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ABSTRACT

A full-mission analysis has been conducted of Cl-bearing species™in_the coma of comet
67P/Churyumov-Gerasimenko as detected by the Rosetta ROSINAJDFMS mass spectrometer. The
isotope ratio of the two stable chlorine isotopes 3’C1/?>Cl is found to he'0.33640.017, to be compared
with the standard mean ocean chloride value of 0.320. The isotope Tatio does not change appreciably
throughout the mission. The Cl-bearing species fingerprint.in DFMS indicates that there is at least
one additional chlorine-bearing species in the coma next¢to HCl, CH3Cl and NH4Cl. The identity of
this volatile or semi-volatile species is unknown at this-time.
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1 INTRODUCTION

The Double Focusing Mass Spectrometer (DFMS), jpart
of Rosetta’s ROSINA instrument (Balsiger ethal. 72007),
has been remarkably successful in investigating the atmo-
sphere (or coma) of comet 67P /Churyumov-Gerasimenko in
exquisite detail. The European Space Agency’s Rosetta mis-
sion examined comet 67P from up close as'the comet moved
from 3.5au in August 2014 to perihelion at 1.24 au in mid
2015, and out again up to,3.6 au in/September 2016, when
the spacecraft was put to rest omthe comet nucleus and shut
down. Measurements with DFMS have led to the discovery
and accurate quantification of a large number of cometary
species, such as HDO\(Altwegg et al. 2014), O, (Bieler et al.
2015), N, (Rubin etyal/2015), glycine (Altwegg et al. 2016)
and others./Nevertheless, despite the instrument’s high dy-
namic range and.mass resolution, DFMS measurements are
not always easy to interpret. This is in large part because
the” ele¢tron ‘impact ionization (EII) process in the DFMS
ion seuree can produce multiple types of ions for each of the
parent neutrals in the coma gas. In some situations it has
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proven to be a challenge to obtain information on the par-
ent neutral(s) associated with an observed ion in DFMS. All
ion species referred to in this study are EII products in the
DFMS ion source and should not be confused with primary
ions in the coma.

The formation of halogen-containing species in molec-
ular clouds is well understood (Neufeld & Wolfire 2009).
According to present understanding the main reservoirs
of halogens in protostellar clouds are the hydrogen
halides (Jura 1974; Dalgarno et al. 1974; Kama et al. 2015).
Dhooghe et al. (2017) presented the first in-situ coma ob-
servations for the halogen-containing species HF, HCl and
HBr. The Cl/O elemental abundance ratio was found to
vary as a function of distance from the comet and a follow-
up article by De Keyser et al. (2017) explained these obser-
vations in terms of a distributed source model. Recently,
Altwegg et al. (2020) identified NH4Cl as another chlorine-
bearing parent. Also CH3Cl has been found in the coma of
67P (Fayolle et al. 2017). Among others, the CIT/HCI' ra-
tio measured in DFMS plays a key role in establishing which
neutral chlorine-bearing species are present in the coma. An
update of this ratio with reduced uncertainty margins can
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help to shed light on the identity of the chlorine-bearing
parents.

Another key result from the initial analysis presented
by Dhooghe et al. (2017) was the 37Cl/33Cl isotope ratio.
This ratio appeared to be compatible with the terrestrial
Standard Mean Ocean Chloride (SMOC) ratio, but that was
not unexpected because of the rather large uncertainty on
the observed value.

An obvious way to improve on the results of
Dhooghe et al. (2017), who used only DFMS data from 01
to 31 October 2014, is to extend the data analysis so that it
covers the entire mission. It turns out that this decreases the
random error sufficiently so that the uncertainty margins on
the ratios become bounded by the systematic errors. Fortu-
nately, there have been several improvements regarding the
calibration of the instrument and the data reduction, which
help to reduce those systematic errors. First, an improved
position-dependent gain correction technique has been im-
plemented (De Keyser et al. 2019a). Second, the overall and
position-dependent gain factors have been determined from
on-board instrument calibration measurements throughout
the mission (Schroeder et al. 2019, supplementary material).

The present paper describes such a full-mission study.
The data and the analysis methods are presented in Sect. 2.
The 37C1/33Cl isotope ratio and the CI* /HCI' ratio are re-
ported in Sect. 3. The paper concludes with a discussion and
an outlook in Sect. 4.

2 DFMS DATA AND ANALYSIS METHODS

This section briefly recalls the operation of DFMS and de-
scribes the data reduction. An analysis of the measurements
of the lowly abundant chlorine-bearing species for the entire
mission requires that the effects of instrument ageing are
appropriately dealt with.

2.1 DFMS operation and data analysis

For the measurements considered here, DFMS was,operated
in neutral mode, in which electron impact ionizes‘a’ frac-
tion of the incoming neutral gas in the/ion"source. Only
ions in a narrow range around a certain commanded mass-
over-charge ratio m/z pass through-the mass ‘analyser and
impact on a micro-channel plate (MCRP),.¢reating an elec-
tron avalanche that is recorded(by a Linear Electron Detec-
tor Array chip with two rows of'512/pixels each (LEDA A
and LEDA B). The data are 6btained as Analogue-to-Digital
Converter (ADC) counts as '@ function of LEDA pixel num-
ber. The instrument scans.over a sequence of m/z values.
The mass calibration associates pixel number p with
mass m following m(p)y= moexp|[(p — po)x/ Zd], where pg is
the pixel positionof mass mg, x =25 um is the separation be-
tween thé centres, of successive pixels, d = 127000 um is the
mass dispersion factor, and % = 6.4 is the zoom factor for the
highiresolution mode. The mass calibration is improved by
obtaining empirical fits for pg and 2 as function of the tem-
perature of the instrument optics (De Keyser et al. 2019b).
The ADC counts are first corrected for position-
dependent MCP degradation using the technique introduced
by De Keyser et al. (2019a) and are then converted to ion

counts per second and per pixel using

Rip) — ADC), Uapc cLEDA
At '

€8MCP @
where e represents the elementary charge, ADC,, denotes the
ADC counts corrected for the offset inherent in the operation
of the detector (Nevejans et al. 2000) and thus the number
of electrons collected by each pixel, gymcp is the overall MCP
gain factor (for reference species N; and energy 3050eV),
Uapc = 2.5/(21271) V is the ADC conversion factor, ¢ gpa =
4.22x 10712 F is the LEDA capacitance, and At = 19.66 s the
total integration time. The intensity calibration uses the gain
correction factors established by Schroeder et al. (2019, sup=
plementary material). The position-dependent gain corree-
tion technique allows to accurately determine the contribu-
tions of lowly abundant EII products that are not completely
resolved because of an adjacent highly abundantiproduct,
which is the case for most of the mass spectra, considered
here. For an isolated peak in a mass spectrum, the inte-
grated area Ry = ):[,1?([1) over all pixel$ that make up the
peak is a measure of the number of.ions Y./For multiple
partially overlapping peaks, a peak fitting procedure is used
that takes into account the specific double-Gaussian peak
shapes in DFMS (De Keyser'et al. 2019b). The number of
ions of species Y that arrive at thesdetector is Zy = Ry /Uy,
where Uy is the secondaty“electron yield of ion ¥ when hit-
ting the MCP at the acceleration energy used in DFMS,
relative to the reference'species and energy.

2.2 Neutraltabundances

Tons of'species ¥ can be produced by ionization and/or frag-
mentation of several parents X following

Ay~ Y nx Sx fxv, (2)
X

where ny is the abundance of neutral species X and Sy is the
instrument sensitivity factor for parent X. This sensitivity
factor

Sx = ox Y T(mz) Uz fx -z 3)
Z

takes into account the total EII cross-section ox of neutral
species X in the ion source, the transmission t(mz) of EII
product ion Z through the instrument and the secondary
electron yield uz of product Z on the MCP, and where fx_,z
is the fraction of Z among the sum of all EII product ions
of neutral X. The sensitivities in Eq. 2 can be determined
experimentally by introducing the different neutrals X in the
DFMS instrument copy in the laboratory. Unfortunately,
this information is not always available. For species that
have not been measured in the instrument copy, the sensi-
tivity for a specific neutral can be estimated using an ap-
proach based on the calibration for noble gases (Calmonte
2015, Chapter 4.2.3.2, Appendix B.1), although with a high
uncertainty.

2.3 Data for chlorine-bearing species

This study focuses on the chlorine-bearing EII products (and
a few related product ions) listed in Table 1 and shown in
the example spectra in Fig. 1. In this study, DFMS data
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Figure 1. Sum spectra obtained by accumulation of 13 individual
spectra recorded by DFMS on 11 January 2016 for mass 35 (top)
to 38 (bottom) for LEDA B. The blue points represent the data,
the thin dotted curves the fitted contributions of different ions
and the red curve the sum of all contributions.

Table 1. EII products at selected m/z considered in this study

m/z Ion Mass/charge (u/e)
35 Bt 34.9689
H3s* 34.9757
36 H¥CIT 35.9767
H3*S* 35.9835
37 et 36.9659
38 B3Cr+ 37.9737
12¢3283t 37.9720
76 12C¥sy 75.9440

in high resolution mode (m/Am = 3000, Balsiger etial. 2007)
from the complete mission are used. The m/z difference of
0.0017 u/e between H3CI* and 12C3ZS%+ isstoorsmall to sep-
arate them. However, the peak area of the lattercan be in-
ferred from that of 12C3ZS; as discussed in Appendix A. The
contribution of H3’CI* can then belobt@ined by subtracting
that of 12C3ZS%Jr from the signal at\38u/e.

Equation 2 allows to determine the density of the neu-
tral parents entering DFMS. Howevér, not all these neutrals
necessarily come from thé"ambient coma. They might also
originate from thruster firings or desorption, diffusion, and
decomposition of spacecraft materials (Schléppi et al. 2010).
Another possibility is'sublimation of cometary material that
was frozen in cold traps on the spacecraft. This background
is inherently‘variable and changes with illumination. In the
present=study the background is considered negligible for the
chlorine-bearing parent species. A first argument is that the
levels of 32CIT and H3CIT measured in May 2014, well be-
fore comet encounter, were on the order of a few ions per
spectrum at most, i.e. barely detectable, while ¥’CIT and
H3CI* were at marginal levels in only a few spectra. Sec-
ond, the instrument is switched off during and directly after
thruster firings so the measurements do not record direct
plume exhaust gas. Third, data acquired when the space-
craft illumination changed rapidly have been excluded, thus
avoiding measurements where sublimation of deposited ma-
terial is significant. Finally, while for fluorine a background
source has been identified in the form of the braycote lubri-
cant (perfluorated hydrocarbons) for the solar panel hinges
(Schléppi et al. 2010), no such source is known for chlorine-
bearing compounds.

Normally, the spacecraft observation deck points to the
comet. Data for which the off-pointing angle 6 is too large,
are removed. For the analysis presented here, it is required
that at least part of the comet is in the 20° x 20° field of
view (FOV) of DFMS, that is

0 < FOTV +arctan (dzn;)n) , (4)

where dyj, =3.1 km is the minimum cometary diameter and
D is the distance from the comet to the spacecraft.

2.4 Determining isotope ratios

To establish the 37C1/33Cl ratio with the smallest uncertainty
margin, DFMS has taken high resolution spectra, for in-
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stance, at m/z =35 and 37. Data obtained at different m/z
and thus at different times are linked to each other as de-
scribed in Appendix B. The use of ratios has the advantage
that some of the parameters from Eq. 2 do not need to be
known and their associated uncertainties are eliminated. The
ratio of detected ions of both CI isotopes
nx Sx fx_,acr+
‘%37Cl+ Xe{*Cl parent}

R o+ Yy
X€e{¥Cl parent}

(®)

ny SX fx_) 3501

involves the contributions of all possible neutral parents.
For instance, assuming HCI is the only parent of CI*, the
37C1/33Cl ratio can be rewritten as

nyyicr _ Pacr Sl fuscrsser ©6)
nyser Ascr Suval fuvosor

Unfortunately, the sensitivity of DFMS for neutral HCl was
not measured in the instrument copy. In an effort to reduce
the uncertainties on the final result as much as possible, the
components playing a role in determining the sensitivity will
be addressed separately.

Ionization and fragmentation of a neutral species de-
pend primarily on its electron cloud structure. The first ion-
ization potential of HCI is 12.7 eV, much less than the 45eV
electron energy in the DFMS source. Relative isotopic dif-
ferences in first ionization potential are on the order of 10~°
(Ueda 1969). Also, the reduced mass of an electron in an
ionizing collision differs by less than 107® for both isotopes.
Therefore, it is safe to assume that the ionization cross sec-
tions and EII product fractions for both isotopes differ by
less than < 1073, The Cl isotope ratio in HCI then is, to a
good approximation,

nyscl %370* Ty Mssept R+

(7)

sl Ay Tacr Moo Rascr

ADC, Uapc cLepa
gt Mascrt LpelTCr ) cguens A )
- ADC, U

T+ M1+ »_ UapC CLEDA
cr Kl ZPE{BSCﬁ} €8MCP3s At
Ty Mascpr gMcpss pe{dcrt} ADC)p o)
- 9

Trcrt Marert 8MCP37 Zpe{zscﬁ}ADCp

where the sums run over the pixels that makeaip'the 33CIT

and 37CIT peaks, respectively, and gmcpss and\gmaps7 are
the MCP gains for spectra acquired at m/z=35"and 37u/e.
Since the species are lowly abundant, the maximum gain
was used for all of them, so that gycp3s= gmer37- The actual
gain of the MCP may slightly change with/temperature and
it certainly changes with the aging of the instrument. Since
these changes are very slow andisince only measurements
close in time are considered, ‘the gain ratio is unity with a
precision of better thafi, 1073/ In’ the end, one obtains:

nge A Tsep s Lpe(rary ADCp (10)
s N, e Wier Lpegscrr) ADCp
Appendix D presents an approach to estimate the trans-
mission through the instrument as 7 o< m =349 This means
that fsscy+ oo = 1.028 £0.028, i.e. with an uncertainty
of 2.7 %. The secondary electron yield of an ion due to
kifietichelectron emission can be approximated by a func-
tion ‘of ‘the form i = aivarctan(bg(v — vim)), where v is
the ion impact velocity on the MCP and v, a thresh-
old velocity, while a; and b, are species-dependent con-
stants (Meier & Eberhardt 1993; De Keyser et al. 2019b).

Since electron emission results primarily from an electronic
effect, no differences are expected in ay, by, and v}, for both
isotopes (Hasselkamp et al. 1992). When applying the ap-
proximation py = apbrv(v —vyiy) for ion velocities slightly
above v, (De Keyser et al. 2019b), considering ai, by and
viim identical for both isotopes, v, = 33km/s, and calcu-
lating the velocities with which 3>CIt and 37CIT ions hit
the MCP for a given magnet temperature using theoretical
DFMS voltages, one obtains

Hsscrr _ vsal(Vscl—Vim) _ 4 e (11)
Marcp+ V37C1(V37Cl — Vlim

Knowing viscy and vy within 0.5% due to incomplete
knowledge regarding inflow velocity and the (temperature-
dependent) potentials in the instrument, and estimatinghalf
of the resulting errors to be correlated, these uncertainties
affect the ratio by 1.3 %. Secondary electron yields calcu-
lated by Meier & Eberhardt (1993) agree with their data to
better than 10%. When attributing this uncertainty mar-
gin to vy, alone, one finds 8Viy, /viim ~/10 %. The resulting
uncertainty on o+ /Marcps from vigm. can be/sestimated as
0.5%. The deviation of Usscy+ /Uargp i, dueto magnet temper-
ature differences is lower than 0.04% for the magnet tem-
perature range observed. The total uncertainty on the yield
ratio is then 1.8 %. The uncertainty=6n the number of counts
Ry At is approximated by*the«Poisson error /RyAt; for ex-
tremely low count rates it is somewhat higher because of
the MCP pulse heightidistribution. In addition, there re-
mains an uncertainty{due to the non-perfect assessment of
the position-dependent MCP degradation correction, con-
servatively estimatéd to be at most 2% (De Keyser et al.
2019a).for a single measurement, of which 1% is due to the
error_ on the overall shape of the position-dependent gain
calibration’ curve, and 1 % due to random errors. As the cor-
rections in the numerator and denominator of the calibrated
count/ratio are always based on the same calibration curve,
the systematic error cancels out when considering the ratio.
The overall error on the isotope ratio depends on all the fac-
tors in Eq. 10. Adding up the uncertainties on the EII cross
section ratio Oypscy/Opyc; and on the EII product fraction
ratio fipscis ssert /furci vcrt» which are 0.001 %, on the gain
ratio gmce3s/gmcps7, which is 0.1%, on the T35Cl+/T37Cl+ ra-
tio, which is 2.7%, and on the psscy+ /Usrop+ ratio, which is
1.8 %, one finds a total uncertainty of 4.6 %. To summarize,

et _ 1,180 ZpG{”Cl*} ADC,
npscy Ypepscr ADCp

with a relative error of 4.6% + (1/\/Ruci~At + 1%) +
(1/+y/Rsscp+ At +1%), which amounts to about 6.6% when
count rates are high.

While Eq. 6 and the subsequent reasoning were devel-
oped for the case where HCI is the only parent species, a
completely analogous argument can be made when there are
multiple parents, as long as their relative proportions are the
same for both the 3°Cl- and 3’Cl-bearing isotopologues.

Another way to determine the 3’Cl/33Cl ratio is by com-
paring the H¥CIT and H33CI* signals. In a similar manner,
one finds that

(12)

gl _ Tasart Hassart Lpepuart) ADCp (13)
ngscr Tgver Mpcrt Lpe(nscrty ADCp

Using the same methodology to derive the uncertainties,
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Tsert /T = 1.027+£0.027 with a precision of 2.7 % and
Mpsert /Mo = 1.145 with an uncertainty of 1.8%. The
Poisson error determines the uncertainty on the H3CIT
count rates. In the present situation, the uncertainties on the
H3CI* count rates follow from the errors on the combined
peak at m/z =38u/e after using the technique for removing
the contribution of 12C?’ZS%+ as described in Appendix A,
plus the systematic 0.2% error associated with this tech-
nique. For both, the imperfect MCP degradation correction
adds to the uncertainty. Consequently,

nacl _ 1176 Zpé{H”Cl*} ADC,
NS Y e} ADCy

(14)

with a relative error of 4.8% + (1/\/Rywci+At +1%) +
(1/+/Rypscr+At +1%), which amounts to 6.8 % in case count
rates are high.

The isotope ratio is established from measurements over
a prolonged time period by taking a weighted logarithmic
average (see Appendix C). In determining the uncertainty
on this average, the random error due to Poisson count-
ing statistics decreases as the number of measurements in-
creases. The errors on the position-dependent gain are par-
tially random since they have been determined multiple
times during the mission and since the position of peaks
changes with temperature. It is estimated that this error is
reduced by a factor of 3 in the long-term average. The other
error contributions can be considered systematic. In conclu-
sion, the relative error on the weighted logarithmic average
of the 37C1/3Cl isotope ratio is the random error on the
ratio due to the Poisson uncertainties, which decreases with
count rate, combined with a remaining error of 5.3% or 5.5%
when derived from 37CI* /33CI* or from H¥CIT /HPCIY, re-
spectively.

2.5 Using ratios to trace Cl-bearing parents

Besides comparing counts of isotopic variants of the same
ions, it is also possible to compare ratios of ions that contain
the same chlorine isotope. Data obtained at different m/zare
linked to each other as described in Appendix B. Assume
for the moment that HCl is the only source of chlorine{ then
there are two different ways to determine nypsapfrom %sscp+
or from Zypscy+. Hence

%35Cl+ _ fH35Cl_>35Cl+ _ (15)
Z = ="s
wsert Suwscsmwscrt

This can be generalized if the ioms have multiple parents.
In that case, however, one\alse.needs to know the instru-
ment sensitivities for “the different parents in addition to
their fragmentation.patterns. Expressing Eq. 15 in terms
of the measuredmass, spectra one finds

Tscrr_ Tascrt Mscr Roscrr

16
& Hypscrr Tt Mascrr Rypsers (10
L Tsscrt Hgssort Zp€{35cl+}ADCP (17)
Tsop Mascp+ Zpe{H35C1+}ADCp7
where the sums run over the pixels that make up the 3CIT

and H¥CIT peaks, respectively, and where it is implicitly
considered that the gains at m/z =35 and 36u/e are iden-
tical with a precision < 1073, With the transmission from

Appendix D, Tyscy+ /s = 0.986 4+ 0.014 giving an uncer-
tainty of 1.4 % on the end result. Using the approximation
U =Y;nja;ib;jv(v—vyy) for ion velocities not far above vy
(De Keyser et al. 2019b) leads to

Hgsscert _ by + asc bsscy viscr (Vassel — Viim) (18)
M5+ asscy b35C1 V35C1(V35C1 - Vlim)

Note that chlorine-bearing compounds were not included in
the experiments performed by Meier & Eberhardt (1993).
Given their vicinity in Mendeleev’s table, it is not surpris-
ing that Alonso et al. (1980) found the secondary electron
yields of Cl and S to be very similar. For v, = 33km/s,
visscr and vsscp calculated using theoretical DFMS voltages,
a and b values for H and S from Meier & Eberhardt (1993),
and with uncertainties of 0.25% on vsc; and visg/and of
10% on viim, asscp and bsscy, Mypsep+ /Mo = 1.007 £,0.027
(uncertainty 2.7 %). The uncertainties on the gain tatioyon
Tscr+/ Tpsrt > and on sy /Hypsers add up 56 4.2 %. Conse-
quently,

Zp€{35Cl+} ADC,

Y35 = 0.993 s
Lpeuscrty ADCp

(19)

with a relative error of 42% +1/\/Rsci+Ar + 1%) +
(1/y/Rypscr-At + 1%), which, amoetnts to 6.2% in case
count rates are high./Using=the same methodology for
the 37Cl isotope, where y37= Ryt [ Rymcrt Viim = 33km/s
and vy and v frem’ theoretical voltages, one ob-
tains Tywep+/Tige =.0.987 £0.013 (a precision of 1.3%)
and Hyzrop /Moy =,1:0104+0.028 (an uncertainty of 2.8 %).
When includingsthée 0.1 % error on the gain ratio and the
0.2% error from-the technique of Appendix A,

Lpeprarr} ADCp
Lpecrry ADCy’

with a relative error of 4.2% + (1/\/Rucp+At + 1%) +
(1/\/Ryprcy+ At +1%), which amounts to 6.2% in case the
count rates are high.

Establishing y35 and 937 from a long-term weighted loga-
rithmic average (Appendix C) with similar considerations on
random and systematic errors as before, the relative errors
0735 and 8737 are the random Poisson error on the average
ratio combined with 4.9% and 5.1 %, respectively.

Y7 = 01997 (20)

2.6 Data selection

Figure 2 presents the ion count rates Ry for 3CIT,
H¥Crt, ¥l (H37CI++12CSZS§+)7 and 12C‘%ZS;F, measured
by DFMS between arrival at the comet (06 August 2014)
and end of mission (30 September 2016) for both LEDA
channels. The count rates vary with heliocentric distance
and with distance and relative orientation of Rosetta with
respect to the comet. The ratio of the signals acquired simul-
taneously on both LEDA channels, Ry gpa B/RLEDA A, is also
plotted. This ratio should be unity. Deviations from unity
may occur due to potential changes caused by dust in the
ion source. However, for all ions this ratio should remain
the same. This is indeed the case up to early 2016, with the
ratio varying between about 0.5 and 1.5. Because the cur-
rently established calibration technique cannot account for
m/z-dependent B/A ratios, and because the relative amount
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Figure 2. Ion counts per second (Ry) for 3*CI*, H¥CIT, 7CIt, (HYCI* +12¢282%), and '2C?2S5 recorded by DFMS at m/z = 35, 36, 37,
38 and 76u/e on LEDA channels A (top panel) and B (middle panel). The bottom panel shows the LEDA B to LEDA A ratio.

of data after 11 January 2016 is limited, data after early
2016 have been excluded from the analysis.

The COPS neutral gas density monitor (Balsiget, et al.
2007) does not observe anything peculiar on 11" January
2016, yet abrupt changes are recorded by DFMS:The tela-
tive sensitivity of at least one of both LEDA channelsvaries
suddenly as testified by the jump in the B/A*ratiovisible in
Fig. 2. Moreover, the B/A ratio becomes different for differ-
ent signals. In any case, after that time, the ion counts for
the halogen-bearing fragments are near‘ersbelow the detec-
tion limit for channel A. The changes on 11 January 2016 are
probably due to an icy dust grain entering the DFMS ion
source, since a brief peak is“ebserved for CO™, CO;F, C82+
and the halogen-bearing fragments, but not in the COPS
density. Grains have entered/the ion source on multiple oc-
casions, for instancevon 05 September 2016 (Altwegg et al.
2020). On 05-September 2016 at 18:18:42 the DFMS ion
source filament current, which is used to regulate the emis-
sion currént,suddenly increased considerably. The origin of
this inerease can only be linked to an icy dust grain entering
the/DEMS ion source as the filament current compensates
forthe'emitted electrons that are blocked by the grain. The
filament current rapidly decreased and came back to nor-
mal levels on 18:29:52. Data from this dust event may seem
of particular interest because of the very large quantities of
3¢, 37CIT and H3CIT observed for both LEDA channels.

Unfortunately, no reliable quantitative statements can be
made regarding dust grain volatile composition during this
event as the conditions in the ion source are unstable and
the characteristics of the dust grain are unknown.

3 RESULTS

The previous section has introduced the most recent DFMS
data reduction techniques and a reliable full-mission data set
has been identified. This allows to determine the 37Cl/3°Cl
and CI* /HCI ratios with narrow uncertainty margins.

3.1 37C1/33Cl isotope ratio

The 37Cl/ 35Cl isotope ratio is obtained as the weighted av-
erage from Xy /R and RBywiey+ /Pygsscr+ as described
in Section 2.4. The R ratios are presented in Figs. 3 and 4,
respectively, and both R and £ ratios are summarized in
Table 2. The value from Dhooghe et al. (2017) is included
in the table and represents the ratio of the sum of all time-
correlated measurements of Ry q+ divided by the sum of all
time-correlated measurements of Rss+ during October 2014,
and the uncertainty on that ratio obtained by propagation
of the Poisson error only. The logarithmically weighted time
averages for 3’Cl1/3>Cl and H3”C1/H?*Cl for both LEDA chan-
nels and the complete data set are compatible with each
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R37C|+/ Rsscl+ =0.282 + 0.003

R37C|+/ R350|+ =0.284 + 0.003

LEDA A, n = 2896

10° 10? 10*

R35C|+

LEDA B, n = 3186
il 103
i 102
| 101
i 100
| 1071
10° 10? 10*
R35C|+

Figure 3. *'CIT counts per second (R37¢+) as a function of 3CIT counts per second (Rssg+) for both LEDA“channels/ The weighted
logarithmic average isotope ratio is given by the black line and its value and uncertainty are presented above thesplot. Data are rescaled
to a 10 km comet-spacecraft distance using an 72 expansion law (Hansen et al. 2016) and are varying from blue to red between 06 August
2014 and perihelion and from red to green between perihelion and 11 January 2016.

RH37C|+/ RH350|+ =0.297 + 0.006

RH37C|+/ RH35C|+ =0.283 + 0.005

of :
10°: LEDA A, n =667
106 L
+_
RL) 104 L
I
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10? 10* 108 108
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Figure 4. HYCI" counts per second (Ryief) as a function of HCI' counts per second (Rysscy+) for both LEDA channels, when

RH35CI+/R12C3252+ > 1.0. Same format as Fig. 3.

other within the randém erfor margin (3’Cl/3Cl: Poisson
errors 0.003 for LEDA Asand B, while the difference be-
tween the two channels is 0.002, so compatible up to 0.47c;
H¥C1/H3Cl:; Poisson erfors 0.006 for LEDA A and B, while
the difference between the two channels is 0.014 or 1.70).
Also, as,shown in Figs. 3 and 4, the data are scattered evenly
aroundithe line representing the weighted average during the
whole time period, which implies that the 37Cl/33Cl isotope
ratio, does not change significantly throughout the mission.
As the Poisson errors for measurements on both channels are
statistically independent and the position-dependent MCP
degradation correction has been done independently for both

channels, it is justifiable to combine the results by tak-
ing the logarithmically weighted average for both LEDA
channels and for both Cl and HCI, which does not signif-
icantly reduce the uncertainty any more, since the uncer-
tainty is completely dominated by systematic errors. The
overall 37Cl1/33Cl isotope ratio for the coma is 0.336 +£0.017.

3.2 CIt to HCI' ratio

The Rep+ /Rycy+ values from 3¢l and ¥7Cl are presented in
Figs. 5 and 6, and 7, respectively, and their R and Z ratios
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Rasg+/ R, s+ = 0.563 + 0.003

R3SCI+/ R

WSt = 0.556 + 0.003

10*t LEDA A, n=5495

RasCI+

LEDA B, n = 5917 <10*

] 10-1

10° 10? 10*
RH35C|+

10° 10? 10*
RH350|+

Figure 5. CIT counts per second (Rsscp+) as a function of H¥CI™ counts per second (Rypscy+) for both LED A*channels/ The weighted
logarithmic average ratio is given by the black line and its value and uncertainty are presented above the, plot«#The variability of the
3CIT /HBCIT ratio throughout the mission is shown in Fig. 6. Data are rescaled to a 10 km comet-spacecraft distance using an r?> expansion
law (Hansen et al. 2016) and are varying from blue to red between 06 August 2014 and perihelion and fromyred to\green between perihelion

and 11 January 2016.

et

LEDA B
=
o

R350|+/ RH35CI+

L

|
Sep 2014 Jan 2015

May 2015

Sep 2015

Figure 6. Risc+ /Rysscp+ as a function of time throughout the mission. Data are colour-coded for the logarithm of spacecraft cometocentric
distance between 8 (October 2014, orange) and 1260 km (August 2015, blue). Poisson errors are indicated in black and the 16 uncertainties
are given in red. A 14 days moving average is given in green to illustrate the long-term variation.

are summarized“in Table 3. The following observations are
made:

o Theobserved *>CIT /H¥CI* ratio varies throughout the
mission, (Fig. 6) in a way that closely resembles the CN/HCN
ratioyfrom Hénni et al. (2020).

&, The full-mission value of 0.556+0.031 for 3CI* /H3CI*
differs strongly from the one given by Dhooghe et al. (2017)
for _Qctober 2014. Applying the analysis methods of the
present paper to October 2014 alone results in a ratio of
0.5644+0.032, which is very similar to the full-mission value.

There remain therefore two reasons for the discrepancy with
the earlier paper. First, the data processing method is dif-
ferent (updated gain factors, new position-dependent gain
correction technique, correction for the p ratio). Second,
Dhooghe et al. (2017) applied an overly conservative back-
ground correction. They estimated the 33CIT and H¥CIT
backgrounds from spectra on 02 August 2014, when Rosetta
was already in the coma as evident from the diurnal modula-
tion of the signal, to be 0.217 and 0.187ions/s, respectively.
The strongest signals for 33CI* and H3CI* in the 1 —31
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R37CI+/ RH37C|+ =0.487 + 0.015

R37C|+/ RH37CI+ =0.476 + 0.014

LEDA A, n = 490 LEDA B, n =523
10%¢ 1108
10%¢ {10°
10%¢ 110*
ks
o 10%F 1108
10%F 1102
10t {10t
10°F 110°
10° 10? 10* 108 10° 10? 10* 108
RH37CI+ RH37CI+

Figure 7. YCIt

RH35C1+/R12C3252+ > 1.0. Same format as Fig. 5.

Table 2. 3'Cl/**Cl isotope ratios obtained using integrated areas
(R) and number of ions (%) together with random (8R) and total
(6%) 1o uncertainties (see Section 2.4) and number of spectra
used (n).

st Aert 4 S R SR n
LEDA A“ 0290 0.020 341
LEDA A? 0312 0.019 0264 0.007 451
LEDA B? 0312  0.019 0264 0.007 482

LEDA (A+B)* 0312 0017 0264 0.005 933
LEDA A¢ 0.333  0.018 0282 0.003 2896
LEDA B¢ 0.335 0.018 0.284 0.003 3186

LEDA (A+B)¢ 0334 0.017 0283 0.002 6082
LEDA A¢ 0.318 0.019 0269 0.007 470
LEDA B¢ 0.311  0.018 0.264 0.006 494

LEDA (A+B)¢ 0314 0.017 0266 0.005 964

wYcrt /a3 crt 4 O R SR n
LEDA A4 0.350  0.021  0.297 +0:006_\ 667
LEDA B¢ 0.333  0.019 0.283( 0.006 652

LEDA (A+B)¢ 0.341 0.017 0290 “0.004 1319
67P Coma Y74 174 R oR n

LEDA (A+B)¢ 0336 0017 0285 0.002 7401

@ Dhooghe et al. (2017), October 2014

b Weighted logarithmic average,(WLA) for October 2014
¢ WLA for the completesdata,set

4 WLA for data where RHC]+/RC32r > 1.0

¢ WLA for Cl(complete data set) and HCl (Ryc+ /RCS; > 1.0)

Oct6ber 2014 interval were about 10x the background, and
often were of the same order of magnitude. The impact of
the background correction therefore is large and may cause
a bias.

e The logarithmically weighted averages for
3t /Bt (for the full mission) and for 3ClT/H3ClH

counts per second (Ryc+) as a function of H¥CI™ counts per second (Rysc+) for both"LEDA ghannels, when

Table 3. CI/HCI ratios obtained\using integrated areas (R) and
number of ions (%) together with'random (6R) and total (6%) 1o
uncertainties (see Section 2.5),and number of spectra used (n).

Bcrt /it 74 4 R SR n
LEDA A¢ 0372 0.009 535
LEDA A® 0.554 0.034 0.558 0.008 564
LEDA B® 0.575 0.035 0.579 0.008 569

LEDA (A+B)® 0564 0.032 0568 0.006 1133
LEDA A¢ 0.559 0.033 0.563 0.003 5495
LEDA B¢ 0552 0.032 0556 0.003 5917

LEDA (A+B)¢ 0.556 0.031 0560 0.002 11412
LEDA A4 0.528 0.032 0532 0.007 480
LEDA B 0.520 0.031 0.524 0.007 516

LEDA (A+B)? 0524 0030 0528 0.005 996

St /mdert Vi S R SR n
LEDA A4 0.485 0.029 0487 0.015 490
LEDA B¢ 0.474 0.028 0476 0.014 523

LEDA (A+B)? 0479 0.026 0481 0.010 1013

¢ Dhooghe et al. (2017), October 2014
b WLA for October 2014

¢ WLA for the complete data set

¢ WLA for data where Ryc+ /RCS; >1.0

(when the CS%Jr contribution can reliably be removed to
obtain H3'CIT) differ by 1.95.

e The full-mission ratios obtained for LEDA A and B are
compatible with each other within the random error mar-
gins (35C1: Poisson errors 0.003 for LEDA A and B, 1.70¢
difference, 37Cl: Poisson errors 0.015 for LEDA A and 0.014
for LEDA B, 0.50 difference).
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Table 4. CI" /HCI" fragmentation ratios from literature

Neutral Parent CIt  HCI" CI"/HCIT Ref.

HCI 0.145  0.855 0.170 a,b
0.112  0.888 0.126
NH,Cl 0.220  0.780 0.282
cl 1.000 0

a Linstrom & Mallard (2018)
b N. Hénni, private communication
b Hénni et al. (2019)

4 DISCUSSION AND OUTLOOK

The ratios that have been obtained provide some clues as to
the origin of the chlorine-bearing compounds in the comet.

4.1 Isotope ratio of Cl

The 37C1/33Cl coma, values listed in Table 2 are largely com-
patible with each other. A standard way to present the iso-
tope ratio is in terms of 837Cl, which is the deviation of the
measured 37C1/3>Cl ratio from the terrestrial SMOC value,
expressed in parts per thousand. The 67P ratio reported in
Table 2 is compared to those found elsewhere in the solar
system in Fig. 8. The 837Cl =51455 of the coma is in agree-
ment (1.06) with SMOC and with most other solar system
bodies.

4.2 Cl-bearing parents

Dhooghe et al. (2017) identified HCI as the main source of
the CI™ and HCI' signals detected by DFMS. Their reason-
ing was based on the lack of identification of other chlorine-
bearing neutral parents occurring in sufficient abundance!
Their value for the CI™/HCI" ratio was different from.the
NIST one (see also Table 4), but since the fragmentation
pattern for HCl in DFMS was not measured in theé. labora-
tory at that time, they could only conclude that,HCl must
be present in a fair amount without being able totexclude
an additional source contributing to the rather large frac-
tion of CIT ions. De Keyser et al. (2017), discovered a dis-
tributed source for chlorine in the néutral ‘coma gas coma.
Recently, Altwegg et al. (2020) analysed, thé composition of
the neutrals detected during the fortuitous entry of a grain
in DFMS and found convincingyevidence for the presence
of ammonium salts, amongawhich”"NH4Cl, which is also a
source of chlorine (Hénni et/al.”2019). However, the frag-
mentation patterns for both}HCl and NH4Cl are such that
the corresponding CL" /HCI* ratios (see Table 4) are consid-
erably lower than ‘the €L /HCI' values found in the present
analysis (see’Table 3)»This can only mean that there should
be at least one other source of chlorine.

4.3 Origin of Cl and HCI]

The observations may be explained through sublimation
temperature differences between different Cl-bearing parent
species. Assume three Cl-bearing species HCl, NH4Cl and
XCl (X is unknown), where the volatility decreases from

HCI>XCI>NH4Cl. At large heliocentric distances (3.5au),
the most volatile species (HCI) sublimates on the nucleus
and dominates the observed CI™/HCIT ratio. Farther from
the nucleus, the less volatile XCl is set free in the form of
a distributed source, adding a source of CIT in DFMS and
thus increasing the CIT /HCI™ ratio. This distributed source
seems to be more or less exhausted at a cometocentric dis-
tance of ~ 100km. Closer to the sun, near perihelion, the
XCl distributed source is exhausted more rapidly. Because
of the higher solar flux, NH4Cl can become a major source of
chlorine, so as to dominate the CIT /HCIT ratio, which thus
becomes lower again. This is by no means the only scenario
that can explain the long-term trends observed in Fig. 6
Any viable explanation must in any case involve other/Cl-
bearing parents in addition to HCl and NH4Cl. Note also'that
the observed ratio never drops below the CIT /HCI*ratio for
the fragmentation of HCl and NH4Cl in DFMS.

A few possibilities are explored for XCL(1) The-most
straightforward explanation is that the €L radical™itself is
present in the coma. Although it seems unlikely due to its
reactivity, the CN radical was discovered in/the coma of
67P (Hénni et al. 2020); therefore, the Cl radical can not
be excluded as a possible candidate._(2) Next to CH3Cl
(Fayolle et al. 2017), which,is*too low in abundance to be
a suitable neutral candidate to explain the observations, no
other volatile Cl-bearing Speeies (e.g. like Cl) have been
identified in the DFMS mass spectra. However, as all results
show that EII productien’fractions decrease as the com-
plexity of the molecules increases (Schuhmann et al. 2019)
and since DFMS spectra for masses > 100 have not been
thoroughly amalysed for the whole mission, there is still a
possibility. for other Cl-bearing species to be present within
the4ADFMS mass range, albeit with low abundances. (3)
One cannot exclude a priori that there would be heavier
(semi-)volatile Cl-bearing parents at higher m/z outside the
DFMS mass range that sublimate and are present in the
coma. However, the fragmentation of such parents, e.g. of
the form C,H,Cl, in the DFMS ion source would create Cl-
bearing fragments at lower m/z. Alternatively, heavier semi-
volatile chlorine-bearing neutrals might undergo photoly-
sis rather than sublimation, releasing intermediate chlorine-
bearing neutrals at lower m/z into the coma, which in turn
fragment in smaller ions in the DFMS ion source. Both pro-
cesses are improbable since apart from CH3Cl no Cl-bearing
fragments at lower m/z have been found and the effect of
photo-dissociation should be much more pronounced during
perihelion when Rosetta was farther away from the comet
and this was not observed. (4) A source of Cl may lie in
compounds which decompose upon sublimation and/or ion-
ization. As an example, it is known that ammonium perchlo-
rate (NH4ClOy) releases HCl upon warming (Boldyrev 2006).
Other perchlorates or compounds with oxidized states of Cl
may provide relatively more CI™ than HCIT upon dissoci-
ation. According to Schauble et al. (2003), molecules with
oxidized CI are enriched with 37Cl relative to non-oxidized
species, which could also explain the somewhat higher coma
isotopic values observed.

4.4 Outlook

The Rosetta ROSINA/DFMS observations of chlorine-
bearing fragments have led to three major findings:
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Figure 8. §%Cl values given in %o vs. Standard Mean Ocean Chlorine (*’Cl/*Clsyoc =0.319627+0.000199 (Coplené€t al. 2002)) for
67P“ in comparison with other solar system bodies. ? Farley et al. (2016), ¢ Bellucci et al. (2017), Sharp et al. (2016)Shearer et al.
(2018) and Williams et al. (2016), ¢ Bohlke et al. (2005, 2009), ¢ Barnes et al. (2009) and Sharp et al. (2010), /7" Sharp et al. (2010,
2013), ’ Lodders (2003), / Barrett et al. (2016) and Sarafian et al. (2017), ¥° Barnes et al. (2016, 2019), Boyce et al. (2015), Potts et al.
(2018), Sharp et al. (2010), Tartése et al. (2014) and Wang et al. (2012). Each value represents a single §3/Cl value; white and black
squares represent values for water-soluble and structurally-bound chlorine, respectively. The range on the cometary values, given in gray,

represents the 10 error bars on the result.

e The relative proportion of chlorine in the gas coma
increases with distance, suggesting a distributed source
(De Keyser et al. 2017).

e The proportion of CI™ to HCI' fragments is variable but
always above the 0.170 and 0.282 ratio for HCl and NH4Cl,
respectively. A full mission weighted logarithmic average of
0.56 was obtained.

e The chlorine isotopic ratio is solar system like.

These findings point to possible parents of the chlorine-
bearing fragments that are not readily released from the nu-
cleus and/or dust grains in the coma. While Rosetta carried
instrumentation for studying volatile and refractory mat-
ter, it also indirectly provides information on semi-volatile
species. At present, not much is known about the chemical
or physical form in which these are present on themnucleus.
For a large part, cometary semi-volatiles remain shrouded
in mystery.
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Chlorine-bearing species and the 3" Cl/> Cl isotope ratio in the coma of 67P 13

Table Al. '2C¥283" /12C32S] ratio obtained from integrated areas (R) together with random (SR) 16 uncertainties and number of spectra
used (n).

cs3t/csy R SR n

LEDA A 0.147  0.001 4972
LEDA B 0.136  0.001 5252
LEDA (A+B) 0.141 0.001 10224

Rcsz+/ RCS+ =0.147 + 0.001 RCS§+/ RCS; =0.136 + 0.001
LEDA A, n = 4972 LEDA B, n = 5252
J 106
4 104
4 102
4 100
10? 10* 108 108 10? 10* 10° 108
Rcs; Rcs;

Figure Al. CS%Jr counts per second (R.q+) as a function of CS;r counts per second (RCS;) for both LEDA channels, where CS%Jr was
2

obtained by correcting the signal at m/z = 38 u/e for the contribution of H’CIF* using the 3’CI* /33CI* ratio for both LEDA channels from
Table 2. The weighted logarithmic average ratio is given by the black lines Data are rescaled to a 10 km comet—spacecraft distance using
an 12 expansion law (Hansen et al. 2016) and are varying from blue to red between 06 August 2014 and perihelion and from red to green
between perihelion and 11 January 2016. The uncertainties indicated"above the plots represent the Poisson error only.

APPENDIX A: DETERMINATION OF HYCl

The signal at m/z = 38u/e is due to both Ry and R12C3ZS§+ (RCS§+ in short). The RCS§+ contribution can be estimated from

the assumption that it has a single dominant, neutral\parent whose fragmentation also produces the corresponding singly
charged C82+ ion in a fixed proportion. This proportien

can be determined as follows. Regee can be obtained from the combined peak by estimating Ryprcp+ from Rppscp+ (measured

about a minute earlier) and making sse of the LEDA (A+4B) 37Cl/33Cl isotope ratio from Table 2. Res; is readily measured
since there are no interferingymass peaks. The average rcs, ratio is computed as the weighted logarlthmlc average of all
individual ratios (see Appendix C). The uncertainties on the ratio are those following from the Poisson errors on numerator
and denominator, plus the'systematic uncertainties from minor gain variations and from the position-dependent gain correction.
For the average ratio, the resulting 1o Poisson error is ~0.4% and the 10 systematic uncertainty is 0.6%. The results are
given in Table*A1\The rcs, value of 0.142+£0.001 (the weighted logarithmic average from both LEDA channels) is used in
the chlorine/datasnalysis. This ratio may seem incompatible with the NIST CS%Jr / CS;r value of 0.0475 (Linstrom & Mallard
2018). Hewever, the following considerations need to be made. The secondary electron yield of C52+ is significantly higher than
that of CS%Jr because of post-acceleration, while the transmission is a bit lower. Also, values from NIST are obtained under
completely. different instrumental conditions, and especially double ionization is very sensitive to the peculiarities of the ion
source.

The globally averaged rcs, can now be used to compute the CS%+ contribution from the amount of CS}, and to subtract
itufrom the signal at m/z = 38u/e in order to obtain Ryz+ using

Ry = R3g — Resze = R3g —res,Ress -
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14 F. Dhooghe et al.

The uncertainty on rcs, is

SReg \®  , [OResi )’
Orcs, = Res: +rCSZ Res: .
2 2

Because of the properties of the Poisson statistics, one has

6RCS2+ 6RCS§+ 1 5RCS%+
Resy " Rege /e, Resg
so that in the end
8RCS§+
57(:52 =4/1 +rC52 Ri
Cs}

Define also

Rypicp+
o= —.

RCS%*

Consider first the errors 6™R; made when using this method for disentangling the contributions to R3g due to-an imcorrect
ratio rcs,. The magnitudes of these errors must be the same because if one term is taken too low, the othér one must be
correspondingly larger, so that

SmRH37C,+ B Schngr .
The uncertainty on the amount of H¥CIT is then

"Ry _ 1 O"Resy+ Resy 1 dres,

Ryt O Resp Rege oy/1+rcs, Tcs,
Consider now the random and systematic errors included in the non-zero dR3g. The relative random Poisson error decreases
with the square root of the number of ions, so that

0" Ryrcrt /[Ryrcrr 1
SIRCS? /RCS§+ Va
Consequently, the random errors are

5'R M+« 8Ryg O Regz+ S'R
H3CIt _ 387 5 :m & 38‘

RH37C1+ (04 Rag RCS%* 38

For the systematic errors, it is appropriate to consider

8 Ryncr _ OResy 8°Ryg

Ryicr+ Resz R3s

The total uncertainty on H3’CI* is computed as

(SRH37CI+ = \/(5rRH37C]+ )2 + (BSRH37CI+ )2 + (5mRH37C]+ )2
which leads to

(SRH37C1+ I+o 5rR33 2 65R38 2 1 /6}’(152 2
= + 4+ — ‘
Ryprcr+ o Rsg R3s a(1 +rCSz)\rC32

Because Ryscp+ relative to Rpgr is low, both the relative random error and the relative error on rcs, are enlarged. Focusing
2

on the method error, it is seen that a 1o variation of rcg, of 1.5% affects the H3CI* values already by up to 5.5% for an

average value o =~ 1/4. Allowing for the range of actual values for o, however, the error can be even higher. Therefore only

data are selected for which

Rysere > 1.0.

cst

For this subset

5mRﬂ37Cl+ i \ 1 RCS%’ RCSZ‘ Rypscr+ 5rcs2
Ry VY +rcs, RCS{ Rypsop+ Rysrer+ rcss ’

which, aising’the chlorine isotope ratio, the value of rcs,, and the selection criterion, results in

SmR 3701 6}” ’
WICE 040 =2,
Rysrcr rcs,

Hence a 1o variation of rcs, results in a deviation of at most 0.2% on the H3'CI" values, i.e., smaller than the other systematic
and random error contributions.
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Chlorine-bearing species and the 37 Cl/ Cl isotope ratio in the coma of 67P 15

APPENDIX B: ASSOCIATING DATA IN TIME

DFMS scans over successive masses to obtain a mass spectrum, so spectra at different m/z are not taken simultaneously. For
ratios, for example 37CIT / 35¢1t, data of 37CIT are associated to the closest 3>CIT measurement in time if their time difference
is no more than 30 minutes (to be compared with the ~ 12 hour comet rotation period). Data thus associated is used without
any interpolation to avoid data artefacts.

APPENDIX C: WEIGHTED LOGARITHMIC AVERAGES

Logarithmic averaging is used here to compute average ratios, which is the most appropriate manner since it treats uncertainties
on numerator and denominator on an equal footing. In addition, weighted averaging is used to account for the range of
uncertainties on individual measurements. Consider the ratios r; = x;/y; of two time correlated data series x; and y; with
uncertainties 6x; and 8y;. The uncertainty on logr; is

. A 2 A 2
stogn) = 7 (Y (21
i Xi Yi
Defining the weights
wi = 1/[8(logr)]?,

the weighted logarithmic average of the time series of ratios then is

_ Y w; logr;
F=exp N
1 1

with error margin

VI 1/ (8rifri)?

Measurements with higher count rates and thus a lower Poisson uncertainty have{a larger weight in determining the average.

57 =

APPENDIX D: DFMS TRANSMISSION

The transmission function gives the fraction of ions reaching the detector relative to the number of ions created in the source.
Several aspects of this transmission function have been determined)throvgh modelling of the ion optics (Wiithrich 2007),
showing that the transmission depends on the acceleration voltage Vyccer and thus on commanded mass m/z, as well as on the
choice of the ion optics (low or high resolution). Attempts{to determine the transmission function experimentally face the
difficulty that one always measures the combination of (a) aiconstant geometrical factor that relates to the ion source and the
electron emission current, (b) the cross-section of the parent species for 45¢eV electron impact ionization, (c) the fractionation
of the parent into the detected ion, (d) the transmission of the ion, and (e) the secondary electron yield when this ion hits
the MCP detector. Experimental measurements Have been’conducted with the copy of DFMS in the laboratory (Héssig 2013;
Calmonte 2015) to assess the (relative) instruinent sensitivities for a number of species. Eliminating the geometrical factor,
the cross-sections (known from literature), and the fractionation patterns (determined experimentally), the product ¢ e Tu
of the transmission function 7 and the (relative) secondary electron yield p remain. An attempt to fit a general trend shows
that ¢ o< (m/z)* with o somewhere between %0.5 and —1.5 for masses m/z < 70u/e; the relation is modified because of the
post-acceleration applied for heavier ions. The secondary electron yield of a species can be approximated by a function of
the form p = avarctan(b(v — viy)), where™v is the ion impact velocity on the MCP and vy, a threshold velocity, while a
and b are species-dependent comnstants (Meier & Eberhardt 1993; De Keyser et al. 2019b). For large impact velocities, one
therefore has U o< v = 1/2ZeVyecel /M 1/m. For smaller impact velocities (b(v —vjym) not too large, but where still v >> vyjp)
one has U o< V=1 /mz. Moreoverythe proportionality constant a scales with m because of the addition rule for the secondary
electron yields of the ¢onstituent atoms in order to obtain the yield for a molecular ion (Meier & Eberhardt 1993); this is an
approximation basedrensthe oObservation that the v}, and b parameters for the main constituent atoms are similar, and seems
to hold at leastfor small molecules. Hence, u o< mP with B between 0 and —1. The overall conclusion therefore is that the
transmission £ &« mMwith an exponent ¥ between 0 and —1, i.e. Toc m~0-3+05,

This paperthastbeen typeset from a TEX/ITEX file prepared by the author.
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