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Abstract.

Anorthite, the Ca-rich endmember of plagioclase feldspar, is

a dominant mineral component of the Lunar highlands, Plagioclase feldspar
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is also found in comets, meteorites and stony asteroids. It is therefore expected
to contribute to the population of interplanetary (and circumplanetary) dust
grains within the solar system. After coating micron- and submicron-sized
grains of Anorthite with a conductive layer of Platinum, the mineral was suc2
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cessfully accelerated to hypervelocity speeds in the Max Planck Institut für
Kernphysik’s Van de Graaﬀ accelerator. We present impact ionization mass
spectra generated following the impacts of anorthite grains with a prototype
mass spectrometer (the Large Area Mass Analyser, LAMA) designed for use
in space, and discuss the behavior of the spectra with increasing impact energy. Correlation analysis is used to identify the compositions and sources
of cations present in the spectra, enabling the identiﬁcation of several molecular cations (e.g. CaAlO2 , CaSiO2 , Ca2 AlO3 /CaAlSi2 O2 ) which identify anorthite as the progenitor bulk grain material.
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1. Introduction
The in situ compositional analysis of interplanetary, circumplanetary and interstellar
dust grains can provide valuable and unique information about the composition and physical state of their source bodies or regions. For example, dust detectors have been used
to investigate the composition of cometary dust (Kissel et al. [2004, 1986a, b]; Kissel
and Krueger [1987a], Langevin et al. [1987]), interplanetary and interstellar dust [Hillier
et al., 2007a; Altobelli et al., 2006; Grün et al., 1980], volcanic dust from Io [Postberg
et al., 2006], stream dust from the Saturnian system [Kempf et al., 2005], the composition
of Saturn’s E ring [Hillier et al., 2007b; Postberg et al., 2008] and the composition of the
interior of Enceladus [Postberg et al., 2009a, 2011a].
With the exception of the dust detector onboard the Rosetta spacecraft (COSIMA, Kissel
et al. [2007]), all other spacecraft-based dust analyzers thus far have relied upon impact
ionization time of ﬂight mass spectrometry (TOF-MS) when determining the composition
of encountered dust grains. In their most basic forms, these spectrometers rely on the relationship between the ﬂight time of an ion, from its point of creation until its subsequent
detection, to the charge to mass ratio of the ion. Generation of a mass scale from the ﬂight
√

time domain (using e.g. ti = a mi /qi + b, where a is known as the stretch parameter
and b as the shift parameter, ti , mi and qi represent the arrival time, mass and charge
of a particular ion species, i) is then possible, assuming that the ions of diﬀerent masses
possess the same initial energy distribution. Early instruments, such as the micrometeoroid experiment on the Helios spacecraft [Dietzel et al., 1973], used a simple drift tube
m
arrangement and plasma separating electric ﬁeld to obtain low resolution ( ∆m
≈ 5 − 10)
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mass spectra [Altobelli et al., 2006]. Improved electronics and ﬁeld geometries, such as
those used for Cassini’s Cosmic Dust Analyzer (CDA, Srama et al. [2004]) improved the
mass resolution (to

m
∆m

≈ 20 − 50 for CDA). The mass resolution of these instruments

was limited by the length of the drift region and the eﬀects of the ions’ initial energy
distributions. To help solve these problems a more complicated series of ﬁelds is used,
known as a reﬂectron [Alikhanov , 1957; Mamyrin et al., 1973].
A reﬂectron allows longer ion ﬂight times, increasing the mass resolution of the instrument,
as well as the removal of the eﬀects of the ions’ initial energies. Reﬂectron technology was
used in the Particle Impact Analyzer (PIA) on the Giotto spacecraft [Kissel et al., 1986a],
PUMA1 and PUMA2 on the VeGa spacecraft [Kissel et al., 1986b; Kissel and Krueger ,
1987a] and recently the Cometary and Interstellar Dust Analyzer (CIDA, Kissel et al.
[2003]) on the Stardust spacecraft, which produced mass spectra with resolutions of up
to 250 in laboratory measurements.
To obtain the mass spectra presented here, a next-generation dust impact ionization mass
spectrometer was used. Developed by the group at the Max Planck Institut für Kernphysik, the Large Area Mass Analyzer (LAMA,

m
∆m

≈ 150 − 300 Srama et al. [2007]) is

a reﬂectron-based instrument with a large target area, originally designed for use in low
dust ﬂux environments, such as for the detection of interstellar dust. LAMA is capable
of operating in both a positive ion mode and a negative ion mode, with dust impacting
a silver target and either cationic or anionic species then delivered to an ion detector.
A similar instrument has also been developed at LASP, University of Colorado at Boulder, for use in detecting interstellar dust and in a lunar environment [Sternovsky et al.,
2007a, b; Sternovsky et al., 2011].
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The method utilized by these instruments to produce the initial plasma cloud, namely
ionization initiated by the rapid deceleration experienced by the particles during impact,
leads directly to diﬃculties in interpreting the mass spectra produced. The energetics and
composition of the cloud of charged and neutral species produced by an impact depend
strongly on the impact conditions. These impact conditions include not only the composition and density of the impact target and the impacting dust grain themselves, but also
the mass of the impacting grain and the speed at which it strikes the target. Although
advances have been made in modeling this process (e.g Hornung et al. [1996]; Hornung
and Kissel [1994]), many aspects remain poorly understood.
1.1. Laboratory Calibration
To aid the interpretation of mass spectra when inferring the initial particle composition,
it is therefore vital to obtain calibration data in the laboratory. To this end individual
dust particles are usually accelerated in a Van de Graaﬀ accelerator [Mocker et al., 2011;
Shibata et al., 2001; Burchell et al., 1999a]. These instruments accelerate charged dust
particles to hypervelocities by passing them through a large potential diﬀerence (≈ 2 MV).
The charged dust grains are then given a velocity (v) related to their charge (q) to mass
(m) ratio and the potential diﬀerence (V ) through which they have passed (this relationship is given by 12 mv 2 = qV ). Depending on the dust particle size, its charging eﬃciency
and the potential through which it passes, velocities ranging from <1 to >100 km s−1 are
possible. It should be noted that the dust charging process within the accelerator tends
to give individual similar dust grains very similar charges (subject to the ﬁeld strength
remaining below the ﬁeld emission limit). This similar charging eﬀect means that for a
particular dust grain material and size, and a given acceleration voltage, only a limited
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velocity range is available.
Acceleration of particles in a Van de Graaﬀ accelerator can only occur if the particles are
capable of holding enough charge. Ideally this means that they are conducting, although
a conductive surface coating also allows the particles to charge and electrostatically accelerate (e.g. Burchell et al. [1999b, 2002]; Goldsworthy et al. [2002, 2003]; Fujii et al.
[2006]; Srama et al. [2009]; Hillier et al. [2009]). The method used to coat the mineral
grains in this work is that described in Hillier et al. [2009], itself an adaptation of methods
described by Lee et al. [2007] and Chen et al. [2005]. This involves ﬁrst functionalizing
the mineral grains (generated by hand grinding larger samples using an agate pestle and
mortar) by adding a self-assembled monolayer (SAM) of mercaptopropyl trimethoxysilane
(MPTMS). The silane group end of the MPTMS molecule has an aﬃnity for hydroxylated
oxide surfaces, whilst the mercapto group attracts certain metals. The functionalized particles are then placed in a solution of a platinum salt (potassium hexachloroplatinate in
this case) and the adsorbed metal salt molecules subsequently reduced to metallic platinum, creating an exceedingly thin metal layer on the particles. If homogeneous coating is
assumed then the layer formed during the initial soak in the Pt salt solution is (at most)
a single monolayer. This layer can be thickened by the addition (and subsequent in situ
reduction) of further Pt salt.
1.2. Anorthite
The material chosen for the impact ionization experiments described in this work was
Anorthite. Anorthite (CaAl2 Si2 O8 ) is the Na-poor end member of the plagioclase feldspar
series, represented at the Na-rich end by Albite (NaAlSi3 O8 ). Anorthite was chosen for
several reasons: as a silicate, it can be readily coated with Pt using the method outlined
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above, whereas some other common minerals (e.g. sulﬁdes) require coating with a thin
layer of silica prior to metallating; it consists of elements which are both easily ionized
(e.g. Ca, Al - see Table 1), and less so (e.g. Si, O), this range of ionization energies,
together with diﬀering tendencies to form anions or cations, should result in changes to
the mass spectra with diﬀerent impact conditions; the elements present are not those
commonly found as terrestrial contaminants (Na and K are more common contaminant
species than Ca in laboratory mass spectra, Postberg et al. [2009b]) or used during the
coating process (Table 1) and ﬁnally, anorthite is of astrophysical relevance.
One of the earliest minerals to condense from a solar composition gas [Ciesla, 2010; Grossman, 2010] anorthite, or anorthite-rich minerals, have been observed around post-AGB
stars [Matsuura et al., 2004]. Within the solar system, anorthite has been observed on
the surface of Mercury (e.g. Sprague et al. [1997]; Warell [2002]; Sasaki and Kurahashi
[2004]; Warell et al. [2010]), and is the most abundant mineral species in the lunar highlands (e.g. Dowty et al. [1974]; Yan et al. [2010]; Hargraves and Hollister [1972]; Lucey
[2004]; Ohtake et al. [2009]; Wood et al. [1970]). Anorthite has been found in several
classes of meteorites, often linked to Calcium-Aluminium-rich inclusions, but also those
believed to have a lunar origin (e.g. Aléon et al. [2002]; Krot and Keil [2002]; Demidova
et al. [2003]; Grossman and Steele [1976]; Wark [1987]). The presence of anorthite in
meteorites has been conﬁrmed by the detection of anorthite in asteroid reﬂectance spectra [Taylor et al., 2007; Sunshine et al., 2008; Stern et al., 2011]. Present on the surface
of many atmosphereless bodies, and during the formation of the solar system, anorthite
would therefore be expected to be found in interplanetary dust, and this is indeed the
case, with interplanetary dust [Christoﬀersen and Buseck , 1986; Greshake et al., 1996]

D R A F T

July 18, 2012, 10:21am

D R A F T

X - 10

HILLIER ET AL.: IMPACT IONIZATION MASS SPECTRA OF ANORTHITE

and cometary dust [Zolensky et al., 2006; Ishii et al., 2008; Simon et al., 2008] featuring
the mineral.

2. Experimental Data
The data were collected on the 6th and 9th of March, and the 29th and 30th of April,
2009. A charge detection system (the particle selection unit, PSU) on the Max Planck
Institut für Kernphysik’s Van de Graaﬀ accelerator measured the charge on each individual mineral grain which traveled down the instrument beam line. From this charge, and
the time of ﬂight of the particle within the detector, the mass and velocity of each grain
was derived. The mass and velocity distribution of the anorthite grains is shown in Fig.
1. The corresponding impact velocity histogram is shown in Fig. 2. In total 299 positive
mode mass spectra with corresponding (PSU-derived) mass and velocity information were
obtained, as well as an additional twelve negative mode mass spectra.
The anorthite used here was synthesised by S. Wilson, research chemistry coordinator, in
the framework of the USGS Reference Materials project. Commercially available chemicals in the correct stoichiometric ratios were used in the synthesis. After melting the mixture was annealed for 12 hours and crystallised to form a homogeneous agglomerate. The
sample used for the dust originates from the outer rim of this agglomerate. More detailed
analyses are presented in Höfer [2010]. The mass spectra were initially calibrated and
processed using in-house software “SpectrumGUI”. With this the mass spectra were individually calibrated to determine their shift and stretch parameters. Unlike non-reﬂectron
instruments, such as Cassini’s CDA [Srama et al., 2004], spectra produced using LAMA
have narrow peaks relatively unaﬀected by plasma ion energetics. Also, the instrument
trigger (recording) time can be determined more reliably than with CDA. The spectra are
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therefore considerably easier to calibrate onto a mass scale. Spectra were then aligned,
and co-added in velocity bins. The spectra were divided into velocity bins such that there
were at least three spectra per bin, with ﬁve or more preferred. The mean mass, velocity
and charge corresponding to each velocity bin is shown in Table 3, together with the
number of spectra per bin and the sum spectrum resolution. Prior to the analysis of this
data it was believed that cation spectra were more suitable for the analysis of mineral
particles. The collection of cation spectra was therefore prioritised, resulting in too few
anion spectra for co-adding and analysis in the same way as the cation spectra. The anion
spectra collected were also found to be noisy, with few identiﬁable features. Thus only
the cation spectra will be considered in this work.
The sum spectra were then baseline subtracted using a suitable polynomial ﬁt to the
lowest points in each spectrum. For each spectrum the noise level was calculated from a
region with no mass lines (3.5–5.5 u and 7.5–9.5 u) and each spectrum was then divided
by this to produce spectra in units of signal-to-noise. This process was also performed to
create a sum spectrum of all the individual cation spectra.
Co-adding increased the signal-to-noise ratios of the spectra, improving the statistical
signiﬁcance of small peaks. Use of sum spectra was also intended to average out the large
scatter observed in peak amplitudes even for extremely similar impact conditions (particle
mass and velocity), highlighting general trends.
The “errors” in peak amplitudes for the sum spectra are therefore due to two main sources:
instrument noise from the electronics and plasma environment, and variations in ion numbers due to the stochastic nature of the impact process in terms of, for example, energy
partitioning and impact parameters (e.g. surface roughness, contaminant levels, particle
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orientation). Presenting the sum spectra in units of signal-to-noise is designed to enable a
better comparison between sum spectra by removing the eﬀects of changes in instrument
noise.
Examples of the degrees of scatter in peak amplitudes for eight common elements (the
main isotopes of H, C, Na, Al, K, Ca and both Ag isotopes) due to contamination, particle
and/or target material, in the eight spectra created by particles impacting at velocities of
between 10 and 10.999 km s−1 , are shown in Fig. 3. These amplitudes are shown in their
original units (volts), as conversion to the same units used in the sum spectra (signal-tonoise) introduces uncertainty into how much of the scatter may be due to changes in peak
amplitude or noise level. This scatter has not been shown as either a range or standard
deviation in subsequent ﬁgures. Use of a range to show the distribution gives no indication of any trends within the data comprising each sum spectrum. Use of a standard
distribution is complicated by the aforementioned choice of units.
However, despite the sometimes small numbers (3 – 49, Table 3) of spectra in each considered speed interval, the trends of line amplitudes and the correlations of diﬀerent lines
with speed can be reliably determined and hence the results of the paper are considered
to be reliable. We note that the observed scatter in peak amplitudes between spectra due
to apparently similar impact events is as expected and previously observed for this type
of experiment.

3. Results
The sum spectrum of the complete cation data is shown in Fig. 4. For clarity the
spectrum has been split into ﬁve 50 u panels, with the 3σ and 5σ values shown by solid

D R A F T

July 18, 2012, 10:21am

D R A F T

HILLIER ET AL.: IMPACT IONIZATION MASS SPECTRA OF ANORTHITE

X - 13

and dashed horizontal lines respectively. Note the changing scale of the ordinate axes.
Selected sum spectra corresponding to the diﬀerent velocity bins are shown in Figs. 5 9. The abscissa scale assumes that the ions contributing to the spectra are singly charged
only.
In the following discussion, when used to try to identify their source species, the spectral
peak amplitudes were, unless otherwise noted, all those which were at least 3σ above their
local background. When a peak was not at least this amplitude its abundance was set to
zero (e.g. for correlation analysis, velocity thresholds).

4. Analysis
The total sum spectrum (Fig. 4) shows, for masses of <≈90 u, peaks at nearly every
possible (integer) mass. This is strongly indicative of the presence of complex organic
species within the impact plasma and to be expected given the particle coating method
(MPTMS has an aliphatic backbone of (CH2 )3 as well as three methyl groups) and probable target or particle contamination with long-chain hydrocarbons from vacuum pump
oil and vacuum grease. These contaminants are primarily likely to be hydrocarbon-based
(from vacuum pumps used in evacuating the target chamber and during the freeze drying
process) rather than siloxane, although a minor amount of contamination from siliconebased vacuum grease used for ensuring the integrity of vacuum seals may be present. Even
simple saturated aliphatic hydrocarbons will produce singly charged cations at masses of
Cn H2n+1 whereas unsaturated aliphatic hydrocarbons will produce cations with masses
of Cn H2n−1 and, with rearrangement, Cn H2n . Thus for n = 1–5 one would expect peaks
at masses of 15, 29, 43, 57 and 71 u from saturated simple hydrocarbons and 13, 14,
27, 28, 41, 42, 55, 56, 69 and 70 u for unsaturated simple hydrocarbons. The addition
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of O, Si and S in the coating process allows for further permutations of cation peaks,
unrelated to the particle material, to appear in spectra (see for example Mellado et al.
[2011]). Reference electron ionisation mass spectra of MPTMS show signiﬁcant (greater
than 5% of the most intense peak) peaks at masses of (in u, with the most abundant peak
in bold): 59, 61, 90, 91, 92, 93, 106, 121, 122, 123, 125, 133, 136, 164, 165, 166. Na and
K peaks due primarily to anthropogenic contamination also often occur in impact spectra
(e.g. Postberg et al. [2009b]). This complicates the unambiguous identiﬁcation of species,
both atomic and molecular, due to the particles’ original mineral composition. Mineral
assay data (Table 2) showed that, prior to coating, the anorthite grains were very low in
Na, Mg, K and Fe. The grains were dominated by Al, Si, Ca and O.
There are ﬁve main ways to identify peaks in mass-calibrated impact ionisation mass
spectra:
1. Direct identiﬁcation based on unambiguous mass assignment. This is particularly
possible with low mass species (e.g. H, H2 , H3 , Li, B, C) as they cannot be confused with
any other singly-charged ions. Species with unique isotope patterns (e.g. Li, B, Ag, Pt)
are also easy to identify providing there are no other contributions to any of their mass
lines. Ions with higher masses which do not have plausible isobars can also be assigned
to the most likely species. Finally it is possible to unambiguously identify ions which are
formed from clusters of the bulk target element with those of the bulk projectile. These
clusters, observed in Cassini CDA data [Kempf et al., 2005; Postberg et al., 2006; Hillier
et al., 2007a, b], are particularly useful in the case of LAMA spectra as the isotope pattern
of the Ag target is echoed by the cluster ions.
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2. Appearance with impact velocity. The impact velocity threshold at which a peak
appears in a spectrum can be used to help infer the identity of the ion. Species which
are detectable at very low velocities must have low ionisation energies together with
a tendency to form cations (if positive mode spectra are being recorded). The alkali
contaminant ions of Na and K are the most common example of this. Species detected at
low impact velocities are also more likely to be molecular, as too little energy is available
to completely fragment the parent molecules. Species with higher ionisation energies, or
which prefer to form anions (such as Cl, N) will, if they are abundant enough in the
impact plasma, tend to appear at higher impact velocities (e.g. > 20 km s−1 ).
3. Disappearance with impact velocity. At higher velocities more energy is concentrated
into a smaller impact region. This increase in energy density produces plasma conditions
which break up molecules and thus decreases the abundance of molecules in the spectra.
However, the energy regime in which Van de Graaﬀ accelerated particles exist biases the
initial abundance of species within the impact plasma. From the ﬁt line in Fig. 1 the
particle mass scales with v−2.941 . For a constant particle density the particle volume scales
similarly, while the particle surface area will scale with ≈ v −1.96 . The available abundances
of species present on the surface of the particles (or the target surface) therefore decreases
more slowly than the abundance of a species present as a component of the particle bulk
material, with increasing impact velocity. This eﬀect will be complicated by the degree
of ionization that the particle surface (or target surface) undergoes versus that of the
particle volume.
4. Correlation between peak amplitudes with velocity. Investigating the trends between
the amplitudes of diﬀerent peaks with impact velocity may show links between particular
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species. This is of greater use when one species which correlates is identiﬁed, although it
can also indicate groups of spectral lines which may be linked. Care must be taken due
to the large number of factors which may aﬀect peak amplitudes and the appearance of
spectral lines.
5. Comparison with results from other mass spectrometry methods. Other methods of
producing mass spectra from similar materials can provide valuable clues for identifying
(or conﬁrming the identity of) those produced during the impact ionisation process. In
particular Secondary Ion Mass Spectrometry (SIMS), Spark Ionization mass spectrometry, Electron Impact mass spectrometry, Matrix-Assisted Laser Desorption/Ionisation
Time of Flight mass spectrometry (MALDI-TOF) and Laser Ionization TOF mass spectrometry may all produce spectra with features which are similar to those generated by
hypervelocity impact ionization. For example, a comparison of Cassini CDA mass spectra
with those produced by Laser-TOF analysis of salt-water mixtures helped determine the
original composition of E ring particles originating from within Enceladus [Postberg et al.,
2008, 2009a].
There are several origins for species observed within these impact spectra: the particle
bulk composition (molecules and atoms containing/of Ca, Al, O, Si), the particle coating
and processing (H, C, O, Si, S, Na, K, B, Cl, Pt), the impact target bulk material (Ag)
and contamination on the impact target surface (H, C, O, Li, Na, K, Cl). In many cases
spectral peaks may show contributions from two or more of these sources, and from diﬀerent species with the same, or similar, masses. The relative strength of these contributions
may also vary with impact velocity.
We directly identify
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Ag2 within the spectra. At 107 and 109 u, the Ag peaks

are extremely unlikely to be aﬀected by organic contaminants and can be used to investigate the impact-by-impact sensitivity of the spectrometer. Fig. 10 indicates that at lower
velocities there is a larger scatter in the recorded amplitude ratios of the silver ion peaks,
but the 109 u peak is generally underrepresented with respect to the 107 u peak. There
is no apparent trend with velocity or with the overall amplitudes of the peaks, indicating
that the eﬀect is purely due to chance rather than long-chain organic contaminant ions.
Despite the lack of a trend with peak amplitudes, it is possible that saturation of the ion
detector (micro-channel plate, MCP) contributes to this eﬀect. Assuming the variation in
the expected percentage abundances of the Ag ions is repeated at other masses, we infer
that recorded peak amplitudes may ﬂuctuate randomly, or due to MCP saturation, by up
to ≈4% in amplitude.
AgX+ target-projectile cluster ions are observed at masses of 147/149 u, 151/153 u
and 163/165 u (just below 3σ but clearly identiﬁable). These correspond to X = 40,
44 and 56 u respectively. These are possibly due to

40

Ca+ , AlOH+ /SiO+ /44 Ca+ and

CaO+ /28 Si2 + /AlSiH+ . Clusters of target material atoms with molecular species from
the projectile have been previously observed in CDA data obtained in Saturn’s E ring
[Hillier et al., 2007b], where Rh target atoms clustered with the extremely abundant
hydronium-water clusters from the impacting water ice particles. There are no indications of target-projectile clusters of Ag with pure O, Si or Al however. From the lack
of common organic ions at 40 u (C3 H4 is unlikely to be present in large quantities), the
early appearance in spectra at low velocities and continued appearance at higher impact
velocities (Fig. 13), and the target-projectile cluster ions we therefore identify the source
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of the peak at 40 u as primarily

40

Ca.

The peak at 16 u appears at the extremely low impact velocity of 0.5 km s−1 but then is
not detected until 9.5 km s−1 (Fig. 12). This behavior is more consistent with the parent
species for higher velocity impacts being O rather than CH4 or NH2 , due to the high
ionisation energy of O. The low velocity appearance may be due to pre-impact charge
transfer [Sysoev et al., 1997; McDonnell et al., 2001; Austin et al., 2003] generation of O
ions, or the organic molecular candidates. The continued increase in the abundance of the
16 u peak with increasing impact velocity also indicates that the species is monatomic and
abundant, as would be expected for a component of both the organic coating, contamination and the mineral. The threshold velocities at which diﬀerent mass species appear
in spectra and then become undetectable are shown in Table 5.
Deﬁnitively identifying Si as the source ion for the 28 u peak is also complicated by the
concomitant appearance of C2 H+
4 at this mass. Spectral features due to the heavier isotopes of Si, at 29 and 30 u (4.68% and 3.09% abundance respectively) may be confused
with those from C2 H+
5−6 and other molecular organic species. However, the abundances of
the heavier Si ions mean that, with a high enough Si signal, they should be detectable in
spectra at all impact velocities, whereas the molecular organics should decrease in abundance. By comparing the relative abundances of the 28, 29 and 30 u features, normalised
by the sum of their abundances (Fig. 14) it can be seen that the 29 u feature is overabundant at low velocities but then, where detectable, decreases towards the expected
abundance for

29

Si at velocities greater than 13 km s−1 . The relative abundance of the

30 u feature behaves similarly, whereas that of the 28 u feature increases with impact
velocity. Therefore the dominant source of the 28 u feature at higher velocities is
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with contributions from organic species at velocities < 13 km s−1 . The reduction in the
contribution of organic ions to the 29 and 30 u features with increasing impact velocity
then allows the peak amplitudes to approach those which would be expected for purely
Si.
The dominant metal ion in anorthite, Al, will occur in the spectra at the same mass (subject to the resolutions of the spectrometer and co-added spectra) as C2 H+
3 . The abundance
of both species will be expected to decrease with impact velocity, due to the reduction
in particle size and the break up of the organics. However, the behaviour of any 27 u
organic species with velocity can be estimated by comparing with that of a known organic
feature (for low velocities, C2 H5 at 29 u) and the

40

Ca, identiﬁed as from the anorthite.

Figs. 16 and 11 show that the 27 u feature behaves in a remarkably similar way to that
of the Ca with velocity, appearing at the same velocity with high abundance. The 29 u
feature appears at low velocities and is far less abundant than either the Ca or the 27 u
peak. If the 27 and 29 u features were both dominantly organic their abundances would
be expected to be similar and vary similarly (e.g. Srama et al. [2009]). We therefore
identify the 27 u feature as predominantly due to

27

Al, even at low impact velocities.

Having identiﬁed the main atomic components of anorthite (Al, Ca, Si and O) within the
spectra, we now investigate the 44 and 56 u species indicated by target-projectile clusters.
Based on the structure of anorthite [Taylor and Brown, 1979], the 44 u species may be
+
+
due to SiO+ or AlOH+ . The 56 u species may be Si+
2 , AlSiH or CaO . The 44 u isotope

of Ca (2.09%) may also contribute to the 44 u peak. As most of these species are polyatomic, their abundances will decrease with increasing impact velocity in the same way
as the abundances of organic contaminant ions (e.g. C3 H8 , SC, C4 H8 ). However, previous
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TOF-MS of mineral ions generated by laser desorption [Erel et al., 2003; Sullivan et al.,
2007] indicate that in Ca, Al and/or Si-rich minerals SiO, CaO cations are formed. Si2
may also form, depending on the plasma conditions. Although in some publications AlO
is shown to form anions [Sullivan et al., 2007; Trimborn et al., 1998; Jeong et al., 1995],
AlOH might form a cation at 44 u in impact ionisation spectra. The high abundances of
the 44 and 56 u species implied by the existence of target-projectile cluster ions [Hillier
et al., 2007b; Postberg et al., 2008; Kempf et al., 2005] indicate that we are indeed detecting signiﬁcant contributions from 44 Ca/SiO/AlOH at 44 u and Si2 /CaO (and possibly
AlSiH) at 56 u.
Easily ionised, abundant, at a mass not prone to signiﬁcant organic contamination, and
indicated by elemental peaks, fragment peaks and target-projectile cluster peaks, Calcium
is conﬁdently identiﬁed as a mineral component in the spectra. To rapidly identify other
species which correlate with Ca, and thus may be mineral features in the spectra, we
search for statistical trends linking the behaviour of the abundance of Ca in the spectra
at diﬀerent impact velocities with the abundances of other peaks. Two methods were
employed to search for trends, namely the calculation of both Pearson and Kendall correlation coeﬃcients. It is important to note that use of correlation techniques in this
way involves making the a priori assumption that the composition of the particles is constant, regardless of size. As the anorthite used here is artiﬁcial and generated by a melt
technique, this assumption is reasonable and supported by SEM investigations of large
fragments and small grains of the material [Höfer , 2010]. The Pearson correlation coeﬃcient provides a measure of the linear (both direct and inverse) correlation between two
data sets. The Kendall (tau) correlation coeﬃcient indicates correlations between ranked
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data and, as such, will indicate non-linear correlations as well as linear. It will therefore, with a complex data set, indicate larger numbers of correlations than the Pearson
method, but it may be sensitive to the eﬀects of particle size on the abundances of the
peaks. In this work, the correlation indicated by the Pearson method was assumed to be
reliable if the correlation coeﬃcient >0.423, indicative of a two-tailed conﬁdence of 95%.
The correlation indicated by the Kendall method was assumed reliable if it had p < 0.05
(i.e. 95% conﬁdence). Correlation analysis was only performed for those species which
appeared in at least 25% of the sum spectra.
Pearson correlation coeﬃcients indicate correlations of
30 u, K,

44

40

Ca with: Li, Na, Al, 28 u, 29 u,

Ca/SiO/AlOH, 50 u, Si2 /CaO, 57 u, 64 u, 65 u, 66 u, 83 u, 96 u, 99 u, 100

u, 112, 113, 117, 147, 155 and the Ag2 ions. The Kendall correlation coeﬃcients indicate
correlations of

40

Ca with those indicated by the Pearson coeﬃcient, as well as: H3 , 41

u and 55 u. The correlation of Ca with the easily ionised Li, Na and K is perhaps not
surprising, despite the lack of these elements in the mineral, given the ubiquity of these
elements. The correlation with all of the 28, 29 and 30 u features is a little strange, given
the behaviour of the 29 u feature when compared with the 28 feature (Fig. 14) but may
be a consequence of the inﬂuence of the Si isotopes on the 29 and 30 u peak amplitudes
at higher impact velocities. The 41 u feature may be due to

41

K or perhaps an organic

contaminant ion such as C3 H5 . Fig. 15 shows the fractional isotopic abundance of the 41 u
feature assuming that it is 41 K, together with that expected for 41 K. Although noisy, there
is good agreement, implying that the 41 u feature is primarily due to 41 K. The 50 u feature
is extremely weak and does not correspond to any common organic fragment mass, nor is
it present in the mass spectrum of MPTMS (Spectral Database for Organic Compounds,
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http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre index.cgi?lang=eng). It may possibly be
NaAl+ , but that identiﬁcation is very tentative.
The region from 55–57 u shows three features which correlate with Ca, with the 56 u peak
already identiﬁed. The 55 u feature appears at low impact velocities and then rapidly diminishes (Fig. 17), implying it is easily ionised, initially more abundant and then broken
up (or unable to form) at higher velocities. It may be AlSi+ or possibly C4 H7 . The 57 u
species is extremely abundant and likely to be protonated molecules of the 56 u species
- in particular CaOH [Silva et al., 2000; Erel et al., 2003; Bruynseels and Van Grieken,
1983], perhaps with minor contributions from C4 H9 . The 64, 65 and 66 u species (Fig.
18) appear at low velocities and become undetectable at impact velocities of >16 km s−1 .
No obvious projectile species occur at these masses, so they may be due to stable organic
species such as cyclic C5 H4,5,6 (e.g. Srama et al. [2009]), or to coating organics. The
amplitudes of these species are very low, near the statistical noise limit, however Fig. 18
clearly shows that the species appear together in spectra. The 83 u feature is probably
due to the addition of Al to the 56 u species, resulting in AlCaO, Si2 Al or Al2 SiH. The
96, 112 and 113 u species are all seen in laser desorption experiments of Ca-rich minerals
[Sullivan et al., 2007; Gallavardin et al., 2008; Bruynseels and Van Grieken, 1983; Struyf
et al., 1998] and are assigned to Ca2 O, (CaO)2 and (CaO)2 H respectively. Clusters of
40

Ca with the Si2 and AlSiH ions at 56 u may also contribute to the 96 u feature. Jeong

et al. [1995] observe KAlO2 cations in mass spectra of zeolites and we suggest that similar
CaAlO2 and CaSiO2 ions are responsible for the 99 and 100 u peaks. The 117 u peak may
be due to CaSiO3 H. The 147 peak we have already identiﬁed as
corresponding correlation with

109
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the lower abundance of the
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Ag peak and thus a corresponding lower abundance of the

associated Ca cluster ion. Although a large peak at 156 u is observed in a mass spectrum
of a Li, Na, Al and Ca rich silicate particle [Silva et al., 2000], no deﬁnitive identiﬁcation
is given other than to say the isotope pattern of other peaks in that area are consistent
with a molecule containing silicon. We explain the large 155 u feature as Ca2 AlO3 or
CaAlSi2 O2 , comparable to the 156 u feature in Silva et al. [2000] being interpreted as
Ca2 SiO3 or Ca2 Si3 O2 . Similarly, the 163 u peak, earlier identiﬁed as a target-projectile
cluster of Ag with a 56 u species, may have minor contributions from AlSi2 O5 based on
structural similarities with species observed in Silva et al. [2000] and Tsugoshi et al. [1991].
Other features in the spectra may be due to ions derived from the anorthite grains, however, without a compelling argument based on either isotope patterns, lack of (resolution
dependent) isobaric compounds at speciﬁc masses, comparison with published results
using laser ionisation or the presence of target-projectile ions, we do not attempt to conclusively identify them. Also, the contaminated nature of the experimental environment
will have introduced hydrocarbon ions which will contribute to a greater or lesser extent
to these features. We note that they may also contribute to those features we have identiﬁed above, but to a lesser extent, with all major features identiﬁed here with conﬁdence
(Table 4).

5. Discussion
An important part of determining the composition of dust particles detected in space is
the ability to distinguish between components (whether mineral or not) of the particles.
The coated anorthite particles here are good analogues for cosmic dust particles consisting
of a core-shell morphology, with a mineral core and an organic and metal-rich shell. Once
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a particular ion species is identiﬁed then, in the absence of a known impact velocity, the
laboratory-derived velocity thresholds at which species appear in, and disappear from,
spectra can be used to estimate particle velocity. This relies upon assumptions that the
particle mass-velocity ratio is similar to that produced in the Van de Graaﬀ, or that the
appearance thresholds are largely independent of composition and the charge on the particle and predominantly dependent on impact velocity.
Similarly, if the impact velocity is known then the appearance and disappearance thresholds of a species in spectra may be used to infer the probable identiﬁcation of the species,
should (resolution dependent) isobaric species exist.
Some of the generation mechanisms of plasma produced by hypervelocity impacts are believed to diﬀer from those produced by laser ionization [Kissel and Krueger , 1987b; Kissel
and Krueger , 2001]. However, the ions produced, including the molecular fragment and
cluster ions, are found to be similar, with production processes presumably dominated by
their bond strengths, ionization energies, electron aﬃnities and oxidation states.
Some results from laser ionization experiments with minerals indicate that Al-oxide and
Si-oxide species, and their clusters, will tend to form negatively charged ions [Jeong et al.,
1995; Trimborn et al., 1998; Sullivan et al., 2007; Xu et al., 1998, 1997]. The absence of
high abundances of ions with masses corresponding to these species in the cation mass
spectra presented here tends to conﬁrm that this eﬀect also occurs in impact ionization.
Fig. 11 also shows that Al ions, forming an approximately 1:1 ratio with Ca ion abundances, are underrepresented in the spectra in comparison to Ca ions, presumably due
to their tendency to form anionic species or to remain in molecular ions. It is therefore
highly advantageous to use dual mode switching (or simultaneous) spectrometers in space,
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allowing the main metal components of minerals to be identiﬁed with high accuracy in
the positive mode and many oxide components to be identiﬁed in the negative mode.
The use of laboratory mineral dust particles as analogues for cosmic dust produces a number of unique challenges, as well as advantages. Organic species, introduced either as part
of a conductive coating or via contamination of the impact target, introduce many spurious peaks into hypervelocity impact ionisation spectra. By examining the appearance and
amplitudes of peaks within the spectra generated by impact ionisation of anorthite dust
grains at diﬀerent impact velocities we have shown that it is possible to identify features
due to the mineral.
Large numbers of Na and K ions are present in the spectra, and thus the impact plasma,
due to surface contamination of the mineral particle and the target. Despite this there are
no signs of NaX+ or KX+ ions. This is consistent with target-projectile ions only forming
in appreciable amounts with the bulk target and projectile materials.
There are no high amplitude signals from the coating metal ions, although the metal
is deﬁnitely present on the accelerated particles. As an example, a spherical anorthite
particle with a 5 nm thick, complete Pt coating, accelerated to 10 km s−1 , would have a
core grain radius of 0.173 µm, compared with a grain radius of 0.3 µm for an uncoated
particle of the same mass. The Pt coating will therefore contribute 7.5% of the ions in
the plasma, assuming complete particle breakup and ionization. The reduced Pt signal is
probably due to three factors: the Pt ions are divided between several isotopes, reducing
the amplitude of the peaks, the metal coating may not be being fully ionised and the
high electron aﬃnity of Pt will be discouraging the production and survival of Pt cations
within the plasma.
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Similarly, although there are obviously features due to organic species present in the spectra, there are no strong spectral peaks at masses which would be expected from electron
ionisation spectra of MPTMS2 . This implies that the coating of MPTMS is indeed close
to being a molecular monolayer.
Although many of the features in the spectra have not been unambiguously identiﬁed as
due to a single compound, correlation analysis of impact ionisation spectra of diﬀerent
minerals which have been coated in the same way will help determine which minor features are due to the particle coating and contamination and which are due to the bulk
mineral. Suggested species identiﬁcations from this data set are shown in Table 4.
Of particular interest are the high mass species identiﬁed in the correlation analysis
as being of mineral origin.

These, at masses 96, 99, 100, 112, 113, 117, 155 and

possibly 163 (Ca2 O/CaSi2 /CaAlSiH, CaAlO2 , CaSiO2 , (CaO)2 , (CaO)2 H, CaSiO3 H,
Ca2 SiO3 /Ca2 Si3 O2 and possibly Al2 Si2 O5 ), provide a ﬁngerprint of the mineral, in this
case strongly indicative of anorthite. Experiments by Tsugoshi et al. [1991] found similar
diagnostic features for diﬀerent families of silicates using Laser Microprobe Mass Spectrometry (LMMS). Impact experiments using the same coating, acceleration methods
(with varied acceleration voltages) and detector are currently underway to investigate
whether similarly diagnostic features exist for pyrrhotite, orthopyroxene, olivine and silica.
Results presented here, particularly concerning the formation of diagnostic anions in the
impact plasma of mineral particles, and the importance of simultaneously measuring the
impact velocity and composition of dust grains, are relevant to the development of the
next generation of dust detectors. These detectors (e.g. active dust detectors and novel
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instruments for use in the Jovian system [Postberg et al., 2011b; Grün et al., 2012; Kempf
et al., 2012]) should be dual-mode instruments capable of generating both anion and
cation mass spectra, use a target material which has an easily identiﬁable isotope pattern, and be equipped with dust trajectory sensors that measure the impact velocity of
impinging dust. Instruments with these characteristics will oﬀer the best opportunity for
the accurate determination of particle compositions and sources.
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Figure 1. The measured mass and velocity distribution of the accelerated anorthite particles.
Particles for which cation spectra were obtained are marked by triangles, particles for which
anion spectra were obtained are marked by crosses. The best ﬁt line was generated after a 1.5σ
clip to remove outlying points. Particle masses rather than radii are shown as uncertainties in
the Pt coating thickness make estimates of particle radii unreliable.
Figure 2. The measured velocity distributions of the accelerated anorthite particles. Particles
for which cation spectra were obtained are shown in light gray, particles for which anion spectra
were obtained are shown in dark gray.
Figure 3. The observed scatter in measured peak amplitude for selected elements in the eight
spectra co-added for the 10-10.999 km s−1 velocity bin.
Figure 4.

Sum spectrum of 299 impact ionisation anorthite mass spectra obtained from

impacts at velocities of between 0.5 and 32 km s−1 . The “tails” present on the larger peaks are
artefacts of the plasma production process and are accounted for in all subsequent interpretation
of the spectra.
Figure 5. Sum impact ionisation mass spectra of anorthite for velocity bins between zero and
ﬁve km s−1 .
Figure 6.

Sum impact ionisation mass spectra of anorthite for velocity bins between ﬁve and

ten km s−1 .
Figure 7.

Sum impact ionisation mass spectra of anorthite for velocity bins between ten and

ﬁfteen km s−1 .
Figure 8.

Sum impact ionisation mass spectra of anorthite for velocity bins between ﬁfteen

and twenty-two km s−1 .
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Figure 9. Sum impact ionisation mass spectra of anorthite for velocity bins between twenty-two
and thirty-three km s−1 .
Figure 10. The fractional diﬀerence in the measured abundances of the 107 Ag and 109 Ag peaks,
and the peak amplitudes (a reasonable proxy for total ion numbers), as functions of velocity.
Data points linked by lines show the measured abundance of the

107

Ag and

109

Ag peaks, with

amplitudes shown on the right hand ordinate axis. The + symbols show the fractional diﬀerence
between the isotopic abundances, given by

107 Ag−109 Ag
107 Ag+109 Ag

, and measured on the left hand ordinate axis. The horizontal dashed line shows the expected
fractional diﬀerence in the isotopic abundance for the natural stable isotope abundances (0.51839
and 0.48161 for the 107 and 109 u Ag isotopes respectively). This is therefore

0.5184−0.4816
1

=

0.0368.
Figure 11. The abundance of the

27

Al peak as a function of the abundance of the

40

Ca peak.

The ﬁt line, constrained to pass through [0,0], is Ca = 0.79×Al.
Figure 12.

The amplitude of the 16 u (oxygen) peak from sum spectra for diﬀerent impact

velocity ranges.
Figure 13. The amplitudes of the Na, K and Ca peaks at diﬀerent impact velocities.
Figure 14.

The trend of the amplitudes of the 28, 29 and 30 u peaks (divided by the sum of

their amplitudes) as a function of impact velocity.
Figure 15. The fractional abundance of the 41 u peak, assuming it to be K (41 u/(39 u + 41
u)) as a function of impact velocity.
Figure 16.

The amplitudes of the 27 u, 29 u and

40

Ca peaks for each sum spectrum at

diﬀerent impact velocities. Ca is still present at statistically signiﬁcant levels at the highest
impact velocity.

D R A F T

July 18, 2012, 10:21am

D R A F T

HILLIER ET AL.: IMPACT IONIZATION MASS SPECTRA OF ANORTHITE

X - 41

Figure 17.

The amplitudes of the 54, 55 56, 57 and 58 u peaks at diﬀerent impact velocities.

Figure 18.

The amplitudes of the 64, 65 and 66 u peaks at diﬀerent impact velocities. The

signals are extremely low, with an error range of between 1.8 and 7, depending on the number
of spectra contributing to each point, although the appearance of each species is concomitant.
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Ionization energies, electron aﬃnities and Pauling electronegativities for ions ex-

pected in this sample of spectra, together with the most likely origin for the species observed (C:
conductive coating, P: mineral particle, T: impact target, X: processing contamination).
Element Ionisation Energy (kJ mol−1 ) Electron Aﬃnity (kJ mol−1 ) Electronegativity Origin
H
1312
-72.77
2.2
CX
B
800.6
-26.99
2.04
X
C
1086.5
-121.78
2.55
CX
O
1402.3
-7
3.04
PCX
N
1313.9
-141.004
3.44
X
Na
495.8
-52.87
0.93
X
Al
577.5
-41.86
1.61
P
Si
786.5
-134.07
1.9
P
S
999.6
-200.41
2.58
C
Cl
1251.2
-349
3.16
X
K
418.8
-48.38
0.82
X
Ca
589.8
-2.37
1
P
Ag
731
-125.86
1.93
T
Pt
870
-205.04
2.28
C

Table 2.

Composition of the Anorthite grains used.

Species
Na Mg Al
Si
K
Ca
Fe
O
Absolute Percentage 0.12 0.02 19.63 20.02 0.05 14.01 0.03 46.17
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Table 3.

The velocity ranges, midpoint masses, midpoint “particle” charges and number of

spectra contributing, for the binned cation spectra. Midpoint masses and charges were calculated
from the best ﬁt line in Fig. 1 and the relationship between mass, velocity and acceleration
voltage..
Velocity Range (km s−1 ) Midpoint mass (kg) Midpoint charge (C) Number of spectra
0 – 0.999
4.18×10−13
3.93×10−11
3
−14
1 – 1.999
1.65×10
1.40×10−11
19
2 – 2.999
3.68×10−15
8.64×10−12
25
−15
3 – 3.999
1.37×10
6.30×10−12
21
−16
−12
4 – 4.999
6.53×10
4.97×10
49
5 – 5.999
3.62×10−16
4.11×10−12
32
−16
−12
6 – 6.999
2.21×10
3.52×10
20
7 – 7.999
1.45×10−16
3.07×10−12
14
−16
−12
8 – 8.999
1.01×10
2.73×10
14
9 – 9.999
7.25×10−17
2.46×10−12
13
−17
−12
10 – 10.999
5.40×10
2.24×10
8
11 – 11.999
4.14×10−17
2.06×10−12
8
−17
−12
12 – 12.999
3.24×10
1.90×10
12
13 – 13.999
2.58×10−17
1.77×10−12
10
−17
−12
14 – 14.999
2.09×10
1.65×10
11
15 – 16.999
1.57×10−17
1.51×10−12
7
−17
−12
17 – 17.999
1.20×10
1.38×10
6
18 – 18.999
1.02×10−17
1.31×10−12
5
19 – 19.999
8.75×10−18
1.25×10−12
5
−18
−12
20 – 20.999
7.55×10
1.19×10
6
21 – 24.999
5.39×10−18
1.07×10−12
7
−18
−13
25 – 32.999
2.72×10
8.61×10
4
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Identiﬁcation of 3σ signiﬁcant spectral features observed within the sum spectrum

shown in Fig. 4. Species marked with * are present below the 3σ limit but indicated by the
presence of related isotope(s). Masses are to the nearest Dalton. Mineral indicates possible source
species from the anorthite, Other indicates
Mass
Mineral
Other
1
H
2
H2
3
H3
6*
Li
7
Li
10*
B
11
B
12
C
13
CH
14
CH2 , N
16
O
O, CH4
23
Na
27
Al
C2 H3
28
Si
C2 H4 , Si
29
Si
C2 H5 , CHO, Si
30
Si
C2 H6 ?, Si
31
OCH3
32
S
33
SH
34
S, SH2
35
Cl
37*
Cl
39
K, C3 H3
40
Ca
C3 H4
41
K, C3 H5
43
AlO
C3 H7
44
AlOH , SiO, Ca
CO2
45
SiO, SiOH
CO2 H, CH2 OCH3
48
SHCH3
53
C4 H3
55
AlSi
C4 H7
56
CaO, Si2 , AlSiH
C4 H8
57
CaOH, AlSiH2
C4 H9
58
C2 H2 S
59
AlO2
SiOCH3
61
(CH2 )2 SH

D R A F T

a source from the coating, target or contamination.
Mass
Mineral
Other
63
(CH3 )2 SH, C5 H3
64
SHOCH3 , C5 H4
65
C5 H5
66
C5 H6
67
CaAl
C5 H7
69
CaSiH
C5 H9
71
AlSiO
C5 H11
72
CaO2 , AlSiOH
73
CaO2 H
CH2 SiOCH3
75
AlO3
(CH2 )3 SH, (CH3 )2 SiOH
77
CH2 (CH3 )2 SH, C6 H5
79
C6 H7
81
C6 H9
83
AlCaO
C6 H11
85
CaSiOH
C6 H13
91
SHSiOCH3
96
Ca2 O, CaAlSiH, CaSi2
99
CaAlO2
C7 H15
100
CaSiO2
107
Ag
109
Ag
117
CaSiO3 H
147
AgCa
AgCa
149
AgCa
AgCa
151*
AgSiO, AgAlOH
AgSiO, AgAlOH
153
AgSiO, AgAlOH
AgSiO, AgAlOH
155
Ca2 AlO3
163* AgCaO, AgSi2 , AgAlSiH AgCaO, AgSi2 , AgAlSiH
165 AgCaO, AgSi2 , AgAlSiH AgCaO, AgSi2 , AgAlSiH
194
Pt
195
Pt
196
Pt
198
Pt
214
Ag
216
Ag
218
Ag
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Table 5. Velocity thresholds for the appearance and disappearance of diﬀerent species in the
Anorthite spectra. As the appearance of species at velocities as low as 0.5 km s−1 is unusual,
the next highest velocities at which particular species appear have also been shown. Velocities
of >29 km s−1 indicate that the species was still present in the highest velocity sum spectrum
presented
Mass (u)
1
2
3
7
10
11
12
13
14
16
23
27
28
29
30
31
32
33
34
35
39
40
41
43
44
45
48
53
54
55
56
57

here, not that this was the velocity at which the species was no longer detectable.
Vappear Vappear>0.5 Vdisappear Mass (u) Vappear Vappear>0.5 Vdisappear
0.5
1.5
>29
58
1.5
10.5
0.5
7.5
>29
59
1.5
8.5
11.5
16
61
2.5
8.5
2.5
12.5
63
2.5
16
14.5
20.5
64
2.5
16
7.5
29
65
1.5
16
0.5
1.5
>29
66
2.5
16
67
1.5
10.5
0.5
7.5
>29
0.5
9.5
>29
69
1.5
5.5
0.5
9.5
>29
71
1.5
9.5
0.5
1.5
20.5
72
1.5
10.5
1.5
>29
73
0.5
1.5
18.5
2.5
>29
75
1.5
16
1.5
20.5
77
1.5
10.5
2.5
14.5
79
2.5
5.5
2.5
10.5
81
1.5
5.5
4.5
>29
83
1.5
20.5
3.5
10.5
85
1.5
10.5
3.5
10.5
91
1.5
4.5
5.5
>29
96
3.5
16
0.5
1.5
29
99
2.5
16
0.5
1.5
29
100
3.5
13.5
1.5
20.5
107
0.5
1.5
29
0.5
1.5
20.5
109
0.5
1.5
29
1.5
20.5
117
2.5
9.5
0.5
1.5
18.5
147
0.5
3.5
14.5
149
7.5
14.5
0.5
1.5
16
1.5
12.5
155
0.5
5.5
16
194-198
7.5
13.5
4.5
16
1.5
16
214
3.5
29
216
3.5
29
0.5
1.5
20.5
1.5
20.5
218
3.5
29
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