, neighboring peaks are often
not sufficiently separated. Therefore, only mathematical peak separation techniques pro-
vide further help. Since peak shape in TOF-SIMS is typically not Gaussian, and since it
strongly depends on the respective ion species, the expected peak shape has to be known
for a proper deconvolution. If an undisturbed isotope of the same element is present, its
peak may be used here as an internal standard peak. This is the best available approxima-
tion under realistic conditions, since all isotopes of one element should have the same en-
ergy distribution. Peaks of other elements are not suitable, because their energy distribution
might be different.

To separate, e.g., the hydrate peak **Mg'H"™ from *Mg", the **Mg"-peak can be used
to fit the low-mass edge of the spectrum at 25 amu (Fig. 23). Here, the scaling factor for
*Mg" gives directly the *Mg/**Mg isotopic ratio. The difference between the two spectra
represents the **Mg'H -peak.
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Fig. 23. Peak separation for Mg and **Mg'H". The shape of the **Mg"-peak (dotted line,
top x- and right y-axes) was used as model for the Mg -peak. As difference between the
actual signal at mass 25 amu (shaded area) and the **Mg’-peak, scaled to the same height,
the hydride peak (solid line) emerges. The spectrum was measured with bunched gallium
primary ions (~600 ps pulse width) on glass BM90/21-G (cf. Appendix).
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TABLE 2. Reproducibility of isotopic ratio TOF-SIMS measurements from the analysis of
eight different glass standards.

Isotopic ratio 8—Valups Standard dgviation Mean statisti_cal
[per mill] [per mill] error [per mill]
S(ZSM g/24Mg) 45 9 5
3(**Mg/*'Mg) 13 7 5
8(Si/**si) 23 14 4
2 8(°Si/**Si) 67 14 5
R= S('KAK) 4 56 ;
g 8(*Ca/*Ca) 9 13 9
o
§ 8(*Ca/*’Ca) 45 41 21
§ 3(**Ca/*Ca) ~76 49 .
2 8T +97 121 27
£ 8(TTiTi) 75 57 s
8(YTi/**Ti) ) 91 2%
8(7Cr/*°Cr) ~10 60 39
8("Fe/*°Fe) +1 30 14
% 5(]3C/12C) +0 04 168
é 6(170/160) 7 gl 14
_§ 6(180/160) 88 36 =
S 8(USisi) _46 41 ’8
o 8(Usisi) 71 51 33
5 atss) 8 17 108
z  &C'cIA 01 37 20

Data by courtesy of T. Henkel. In the second column, the average deviation from standard
isotopic ratios in per mill is given as d-values:
“A/’A)
O\"A/”A)=1000- ( -1
Cara) [("A/ "Ak j
The standard deviation of this average is shown in column three, whereas column four pro-
vides the mean statistical error of individual measurements. Since carbon was only present as

surface contamination on the glass standards, the deviations from cosmic ratios are not rep-
resentative for samples containing carbon in the bulk.

This peak deconvolution technique has been successfully applied to various isotope
systems. For the eight glass standards, already used to determine elemental sensitivities
(see above), expected terrestrial values have been reproduced within deviations of a few

percent for several isotopic ratios (Table 2). The accuracy achievable with this peak sepa-
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ration technique strongly relies on the abundance of the respective element in the sample

and therefore varies for different samples.

3.8. Organic molecules

Since the number of possible interferences for molecular ions can be very high, ap-
propriate strategies had to be developed for their proper identification. Nevertheless, an
accurate mass determination is prerequisite to discriminate most possible interferences.
Fragmentation during primary ion bombardment of most organic compounds occurs, fill-
ing the respective mass spectrum with numerous peaks. Series of fragments with well-
defined mass differences are striking features of organic mass spectra. They often allow the
identification of organic molecules or entire molecule classes.

Quantification of these results is even more complicated than for element ratios, of-
ten limited to substances sitting on simple, well defined substrates, and requires internal

standards (Hagenhoft et al., 1992; Hagenhoft, 1997).

3.9. Data processing

The amount of information obtained from a TOF-SIMS analysis can be tremendous.
In principle, each primary ion shot delivers a complete mass spectrum, although only a few
secondary ions might be distributed over the entire mass range. Nevertheless, each secon-
dary ion has to be registered individually to avoid loss of information. Mass spectra for a
carefully selected series of primary ion shots can be obtained during subsequent data proc-
essing. Time profiles as those in Fig. 15 show the time-dependence of the respective sec-
ondary ion signals. Secondary ion images for an unlimited number of mass intervals can be
obtained by scanning the primary ion beam over the sample. These images show lateral
element or molecule distributions (cf. Fig. 24).

The amount of data, typically several hundred megabytes in one measurement, can
be handled and processed by the present generation of personal computers. A first evalua-
tion can be performed during the measurement, providing total mass spectra, selected ion
images, or depth profiles. Nevertheless, for a detailed evaluation, all available information
on every secondary ion has to be monitored.

Automated techniques are here desired for qualified data reduction and evaluation in
the future to get the immense data stream under control, without losing any important in-

formation about the target.



4. Meteorites

Meteorites are the principal objects of research in cosmochemistry. They are the
major source of information about our solar system, its origin and early history about
4.6 Ga ago. The investigation of small, micrometer-sized entities within meteorites has be-
come increasingly important during the last decades. Here, TOF-SIMS was expected to be
an appropriate technique due to its imaging capabilities. Elemental mapping, isotope
analysis, as well as the investigation of organic matter can be performed on phases with
linear dimensions even smaller than one micrometer. Several different applications of

TOF-SIMS in meteorite research are presented exemplarily in the following.

4.1. Ca,Al-rich inclusions in carbonaceous chondrites

Ca,Al-rich inclusions (CAls) are among the most primitive objects found in meteor-
ites (MacPherson et al., 1988). As high-temperature condensation products, they stem from
the earliest stages of solar system formation and are therefore of special interest in cosmo-
chemistry. After their formation, many CAls experienced complex histories of alteration.
These objects where among the first extraterrestrial samples chosen for TOF-SIMS analy-
sis (Stephan et al., 1991) to test the applicability of this technique in meteorite research.
CAls from CM, CO, and CV meteorites were investigated in a later, more extended study
(Schirmeyer et al., 1996a,b, 1997). Here a striking feature is the distribution of lithium,
which was found enriched in Fe-rich phyllosilicates within CAls from several different
carbonaceous chondrites but not in phyllosilicates located in the surrounding matrix. Ex-
amples of ion images for several secondary ion species including 'Li" are shown in Fig. 24.
They were obtained from a mineralogical thin section from a CAI within the CM chondrite
Cold Bokkeveld (Fig. 25). The CAI itself can clearly be seen in the aluminum image. Al-
though in the 'Li"-image only 2790 ions were detected, a concentration of the signal within
several regions of the CAI is obvious. A closer examination of the results show that lithium
is especially enriched in Fe-rich phyllosilicates located between the Ca-rich pyroxene rim

and the interior spinel of the CAI (Schirmeyer ef al., 1997). Although this hydrous phase is
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similar to the surrounding water-bearing minerals in the host rock, these minerals differ by
more than two orders of magnitude in their lithium contents.

From TOF-SIMS studies on various carbonaceous chondrites, it can be ruled out that
lithium was already present in the proposed precursor material of these hydrous phases,
most likely melilite (Schirmeyer et al., 1996b, 1997). It must have been incorporated into
the phyllosilicates during aqueous alteration processes.

Phyllosilicates in carbonaceous chondrites were formed by aqueous alteration in the
early solar nebula and/or within meteorite parent bodies (Bischoff, 1998). Still some con-
troversy exists about the time and environment of their formation, and, more generally,
about the possibility of aqueous alteration prior to the accretion of the final parent body.
While Metzler et al. (1992) found clear evidence for such preaccretionary processes for
CM chondrites (Bischoff, 1998), solely asteroidal alteration was also proposed (Browning
et al., 1996; Browning and Keil, 1997; Buseck et al., 1997; Zolensky, 1997).

7Li+ 2.79E3 160_ 95?§gOH_ 3.02153%24Mg+ 95%227A1+ 23056

28Si 144E63ZS_ 120E540C3+ 8.323]%:248Ti+ 462E456Fe+ 3.95E6

Fig. 24. Secondary ion distribution images from a CAI in Cold Bokkeveld. Field of view is
500x500 um’. Each image consists of 256x256 pixels. The number of primary ion shots per
pixel is 1600 for positive and 1120 for negative secondary ions. Secondary ion species are
given below each image (e.g. '°0O). Individual secondary ion images are normalized to the
number given below the image, usually the intensity in counts of the most intense pixel (489
for '°0"), shown in red. A color bar representing the linear scale from black (equals zero) to
red is displayed. The second number below each image (9.57-10° for '°O") is the integrated
intensity for the entire image. (Image by courtesy of D. Rost and S. Schirmeyer)
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Fig. 25. SEM-BSE (scanning electron microscope, back-scattered electrons) image of the
CAI shown in Fig. 24. (Image provided by S. Schirmeyer)

The TOF-SIMS observation of greatly different lithium abundances in Fe-rich phyl-
losilicates within CAls and those in the adjacent matrix strongly suggest that both phases
were formed in different environments. At least the phyllosilicates of the CAI must have
been formed prior to the incorporation of the CAI into the meteorite parent body probably
under nebular conditions (Schirmeyer et al., 1997). This supports the conclusions of Mac-
Pherson and Davis (1994) who suggested alteration of refractory inclusions from the CM
chondrite Mighei in the solar nebula, and not in the present or a previous generation of
parent bodies.

Lithium isotopic ratios are of great interest due to their cosmological implications. In
general, both lithium isotopes can be formed through three different processes: (1) galactic
cosmic-ray spallation of heavier nuclides, mainly '*C, "*N and, '°O, (2) o+o-fusion reac-
tions, and (3) during primordial nucleosynthesis just after the big bang (Meneguzzi et al.,
1971; Reeves et al., 1973; Olive and Schramm, 1992; Steigman and Walker, 1992; Tho-
mas et al., 1994a). While big bang nucleosynthesis produces almost pure 'Li ('Li/°Li-ratio
~10%), interactions of galactic cosmic ray spallation and fusion reactions lead to 'Li/°Li-
ratios of the order of one (Steigman and Walker, 1992). Therefore, the 'Li/°Li-ratio in the
solar system (~12) can only be explained by a mixture of lithium from different nucleo-
synthetic processes. Deviations from the CI-value in primitive solar system material would

be of great interest, but have not been unambiguously found so far.
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Since lithium has two stable isotopes, °Li and 'Li with Cl-abundances of 7.5 and
92.5 % (Anders and Grevesse, 1989), respectively, and no mass interferences occurs in the
secondary ion spectra, it seemed to be predestined for isotope measurements with TOF-
SIMS. Anyhow, within statistical error limits no evidence for deviations from the chon-
dritic lithium isotope ratio other than caused by instrumental mass fractionation was ob-
served with TOF-SIMS for the Li-rich phases in carbonaceous chondrites (Schirmeyer et
al., 1997). These results were also confirmed by DF-SIMS analysis (Schirmeyer et al.,
1997).

4.2.  Organic molecules in Allan Hills 84001, Murchison, and Orgueil

Since the early 19th century, it is known that carbonaceous chondrites contain or-
ganic matter (Berzelius, 1834; “Gibt dies moglicherweise einen Wink iiber die Gegenwart
organischer Gebilde auf anderen Weltkérpern?”). In the second half of the 20th century,
due to new analytical techniques and a rising interest in space science, a lot of efforts were
made to characterize these organic components (Hayes, 1967; Anders et al., 1973; Cronin
et al., 1988). In the 1960s, amino acids were found in several carbonaceous chondrites, but
contamination during handling and storage of the samples could not be unambiguously
ruled out (Hayes, 1967). Reports of non-terrestrial fossil bacteria (Claus and Nagy, 1961)
in those years were also soon compromised as terrestrial organisms (Hayes, 1967). In the
early 1970s, analyses of the Murchison meteorite fallen in 1969 showed clear evidence for
extraterrestrial amino acids, aliphatic and aromatic hydrocarbons in this CM chondrite
(Kvenvolden et al., 1970; Or6 et al., 1971; Pering and Ponnamperuma, 1971).

Although no connection of these organic compounds to extraterrestrial life can be
drawn (Chyba and Sagan, 1987) — in contrary they have been linked to the interstellar me-
dium (Allamandola et al., 1987) — prebiotic organic matter from comets and asteroids de-
livered to Earth by meteorites and interplanetary dust might have been important for the
origin of life on our planet (Anders, 1989; Chyba et al., 1990; Chyba and McDonald,
1995).

For our neighboring planet, organic compounds known as polycyclic aromatic hy-
drocarbons (PAHs) in the Martian meteorite ALH 84001 (Thomas et al., 1995) have been
suggested as being indicative for the existence of past life on Mars (McKay et al., 1996;

Clemett et al., 1998). Since then, the significance of PAHs as biomarkers in this case has
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been questioned by many authors (Anders, 1996; Bell, 1996; Becker et al., 1997, 1999;
Stephan et al., 1998a,b,c, 1999a; Zolotov and Shock, 1999).

Chemically, PAHs represent the transition state between aliphatic hydrocarbons and
graphite. While the former are characterized by a H/C-ratio of ~2, this ratio becomes zero
for the latter. For PAHs, H/C is below 0.8 and generally decreases with increasing mass.
PAHs are omnipresent in our solar system and even beyond (Allamandola, 1996). In prin-
ciple, they can derive from biogenic as well as non-biogenic sources. On Earth, PAHs de-
rive mainly from anthropogenic emission caused by the combustion of fossil fuels and
other natural biogenic sources (Laflamme and Hites, 1978; Wakeham et al., 1980a,b).
PAHs attributed to a non-biogenic origin can be found in ordinary and carbonaceous chon-
drites (Or6 et al., 1971; Pering and Ponnamperuma, 1971; Hahn et al., 1988; Zenobi et al.,
1989; Wing and Bada, 1991; Clemett et al., 1992; de Vries et al., 1993). They have been
detected in interplanetary dust particles (Clemett et al., 1993), comet Halley (Moreels et
al., 1994), and also in circumstellar graphite grains extracted from primitive meteorites
(Clemett et al., 1996; Messenger et al., 1998).

Therefore, the presence of PAHs in ALH 84001 is not indicative for past life on
Mars. Nevertheless, is has been argued that their spatial association with other proposed
biomarkers suggests a biogenic origin of PAHs in this Martian meteorite (McKay et al.,
1996). These biomarkers, most prominently the “nanofossils”, are all related to chemically
zoned Ca-Mg-Fe-carbonates (Mittlefehldt, 1994; Scott et al., 1998; Treiman and Romanek,
1998; Warren, 1998), which might have been deposited from hydrothermal fluids on Mars
(McKay et al., 1996). These distinct observations were made by use of entirely different
techniques, which, simply from their spatial resolution, hampers a correlation of their re-
sults. Due to the small size of the supposed microfossils, 100 nm in longest dimension and
20-80 nm across, a scanning electron microscope with field emission gun (FEG-SEM)
with a lateral resolution of about 2 nm was used (McKay et al., 1996). On the other hand,
PAHs were identified by pL*MS analysis with a lateral resolution of about 40 pm (Thomas
et al., 1995). A meaningful mass spectrum was obtained by mapping a surface region of
750750 um? at a spatial resolution of 50x50 um* (McKay ez al., 1996). Therefore, a cor-
relation of PAHs even with carbonates, between 1 and ~250 um in size (McKay et al.,

1996), could not be scrutinized by this technique.
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24Mg+ 2.64@% 27Al+ 741%2 28 Sl 1.38§2 40 Ca 3.37132
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Fig. 26. Secondary ion and SEM-BSE images for an area of ALH 84001 dominated by a
carbonate surrounded by orthopyroxene. The PAH image is obtained by summing up signals
from characteristic PAH masses between 115 and 339 amu (cf. Fig. 28 and Fig. 29). Field of
view is 100x100 pm’, and 200 primary ion shots were applied to 256x256 pixels.

Here, TOF-SIMS has its advantages. The high lateral resolution in combination with
parallel detection of atomic as well as molecular secondary ions should be predestined for
an examination of the proposed spatial association. First TOF-SIMS studies of ALH 84001
were performed on polished thin sections of this meteorite (Stephan et al., 1998a,b). Al-
though a homogenization of the lateral PAH distribution by the polishing process was ex-
pected, PAHs were found to be distributed inhomogeneously, especially after removal of
the uppermost monolayers through sputtering. However, a spatial association with carbon-
ates could not be confirmed in this study. Although omnipresent in this Martian meteorite,
in carbonates, compared to orthopyroxene and feldspathic glass, PAHs even seem to be
slightly depleted. Spatial distributions of PAHs and major rock-forming elements are
shown in Fig. 26 for one section of ALH 84001. The area is dominated by a carbonate,
prevailing in the Ca’-image, which is surrounded by orthopyroxene (dominant in the Si'-
image). In the meantime, the search for PAHs was extended to fractured surfaces. Prelimi-
nary results (Fig. 27) here also show no indication of PAH enrichments associated with

carbonates. PAHs seem to be omnipresent on this surface. Nevertheless, no homogeneous
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distribution of PAHs was observed in the corresponding image. The variability can at least
in part be attributed to topographic effects, since here no flat surface was investigated.

A more detailed analysis of the TOF-SIMS spectra is helpful to elucidate the origin
of the PAHs in ALH 84001. These mass spectra (Fig. 28) differ significantly from those
obtained by uLzMS (McKay et al., 1996; Clemett et al., 1998; Becker et al., 1999). This
can be explained by differences in ionization processes. Fragmentation of the PAHs occurs

during primary ion bombardment, increasing the low-mass PAH signals.

LiT s PNa™ oo 2“Mg CRVALT LA

39K+ 2. g;g% 40Ca+ 9.§3E8é 48Ti+ 4.34§§

28 Sl+ 3715

6.78E7

52CI'+ 5.02]% 56Fe+ 1.71;%9 138Ba+ 1. 53E4 PAHS 2. 54E5

Fig. 27. Secondary ion images from a fracture surface of ALH 84001 (150x150 pm®, 3200
shots/pixel, 256x256 pixels). Prevailing mineral phases are orthopyroxene (dominant in
Mg'-, Si'-, and Fe'-images), feldspathic glass (Na'-, Al'-, and K'-images), and carbonate
(Ca'-image). One carbonate rich area is enriched in barium. Small chromite grains are ap-
parent in the Cr'-image and are rich in titanium. Lithium is also enriched in distinct spots,
which show no clear correlation with any other element.
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Fig. 28. Typical TOF-SIMS spectrum of mass range 110-345 amu for positive secondary
ions obtained from a section of ALH 84001. Relative maxima are separated by mass differ-
ences of 11 or 13 amu, respectively. Often several maxima appear separated from each other
by a mass difference corresponding to H,. Since several structural isomers exist for all mass
peaks, only examples for major peaks are given.

Pure PAH substances, pentacene (C;H,4) and coronene (C,4H1,), as well as two car-
bonaceous chondrites containing PAHs, Murchison and Orgueil, were analyzed to investi-
gate this fragmentation more thoroughly (Stephan et al., 1998c, 1999a). Pentacene and co-
ronene showed fractionation during primary ion bombardment, but to different extents
(Fig. 29). The linear line-up of benzene rings in pentacene is more susceptible to fragmen-
tation than their circular arrangement in coronene. However, for both substances the very

same PAH fragments were observed as in ALH 84001 and the other two meteorites. From
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these results, one can infer that PAHs similar to those observed by uL*MS had produced
the observed TOF-SIMS spectra upon sputtering.
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Fig. 29. Relative abundances of PAHs in TOF-SIMS spectra obtained from ALH 84001,
Murchison, and Orgueil compared with those obtained from pure pentacene and coronene
samples. Coronene and pentacene structures are shown as well as the structural formula of
anthracene (C,4H;) a major fragment of pentacene during sputtering. Besides the number of
carbon atoms above the upper x-axis, numbers of hydrogen atoms are given for each major
peak next to the ALH 84001 data points.
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Fig. 30. Comparison of relative intensities of PAHs in ALH 84001 and Orgueil meteorites,
as well as pentacene and coronene standards with PAH intensities in Murchison.

Since unambiguous proof for a connection between PAHs and indigenous features in
ALH 84001 is missing, it has been suggested that PAHs as well as amino acids in ALH
84001 originate from the icy environment like observed in other Antarctic meteorites
(Becker et al., 1997; Bada et al., 1998). Based on stable carbon isotope measurements, it
was proposed that besides terrestrial contamination, a second organic carbon component
exists, which might be extraterrestrial, probably Martian (Jull ez al., 1998; Becker et al.,
1999).

To investigate the origin of PAHs in ALH 84001 — terrestrial or Martian — extrater-
restrial PAHs from the carbonaceous chondrites Murchison and Orgueil were analyzed
with TOF-SIMS (Stephan et al., 1999a). The mass spectra of PAHs from these two mete-
orites resemble remarkably well those obtained from ALH 84001 (Fig. 29). All three me-
teorites show essentially the same PAH fragmentation and, therefore, a similar, non-

biogenic origin can be deduced. For biogenic PAHs we would expect higher degrees of
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alkylation and the presence of aromatic heterocycles like observed in terrestrial samples
(Wakeham et al., 1980a,b). Heteroatoms would drastically increase the ionization yields of
the PAHs. Because of this and since they would appear at different characteristic masses,
they cannot be overlooked in the mass spectra.

So far, the comparison between the TOF-SIMS spectra of the three meteorites is not
quantitative. To calculate the mean H/C-ratio for all observed PAH fragments, is a first at-
tempt to overcome this deficiency. Here, the three meteorites yield similar values, 0.69 for
ALH 84001 and 0.65 for both carbonaceous chondrites. These values differ significantly
from those obtained for pentacene (0.58) and coronene (0.52). This difference and the
similarities between all five PAH spectra are also emphasized in Fig. 30, where the data
points from Fig. 29 for ALH 84001, Orgueil, and the two pure PAH substances are directly
compared with those of Murchison. It is expected that future TOF-SIMS analyses of ter-
restrial biogenic PAHs will help to assess these results and to discover the true nature of
PAHs in ALH 84001.

However, the present results, great similarities between PAHs in ALH 84001 and
carbonaceous chondrites, supports the suggestion that these organic molecules derived
from the exogenous delivery of meteoritic or cometary debris to the surface of Mars
(Becker et al., 1999), similar to those compounds delivered to the early Earth (Anders,
1989; Chyba et al., 1990). Alternatively, an abiotic synthesis of PAHs on Mars is also con-
ceivable, provided that this chemical process is similar to the formation process of PAHs in
Murchison and Orgueil. This has also been proposed recently (Zolotov and Shock, 1999).
Independent of the discussion about the significance of other suggested biomarkers in ALH
84001 (e.g., Bradley et al., 1996, 1997, 1998; Leshin et al., 1998; Scott, 1999), TOF-SIMS
studies revealed that no spatial association between PAHs and carbonates exists in this

meteorite.

4.3. Further meteorite studies with TOF-SIMS

4.3.1. Orgueil

CI chondrites represent chemically the most pristine solar system material available
for laboratory analysis. Except for the so-called CHON elements (carbon, hydrogen, oxy-
gen, and nitrogen), lithium, and the noble gases, their composition is representative for the

entire solar system (Anders and Grevesse, 1989).
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Only little is known about the actual distribution of minor and trace elements in CI
meteorites, despite their importance for the understanding of early solar system evolution.
The knowledge of the actual distribution of trace elements in chondritic matter is of great
interest also for the understanding of apparent enrichments of volatile trace elements in
interplanetary dust (see below).

Imaging TOF-SIMS at high lateral resolution was therefore used to analyze the ele-
ment distribution within the Orgueil CI meteorite (Stephan ef al., 1997a), which is gener-
ally used as the cosmic element abundance standard (Anders and Grevesse, 1989). The
TOF-SIMS investigation revealed a rather homogeneous distribution for the major ele-
ments magnesium, aluminum, silicon, iron, and nickel. For sodium and potassium, enrich-
ments throughout the entire section were observed in correlation with fluorine and chlo-
rine. This might be explained by surface contamination, a general problem in TOF-SIMS
studies (see above). Other elements are often concentrated in small, up to 100 um sized
regions. Calcium occurs in carbonates, as observed before in CI chondrites (Endre3 and
Bischoff, 1996). Chromium, typically together with iron, can be found in chromites. Iron
and nickel enrichments are often correlated with sulfur, indicative for the presence of sul-
fides. Lithium, titanium, manganese, copper, bromine, and iodine showed enrichments in
small regions, only a few micrometers in size. Further mineralogical studies are needed to
elucidate the host phases of the enriched elements.

It should be mentioned that although Orgueil is the element standard in cosmochem-
istry, this meteorite is not suited as an element standard for TOF-SIMS, due to lack of ho-
mogeneity. Elements that are only present in distinctive mineral phases differ often drasti-
cally, up to orders of magnitude, in their secondary ion yield from elements in the bulk

matrix.

4.3.2.  Chassigny and Nakhla

A general interdisciplinary study on Martian meteorites has just been started re-
cently. A central role in this investigation plays TOF-SIMS (Stephan et al., 1999b). Be-
sides the analysis of ALH 84001, two further Martian meteorites were investigated so far,
namely Chassigny and Nakhla. In combination with SEM, electron microprobe, and TEM
studies, so-called symplectic exsolutions in olivines were analyzed that set constraints on
the formation of these Martian rocks, the oxidizing conditions and the cooling history

(Greshake et al., 1998). Figure 31 shows secondary ion images as well as an SEM-BSE
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image from one of these objects found in Nakhla. A calcium-rich pyroxene (augite) can be
seen as dark areas in the SEM image. Here calcium showed the highest secondary ion in-
tensities. The bright phase in the SEM image is dominated by chromium-rich magnetite,
prevailing in the Cr'- and Fe'-images with a slight enrichment in aluminum. Magnesium,
silicon, and iron secondary ion images show the highest intensities outside the exsolution
lamella in the olivine. Therefore, these images have been normalized to the most intense
pixels inside the interesting region and not to the most intense pixels of the entire images.
The fact that iron yield higher secondary ion intensities in olivine than in magnetite, al-

though the iron concentration is higher in the latter, can be attributed to matrix effects.

24Mg+ 1.64}133 27A1+ 7.38]%}1 2881Jr 3.223:2 40C3+ 3.5231732
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52CI'+ 1.58E§1 56Fe+

Fig. 31. Secondary ion images from a symplectic exsolution from the Nakhla Martian mete-
orite (20x20 um®, 1600 shots/pixel, 256x256 pixels). Lower intensities towards the very
right and bottom of the images are an artifact, originating from adding up several scans of
the ion beam, which have shifted during the analysis.






S. Interplanetary dust

In 1683, when the Italian-French astronomer G. D. Cassini first described the zodia-
cal light, he also gave the right explanation for this phenomenon (in Cassini, 1730): It is
caused by sunlight scattered from dust particles concentrated in the ecliptic plane. Since
1981, interplanetary dust particles (IDPs) are collected routinely in the stratosphere using
high-flying aircraft (Warren and Zolensky, 1994). They represent, besides meteorites and
lunar rocks, the third class of extraterrestrial material available for laboratory investigation
so far (Brownlee et al., 1977). Due to their small size — typical IDPs have a size of ~10 um
— these samples require analytical techniques with high lateral resolution and high sensi-
tivity.

IDPs are of high interest in planetary research since they potentially allow to investi-
gate the most pristine solar system bodies, asteroids and comets (Brownlee, 1994; Dermott
et al., 1996). In particular for cometary material, they represent the only available source
so far for an earthbound investigation. But also asteroidal IDPs should significantly differ
from meteoritic material. While meteorites are generally accepted to derive primarily from
the inner asteroid belt (Wetherill and Chapman, 1988), dust from all over the solar system,
including the outer belt, should spiral towards the sun due to Poynting-Robertson-drag
(Robertson, 1937; Klacka, 1994) and therefore contribute to the near-Earth dust popula-
tion. Some of this dust eventually enters the Earth’s atmosphere and can be collected in the
stratosphere. IDPs still preserve information on their precursors, although several selection
and alteration processes occur during their lifetime. For a general overview of IDPs refer
to, e.g., Zolensky et al. (1994), Brownlee (1996), Rietmeijer (1998), or Jessberger et al.
(1999).

Major goals in IDP research are still to unambiguously differentiate cometary from
asteroidal IDPs and to distinguish between features caused by atmospheric entry and col-
lection in the stratosphere, and indigenous properties. Nevertheless, the “chondritic po-
rous” subset of IDPs, anhydrous particles with highly porous microstructures, high carbon

abundances, and often high atmospheric entry velocities are most promising candidates for

61
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cometary dust. They consist mainly of Mg-rich, Fe-poor silicates, remarkably similar to
those observed in dust around stars and from comets Halley and Hale-Bopp (Jessberger
and Kissel, 1991; Bradley et al., 1999a). Comets are probably the most primitive bodies in
the solar system and therefore predestined as deep-freeze storehouses for presolar material.
The search for interstellar matter in cometary IDPs has been one inspiring motivation for
the analysis of these tiny grains (Bradley and Ireland, 1996). Recent observations link them
— or at least parts of them known as GEMS (glass with embedded metal and sulfides) — to
interstellar amorphous silicate grains (Bradley, 1994b; Bradley et al., 1999b). Together
with presolar grains extracted from primitive meteorites, constituents of cometary IDPs are
the most primitive materials available for laboratory investigations and maybe the best
analogue to present interstellar dust.

Due to its capabilities of analyzing small particles (Zehnpfenning et al., 1994; Rost et
al., 1998a), TOF-SIMS was expected to be an appropriate technique for the investigation
of IDPs.

5.1. Volatile elements

Many stratospheric IDPs are more rich in volatile elements than CI chondrites (Arndt
et al., 1996a), while major elements usually show chondritic abundances (Schramm et al.,
1989). Attempts to explain the enrichments range from postulating a new type of volatile-
rich chondrite-like matter (Flynn and Sutton, 1992; Flynn et al., 1996a) to invoking atmos-
pheric contamination processes (Jessberger et al., 1992). Before far reaching conclusions
on nebular processes can be drawn, stratospheric processes, contamination during capture
and handling, artifacts from various selection effects or from analytical techniques and
even from data treatment have to be excluded (Stephan et al., 1997b).

Due to their complex history, IDPs in the laboratory have already experienced sev-
eral potential sources of contamination. For small particles, contamination in general is a
more severe problem, because of the high surface-to-volume ratio, than for the comparably
large “normal” meteorites. High porosity of IDPs also enhances the surface receptive to
contamination (Stephan et al., 1992a, 1994b). Furthermore, elements with very low abun-
dances in chondritic matter are most susceptible to contamination because then even a

small absolute amount added can yield high enrichments.
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Fig. 32. Secondary ion images for positive as well as negative secondary ions from IDP
L2006G1. The investigated area (30x30 um?®, 128x128 pixels) was bombarded with Ga*
primary ions (1000 shots/pixel and 800 shots/pixel for positive and negative secondary ions,
respectively). Although the background for Br -ions (here signals from both bromine iso-
topes "’Br and *'Br have been added up) is relatively high, a clear correlation with the other

halogens fluorine and chlorine is obvious.

Bromine shows the highest enrichments in IDPs, with enrichment factors of up to
10*%CI (Arndt ef al., 1996a). Since bromine, on the other hand, has only a CI-abundance of
3.56 ppm (Anders and Grevesse, 1989) and halogens are widespread in the stratosphere
(Cicerone, 1981), contamination processes have to be considered as being responsible for
high bromine concentrations in stratospheric particles. First direct experimental evidence
for such a contamination were Br-salt nano-crystals attached to IDP W7029ES5 (Rietmeijer,
1993) and a halogen rich exterior rim of IDP L2006G1 found with TOF-SIMS (Stephan et
al., 1994c). The distributions of secondary halogen ions from a section of this IDP reveal
an outer ring structure for fluorine, chlorine, and also bromine, though the latter image is

disturbed by rather high background (Fig. 32). Assuming a spherical particle, originally
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20 um in diameter, and a continuous 1 um thick surface layer surrounding it, this layer rep-
resents ~25 vol.-% of the entire particle. Although only a rough estimate, these numbers
illustrate the influence that surface contamination might have on bulk chemistry of small
particles.

Other clear evidence for contamination as a major clue to halogen enrichments of
stratospheric IDPs was found with test particles exposed to the stratosphere on a dust col-
lector by Arndt ef al. (1996b). Besides this, weakly bound bromine was observed in large
IDPs (Flynn ef al., 1996b).

To test more directly for surface contamination with TOF-SIMS, the original sur-
faces of stratospheric particles were analyzed and compared with sections from the very
same particles (Rost ef al., 1998b, 1999a,b). Here halogens were observed on several
stratospheric particle surfaces although some analyses were obstructed by non-removable
silicone oil residues. — Stratospheric dust collectors are coated with silicone oil, which is
also used during particle handling. — A surface correlation of halogens on some particles
was unequivocally proven by extensive sputtering, reducing and finally removing the halo-
gens at least on certain particles (Rost ef al., 1999a). In addition, several dust particles in
sections showed again outer rings of halogen contaminants (Rost et al., 1998b, 1999b).

Another source of contamination, not in the stratosphere but from laboratory han-
dling, was observed in TOF-SIMS studies in form of surface correlated beryllium. This
results from the SEM-EDS analyses, which in case of these particles were performed on
beryllium substrates (Rost et al., 1999a). After such analyses, some particles tend to stick
to the substrate and carry beryllium when they were removed.

For other elements, finally, no unambiguous evidence for or against contamination is
available so far. For most volatiles an unequivocal enrichment cannot be claimed since the
data set available in the literature typically is too incomplete for a clear statement (Arndt et
al., 1996a) and limitations of the applied analytical and mathematical techniques compli-
cate the interpretation (Stephan ef al., 1997b). Trace element distributions are largely vari-
able and reflect chemical inhomogeneity on a micron scale (Bohsung et al., 1993; Stephan
et al., 1993a, 1994b; Arndt et al., 1996a). Nevertheless, since most IDPs chemically are
remarkably similar to CI chondrites, they represent an adequate sample of primitive solar

system material.
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Fig. 33. Secondary ion images from IDPs L2006E10 (first row; Stephan et al., 1994c) and
U2071B6 (second row; Rost et al., 1998b) show the first reported observations of calcium
phosphate (presumably apatite) and manganese sulfide (most likely alabandite) in inter-
planetary dust. Fields of view are 25x25 pm® (L2006E10) and 30x30 pm? (U2071B6). Both
samples were scanned with 128x128 pixels, and 1000 shots/pixel (L2006E10) and
2560/2400 shots/pixel (U2071B6, positive/negative secondary ions) were applied.

5.2. Mineral identification

TOF-SIMS has enabled the discovery of several unique mineral phases by secondary
ion imaging, although the capabilities of quantification are limited for this technique. Cal-
cium phosphate, probably apatite, was found for the first time to occur in an IDP
(L2006E10, Fig. 33 top) by TOF-SIMS investigation (Stephan et al., 1994c) and has
meanwhile been reported in another IDP (Rost ef al., 1999b). For U2071B6 (Fig. 33 bot-
tom), a manganese sulfide (most likely alabandite) was observed (Rost et al., 1998b).
While apatite is widespread in many different types of meteorites, alabandite usually is
only found in meteorites that formed under highly reducing conditions, e.g., enstatite
chondrites or aubrites (Brearley and Jones, 1998; Mittlefehldt et al., 1998). However, no
further connection between these meteorite classes and this specific IDP can be drawn

from TEM studies so far (W. Klock, pers. comm.).
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Although an unambiguous identification of the actual mineral phase is not possible
through TOF-SIMS analysis alone, indicative elemental correlations can help to recognize
interesting regions within a sample, which can be analyzed later by appropriate techniques

like TEM for an unequivocal mineral assignment.

5.3.  The collector project

As long as no interplanetary dust particle has been captured gently in outer space (cf.
Brownlee et al., 1996, 1997), retrieved to Earth, and recovered successfully from the cap-
ture medium (probably aerogel; Tsou, 1996), IDPs collected in the stratosphere are the
first-choice samples of interplanetary dust. Therefore, a comprehensive consortium study
was initiated to investigate all particles from one collection surface (U2071) with as many
different techniques as possible (Stephan et al., 1994d). This suite of analytical methods
(cf. Table 3) includes TOF-SIMS for surface studies (Stephan et al., 1995a; Rost et al.,
1996, 1999a,b) as well as for the investigation of interior element distributions (Rost et al.,
1998b, 1999b) in sections within the same particles. Not only the investigation of contami-
nation processes as mentioned above is the aim of this ongoing study, but to investigate the
mineralogical and chemical properties of an unbiased sample of stratospheric dust particles
as thoroughly as possible. By studying all particles from one collector, one avoids human
selection effects prevailing in most studies. Only “chondritic looking” (black and fluffy)
particles are picked from the collector flags in most cases (J. L. Warren, pers. comm.) and
only particles pre-classified as “cosmic” due to their chondritic major element composition
are further investigated. Therefore, one major objective of this study is to track down non-
chondritic interplanetary dust particles.

Table 3 gives an overview of the present status of this consortium study. All 326
particles with diameters =10 um on collection surface U2071 were investigated under an
optical microscope, and 90 of them were selected for the first round of investigations. After
SEM imaging and EDS analysis of major element concentrations including carbon (Tho-
mas et al., 1993, 1994b), these particles were pre-classified as cosmic particles (C), terres-
trial contamination, natural (TCN) and artificial (TCA), aluminum oxide spheres (AOS;
solid fuel rocket exhaust), and non-classified particles. The classification scheme was used

according to the Cosmic Dust Catalogs (Warren and Zolensky, 1994).
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TABLE 3. Analytical sequence and present status of the consortium study on particles from strato-
spheric collector U2071.

Analytical technique  Particles from collector U2071

Optical microscope 326 particles 210 um

SEM (images) 90 particles

SEM-EDS 90 particles

TOF-SIMS (surface) B3, B6, B7a, C3, D1, D4, DS, E6, E8, F3, G8, Hla, H9, 19, J9a, L1, L2
PIXE (bulk) B3, B6, C3,Dl, D8, E6, F3, G§, Hla, H9, 19, L2
STIM (bulk) B3, B6, C3,Dl, D8, E6, F3, G§, Hla, H9, 19, L2
TEM (section) B6, C3, D1, D4, E6, ES, F3, G8, H9, 19, L1
TOF-SIMS (section) B6, C3, D1, D4, Eo, ES, H9, 19, L1
PIXE (section) in preparation

Underlined names represent particles pre-classified as cosmic (type C) IDPs. Other types are ter-
restrial contamination, natural (TCN: E6) and artificial (TCA: 19), aluminum oxide spheres (AOS:
B3, D8, G8, L2), as well as non-classified particles (type ?: D1). The TEM studies are presently in

progress.

Surface analysis with TOF-SIMS followed to study contamination effects (see
above). Subsequently, the particles were investigated with PIXE (proton induced X-ray
emission) analysis including STIM (scanning transmission ion microprobe). PIXE allows
trace element studies with high sensitivity down to ppm levels for elements with atomic
numbers >11 (Traxel et al., 1995; Bohsung et al., 1995). STIM yield particle densities and
masses (Maetz et al., 1994; Arndt et al., 1996c, 1997). This first PIXE investigation was
done at limited proton current and dose to avoid destruction of hydrous minerals (Maetz et
al., 1996). The information depth in PIXE is of the order of 30 um, the typical dimension
of the dust particles. The information in SEM-EDS comes from the upper 1-2 um, and
TOF-SIMS only investigates the surface. Consequently, even for elements that are detect-
able with all three analytical techniques, the results are not straightforward to compare
(Stephan ef al., 1995b).

After these analyses, the particles are imbedded in epoxy and cut with an ultrami-
crotome. The microtome sections were prepared for TEM studies and the particle residues
in the epoxy were analyzed again with TOF-SIMS. This allows a direct comparison of
mineralogical results (TEM) and element distribution images (TOF-SIMS) of adjacent

sections.
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It is further planned to produce sections several micrometers thick from the remain-
ing epoxy stubs for further PIXE studies. As the last analytical step for these particles,
PIXE can now be performed at high proton current, dose, and therefore increased sensitiv-
ity. Since the final stage in the sequence of analytical steps is now reached, precautions
concerning mineral destruction have not to be considered any longer.

The general principle for this sequence of analytical techniques is to go from non-
destructive via less destructive to the most destructive techniques. The analysis of con-
tamination effects in the stratosphere has to be made as early as possible to minimize the
risk of additional contamination in the laboratory. It is expected that the great variety of
analytical techniques applied to individual IDPs in this ongoing study will finally be in-
strumental in a comprehensive understanding of the origin and history of interplanetary

dust.

5.4. Particle impact residues from space probes

Each surface exposed in space is subject to dust particle bombardment. Within the
Earth’s orbit, this dust consists of interplanetary dust as well as man-made space debris. To
discern between these populations and to reveal their respective frequencies were major
objectives of the capture cell experiment A0187-2 on the LDEF (long duration exposure
facility) satellite (Amari et al., 1991, 1993; Bernhard et al., 1993a,b; Horz et al., 1995).

At typical relative velocities of several kilometers per second, an impinging dust
particle evaporates almost entirely. Nevertheless, some material may be deposited in or
around the impact crater. These impact residues provide information on the chemical com-
position of the precursor particles, although tremendous elemental fractionation processes
occurring during particle impact have to be considered (Lange et al., 1986). The typical
amount of sample material deposited by high-velocity impact is confined to 1-5 atomic
layers. TOF-SIMS with its high surface sensitivity here seems to be ideally suited for the
analysis of these impact residues. Due to parallel detection of all secondary ions with one
polarity, TOF-SIMS allows to investigate numerous elements even within these extreme
thin layers. This might help to elucidate the origin of the respective impacting particle.

TOF-SIMS studies were performed on two impact residues from the above men-
tioned LDEF capture cell experiment A0187-2 (Stephan ef al., 1992b) as well as on several
impact craters from the Hubble space telescope solar cell array (unpublished data) to reveal

the origin of the impacting particles.
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Prior to the TOF-SIMS analysis of the LDEF impacts, both samples were investi-
gated with DF-SIMS (Amari et al., 1991). From these analyses, the two projectiles that had
produced the impact features were classified as probably chondritic, based on relative
abundances of magnesium, aluminum, calcium, titanium, and iron. However, an unambi-
guous identification of the true nature of the impacting particle is hampered by the huge
elemental fractionation.

With TOF-SIMS, high secondary ion intensities for copper were found in both LDEF
residues (Stephan ef al., 1992b). Although a proper quantification is not possible, copper
was identified as the dominating element. These findings seem to exclude an extraterres-
trial origin of the respective particles, since high abundances of elements with extreme low
cosmic abundances like copper are indicative for space debris. Copper has a mean chon-
dritic abundance of only 126 ppm (Anders and Grevesse, 1989) and should not be present
as major element in interplanetary dust. These results clearly demonstrate the advantages
of TOF-SIMS especially when sample material is limited. DF-SIMS only allowed to ana-
lyze a limited number of elements within the thin layers. This is often not sufficient for a
proper classification of impact residues. The parallel detection in TOF-SIMS led to the dis-
covery of the copper enrichment. Beforehand, such enrichments were not expected and

therefore copper was not selected for DF-SIMS analysis.

5.5. Further TOF-SIMS studies

As mentioned before, to decipher the origin of an interplanetary dust particle, its
connection to asteroids or comets is a major aim of IDP research. The TOF-SIMS study of
an anhydrous particle supported the idea of a relation between chondritic porous IDPs and
comets (Stephan et al., 1993b; Jessberger et al., 1999). The element abundances of this
particle, L2006B21, are similar to the element abundances observed in comet Halley’s dust
(Jessberger et al., 1988).

Besides interplanetary dust collected in the stratosphere and impact residues from
surfaces exposed in Earth’s orbit, also micrometeorites extracted from Antarctic ice have
been investigated by TOF-SIMS (Stephan et al., 1995b). So-called COPS phases, iron ox-
ide rich in carbon, phosphorous, and sulfur (Engrand et al., 1993), were found on the sur-
face and in voids of the micrometeorites. The lateral distribution supported the idea that
COPS phases grew on the surface of micrometeorites, possibly by modification of indige-

nous material, and by incorporation of material during atmospheric passage and Antarctic
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residence (Maurette et al., 1994; Kurat et al., 1994; Stephan et al., 1995b; Jessberger et al.,
1999).

First attempts to study organic molecules or fullerenes in IDPs using TOF-SIMS
have been made in the past (Radicati di Brozolo and Fleming, 1992; Stephan et al., 1996),
but no systematic investigation has been performed so far. Here the general contamination
problem complicates the analyses. Residual silicone oil as well as carbon-containing em-
bedding materials obstruct a proper examination.

Oxygen isotopic imaging with TOF-SIMS has been performed for four IDPs in order
to search for sub-micrometer sized stardust (Messenger, 1999). The comparison with DF-
SIMS results of the same particles (Messenger, 1998) showed no significant differences in
80/'°0 isotopic ratios. Nevertheless, within the large statistical error limits (30-90 per mill

in 8'%0), the values obtained by TOF-SIMS are also not discernable from solar ratios.



6. Presolar grains

The year 1987 became a major turning point in cosmochemistry through the first dis-
covery and isolation of individual pristine presolar dust grains (for reviews on presolar dust
cf. Anders and Zinner, 1993; Ott, 1993; Zinner, 1998). This discovery was the reward for
more than 20 years of efforts to locate the carriers of several highly anomalous noble gas
components in meteorites (Tang et al., 1988; Tang and Anders, 1988a,b). Major types of
presolar dust found so far are diamond (Lewis et al., 1987), silicon carbide (Bernatowicz et
al., 1987; Zinner et al., 1987), graphite (Amari et al., 1990), corundum (Huss et al., 1992;
Hutcheon et al., 1994; Nittler et al., 1994), and silicon nitride (Nittler et al., 1995). Tita-
nium carbide was found inside graphite and silicon carbide grains (Bernatowicz et al.,
1991, 1992). Aluminum within silicon carbide and graphite grains showed a correlation
with nitrogen, an indication for the presence of aluminum nitride (Zinner ef al., 1991a; Vi-

rag et al., 1992; Stephan et al., 1997¢).

6.1. Isotope measurements

Conventional DF-SIMS has played the major role in the study of presolar grains, be-
cause this technique allows to measure isotopic compositions of individual grains down to
~1 pm in size (Zinner, 1998). These isotopic compositions, often different from mean solar
system values by several orders of magnitude, clearly prove the extrasolar origin of these
grains. Due to the tremendous magnitude of the anomalies, the required precision for this
kind of analysis is rather low.

TOF-SIMS seemed to be a promising technique for the analysis of individual preso-
lar grains. Especially the high lateral resolution together with the simultaneous detection of
the entire mass range were expected to allow new insights into the properties of individual
presolar grains. Isotopic studies should be possible but were not the major purpose of these

investigations.
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Fig. 34. Negative secondary ion mass spectrum at 13 amu obtained from a presolar SiC grain

(KJG2-1412). The mass peaks can be separated in two different ways. In the upper spectrum,

the '*C-peak (dotted line, top x- and right y-axes) was used to fit the left edge of the spec-

trum at 13 amu (shaded area, bottom x- and left y-axes). Here, the scaling factor 9.9+0.9

gives directly the 'C/"°C isotopic ratio. The difference between the two spectra (solid line)

represents the '°C'H-peak. In the lower spectrum, the '>C-peak was compared with the right

edge of the shaded area resulting from the '*C'H-peak. Here the *C-peak can be retrieved

from the difference of both spectra (solid line). In this case, the 'C/"C-ratio becomes
10.9+2.1. Both results agree well within their error limits with the DF-SIMS result,
2C/C=9.795.
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Fig. 35. Comparison between '“C/"*C isotopic ratios obtained with TOF-SIMS and those
from DF-SIMS analyses for 13 different SiC grains from the Murchison KJG fraction
(Amari et al., 1994). All analyses were performed on grains with ?C/"*C-ratios below the
chondritic (CI) value.

However, in the first TOF-SIMS study of presolar grains (Stephan and Jessberger,
1996; Stephan et al., 1997c¢) it was tried to reproduce already known carbon isotopic ratios
for silicon carbide (SiC) grains from the Murchison meteorite, previously investigated by
DF-SIMS (Hoppe et al., 1994). As discussed before, the major problem for carbon isotope
analysis at high lateral resolution (necessary for small presolar grains) is the separation of
BC from "*C'H. Since this is typically not possible satisfactorily with TOF-SIMS, mathe-
matical peak deconvolution techniques have to be applied. In principle, similar to the tech-
nique described above (Fig. 23), two peak fitting routines are possible (Fig. 34): The '*C-
peak can be used (1) as a prototype for the *C-peak or (2) to fit the '*C'H-peak. Although
the first approach (Fig. 34 top) seems to be more promising — both carbon isotopes should
indeed have the same peak shapes — the second method (Fig. 34 bottom) is often more ap-
propriate. The latter allows using more actual channels of the spectrum for the fitting rou-
tine and is therefore less susceptible to statistical variations.

TOF-SIMS allowed a proper analysis of the carbon isotopic ratio for 13 different SiC

grains so far (Fig. 35). In most cases, these results agree well with those obtained by DF-
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SIMS (Hoppe et al., 1994). Nevertheless, the limited mass resolution only allows the
analysis of grains significantly enriched in >C compared to chondritic isotope ratios. A
significant increase in mass resolution is impeded by the required high lateral resolution.

The analysis of nitrogen isotopic ratios was unsatisfactory due to the limitation in
mass resolution. Since '*C'’N™ cannot be resolved from *C'*N, the relatively high statisti-
cal error in the ">C analysis prevents an appropriate determination of '°N.

Silicon and magnesium isotopic measurements were recently performed successfully
with TOF-SIMS on presolar SiC grains from Murchison and Semarkona meteorites by Fa-
hey and Messenger (1999). The burst mode (see above) was used in the investigation to
increase the secondary ion data rates. From “*Mg secondary ion imaging, it was possible to
identify several so-called X-grains (Zinner et al., 1991b; Amari et al., 1992; Hoppe et al.,
1996) among silicon carbides from Murchison (Fahey and Messenger, 1999).

6.2. Element mapping with TOF-SIMS

However, the imaging capabilities of TOF-SIMS are much more impressive than its
abilities in isotope analysis. Interstellar grains within interstellar grains (Bernatowicz et
al., 1991) have been identified with the TEM as titanium carbide (TiC) grains inside
graphite and SiC grains (Bernatowicz et al., 1991, 1992). Although a general correlation of
aluminum and nitrogen was found for SiC grains (Zinner et al., 1991a; Virag et al., 1992),
no separate Al-bearing phase like aluminum nitride (AIN) has been detected with the TEM
(Bernatowicz et al., 1992). Therefore, imaging TOF-SIMS has been used to search for pos-
sible subunits within SiC grains (Stephan ef al., 1997c¢).

27A1+ 8.45]5 2SSi+ 1.87E§ 4oca+ 2.06Eg 48Ti+ 2.65Eg

Fig. 36. TOF-SIMS images for SiC grain KJG2-0411 show a rather inhomogeneous distri-
bution for aluminum, calcium, and titanium. Field of view is 12x12 um®. The sample was
scanned with 128x128 pixels and 800 shots/pixel were applied.
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TOF-SIMS studies of presolar SiC grain KJG2-0411 revealed an inhomogeneous
distribution for several elements (Stephan et al., 1997c). Secondary ion images of alumi-
num, silicon, calcium, and titanium are shown in Fig. 36. Silicon is distributed homogene-
ously, whereas aluminum is enriched in a distinct area, which appeared after sputtering.
Consecutive analyses of the grain showed that Al-rich material is concentrated in the cen-
ter of this presolar grain. A correlation between Al/Si- and CN/Si-ratios (Fig. 37) indicates
again the presence of aluminum nitride (Stephan et al., 1997c). Whether AIN is present as
distinct phase or in solid solution with the SiC as suggested before (Bernatowicz et al.,
1992), cannot be clarified with TOF-SIMS. The increase of the Al/Si-ratio towards the
center of the grain might be due to destruction of AIN on or near the surface during chemi-
cal processing when the grains were extracted from the meteorite (Stephan et al., 1997c).
Although signal intensities are rather low, calcium showed also a correlation with alumi-
num and nitrogen (Fig. 36). Titanium, on the other hand, is enriched in a different region of

the same grain, maybe indicative for the presence of TiC.
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Fig. 37. Al/Si and CN/Si” show a linear correlation, indicating AIN as the dominating alu-
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minum bearing phase in KJG2-0411. Data point (A) corresponds to the Si-rich, Al-poor area
in the lower left of the particle in Fig. 36. (B) is the Al-rich area to the right. (C) is the tita-
nium hot spot. (D) comes from an earlier measurement of the entire particle before sputter-
ing.
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These analyses clearly demonstrate the potential of TOF-SIMS for the investigation
of presolar grains. High lateral resolution in combination with parallel detection of all sec-
ondary ion species is ideally suited to localize and identify interesting grains or subgrains,
even if the ability to measure isotopes is limited. Although no presolar grain has been
found in situ with TOF-SIMS so far, this technique should be in principle suited for this
kind of search. In situ localization would also allow investigating the real link between SiC
and AIN, because chemical processing during isolation of the grains may selectively de-
stroy AIN. The major advantage of in sifu analysis is, however, that information about the
petrographic environment of the presolar grains could be obtained. This would help to
clarify possible connections of presolar grains with other constituents of the respective

meteorites, e.g., CAls, chondrules, or matrix.



7. TOF-SIMS in space

To apply analytical methods in space, rugged and simplified techniques are required.
Limitations mainly arise from size, mass, energy, and data transmission constraints. Com-
pared to other types of mass spectrometers, the time-of-flight principle should be advanta-
geous. Since no magnet or other heavy components are needed, the mass of the instrument
can be kept comparatively low. Power consumption can also be low for this kind of mass
spectrometer. Time-of-flight mass spectrometers were therefore used and are still used
aboard several space probes. Three missions to comet 1p/Halley applied TOF mass spec-
trometry after impact ionization of dust particles with high relative velocities (Kissel and
Krueger, 1987a; Hornung and Kissel, 1994). The PIA (particle impact analyzer) instrument
on Giotto and the PUMA (TIbUle-ygapHbII MacC aHaJIN3aTop, pyle-udarnyi mass
analizator, Russian for dust impact mass analyzer) instruments on both Vega missions to
comet Halley (Kissel ef al., 1986a,b) delivered a wealth of information on the elemental
and isotopic composition of Halley’s dust (Jessberger et al., 1988, 1989; Jessberger and
Kissel, 1991). A modern variant of these instruments, CIDA (cometary and interstellar dust
analyzer), was launched in February 1999 aboard the Stardust space vehicle to comet
81p/Wild 2 (Brownlee et al., 1996, 1997).

The first SIMS instrument envisioned for space flight was an astronaut operated DF-
SIMS instrument for on-site analysis of the lunar surface in the framework of the Apollo
missions (Riidenauer, 1994), which never flew. The DION system on both Soviet space
probes to the Martian satellite Phobos was the “largest” SIMS instrument ever built. Sec-
ondary ions sputtered from the surface were to be analyzed in a quadrupole mass spec-
trometer at a cruising altitude of 50 m above Phobos (Balebanov et al., 1986; Hamelin et
al., 1990; Riidenauer, 1994). A time-of-flight instrument was also on board both Phobos
missions, the LIMA-D experiment (Sagdeev et al., 1986; Pellinen et al., 1990). The plan
was to use the cruising altitude of 50 m as flight path for ions generated by high-energy

laser pulses. Unfortunately, both spacecraft were lost prior to arrival at Phobos.
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A new era in TOF-SIMS will hopefully commence in 2011, when the first instrument
of this type is planned to reach comet 46p/Wirtanen on ESA’s Rosetta spacecraft. After
reaching its target, it is planned to collect cometary dust intact at low relative speed. The
dust particles then will be analyzed in a TOF-SIMS instrument named CoSIMA (cometary
secondary ion mass analyzer) with a specially designed liquid metal primary ion source,
operated with indium (Kissel ef al., 1988). An earlier version of this instrument (CoMA =
cometary matter analyzer) was designed for NASA’s cometary rendezvous and asteroid
flyby mission (CRAF) that was cancelled in 1992 (Zscheeg et al., 1992; Beck, 1994; Beck
and Kissel, 1994). With the CoSIMA instrument, a lateral resolution of 5 um with 100 ns
primary ion pulse width can be obtained. In a second mode, with 3 ns pulse width, 20 um
spatial resolution is possible. The mass resolution, up to m/Am=2000, is sufficient for the
separation of most hydrocarbon interferences from elemental peaks. The CoSIMA results
will certainly not reach the same quality as laboratory TOF-SIMS analyses, but this cannot
be expected from an instrument with mass less than 20 kg and primary power between 8.2
and 19.5 W (technical data J. Kissel, pers. comm.). However, it is expected, that profound
information on the composition of cometary matter can be obtained with CoSIMA. The
experience with TOF-SIMS analysis of extraterrestrial matter, gathered here on Earth and
reported in the present study, will definitely help to interpret the results that will be ac-
quired in space. Especially the surface analysis of IDPs has to deal with similar problems
as expected for the space experiment, e.g., rough surfaces. Since complex mixtures of or-
ganic material and silicates are expected for cometary dust (Kissel and Krueger, 1987b),
laboratory TOF-SIMS investigation of organic compounds in analogous material, e.g.,

chondrites and IDPs is essential (Heiss ez al., 1998).



8. Summary

Time-of-flight secondary ion mass spectrometry has been successfully introduced
into cosmochemistry during the past decade and has demonstrated its special abilities. Its
major advantage results from the simultaneous detection of all secondary ions with one
polarity. In combination with high lateral resolution, this technique is therefore especially
qualified for the analysis of small samples, becoming more and more important in the in-
vestigation of extraterrestrial matter.

Although mass resolution and quantification capabilities are limited in TOF-SIMS
compared to conventional ion microprobes, its advantages open a specific field of applica-
tions, not or less accessible with DF-SIMS. Consequently, these two SIMS techniques are
more complementary than in competition with each other. Parallel detection of all ions ex-
pressly does not require a pre-selection of masses to be analyzed. Therefore, TOF-SIMS is
predestined to make unexpected discoveries. On the other hand, for a better quantification
of these findings, subsequent investigations with other techniques including DF-SIMS are
often required.

Further technical developments in TOF-SIMS will help to overcome some of its
limitations: A new generation of liquid metal ion guns allows to increase the primary ion
current and therefore the secondary ion intensity even at relatively high lateral resolution.
Decreasing primary beam sizes below 100 nm will extend the applications to very small
entities. Especially laser post-ionization is expected to expand the possibilities of quantifi-
cation. Nevertheless, even today, TOF-SIMS is a powerful tool for the investigation of
natural terrestrial and extraterrestrial samples. Applications near the borderline between
life sciences and cosmochemistry, studying the origin of life in our solar system, might be
one promising field for TOF-SIMS. First results, although negative for ALH 84001, were
encouraging concerning the applicability of this technique.

Particle analysis is already one of the strong points of TOF-SIMS. To obtain a
maximum of information on single grains without completely destroying the sample is one
of the requirements in this field. Here, a wealth of new discoveries from TOF-SIMS stud-

ies can be expected in the future.
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11. Appendix

A suite of eight different glass standards was used throughout this study. These
glasses were prepared by fusing samples of basalt, andesite, komatiite, peridotite, tonalite,
and rhyolite. They have been analyzed by different bulk and microanalytical techniques in
various laboratories to determine their composition of major, minor, and trace element. An
exact description of the samples, their preparation and analytical results is given by Jo-
chum et al. (1999).

Secondary ion sensitivities relative to silicon are comprised in the following tables
for all eight glass standards. Data are given for positive as well as negative secondary ions,
with simultaneous argon sputtering and after sputtering, respectively. All glass standards
were analyzed with the gallium source at ~600 ps primary pulse width, except for
StHs6/80-G, which was measured at ~5 ns pulse width. Errors from the uncertainties in
compositional data or TOF-SIMS counting statistics are not given. These errors are typi-
cally much smaller than the difference between values from individual standards.

Abundances in the tables are given according to Jochum et al. (1999) in weight-%
for major elements and ppm (ng/g) for trace elements. Most chlorine sensitivities are in-
creased probably due to surface adsorption and given in parentheses. For the chlorine sen-
sitivity in Fig. 22, the minimum value obtained from standard ATHO-G during sputtering

(Table A4) was used.
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TABLE Al. Secondary ion sensitivities for glass KL2-G prepared from a basalt from
the Kilauea volcano of Hawaii.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 54 6.3 6.5
Be 0.88 1.4 1.1
B 2.6 13 0.77
0[%] 452 0.00086 0.00079 30 45
Na[%]  1.68 21 20
Mg [%] 437 5.8 6.5
Al[%] 693 7.6 7.4
Si[%] 234 1 1 1 1
P 1080 0.030 0.026 1.9 1.6
cl 30 (340) (4900)
K 3900 34 33
Ca[%]  7.79 12 12
Sc 323 7.9 4.1
Ti [%] 1.53 4.7 43
Y% 370 3.6 3.6
Cr 306 2.7 2.6
Mn 1270 3.6 3.9
Fe[%]  8.24 1.9 1.9
Co 41.6 1.3 1.3
Ni 117 0.85
Cu 95 0.90 1.2
Rb 8.9 59 60
Sr 364 12 11
Ba 123 9.0 8.7

TABLE A2. Secondary ion sensitivities for glass ML3B-G prepared from a basalt
from the Mauna Loa volcano of Hawaii.

Positive with  Positive after Negative with Negative after

ElementAbundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 42 13 23
Be 0.75 1.1 24
B 22 0.84 1.0
0 [%] 45.8 0.0010 0.00089 32 53
Na[%]  1.74 18 29
Mg[%]  3.94 8.1 10
Al[%]  7.04 7.3 75
Si[%] 237 1 1 1 1
P 960 0.025 3.4 2.6
K 3200 37 56
Ca[%]  7.43 15 15
Sc 314 7.7 5.1
Ti [%] 1.26 7.5 6.1
% 260 5.7 6.3
Cr 170 7.6 10.6
Mn 1370 3.8 4.8
Fe[%] 839 1.8 2.6
Co 414 0.79 2.0
Cu 115 0.33 0.47
Rb 5.78 49 93
Sr 315 14 14
Cs 0.142 65 59

Ba 80.1 10 18
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TABLE A3. Secondary ion sensitivities for glass StHs6/80-G prepared from an ande-
site from the St. Helens (USA) eruption.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 19 11 14
Be 1.4 1.8 1.5
B 13 0.52 0.71
0 [%] 474 0.00091 0.00063 23 57
Na[%]  3.39 22 22
Mg[%]  1.19 7.0 8.1
Al[%] 933 6.6 7.1
Si[%]  29.8 1 1 1 1
P 700 1.4
cl 260 (720)
K 10700 355 26
Ca[%]  3.76 13.6 15
Ti[%]  0.42 6.4 6.1
v 96 4.0
Mn 590 5.8 3.4
Fe[%]  3.39 3.1 3.4
Rb 29.5 58 37
Sr 486 16 15
Cs 1.89 47
Ba 302 14 14

TABLE A4. Secondary ion sensitivities for glass GOR128-G prepared from a ko-
matiite from the Gorgona Island, Colombia.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 73 22 25
Be 0.04 3.8
B 22 0.58 0.63
0[%] 446 0.0012 0.0010 24 40
Na[%]  0.417 31 32
Mg[%] 156 9.0 9.6
Al %] 52 8.7 8.3
Si[%] 215 1 1 1 1
P 120 0.023 2.1
K 300 50 53
Ca[%] 439 19 16
Sc 31.1 11 5.5
Ti[%]  0.168 7.5 6.0
% 170 59 5.1
Cr 2150 5.8 5.6
Mn 1390 42 43
Fe[%]  7.58 2.1 2.1
Co 79.5 1.4 1.8
Ni 1070 1.2 0.74

Cu 63 0.90 2.0
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TABLE AS. Secondary ion sensitivities for glass GOR132-G prepared from a ko-
matiite from the Gorgona Island, Colombia.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 79 15 23
B 18 0.44 0.62
0[%]  44.1 0.0011 0.0010 26 40
Na[%]  0.592 25 29
Mg[%]  13.5 8.5 10
Al[%]  5.77 8.0 8.4
Si[%] 213 1 1 1 1
P 170 1.7
K 270 37 45
Ca[%]  6.07 17 15
Sc 34.6 72
Ti[%]  0.18 6.4 5.8
v 189 5.4 5.7
Cr 2410 5.5 6.2
Mn 1180 44 5.1
Fe[%]  7.93 1.8 2.6
Co 88.2 1.1 2.1
Ni 1170 0.67 1.3
Cu 180 1.5
Rb 2.14 78
Sr 15.6 13
Cs 8.08 47 56

TABLE A6. Secondary ion sensitivities for glass BM90/21-G prepared from a peri-
dotite from the Ivrea Zone, Italy.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 1.4 20 15
B 2.8 0.93 1.4

0 [%] 45.9 0.00097 0.00092 23 35
Na[%]  0.0838 24 19
Mg [%] 206 8.1 8.3
Al [%] 1.23 7.6 6.9

Si[%] 249 1 1 1 1
K 31 65 59
Ca [%] 1.5 16 11
Sc 113 7.5 7.1
Ti[%]  0.037 6.5 49
% 40 8.1 6.2
Cr 2100 5.6 5.1
Mn 829 45 44
Fe[%]  5.24 2.3 2.6
Co 88.5 1.5 1.9
Ni 1880 0.83 1.2

Cs 1.2 45
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TABLE A7. Secondary ion sensitivities for glass T1-G prepared from a tonalite from
the Italian Alps.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 19.8 8.5 9.8
Be 24 1.3 1.7
B 4.6 0.88 0.79
0 [%] 46.6 0.00083 0.00078 33 56
Na[%] 232 18 16
Mg[%] 225 7.1 7.8
Al[%]  9.05 7.6 6.6
Si[%] 273 1 1 1 1
P 772 0.043 0.039 3.0 1.6
cl 86 (860) (3000)
K 15900 34 27
Ca[%]  5.05 14 11
Sc 26.7 8.6 42
Ti[%]  0.445 6.7 5.2
v 190 5.6 48
Cr 20 6.5 6.2
Mn 1020 4.1 43
Fe[%]  5.02 22 24
Co 18.9 1.3 1.8
Cu 21 0.90
Rb 79.3 40 30
Sr 282 15 11
Cs 2.85 44 37
Ba 393 17 10

TABLE A8. Secondary ion sensitivities for glass ATHO-G prepared from a rhyolite
from Iceland.

Positive with  Positive after Negative with Negative after

Element Abundance Ar-sputtering Ar-sputtering Ar-sputtering Ar-sputtering

Li 27.6 59 7.7
Be 3.7 0.78 1.5
B 5.8 0.46 0.75
O[%]  49.0 0.00073 0.00071 30 53
Na [%] 3 11 24
Mg[%]  0.068 45 6.9
Al[%]  6.16 5.4 5.5
Si[%] 355 1 1 1 1
P 110 0.066 0.040 2.9
cl 400 140 (450)
K 22100 14 24
Ca[%]  1.18 9.5 12
Sc 5.03 6.5 4.1
Ti[%]  0.145 5.6 46
% 44 3.2 5.1
Cr 5.3 3.6 42
Mn 790 3.6 5.3
Fe[%] 242 2.5 3.6
Co 2.2 2.0
Rb 63.8 14 25
Sr 95.8 9.7 9.8
Cs 1.31 57

Ba 549 10 8.8
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