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ABSTRACT

The Double Focusing Mass Spectrometer (DFMS) onboard the Rosetta spacecraft employs an electrostatic and
a magnet sector for energy and mass discrimination, resulting in a high mass resolution. A built-in feedback
loop uses the measured magnet temperature to compensate for the temperature dependence of the magnet’s
field strength. Still, large onboard temperature variations and other effects cause any given mass peak to move
over a range of 30 pixels or more on the detector during the mission. The present paper discusses the various
factors that contribute to the time variations in the mass calibration relation. A technique is developed to
evaluate and correct for these factors. A mass calibration relation that is valid for the DFMS neutral high mass
resolution mode measurements throughout the entire mission for the mass range m/z =13-69 is established
and its accuracy is evaluated. The 1o precision turns out to be less than a single pixel, which is excellent as full
peak width at half height is about 12 pixels. The proposed approach provides an a posteriori mass calibration
and is useful for all magnet-based mass spectrometers where experimental mass calibration by comparison
to reference species, temperature stabilization, and/or electrostatic compensation, are not possible or fail to

deliver a mass scale precision that is comparable to the mass resolution of the instrument.

1. Introduction

The Rosetta spacecraft of the European Space Agency (ESA) vis-
ited comet 67P/Churyumov-Gerasimenko in 2014-2016. Its instru-
ment suite included ROSINA (Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis), a mass spectrometry package for analyzing the
atmosphere of the comet [1]. Since the comet atmosphere is formed
by sublimation of volatile constituents [e.g., 2,3] or by sputtering of
surface material [4], such measurements provide insight into comet
nucleus composition.

The present paper deals with the Double Focusing Mass Spec-
trometer (DFMS), a high mass resolution instrument that is part of
ROSINA [1]. DFMS can sample either the ambient ions (ion modes) or
the neutral gas (neutral modes), by using an electric potential barrier
to block the ions from entering the instrument. Only the instrument’s
neutral modes without post-acceleration (no additional electrostatic
potential difference between the mass analyser exit and the detector)
are considered here (mass-over-charge 13-69). A schematic diagram of

the instrument is presented in Fig. 1. Neutral cometary gas enters DFMS
through a 20° x 20° field-of-view aperture. A fraction of the molecules
is ionized or broken up into neutral and/or charged fragments in the
ion source by electron ionization, with the electrons being emitted by
a filament and accelerated through a 45V potential. The resulting ions
are extracted from the source through a slit and are accelerated by a
voltage V., that is chosen as a function of the mass. The analyser
has a Nier-Johnson geometry [5] in which the charged particle beam
is deflected over 90° by an electrostatic energy analyser, followed
by a deflection over 60° by a permanent magnet. Additional optical
elements in the beam allow to select low or high mass resolution mode
(LR/HR). These include electrostatic fields used to switch between
the LR and HR slits, as well as electromagnets for the zoom optics
immediately behind the magnetic sector that are used in HR mode
to increase the beam dispersion. Finally there is also the possibility
to apply an electric potential between the exit of the zoom optics
and the detector to provide “post-acceleration” of the ions to enhance
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Fig. 1. A schematic overview of the DFMS mass spectrometer.

the instrument sensitivity, which is applied only for higher masses.
The resulting ion beam is usually recorded by a position-sensitive
combination of a microchannel plate (MCP) with a linear CCD (the
Linear Electron Detector Array or LEDA chip). The MCP consists of two
layers with narrow channels in chevron configuration [6]. Ions incident
on the MCP channels create secondary electrons, which are accelerated
by a static high voltage between the front and back ends of the MCP;
this voltage determines the ‘““‘gain” of the detector. As a result, an
electron avalanche exits the MCP and impacts the CCD. Upon impact,
these electrons can produce secondaries as well. The whole process of
ion impact and secondary electron generation plays an important role
in understanding how the detector ages and how one can correct for
this aging [7]. At maximum gain, 1 incident ion produces about 10°
electrons. The LEDA chip has two parallel rows of charge collecting
anodes, channels A and B [6,8]. Each anode pixel is able to hold up
to 5 x 107 electrons, and is read out every 6.55 ms. The CCD output
is digitized with 12 bits by an analog-to-digital converter providing a
number of electron counts per pixel (1 ADC count is equivalent to 13 000
electrons), which can be translated into a number of detected ions by
accounting for the secondary electron yield of the ions and the MCP
characteristics [9]. A spectrum is built from 3000 accumulation steps for
a total of 19.66s. The MCP/LEDA combination provides two redundant
512-pixel mass spectra in an interval centered on the commanded mass-
over-charge value (channel A and B). The mass resolution is around
m/Am = 3000 in HR mode, where Am is the full width at 1% of the mass
peak height at m/z = 28 [1,7,10]. This high mass resolution has allowed
the instrument to make key scientific discoveries [e.g. 2-4,11,12].

Basis for a reliable exploitation of DFMS data is the ability to pro-
vide an accurate mass scale. DFMS was equipped with a gas calibration
unit (GCU) holding a reference gas mixture containing CO, and the
noble gases Ne and Xe, with terrestrial isotope composition [1]. This
provides exact mass reference points to facilitate mass calibration.
However, the GCU failed before arriving at the comet. Often a priori
knowledge about comet composition allows to identify a few species
in a spectrum, from which a mass scale can be derived. For instance,
spacecraft outgassing during cruise towards the comet offered some
mass calibration reference points [13]. But this is a manual and time-
consuming process and may not even work if some species are only
intermittently present above the noise level.

Mass calibration ideally consists of establishing a relation that as-
sociates a value of m/z with each pixel p of the LEDA array when
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the instrument is operated at a commanded mass-over-charge m,/z.
Different calibration relations must be established for low and high
resolution modes as well as for high sensitivity modes involving post-
acceleration, since these modes use different settings of the electric
potentials in the ion optics. The analysis presented here is limited to the
neutral high resolution MCP/LEDA modes, the modes most often used
in space. Hypersensitive modes and the range m,/z > 69, which both
use post-acceleration, are not considered. The empirically established
mass scale for a given spectrum for these neutral HR modes is

m/z = (m,/z) ePP0) 773 D

with p, = 256.5pixel at the center of the detector, x = 25 pm the
distance between adjacent pixel centers, d = 127000 pm the mass
dispersion, and Z F = 6.4 the dimensionless HR zoom factor. The instru-
ment is designed so that the commanded mass-over-charge corresponds
to the center of the detector, m(p,)/z = m./z. Alternatively, this can be
expressed as

m/z
m./z
ZF d

with a dispersion factor a = =— = 32512 pixel.

For reasons that will be detailed in Section 2, this mass calibration
relation is an idealization. In Section 3 a methodology is presented to
compute a mass calibration relation that is valid for the entire duration
of Rosetta’s comet escort phase. Section 4 presents the mass calibration
relation that results from this approach. The physical interpretation and
the quality of the result are discussed in detail. The paper concludes
with a summary and indicates the utility of this mass calibration.

p=py+a log 2)

2. Instrument behavior

This section introduces the data set used and discusses the various
parameters that affect the mass calibration.

2.1. Data set

The analysis presented here uses DFMS HR neutral measurements
obtained near the comet, between August 2014 and September 2016.
In a first step, an automated script determines for each spectrum the
positions and peak counts for the 10 highest peaks, both on channel A
and B (not all of these peaks are used; some might be spurious features
or noise). In doing so, some spectra with small data issues have been
repaired, while spectra with more serious problems were discarded.
Peak positions have been determined after first interpolating the data
down to 0.1 pixel precision using cubic splines. The smooth shape of
the peaks allows to locate their positions consistently with a precision
of 0.2 pixel or better. DFMS mass peaks consist of two Gaussians
centered at the same position, with the second Gaussian being broader
and only at about 10% of the total peak intensity, denoted here with
N, the number of ions detected during the 19.66s data accumulation
time [9]. Due to the Poisson nature of the random incidence of ions
on the detector, this double Gaussian peak shape is obtained only
when a sufficient number of ions is detected; for lower ion counts
the resulting peaks can be deformed and tend to have an off-nominal
position because of the low statistics [9]. Peak position is correct up to
1 pixel when at least 100 ions are counted. The peak position error can
thus be estimated by

100 .
op = ~ + 0.2 pixel. 3)
In a second step, for each commanded mass-over-charge, the species
listed in Table 1 are associated with the corresponding peaks. This is
achieved as follows.

For a limited set of commanded mass-over-charge (m./z = 20, 24,
30, 32, 44), a spectrum-by-spectrum match of the masses in Table 1 with
the 10 identified peaks yields an unambiguous identification. The result
of this step is an assessment of how the peak position differs from the
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Table 1
Species used in the analysis: m_/z is commanded mass-over-charge, m/z the ion mass-over-charge, 4p,, the beam shift, and « the dispersion factor.
m./z m/z ion Apys a m,/z m/z ion Apy, a
[pixel] [pixel] [pixel] [pixel]
13 13.0073 2cH* 48.0 26 000 38 37.9715 I2C3ZS;r+ 63.4 32400
14 13.9969 12¢i6o*+ 51.2 26800 38.0025 2ClNt
14.0025 N+ 38.0151 12C,HY
14.0151 12CHZ+ 39 38.9694 2cR2gigHt 63.4 32400
15 15.0104 NH* 56.5 28800 39.0229 12CyHY
15.0229 12CH} 40 39.9944 2cleot 63.4 32400
16 15.9944 oo+ 60.2 31000 40.0182 12C2H;4N+
17 17.0024 150H* 61.0 32000 40.0307 "2CyH}
18 18.0100 H}*O* 61.5 32000 41 41.0386 "2CyHY 63.4 32400
19 19.0064 H'3O* 62.8 30000 42 42.0100 12C,H}°0* 63.4 32400
19.0178 HD'60*, HlO* 42.0464 ¢, HF
20 20.0143 H}*O* 62.5 32000 43 43.0178 12¢,Hf0* 63.4 32350
21 21.0215 HD'0*, Hi*0* 62.5 32000 43.0542 12C,Hf
22 21.9944 12C1602+4r 63.0 32250 44 43.9893 12C1502+ 63.4 32350
23 22.9892 2Na* 62.5 32250 45 45.0335 12¢,HifO* 63.5 32300
22.9965 12¢leQi8ot+ 46 46.0413 12C,Hl°0* 63.5 32300
24 23.9994 IZC; 62.5 32250 47 46.9950 12CH?ZS+ 63.5 32250
25 25.0073 2c,H* 62.5 32250 48 47.9664 28160+ 63.5 32250
26 26.0025 12CHN* 62.8 32300 48.0028 12CHS*
26.0151 12¢,H; 49 49.0106 12cHS* 63.5 32200
27 27.0104 H2CN* 62.8 32300 50 49.9622 gloo* 63.5 32200
27.0229 "2C,H} 50.0151 "2C,H}
28 27.9944 2clep+ 62.9 32400 51 51.0229 12C,H 63.5 32150
28.0307 IZCZH;r 52 52.0307 12CAH;r 63.5 32150
29 29.0024 12cH'® 0+ 62.9 32400 53 53.0386 "2C,H} 63.4 32100
29.0386 12C,H! 54 54.0464 2c,H} 63.3 32100
30 29.9974 lUNteo+ 63.0 32400 55 55.0542 12C‘,H;' 63.2 32050
30.0100 12CH,°0* 56 56.0621 12C,Hf 63.2 32050
30.0464 2C,H} 57 57.0699 "2C,HY 63.2 32000
31 31.0178 ‘2CH;GO+ 63.0 32400 58 58.0413 12C;Hi°0* 63.1 32000
32 31.9715 2g+ 63.0 32400 58.0777 12C4HT“
31.9893 %0} 59 59.0491 12c,Hif0* 63.0 32000
32.0257 2cH 0" 60 59.9664 lopi2C32g+ 62.8 32500
33 32.9793 H32S* 63.0 32400 60.0206 lzCzHJf’O;
34 33.9673 g+ 63.0 32200 61 61.0284 12¢,H0} 62.6 32000
33.9872 H?S* 62 61.9622 16012C34s+ 62.4 32000
35 34.9751 H*S* 63.2 33000 63 63.0229 IZCSH; 62.3 32000
36 35.9830 H3's* 63.3 32600 64 63.9614 281607 62.2 32000
35.9994 2ct 65 65.0386 "2CsHY 62.2 32000
37 36.9654 cr+ 63.4 32400 66 65.9571 sleof 62.2 32000
37.0073 2c,H* 67 67.0542 12C5H;' 62.2 32000
68 68.0621 "2CsHY 62.2 32000
69 69.0699 12C;Hy 62.2 32000

expected one as a function of time. This is then exploited to facilitate
and accelerate the identification for all other peaks listed in Table 1.
An ad hoc procedure is followed for m,/z = 16, 17, 18, for which V,
was not stable, often leading to deformed or double peaks [10]; for
these m./z only data from the later part of the mission were used.
The fragments in Table 1 have been chosen because they are the most
abundant ones, whose positions are well-defined, while avoiding (a)
fragments that are only intermittently present, (b) broad unresolved
peaks due to multiple fragments with very similar masses, (c) situations
where fragments only produce a shoulder (not a local maximum) on the
flank of the peak of a more abundant fragment. The selection is made
in such a way that mistakes by the peak identification algorithm are
minimized. Possible misinterpretations can be identified when the peak
position difference between both channels is too large (> 10 pixels)
or when the deviation from the initial peak position time variation is
too large (> 3 standard deviations from the running average). At least
one useful peak has been identified for each commanded mass-over-
charge between 13 and 69. Only peak identifications have been used
for which there are at least two ion counts per spectrum. We refrain
from including ions with lower abundances because this increases the
computational cost without constraining the result of the analysis very
much.

In this way, one obtains for each spectrum its time ¢, the pixel po-
sitions p, and pg of the peaks on channel A and B, the peak intensities
N, and Ny, i.e., the number of ions incident on the MCP/LEDA during

the 19.66s acquisition time for each spectrum, and the peak position
uncertainties 6p4 and épg. From the instrument housekeeping data also
a number of instrument temperatures are obtained. The corresponding
heliocentric distance R and the solar aspect angle y between the
spacecraft-Sun direction and the DFMS look direction are computed
from the SPICE kernels.

Fig. 2 offers an overview of the data acquired for m./z = 32,
good for about 14200 spectra. Heliocentric distance varies between
R = 3.6 au upon comet approach down to 1.24 au at perihelion in August
2015 and back out until the end of mission near 3.8 au (Fig. 2a). The
solar aspect angle y (Fig. 2b) is never close to zero since pointing the
observation deck toward the Sun could harm the instruments. Rosetta
often circled the comet in terminator orbits, for which y =~ 90°. Values
of w > 90° are associated with the gradual approach to the comet from
the sunward side (2014/08-2014/10), with flyby trajectories (2015/02—
2015/03), and with Rosetta’s time spent well ahead of the comet near
perihelion (2015/09-2015/11) and in the months following a safe mode
(2015/04-2015/06) due to star tracker problems caused by dust particles
(safe mode data gap during 2015/03/28-2015/04/10). Deviations in y
are also observed during the Rosetta manoeuvres for the Philae lander
delivery (around 2014/11/12).

Let illumination function f,,, represent the solar flux reaching
DFMS (Fig. 2c). The effective area of DFMS exposed to the Sun can
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Fig. 2. An overview of DFMS data used in this study: (a) distance from the Sun R, (b) solar aspect angle y, (c) the illuminated fraction of DFMS f;,., (d) various DFMS
temperature sensor readings (see text), (e) pixel positions p, and p, of the 3 peaks in the m /z = 32 neutral mode HR spectra for both MCP/LEDA channels, and (f) their pixel

difference p, — pp. See main text for more explanation.
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Fig. 3. Illumination of DFMS: The observation deck points toward the comet (z axis),
the solar panels (along the y axis) toward the Sun, in a geometry defined by the solar
aspect angle y. The photograph shows Rosetta during vibration testing (OESA/Anneke
Le Floc’h); solar panels are drawn on top.

be approximated by

Aexp - 0° <y < 60°,
Awp =1 Acpo(135 —9)/75, 60° <y < 135°, &)
0, 135° <y < 180°,

which assumes that DFMS is fully illuminated when the Sun is > 30°
above the observation deck, that DFMS is in darkness when the Sun is
> 45° below the deck, with a linear variation in between (see Fig. 3).
The solar flux reaching DFMS then is

AexpW)

R2 Ay ®

Sium@W) =
exp,0
with the normalization fy;,,(0°) =1 at R = 1au.

Fig. 2d shows the temperature readings from a few DFMS tempera-
ture sensors (precision 0.1°C). A first group of temperatures are those
measured in the electronics box (only main electronics pack sensor
Twvep—g is shown). The power dissipation in the electronics box is fairly
constant. As the box is well encapsulated below the DFMS analyzer
section, the temperatures are relatively high and show little variability.
However, as the electronics box is mounted to the observation deck
(aluminum honeycomb) with a weak thermal coupling to the spacecraft
structure, these temperatures drop significantly when DFMS is shut
down because of high voltage electric discharge risks due to thruster
exhaust during pre-planned momentum wheel off-loadings and orbital
correction maneuvers. A second group of temperature sensors is located
in the detector head. Sticking out above the observation deck and far
from the electronics box, the temperatures are lower there, despite
being covered by multi-layer insulation. The temperature near the
MCP/LEDA detector (T;gp,) is lower than that of the Remote Detector
Pack (RDP) electronics (Typp) located behind the detector, where heat
is dissipated. The detector head was kept from becoming too cold by
having the RDP heaters ON whenever DFMS is powered. The non-
operational heater in the detector head was continuously ON when
Rosetta was far from the Sun. It was switched OFF on 6 May 2015,
resulting in a T;gp, drop of ~18°C, and back ON on 11 November
2015, with a corresponding T,gp, increase. A similar signature is
present for Typp. A third group of temperature sensors are those located

near the instrument aperture (7, near the cover motor, T, in the

oV 1
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Fig. 4. Probability distributions of the differences in position of the 3 peaks in the
m,/z = 32 mass spectra (blue for channel A, green for channel B).

ion source). The cover motor was never activated during the comet
encounter. As the cover motor temperature sensor is far from any
source of dissipation, it has the lowest temperatures, down to —50°C.
The temperature in the ion source is similar to that of the cover motor
when DFMS is shut down, but once the instrument is powered ON, the
dissipation by the filament of the ion source leads to a temperature
increase of about 45°C. Finally, there is the temperature measured
near the magnet (7j,,,), which fluctuates around 0°C, somewhere in
between the temperatures in the main electronics box and in the
detector head. Short-term variability in the DFMS temperatures is due
to the regular instrument shutdowns, leading to recurrent temperature
drops; upon instrument restart it takes DFMS a few hours to recover.
Long-term time variations in the DFMS temperatures are due to changes
in illumination. The correlation between f,, and 7,,, (far from any
dissipation and thus controlled by illumination only) is visually evident
from Fig. 2c and d.

Fig. 2e shows the peak positions of the three main peaks at m,/z =
32. The peak positions p, and pp recorded by channel A and B are
slightly different, so that there are two slightly shifted curves for
each mass peak. The peak positions are seen to move collectively
and one can visually notice that these motions are related to the
temperature variations. In early 2016 a “beam shift” was implemented
by systematically reducing the acceleration voltage. The goal was to
displace the commanded mass-over-charge towards a less used part of
the MCP/LEDA detector that had not yet degraded so much, in order
to improve the sensitivity. This beam shift amounts to ~63 pixels at
m,/z = 32. In general, the shifted peaks are found at

Pap =Pap+ Apps(m./2) (6)

where Ap, (m,/z) is determined a priori by comparing the average peak
positions immediately before and after the shift (see Table 1). For the
remainder of this paper, it is assumed that the beam shift has been
applied.

The ion beam produces an image of the entrance slit on the detector.
Ideally, this image should be perpendicular to the LEDA rows, but
in reality there is some misalignment [7]. The resulting difference
Apasp = p4 — pp is given in Fig. 2f. Notice that the beam shift is not
visible in these curves as both p, and pjp shift by the same amount.
The differences for the three peaks are plotted together and appear to
be essentially the same. The difference varies mostly between —1 and
—4 pixels. There is no evident variability with temperature. Sometimes
Ap4p changes rather abruptly. The Ap,p values spread over a range
of ~0.6 pixels, consistent with the random error of 0.2 pixels on p,
and pp and confirming the appropriateness of the peak determination
procedure. Fig. 4 shows that the relative distributions of the differences
between the positions of the three peaks remain within +0.3 pixels from
their average values, for each channel, again confirming that the peak
position data set is accurate to 0.2 pixels and validating the use of
sub-pixel precision.



J. De Keyser et al.

290

— 280

) [pixe

(05

2270

260}

-20 -15 -10 5 0 5 10 15 20
Tng [°C]
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2.2. Parameters affecting mass calibration

The actual mass calibration relation is more complicated than sug-
gested by Eq. (1). Any non-ideal behavior in the ion optics (acceleration
behind the source slit, deflection in the electrostatic analyzer and the
magnet, dispersion in the zoom optics) modifies the relation. Moreover,
the physical laws governing a mass spectrometer are continuous, while
the control laws for operating the instrument work via the setting
of electric potentials, limited to a discrete set of values. Therefore,
although the mass calibration relation can theoretically be described
by continuous laws, in practice the relation is a discrete one.

2.3. Magnetic fields

The magnet strength depends on its temperature T,,,,. This depen-
dence has been established prior to flight as [14]

B =0.3550[T] — 1.7262x107*[T/°C|(T},, — 22.0)[°C].

ag

The nuclear spin ordering in the Sm-Co magnet alloy and in the Fe-Co
yoke and pole pieces is perturbed as temperature increases, reducing
magnet strength and shifting the mass peaks. A weaker field implies a
lower Lorentz force and thus less bending and a shift towards higher
pixel position (higher mass) on the detector.

This effect is rather dramatic. For instance, as the temperature
increases from 0 to 22 °C, the field strength changes by a factor 0.9893
from 0.3550 to 0.3512T, corresponding to a displacement of the mass
scale by f = 1.07% (the displacement is inversely proportional to
B) or af = 348 pixels. A mass peak located at the center of the
detector at 0 °C thus would be off the detector at 22 °C. DFMS therefore
features a feedback system that adapts V. based on the continuous
measurement of T,,,,. This feedback loop is meant to remove the
effect of T,,, from the mass calibration relation. Unfortunately, a
temperature dependence remains present. This is evident in Fig. 5,
which correlates the position of the '°0} peak in the m/z = 32
spectra from channel A (after correcting for the beam shift) to 7,,,,.
There is a positive correlation at short time scales (variations related
to instrument shutdown and cold restart). Hence, the uncertainty in
temperature correlates with an uncertainty in pixel position, 6p; «
6T e The temperature discretization is 267y, = 0.1°C, while the
actual measurement accuracy is estimated to be 6T, = 0.15°C at 3o-
- +6T2,, )% = 0.16°C. This translates

level, leading to 6T, = (6T
into a 3¢ position error uncertainty of 6p; = 0.16 pixels. Superposed on
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the correlation between position offset and temperature at short time
scales, there are temperature variations at longer time scales due to
changes in illumination.

There are several factors likely contributing to this remaining tem-
perature dependence. First, the T,,,, sensor is glued onto the magnet
and might therefore only report a proxy for the actual magnet tem-
perature. Second, the magnet temperature can be non-uniform so that
there is no unique T, especially because the Sm-Co alloy has a
specific heat capacity typical of metals (on the order of 400J/kg °C;
compare to 900J/kg °C for Al) but a thermal conductivity that is sig-
nificantly lower than that of other metals (around 12 W/m °C; compare
with 220W/m °C for Al). Temperature equilibrium is therefore more
difficult to reach. Finally, there may be temperature effects in the
electromagnetic elements as well, such as the zoom optics.

2.4. Electric fields

The acceleration voltage is chosen so as to guide (hypothetical) ions
with the commanded mass-over-charge onto the center pixel, thereby
attempting to compensate for the magnet strength variability. However,
the precision with which the electric fields in the instrument can be set
is finite, with a 14-bit power supply providing the acceleration voltage,
a 12-bit power supply for the transfer optics, an 18-bit supply for the
electrostatic analyzer voltages to allow for an accurate temperature
compensation, and two 14-bit power supplies for the zoom system [1].
The 14-bit precision for the acceleration potential (which varies over
almost 2 decades) leads to discretization intervals of 26V, o1/ Viccel &
10%2"* =1 = 3 x 10~ (for logarithmically spaced potentials). Since
Vicel & (m./z)7!, the relative error on the mass scale is the same.
This translates into discrete steps of 6p = a25(m/z)/(m/z) = ~9 pixels
each time V., changes to account for varying 7,,,,. Ideally, the 18-bit
electrostatic analyzer potentials compensate for these steps. The electric
field Eg, in the analyzer (proportional to the difference between the
inner and outer electrostatic analyzer potentials) can be set over a range
of about 2 decades with a discretization step of at most 26 Egp /Epp &
1022 = 1.8 x 1075 (logarithmic spacing). The curvature radius in the
analyzer is r « 1/ Eg,. Therefore, ér/r = 6 Egy / Ega. This implies 6pp =
a8Egs/Ega = 0.29 pixel, corresponding to jumps of 0.58 pixels, which
must be considered a lower bound for the 3¢ error. As a consequence,
there will always remain some jitter in the peak positions.

2.5. Mechanical effects

Strong thermal gradients may exist across the optical tube despite
the encapsulation in thermal blankets. Knowing that the primary struc-
ture is made of Ti [1] with a thermal expansion coefficient around
e =8x10% /°C and assuming a temperature difference of AT = 50°C
across the analyzer section with an effective length of L = 25cm and
width W = 12.5 cm, the resulting tube deformation is Ax ~ eAT L* /W =
250 pm in the direction of the mass dispersion, equivalent to 10 pixels.
In reality there may not only be a deformation of the tube that positions
the detector in the ion beam, but also the mounting of the zoom optics
and other elements may be affected by temperature. Such thermal de-
formations may lead to stick-slip behavior, i.e., discontinuous changes
showing an unpredictable hysteresis effect with temperature.

Another mechanical effect is the misalignment of the ion optics,
responsible for the slight offset between mass peak positions on chan-
nels A and B [7]. Asymmetric illumination can lead to a torsional
deformation of the tube so that this misalignment and thus 4p,p may
change with temperature.
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2.6. Effects in the ion source

Cometary dust particles occasionally have entered the ion source,
leading to interesting signatures [12,15]. Refractory dust material may
cover part of the slit. The slit used in high-resolution mode has a width
of 14 um, in the typical size range of cometary dust particles. The prime
effect of such dust particles covering part of the slit is a reduction in
the instrument transmission. A secondary effect, however, can be a
displacement of the mass peak, an effect that does not necessarily must
be the same over the entire anode row. If such refractory particles can
charge electrostatically, deflection of the ions near the slit may produce
unexpected effects.

3. Methodology

This section presents the methodology used to compute the mass
calibration relation.

3.1. Form of the mass calibration relation

A basic technique for computing the mass calibration was put
forward in [9]. The idea there was simply to use the position of the
well-defined and isolated CO;r peak at m,/z = 44 [16] as it varies over
time. This was then assumed to represent the variations in position also
at other m,/z. Here, this idea is expanded on and combined with the
mass calibration relation of Eq. (2).

A first ingredient for an improved mass calibration is the inclusion
of temperature dependence to capture short-term variations in peak
position, in the form

Apr (Tinag (), TLepa (), T (1) =

Vmag [Tmag - Tref] + YLEDA [TLEDA - Tref] (7)
+7is[Tis(®) — Trer ],

with reference temperature 7, = 0°C and proportionality factors
Ymag> 7LEDA> aDd 7;s. The rationale is that T,,,,, Ty gpa, and Tj; represent
the different sections of the optical tube, so that this combination
captures the linear temperature dependencies completely. Any other
short- or long-term variations due to mechanical effects or changing
temperatures elsewhere in the instrument are captured by a function
of time D(¢) that does not depend on m,/z.

A second ingredient is the possibility that the commanded mass-
over-charge position on the detector may depend on m./z (instead of
being exactly at the center), approximated here by a polynomial of
order n,

(8)

n
me/z— Mg/ Z m.[z—m.;/z
Apo(mc/z)=a1g+...+an <M) ,

Myef / z Myt / z

with reference mass-over-charge m;/z = 32. The assumption that
variations with m,/z are smooth stems from the logic that the entire
instrument is controlled by electric potentials that depend on m,/z.
As the electric potentials are discrete, there may be (small) additional
corrections 4p,, /. at each m,/z.

A third ingredient is the fact that Ap,, changes slightly with m,/z.
Therefore, reliable measurements of 4p, 5 are identified first (for peaks
with sufficiently high ion counts, spread over the entire mass range).
The value of Ap,p for other m,/z is obtained by linear interpolation
(first in time, then in m,/z).

This leads to mass calibration relations that are an extension of
Eq. (2), giving the position of m/z as a function of time as
pa(m/z,t) = pg+ a(m,/z)log ’:1//2

c

Z + Apy(m./2) + Ap,, ;.

+A4pr (D) + %ApAB(t, m,/z)+ D(t), 9

m/z

pp(m/z,t) = pg+ a(m./z)log e + Apy(m/2) + Ap,, /.
c
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+Apr () — %ApAB(t, m,/z) + D(t), 10)

where m,/z is the commanded mass-over-charge for the peak of mass
m/z (the nearest integer mass-over-charge). Note that Apy(m,.;/z) =
0 and Apy(Tyer, Tyep» Tro) = O define the time average of D(t). The
dispersion factor a(m,/z) is given a priori (see Table 1); it is computed
for spectra in which multiple well-identified peaks are present and
interpolated elsewhere.

3.2. Computational technique

The mass calibration relations of Eq. (9)-(10) contain as unknowns
the quantities yy.o, YLEpAs Yiss @15-+-5@p> APy3, ... Apgy, and the pa-
rameters needed to represent D(f). A multivariate optimization proce-
dure [17,18] is used to find the values that best fit the observations.

The optimization target function compares the observed peak po-
sitions to the model positions, i.e., the residuals r, = p, — p, and

rg = pg — pp. For any given set of Ymag> YLEDA> Yis> 41s .-y, ONE Can
compute
m/z
Py(m/z,t) = py+ a(m,/z)log + Apg(m, /z)
m,/z
1
+ Apy (Tipye) + EAPAB(’v m,/z)
= palm/z.t) = Ap,, ;. — D(), (€8]
m/z
Pg(m/z,t) = py+ a(m,/z)log —— + Apy(m,[z)
m,/z

1
+ APT(Tmag) - EAPABO’ mc/z)

= pp(m/z,1) — App, 2 — D). (12)
The residuals can then be expressed as

ra = Ppa—Dbax = pa—[Py+4p, /. + D)

~ py— [Py + D] = Ry, 13)
rg = pg—Pp = pp—[Pp+4p, .+ D®)]
~ pgp—[Pg+ D(t)] = Rp, (14

since the 4p,, . are only small corrections. Therefore, D(r) can be de-
termined by simultaneously fitting p, — P, and pz — Py for all the peaks,
weighed by the uncertainties of Eq. (3), using a least-squares approach.
A piecewise linear spline is used here to represent D(¢), regularized by a
smoothing factor (which is needed to avoid overfitting and to deal with
data gaps). Once D(7) is computed, the model peak positions (without
accounting for the 4p,, ,.) are known and one obtains R, and Rp. The
optimization target function is then formulated as

F=L1rF+p, 15)
a2
with
v Ry \? Rp) \?
AL (Ra; +< (R, 1)
2v & [ \std(Ry),; std(Rp);
1 v o <RAij )2 np;j <RBij >2
F, = — + a7)
’ 2v ; [,;1 Opaij ; oppij

where v is the number of peaks that is considered and n,; and ng;,
i = 1...v, give the number of spectra available for peak i. The F;
term expresses the offset of the average residuals (R,); and (Rp); for
the different species from zero (weighed by the respective standard
deviation), while F, accounts for the variances of the residuals; the
constant a = 1/20 indicates how much the residual bias reduction is
favored over minimizing the spread of the residuals.

The resulting optimization problem has 3 + n unknowns, a small
number that, moreover, is independent of the number of ion species
considered. Since the optimization problem is nonlinear, the difficulty
is to find a good starting solution and to avoid getting trapped in local
minima. The following procedure was found to work well.
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Ap [pixel]

Fig. 6. The red curve gives the continuous variability 4p,(m,/z) of the peak position
offset as a polynomial; the actual peak offsets differ from the continuous curve since
they also include a discrete component 4p,, ;.. The error bars reflect the 1o variability
of the residuals (blue/green for channel A/B), see also Table 3. For m,/z =32, Ap=1
pixel corresponds to 4m/z = 0.001..

Phase 1: The problem is solved while using only 1/100th of the
number of data points, with a modest precision (a relative precision
€ = 0.00014> on the optimization parameters) and a smooth D(t) (only
20 discretization points, smoothing parameter 1), in successive steps.
In a first step only m,/z = 15, 20, 30, and 32 are used, benefiting from
their well-defined peak positions. In subsequent steps, the set of m,/z-
values is progressively expanded until all values are included, each time
improving the previously obtained fit. In the course of this process, the
degree of the polynomial is chosen as half the number of m,/z-values,
increasing up to a maximum » = 8. At the end of this phase, the solution
is further improved by optimizing to a high precision (e = 0.000000142),
using all the data for all m,/z, but still maintaining a smooth D(¢). The
data are then filtered to remove data points that are manifest outliers
corresponding to peak misidentifications, by requiring the measured
peak positions to be within 5 times the standard deviation from the
running mean, and in any case not more than 5 pixels off.

Phase 2: The solution is then refined by keeping the obtained
temperature dependencies ¥y, ¥ Epa» %is» DUt using a more accurate
representation for D(r) with 10000 points. In 10 steps the smoothing
constant is progressively decreased down to 1014 (computations with
low precision, the fraction of data points used is progressively increased
from 1/100th to the full set of points). In a last step, the problem is
solved to high precision.

Phase 3: After a final outlier removal (again requiring the data
points to be within 5 times the standard deviation from the running
mean, and not more than 5 pixels off), the problem is solved once more
up to high precision.

At the end, the small 4p,, ,. corrections are set to the weighted
average of the observed deviation for all peaks at m,/z:

Zi(Z;i'l Ry /o4 + Z;’f. Rg;i/op)
2i(nai/04; +npi/op)
where i designates the ion species in spectra at m./z. If only a single
ion species is considered at this m./z, if the residual variances on
both channels are identical, and if the number of usable spectra on

both channels is the same, ny; = ng;, the deviation is 4p,, ;.
((Ry;) +(Rp;))/2, the average residual from both channels: The 4p,, .
corrects for the remaining model deviation and thus shifts the residual
distribution so that it centers around zero (that would exactly be the
case if the average residual would be the same for all species and for
both channels).

; (18)

Apmc/z =

4. Results and discussion

As a result of the optimization process, the strongest temperature
correlation is found to be that with 7,,,,,, but smaller correlations with
Tigpa and T contribute as well (Table 2). One can state approxi-

mately that the peak position shifts by 1 pixel for every °C of magnet
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Table 2
Main peak position fit parameter values.
Vinag 1.0419 pixel/°C
YLEDA —0.0653 pixel/°C
Yie —0.1100 pixel/°C
a -2.6257 pixel
a, -6.1319 pixel
a —-8.8714 pixel
a, 17.9194 pixel
as 95.7488 pixel
ag -105.2135 pixel
a; —44.7335 pixel
ag 53.0774 pixel

temperature change, in addition to the temperature correction that is
already built into the DFMS processing unit (about 16 pixel/°C). The
polynomial coefficients a, are given in Table 2, while Fig. 6 plots
the polynomial and shows how A4p,(m./z) varies over a few pixels at
most, while smaller discrete A4p,, /. are responsible for the deviation of
the observed positions. The error bars reflect the 1o variability of the
observed residual distributions. The smooth systematic variation of the
peak position offset is largest at low m, /z, which is where the strongest
electric potentials are used in the ion optics. The discrete corrections
sometimes show a sharp discontinuity, e.g., between m/z = 49 and
50. The error bars are smallest between m/z = 25 and 35, where
the ion count rates are large so that peak positions are well-defined.
Table 3 lists, for each peak, the values of Apy(m,/z), A, /2> the mean
residuals (r,) and (rp), as well as median(|r,|) and median(|rz|) and
the standard deviations o(r,) and o(rg). The standard deviations are
generally smaller for channel B than for A and are as low as 0.30 pixels
for well-defined peaks. This can be compared to the instrumental effects
of temperature measurement accuracy and temperature and electric
potential discretization, 6p, = (8p3 + 6p3)1/2 = 0.33pixel, as a
minimum for the 3¢ uncertainty. The conclusion is that, for intense
peaks, a large fraction of the residual variability can be explained
by these instrumental effects. The table also gives the number N, ;4
of valid spectra in which the peak could be visible, i.e., the number
of spectra at the corresponding m,/z after removal of invalid spectra
(spectra with data issues or with incompatible information between
channel A and B), as well as the number N4 of spectra in which the
peak was identified and used in the final optimization step. Overall, for
a total of about 850 000 mass spectra at 57 different m, /z, about 705 000
data points have been used from a total of 1260000 potential peak
positions (56%) belonging to 84 different fragments. The difference
between both is mostly due to peaks that were not intense enough
(especially at m/z = 21, 23 and > 60), the deformed peaks at 16, 17,
18, and due to failing peak identification. Finally, the time profile D(r)
and the observed A4p,p(m,/z,t) profiles are not reported here but can
be found in [19].

Fig. 7 presents a visual evaluation of the quality of the fit by
displaying both the observed and the model positions. In order to make
the figure readable, it focuses on a 10-day interval (1-11 November
2016) and just a few mass peaks. Peak positions are seen to vary during
the cold restart after each DFMS shutdown. As temperatures first drop
a bit more due to thermal inertia and then recover due to the heat
generated by the electronics, the peak positions follow the same trend.
The differences between the measured positions (squares/diamonds for
channel A/B) and the solid lines (interrupted at data gaps) are small.
The same good fitting quality is achieved consistently throughout the
entire mission and for all mass peaks (except at m/z = 16, 17, and 18
as discussed earlier).

Figs. 8 and 9 show the distribution of r, for all species considered
(plots for rp are similar). The residuals for well-defined peaks are
confined to +1.0 pixel (~30), sometimes with half of the distribution
within +0.2 pixel, the precision down to which the peak position data
are given. Less abundant peaks have broader distributions, but still
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Fig. 7. Observed peak positions p, (squares) and p, (diamonds) as well as model positions p, and p; (solid black line segments, interrupted where there are data gaps) for

selected species at m/z = 30 and 32, during the first days of November 2014.

the bulk of the distribution is within +1 pixel. The main reason for
this is that the observed peaks are not necessarily at the nominal peak
position because of the low count rates and the stochastic nature of the
ion detection process [9]. When redoing the analysis with more strict
data quality selection and outlier rejection, even smaller distribution
widths are found. Among the species considered here, many of the
less abundant species are at m,/z > 50. At m/z = 19, the peaks for
HD'®0* and Hj°O* were deliberately treated as one in the analysis.
In the residual distribution, a broad plateau with a width of 2 pixels is
found, corresponding to the mass difference between both species. Both
species dominate equally often, and sometimes they are both present
so that they form a single combined peak at an intermediate mass [see
also20], so this residual behavior is expected. Something similar occurs
at m/z = 21 for the corresponding species with 80 but with abundances
that are much lower. For '2)CH* at m/z = 13 the fit is poor, which can
be ascribed to the rather low count rates and the broadening of the
peak due to nearby 3C+.

5. Summary and conclusions

In this paper an optimization methodology was described to fit
a model of the peak positions observed in DFMS spectra in neu-
tral high resolution modes without post-acceleration. The model takes
into account variability due to temperature fluctuations on short time
scales (associated with periodic instrument shutdowns) and on long
time scales (associated with illumination changes and possibly ther-
mal expansion/contraction). The model is valid for the entire comet
encounter. The 1o-precision is generally better than one pixel.

The T,,,,-based feedback system implemented in DFMS to account
for the change in the strength of the magnet with temperature was
able to eliminate ~90% of the corresponding changes in peak position.
It could have been advantageous to stabilize the magnet temperature
passively (adding thermal insulation, increasing thermal inertia, ...)
and/or actively (using heaters), but that would have cost mass and/or

power. In any case, the automatic temperature compensation remains
limited by the finite 7;,,, measurement precision. Moreover, in combi-
nation with the discretization errors on the electric potentials, the beam
positions would still experience a jitter of ~0.3 pixel even with a correct
temperature compensation system.

Given the consistent good quality of the fit throughout time, for a
variety of peaks that appear at different positions on the MCP/LEDA,
one can conclude that significant shifts of the peak position because of
sharp gradients in MCP gain due to detector aging are absent [7].

Different explanations for the complex time-dependence have been
discussed. The small residuals point to a common origin for the time
variations captured by ¥y,,05 ¥LEDAS Vis> @0d D(1), regardless of m,/z. The
most likely explanation is that they result from temperature or thermo-
mechanical effects and not from electric deviations, since the potential
settings are different for the various m,/z. Also the presence of dust
near the slit, immediately downstream of the instrument ion source,
may explain part of the time variability.

The DFMS design included a gas calibration unit that provided a few
mass reference points at selected m,/z values. The GCU failed before
arrival at the comet. If it would have been available throughout the
comet escort phase, it could have been helpful in establishing the mass
scale, but because of the finite gas reservoirs and the time needed to
perform a GCU calibration run (tens of minutes per run), it could never
have resolved the high-frequency time changes in the mass calibration
relation. In view of poor pressure regulation by the thermovalves, the
use of the GCU for establishing the changes in instrument sensitivity
with time would also have been limited.

In conclusion, the physically motivated mass calibration relation
presented here consolidates our understanding of DFMS behavior in
space. Having an accurate mass calibration is useful for facilitating
fragment identification. One of the anticipated uses is in providing the
correct common mass scale needed for producing sum spectra, which
offer an improved signal-to-noise ratio.
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Fig. 8. Distribution of the peak position residuals for all species considered in the fitting procedure at m/z = 13-39, for MCP/LEDA channel A.

to +o(r,). The distributions typically are confined to +3c(r,).

While the mass calibration technique described here has been de-
veloped specifically for DFMS, it has more general applicability. Any
type of mass spectrometer that employs a magnetic field must account
for the change of magnetic field strength with temperature. A first
approach is to use a thermostat to keep the magnet temperature within
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Dashed vertical lines correspond

a narrow range. Such an approach may be limited by the thermal
inertia of the instrument. Also, the operation of heaters might introduce
undesirable temperature gradients within the magnet. In the case of
mass spectrometers that combine a magnetic and an electric sector,
like in the Nier-Johnson setup [5], another way to cope with changing
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Fig. 9. Distribution of the peak position residuals for all species considered in the fitting procedure at m/z = 40-69, for MCP/LEDA channel A. Dashed vertical lines correspond
to +o(r,). The distributions typically are confined to +3c(r,).

magnet strength is to compensate for it by adapting the electrostatic
potentials in the instrument. However, there are limits on the precision
of the magnet temperature measurement that drives this adaptation,
and also the discretization of the electric field is a constraint. A third

way to avoid magnet temperature problems is to alternate measure-
ments of the sample with measurements of a reference sample with
species at known nearby m/z to provide an experimental calibration.
If any of these approaches (or a combination of them) fails to deliver
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Table 3
Offsets Apy(m./z) and 4p,, ;,, A and B residual mean (r), median(|r|) and standard deviation o(r), number of valid spectra N,,;,; and number used N,y
m./z ion Apy(m,/z) Apy, sz (ra) median(|r,|) o(ry) (rp) median(|r|) o(rp) Nyalia Nusea
[pixel] [pixel] [pixel] [pixel] [pixel] [pixel] [pixel] [pixel]
13 2chHt —-6.21 +0.38 0.00 0.77 1.32 0.00 0.77 1.31 15259 12789
14 12¢lept+ -4.49 -0.57 +0.13 0.51 1.01 +0.21 0.63 1.08 15248 7445
14 N* —-4.49 —-0.57 -0.08 0.55 0.79 —-0.07 0.60 0.85 15248 11036
14 12CHJ —-4.49 —-0.57 -0.05 0.52 0.74 —-0.05 0.50 0.71 15248 11993
15 4NH* -3.12 +0.47 -0.05 0.43 0.68 -0.04 0.39 0.60 15240 12901
15 12CHy -3.12 +0.47 +0.04 0.34 0.54 +0.03 0.34 0.54 15240 12986
16 160+ -2.07 +1.22 0.00 0.38 0.53 0.00 0.38 0.54 16 020 3174
17 150H* -1.27 -0.97 +0.01 0.30 0.45 -0.01 0.30 0.49 16030 383
18 H*O* —0.69 —-0.84 +0.02 0.21 0.36 —-0.02 0.21 0.36 59469 7771
19 H'80* -0.27 +0.86 +0.12 0.35 0.61 +0.18 0.36 0.51 16008 12517
19 HD'¢0*, H;*0* -0.27 +0.86 -0.30 0.97 1.24 —-0.34 0.95 1.15 16008 12666
20 H;SO"‘ +0.01 —-0.00 0.00 0.29 0.46 0.00 0.27 0.42 17 436 14758
21 HD'"0*, H*0* +0.19 -0.46 +0.42 1.33 1.89 -0.34 0.98 1.55 15993 607
22 2cleoi+ +0.30 -1.36 0.00 0.58 1.01 0.00 0.56 0.94 17412 12901
23 BNat +0.35 -1.43 +0.35 1.32 1.92 -0.14 0.99 1.52 15179 856
23 2cleQiBo++ +0.35 -1.43 +0.22 1.37 1.90 —-0.27 0.88 1.29 15179 891
24 2cy +0.37 —-0.33 0.00 0.40 0.68 0.00 0.36 0.57 15170 12726
25 2¢,H* +0.36 +0.34 0.00 0.29 0.46 0.00 0.27 0.42 15162 12962
26 2CMN*+ +0.33 —-0.25 +0.03 0.31 0.50 +0.02 0.27 0.41 15149 13102
26 12C,HY +0.33 —-0.25 -0.02 0.24 0.35 —-0.01 0.23 0.34 15149 13124
27 HI2CHN* +0.29 +0.37 +0.01 0.23 0.35 —-0.04 0.22 0.34 15152 12953
27 ]2C2H3+ +0.29 +0.37 -0.01 0.23 0.34 +0.04 0.23 0.34 15152 12976
28 l2cteo* +0.25 +0.11 0.00 0.21 0.33 —-0.04 0.21 0.31 17517 15207
28 12C,H} +0.25 +0.11 0.00 0.20 0.30 +0.05 0.20 0.30 17517 15237
29 2cH'®0* +0.20 -0.25 +0.04 0.22 0.33 0.00 0.21 0.32 15112 12996
29 12C,H? +0.20 —-0.25 —-0.03 0.24 0.37 —-0.01 0.22 0.33 15112 12976
30 MNIeO* +0.14 +0.60 +0.30 0.43 0.61 +0.22 0.34 0.46 17511 15032
30 ”CH;‘(’O*‘ +0.14 +0.60 -0.05 0.23 0.35 -0.09 0.22 0.33 17511 15095
30 12C,H} +0.14 +0.60 —-0.14 0.28 0.44 -0.11 0.25 0.43 17511 14929
31 2cH} 0t +0.08 —-0.11 0.00 0.22 0.34 0.00 0.22 0.33 14358 12495
32 gt 0.00 —0.44 +0.11 0.23 0.34 0.05 0.23 0.35 14349 12427
32 ]602* 0.00 -0.44 -0.05 0.24 0.37 -0.04 0.22 0.34 14349 12480
32 12cH)*0* 0.00 —-0.44 -0.04 0.23 0.36 —-0.03 0.25 0.39 14349 12413
33 H32g8+ -0.09 +0.16 0.00 0.23 0.37 0.00 0.22 0.35 14346 12392
34 g+ -0.19 —-0.05 +0.04 0.39 0.64 +0.01 0.31 0.54 14319 11284
34 H2s* -0.19 —0.05 -0.02 0.23 0.37 —-0.01 0.23 0.37 14319 12261
35 H3g+ -0.31 -0.16 +0.06 0.51 0.96 —-0.05 0.34 0.85 14320 7849
36 H;“S*‘ -0.43 -0.34 -0.07 0.48 0.89 -0.17 0.38 0.95 15750 6680
36 2ct —0.43 —-0.34 +0.07 0.50 0.87 +0.13 0.39 0.74 15750 7055
37 scrt -0.58 +0.53 -0.11 0.73 1.20 —-0.02 0.69 1.18 14302 1434
37 12C,H* -0.58 +0.53 -0.03 0.44 0.79 +0.10 0.39 0.71 14302 9463
38 ”CJZSZH -0.73 +0.84 +0.09 0.52 0.93 +0.13 0.43 0.83 15745 10134
38 IZC;'NJr -0.73 +0.84 +0.01 0.65 1.05 +0.07 0.43 0.78 15745 6158
38 12C;HY -0.73 +0.84 -0.18 0.44 0.77 —-0.09 0.38 0.75 15745 11654
39 12032g34gH++ —-0.88 -0.02 +0.03 0.99 1.58 —-0.06 0.36 0.70 14293 1896
39 "2CyHY —-0.88 —-0.02 —-0.06 0.32 0.53 +0.10 0.30 0.51 14293 10036
40 2cleot -1.04 —-0.59 +0.02 0.80 1.35 +0.14 0.73 1.21 15736 2213
40 12CZH;“N"‘ -1.04 -0.59 0.00 0.61 1.02 +0.10 0.44 0.92 15736 6539
40 12C;H} -1.04 —-0.59 -0.16 0.51 0.91 —0.05 0.44 0.91 15736 9120
41 12C;HY -1.20 -0.17 0.00 0.35 0.61 0.00 0.35 0.60 16788 14550
42 12C,H}°0* -1.34 +0.34 +0.01 0.49 0.79 —0.02 0.36 0.69 16786 14238
42 ]2C3H; -1.34 +0.34 -0.01 0.44 0.81 +0.02 0.41 0.78 16786 13863
43 12C,Hif0* -1.47 +0.69 0.00 0.38 0.63 —-0.08 0.33 0.57 16764 14579
43 12C;HE -1.47 +0.69 +0.04 0.39 0.73 +0.06 0.37 0.70 16764 13761
44 ]2C160;' -1.57 +0.02 0.00 0.26 0.39 0.00 0.25 0.38 18380 16 406
45 12¢,HifO* -1.64 —-0.40 —-0.11 0.46 0.79 +0.12 0.63 0.87 15223 13383
46 2C,Hi°0* -1.68 -1.11 -0.29 0.60 0.95 +0.27 0.67 0.88 15206 7795
47 12CH§2S+ -1.67 -0.99 -0.18 0.59 0.99 +0.17 0.64 0.93 15203 10004
48 2gl60* -1.63 —-0.94 —-0.20 0.49 0.84 +0.05 0.47 0.75 15206 10058
48 2CH St -1.63 —-0.94 -0.15 0.77 1.24 +0.29 0.62 0.95 15206 5067
49 12CHS* -1.54 —-0.70 -0.06 0.95 1.58 +0.05 0.86 1.31 15190 3012
50 Hgloo* -1.41 +1.60 -0.18 0.92 1.41 -0.11 0.89 1.36 15183 3315
50 "2C,H} -1.41 +1.60 +0.01 0.77 1.21 +0.23 0.79 1.10 15183 6025
51 12C,H7 -1.24 +1.24 -0.06 0.76 1.21 +0.06 0.79 1.16 10609 5524
52 ]2C4H: -1.04 +0.70 -0.11 0.84 1.31 +0.10 0.78 1.17 10610 4242
53 "2C,H? —-0.82 +0.25 —-0.14 0.89 1.33 +0.13 0.82 1.22 10614 3721
54 2C,H; -0.59 —-0.37 -0.23 0.90 1.36 +0.19 0.73 112 10592 2470
55 12C4H'7" —-0.36 -0.58 -0.04 0.88 1.33 +0.04 0.81 1.27 10589 5483
56 2C,Hf —-0.15 —-0.50 —-0.03 0.81 1.31 +0.03 0.80 1.23 10581 5280
57 2C,H} +0.01 —-0.33 -0.14 0.90 1.37 +0.12 0.76 118 10584 3727
58 12C;Hi°0* +0.13 +0.07 —-0.10 0.91 1.40 —0.06 0.85 1.31 10579 3345
58 IZCAH;’“ +0.13 +0.07 -0.18 0.83 1.25 +0.23 0.55 0.89 10579 2825
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m./z ion Apy(m,/z) 4p,, /- (ra) median(|r ) o(ry) (rp) median(|rp]) o(rp) Nyaiia Nusea
[pixel] [pixel] [pixel] [pixel] [pixel] [pixel] [pixel] [pixel]
59 12¢;HIf0* +0.17 +0.08 -0.16 1.04 1.51 +0.14 0.95 1.36 10574 1210
60 lopi2c32g+ +0.13 +0.28 +0.03 0.65 1.01 +0.03 0.63 0.97 10573 7740
60 ‘ZCZHj"O; +0.13 +0.28 -0.04 0.71 1.07 -0.01 0.58 0.92 10573 3378
61 12¢,HI00} 0.00 -0.15 -0.04 0.94 1.48 +0.04 0.85 1.34 10576 1375
62 l6Q12C34g+ -0.21 -0.28 +0.03 0.86 1.35 -0.02 0.63 1.00 10573 2764
63 12¢ H;’ —-0.50 -0.25 -0.03 1.03 1.51 +0.02 0.77 1.10 11569 509
64 28160% -0.83 -0.02 0.00 0.72 1.08 0.00 0.67 0.99 13011 9377
65 12CSH;r -1.16 0.00 —-0.05 1.09 1.66 +0.03 0.71 1.08 13005 445
66 34S“’O; -1.41 -0.03 +0.12 1.04 1.66 -0.10 0.89 1.38 12994 2263
67 12C5H; -1.48 +0.09 -0.11 0.99 1.55 +0.09 0.89 1.27 11555 632
68 12¢ H;’ -1.24 +0.07 -0.26 1.29 1.79 +0.17 0.83 1.14 11978 366
69 12CSH;r -0.49 —-0.04 +0.12 1.26 1.78 -0.07 0.76 1.13 10538 557
a mass scale precision that is comparable to the mass resolution of References

the instrument, the technique described in this paper can be relevant,
at least in situations where continuous measurements are made at
different m/z: By identifying the main peaks and following their chang-
ing positions over time, the correlation with the temperature of the
magnet and/or other parts of the instrument can be determined and
the residual time dependence can be fitted in an ad hoc fashion. The
usefulness of the approach lies in its being able to provide an accurate
mass calibration for past measurements. Extrapolating the calibration
to future measurements is only partially possible: One can use the
temperature correlation, but the residual time dependence is not known
in advance.
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