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Abstract

Secondary ion mass spectrometry is used to investigate ion emission from a frozen-gas mix80e90 K) of CQ and HO bombarded
by MeV nitrogen ions and b$?2Cf fission fragments (FF). The aim of the experiments is to produce organic molecules in the highly excited
material around the nuclear track and to detect them in the flux of sputtered particles. Such sputter processes are known to occur at the icy
surfaces of planetary or interstellar objects. Time-of-flight (TOF) mass spectrometry is employed to identify the desorbed ions. Mass spectra
of positive and negative ions were taken for several molecul&@/E0,; ratios. In special, positive ions induced by MeV nitrogen beam were
analyzed for 9 and 18% 4@ concentrations of the GOH,O ice and negative ions foer5% H,O. The ion peaks are separated to generate
exclusive the spectra of GQpecific ions, HO specific ions and hybrid molecular ions, the latter ones corresponding to ions that contain
mostly H and C atoms. In the mass range from 10 to 320 u, the latter exhibits 35 positive and 58 negative ions. The total yield of the positive
ions is 0.35 and 0.57 ions/impact, respectively, and of negative ions 0.066 ions/impact. Unexpected effects of secondary ion sputtering yields
on H,O/CG; ratio are attributed to the influence of water molecules concentration on the ionization process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The moons are intensively bombarded by energetic ions
and by electrons trapped in the giant magnetosphere of
This article is addressed to the question of whether or- Jupiter. In the case of Europa, the flux of incoming projectiles
ganic material present in the atmosphere or on the surfaceconsists predominantly of hydrogen, oxygen and sulphur
of the three outer Jovian moons could have partially evolved ions. At 1 MeV, about 400 oxygen and sulphur ions/(s keV)
from heavy ion bombardment of carbon compounds mixed penetrate the surface per €nThere are several indications
with water ice, the dominant surface material of these moons. that carbon-containing compounds exist on the icy surfaces
The impetus for our work came from an article of Johnson [2-5]. Radiolysis of carbonates could be one source fo3,CO
[1], reviewing what is known about the surface conditions a gas that has been discovered trapped in the icy surfaces
of the moons of the planet Jupiter, about the Jovian radiationof Europa and Callistd4]. Callisto has a very tenuous
environment and about surface chemistry induced by the cor-atmosphere of C®[4], which does not, however, condense
responding radiation. efficiently at its surface temperatures, indicating that the
origin of the carbon contained in carbonates and the CO

— is probably internal. Although the neutrals are principally
* Corresponding author. Tel.: +55 213114 1272; fax: +55 213114 1040. bserved. m trometers have been desianed for th
E-mail addressenio@vdg.fis.puc-rio.br (E.F. da Silveira). observed, mass spectrometers have bee esigned 10 e

1 Guest of the Institute of Nuclear Physics, Technical University, 64289 prOP(_)SGd Jgpiter Icy Moon Orbiter mission to dire(_:ﬂy detect
Darmstadt, Germany. the ejected ions in order to study surface composition.
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The present work is focused on mixtures of frozen carbon improve mass resolution and to work at constant sputter
dioxide and water, C®-H,O ice and may give values to es- energy. The work will be presented in two articles: “Measure-
timate the sensitivity of a time-of-flight (TOF) detection sys- ment of the Mass Spectra” (part 1) and “Analysis—Search
tem designed to operate on Jupiter moons. The method usedor Organic lons” (part Il). The first part is presented in this
to identify and characterize the ionic species produced in the article, where the experimental procedures and findings on
surface layers of C&-H,O ice is time-of-flight secondary  positive and negative secondary ions are displayed and par-
ion (SF) mass spectroscopy, TOF SINK, which has been tially discussed. The chemical designation of the observed
used to analyze other frozen-gas targets (E/g9]). The ice ions and a discussion of ion generation directly formed or
was irradiated by MeV nitrogen ions, which eject from the due to chemical reactions are treated in paji3].
ice surface the produced atomic and molecular ionic species
into vacuum. In the energy regime considered, the yield (par-
ticles/impact) of neutral particles is generally 2—4 orders of
magnitude higher than the yield of charged particles. Mix-
tures of CQ and HO gas were condensed on a metallic foil
at a temperature of liquid nitrogen.

At the surface temperatures (80—130 K) of the three outer
Jovian moons, the C{rontent of the surface ice layer would
decrease steadily by sublimation.

In fact, above a surface temperature of 115K sublima-
tion hinders the formation of a Crondensate. Therefore,
our experiments were performed at the lowest possible tar-
get temperatures, i.e., 80—-90 K. The concentration of carbon
compounds in the uppermost ice layers of the Jovian moons

is supposedly small, smaller than a few percent. It tums out foil. Measurement of the ice layer thickness occurred simul-

that, at such a low Cfxontent, carbon-containing molecu- taneously with acquisition of the mass spectra and allowed the

lar ions are hardly V'S'ble in the mass spectr_a. The ISSUE WaSyatermination of the momentary growth rate of the ice layer.
to determine the functional dependence of ion yields on the

CO, concentration in order to extrapolate the yields down to . ]
small CQ concentrations. 2.1. First method: forward sputtering

Since the Jovian moons are mainly bombarded by H, O o )
and S ions with up to MeV energies, we used N ion projectiles N the forward (or transmission) sputtering method, the
with energies between 0.4 and 1.7 MeV in measurements and -/ MeV NP* beam of the accelerator impinges on the back
for comparison, alse-65 MeV fission fragments. Essential  Of the target at an angle of 45it traverses first the target
for the secondary ion yield is the energy deposited into the substrate, a thin Al foil, and then the ice layer condgnsed
electronic system ofthe irradiated material, i.e., the electronic from a steady flow of the C&-H,0O gas. The secondary ions
energy loss (B/dx)e in water, which is for 1.7 MeV N ions of interest are thos_e ejegted from the front of th_e target.
4% smaller than for 1.7 MeV O iorf40]. Since the fluency The TOF technique is employed to determine both the
of the primary ion beam was below 40n?, the chance to ~ Mass spectra of the secondary ions and the ice layer thickness
detect products of former impact events was negligible. The [12]. ] .
detected secondary ions are in general ejected from avolume Forward sputtering was used to measure the functional
along the nuclear track, whose diameter is 1 or 2 orders of dependence of $Iy|elds on the concentration of G@n the
magnitude shorter than the range of the primary ions. There-C02—H20 gas mixture. A disadvantage of the method is that,
fore, secondary ion species, which contain beam particles,during continuous condensation, the widths of mass lines in-
cannot appear in the TOF mass spectra. crease durmg dgta acquisition (as_the ice tr_nckness increases,

A survey of the chemistry in C&H,0 ice induced by both the projectile energy stragglmg also increases and the
magnetospheric plasma ion bombardment has been recemh?tart&gnal del_ays) anq \_/veak mass lines became unr_esolvable.
displayed and discussed by Delitsky and Ldh#]. They Fl_thhermore, it was dlﬁlf:ult to reproduce the same ice layer
list about a dozen different species, which already have thickness by condensation of a new £®,0 gas mixture:
been partially found by laboratory experiments using H- the target exit energy, the sputter energy, was not constant
and He-beams for irradiation and infrared spectroscopy or @nd difficult to monitor.
quadrupole mass spectroscopy for detection. The emission of
these molecules as ions is investigated in the present work. 2.2. Second method: backward sputtering

Secondary ion emission from pure;® ice, based on
transmission sputtering, has been analyzed recgiftlyFor The corresponding experimental setup is sketched in
the current work, measurements were also performed with Fig. L In this arrangement, the projectile ions penetrate the
a new method based on backward sputtering, developed tdce layer at the target front side, from where thé" Sire

2. Experimental methods

The CQ—H,0 ice samples were irradiated by a 1.7 MeV
N2* beam of the Van de Graalff accelerator at the Catholic
University of Rio de Janeiro (PUC-Rio) and also by fission
fragments of &%2Cf source. Mass spectra of the secondary
ions emitted from the ice surface were measured by TOF
SIMS|[6]. The positive and negative secondary ioris Bere
produced by two different sputter modes: forward sputtering
and backward sputtering. Common to both modes is the fact
that the energy loss of the N ions in the target was used to
determine the thickness of the ice layer being deposited by
continuous condensation on the target carrier, a thin metal
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beam thermocouple which the ice layer is condensed, is split twice: one flow is di-
target foil rected to the target, while the second one goes to a separated
P oveble / ﬁg”,ﬂ;céfydoﬁat vacuum gauge. This method allows stabilizing the gas pres-
sure in front of the target in the range fronx2L0~7 mbar up

secondary to 1.5x 10~* mbar. The accelerator beam can be replaced by

- ions g @ start fission fragments emitted from a movaBRECf source. The

- detector energy of the fission fragments behind a cover foil is about
65 MeV.
7 ﬂ 2.3. Preparation of the ice layer
beam monitor

detector Two series of TOF mass spectrometry experiments were
gas inlet A\ performed using the two types of sputtering modes but also
valve two different methods of target preparation: The ice targets

vacuum gauge were condensed first from GQgas and HO gas mixed

in a mixing chambef12] and second from pure GQyas
Fig. 1. Experimental setup used to produce secondary ions from frozen (99-998%) and the ¥O gas contained in the rest gas of the
gases by means of the backward sputtering method. Irradiation could bevacuum chamber. The latter method was set up from the ob-
alternatively produced by the accelerator beam or by fission fragments from servation that, at the basic pressure of aboxtl® 7 mbar,

252, . . . .

a#¥Cf source. contamination of the ice sample by rest gas was unavoidable

and falsified the relative concentrations of the/28,0 ice.
backward ejected with respect to the incident beam and ac-The rest gas consisted mainly ob® gas (>85%)Fig. 2
celerated towards the stop detector being equipped with twoshows a typical TOF mass spectrum of a rest gas condensate.
microchannel plates. Secondary electrons produced by theThe (H,0),H30" cluster series (see R¢12]), which carries
projectile ions at the target backside are accelerated to aboufor pure HO ice 70% of the HO specific ion yield, dom-
2keV and then detected by a second channel plate assemblyhates the spectrum. Typical signals of the organic rest gas
for generating start signals. These start signals have a verycomponent are the hydrocarbon iongHa* at masses 27,
accurate timing, independent of the ice layer thickness. The 29, 39 41, 43, 53, 55, 57, 59, 61 u, etc., all odd mass ions.
range of mass resolution i Am=850-1200 am=100uU,  The organic rest gas component stems mainly from pump oil.
limited essentially by the initial energy distribution of the When the mixing was performed in a separate stainless
SI=. After exiting the target, the projectile ions travel a dis- steel chamber, the relative concentration of the two gases
tance of 22.8cm and impact a third channel plate detector,CO, and HO was adjusted by means of their partial pres-
which is used to monitor the beam intensity and to measure sures (tota| pressure abou1<5|_0—2 mbar)_ In order to reduce
by TOF the energy of each detected beam ion. The energycontamination of the ice target by rest gas condensation, the
difference to the original beam energy is used to calculate, jce layer was continuously refreshed by directing a weak,
by means of energy-loss tablg9)], the momentary ice layer  steady flow of the gas onto the cold target. The content of rest
thickness (see also next section). gas HO in the ice layer remained nevertheless considerable
~ The monitor detector was also used to measure absolutenigh (>5%): the rest gas condensation modified the actual
ion yields by setting a coincidence condition on the start sig- CO, concentration of the ice sample, so that this was always

nals. The TOF spectrumis measured then only for those beamsmaller than that of the gas mixture before condensation
ions, which had passed the target and were definitively de-
tected and counted. Due to angular scattering in thick targets, s -,
the number of ions being detected in the monitor counter was
often much smaller than the number of start detector sig- g 4%°q H.0'
nals. Therefore, some mass spectra were recorded withou§ 200 CHy’
and with coincidence condition, in order to obtain relative l
ion yields with good statistics (statistical err&l 0% for a
yield of 0.001 ions/impact ifFig. 5a) and absolute yields
sufficiently accurate only for the high peak ions. The main | u L
error of absolute yields is attributed to the detection efficiency 0 iy i o .'“M .L‘ st
for the ejected ions (04 0.1, including grid transmission). 20 40 60 80 100 120 140 160 180 200
Regarding absolute yields, the systematic errors add up to mass (u)
+25%. .

A thermocouple is directly connected to the Cu plate that 5:?&136;0; e:sjrsezg??buarzi2?22;3?;%2;5? nmd;;sﬁsha: ;J\Zﬁ ;‘:2;

holds the target foil and used to apply an acceleration voltage g o7s5.g/(cn? min). The ice layer thickness corresponds to 95 monolayers
of £5KkV to the target. As seen iRig. 1, the gas flow, from of H,0. Irradiation was performed with 1.7 MeV2Nions during 100s.

(H,0),H,0

2004 |CH

counts/ch
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100 -




88
T T T T T T T T T T T T T T T T T T T T
0,12 - -
0 pglem® CO, ice

» 010f .
c
o 2 A
% 0,08 | 8.1 pg/em™ H,0 ice i
5
Q B 26 uglcm® i
. . CO,ice
@ 45 pg/cm 2
% 0,04 |- 67 nglcm® i
g 90 pg/em’
c 2

0,02 - 109 pug/cm 4

/
\\
0,00 T T T T T T T T T T
40 50 60 70 80 90 100 110 120 130 140 150 160

flight time (ns)

Fig. 3. TOF distributions of the nitrogen beam ions after passing the target
covered by an ice layer, whose thickness was growing from O tui0gT?.

For clarity, only eight time distributions, out of the 16 measured ones, are _

shown. The distributions are normalized to the integral number of counts per
distribution.

(see Sectior8.3). This was particularly true for high CO
concentrations; the minimumJ@ concentration achievable
was about 5%. Therefore, the background of organic mass
lines seen irFig. 2was unavoidable.

A method was set up to reduce this background by in-
creasing the rate of pure G@ondensation relative to that of
rest gas condensation. For this, the {®essure in front of
the target was increased up to about4tbar. The resulting
H>0 concentration of the ice layer was then determined by
means of the C@growth rate and the rest gas-growth rate as
described by the following procedure:

sixteen mass spectra and 16 flight-time distributions of the
projectile ions after they have traversed the target are simul-
taneously taken during steady ice layer growth {Sge3);

the mean time values of each distribution are used to
calculate the corresponding mean energy loss;

the CQ ice layer thickness is determined by entering
this energy loss into the energy-loss talfl®]. Fig. 4

T T T T
120 B
100 A -
< 1 Ad/At = 3.4 pglem®/min o
o 804 \ 4
2 | \
© 60 \ §
; | Ad/at=1.1 uglem?/min P \
1)
£ 40 A \ g
Q
£ ]
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] . 8.1pglem™H,O0 —- a
0 B T T T
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Fig. 4. Thicknessd, of the CQ-H,0 ice layer as a function of the timg,

of condensation. For two portions of the cudi¢), the momentary growth

rate has been evaluated. These two rates correspond to two different CO
pressures in front of the target. The presented curve is derived from the TOF
distributions shown irfrig. 3.
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illustrates the function d, which relates the thickned®n
timet;

the momentary growth ratd/At in pg/(cmfmin) is
determined through the derivative of the function) af

the ice layer;

shortly before the start of the measurement of the last (the
16th) time distribution, the target temperature is quickly
increased and the last measurement started. During this
measurement, the layer thickness decreases, the flight
times become shorter, and the time distributions move
quickly to smaller flight times. This generates the thick
line shown inFig. 3, which ends up in a relatively narrow
distribution, indicating that — in the second half of the
time period — all CQ ice disappears from the target and
that the layer left has a thickness equivalent to&yfcn?

H>O0 ice (at about 120 K);

such residual ice layers are used to determine the mean
growth rate of the rest gas condensation and to estimate then
the H,O concentration of the ice samples being condensed
from pure CQ gas and the kD contained in the rest gas.

Since irradiation and condensation of the ice occur simul-
taneously, the structure of the uppermost ice layers has to be
considered as amorphous at the moment of ion impact. Above
130K, amorphous bD ice turns into crystalline phase, but
tends to crystallize also below 130K as time goes by, as re-
vealed in detail by Kouchi and Yamamadip4]. Due to the
relatively very long time scales, the ice grains on the sur-
faces of the Jovian moons should be crystalline although the
irradiated surface layers might be amorphous.

3. Experimental results and discussion

Two methods have been employed to measure the TOF
mass spectra: (i) the forward sputtering mode, making use of
a mixing pre-chamber and (ii) the backward sputtering mode
and mixing pure C@directly with H,O contained in the rest
gas. For both series of experiments, the targets were irradiated
by 1.7 MeV N¢* ions having a current of 1000—2000 ions/s
on the target (diameter: 5mm). The target temperature was
kept at 80—90 K. The resulting high-resolution mass spectra
of the second series of experiments will be presented first.

3.1. Mass spectra obtained by the backward sputtering
method

Mass spectra of positive and negative secondary ions are
presented irrigs. 5 and Grespectively.

3.1.1. Positive ions

Two positive ion spectra are selected for detailed analy-
sis: one measured with a growth rate of g@(cn? min), and
another one with 3.jg/(cr? min). In both cases, after evap-
oration of the CQ, the thickness of the remaining rest gas
condensate was determined and used to evaluate ifbe H
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relative yields of the background lines. After normaliza-
tion, the background lines were subtracted. The resulting
spectrum measured with 9%,8 ice is shown inFig. 5a.
The relative yield of the original background was 6% of the
total positive ion yield. Some lines at background positions
remained. When they had a yield below a certain limit —
depending on the ion intensities in the rest gas spectrum
H H ‘ ‘ ‘ ’ ‘ H ‘ ‘ ‘| \ ‘ ‘ — they were disregarded. Thus, it is possible to assign for
('HO)' HC‘)‘ rrrTTrrTTET T T such |ons.0nlya lower yield limiY}i,,. For an ion qf mass
w0l B 43u — this mass corresponds to the highest line of the
) background — this limit i&)}j;, =0.0024 ions/impact. For an
o ‘ M ‘ ‘ ion of mass 13u, no background mass line was observed,
(IJ ' 2|0 ' 4|0 ' GIO ' BIO '1(IJOI1é0 14|10 1%0 1é0 260'2£0'21|10l2(|50'2é0l3(|)0 3£O

| \M lh Il\ N

|
T
co,

yield ( ions/impact ) x 10°

Yiim =0.00003 ions/impact. The later limit was derived

from the events between the mass lines, which are mainly

generated by chance coincidence events. TH@ kpecific

Fig. 5. Positive ion mass spectrum of: (a) £®,0 ice target, with 9% mass lines in the spectrum &ig. 5a have their original

H20 concentration (the background spectrum has been subtracted),{b) CO intensity.

specific ipns_(as it appears in the total spgctrum) and $€) bpecific ions. The same procedure for eliminating the background is

The relative |nten5|t|§s of the weak mass linés B,0* and (H:0),* were used to elaborate the mass spectrum of the-&GO ice

taken from pure HO ice spectrdl2]. . -
measured with an $D content of 18%. The resulting spec-

trum is similar to that shown ifig. 5a. As seen ifTable ]

the total yields of the positive ions are higher than those for

resulting HO concentrations were (82)% and (18t 3)% the 9% HO concentration. It is observed that the positive

(molecules%). In order to identify the background mass lines, 100 vield for N2+ beam (9% HO ice) is mainly composed

these two mass spectra taken with different growth rates werePY H20 specific ions (50% of the total), against 39% of £O

compared: the spectrum measured with 189®fte exhibits ~ SPecific ions and 11% of hybrids.

a (H,O),H30" series, whose relative intensity was 3.5 times

higher than that obtained with 9%B ice. Accordingly, the 3.1 2 Negative ions

relative intensity of background lines is considerably higher A similar procedure was employed to eliminate the

in the first spectrum. In the mass range between 26 and 81 Uyery low background (0.3% of the negative ion yield) in

we were able to identify 20 mass lines, which were mainly the negative ion spectrum. Because the,Gffowth rate

composed from background events. (7.1ug/(cn? min)) was higher than in case of the experiments
In order to eliminate the background, the condensed restfoy positive ions, the WO concentration was only about 5%.

gas spectrum shown iAig. 2was employed to provide the  Fig. a shows the negative ion spectrum measured with 5%

H>O concentration.

mass (u)

growth rate, 0.36 and 0.36g/(cn? min), respectively. The

1004 (a) co,

104

LI ,h“l i

m mimee

In Fig. Sb and c as well as ifrig. 6b and ¢, mass spectra
are generated with selected lines of the,Gadd HO spe-
cific ions, taken with the same yields from the total spectra
in Fig. 5a andFig. 6a, respectively. A summary of the mea-

E’ 100 4(b) c ' sured desorption yields is also givenTiable 1 Contrary to
:é 0] © . n=1 2 3 . s the pqsitive_ secondary ions, th(_a.nggative ion yield Gﬁ%
g 1 : H»0) is mainly due to CQ specific ions (77%), against 7%
3 O ‘ N of H,O specific ions and 16% of hybrids.
-\9/ 0*01 LI T Il " T T T T T T T T T T
3 10 (S,) (H,0),0
> oH (H,0),OH" Table 1
o ™ Yields of secondary ions ejected from g@,0 ice by 1.7 MeV N* ions

0,01 T T T 'I|‘ T

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Yield ions/impact &10~3)

Positive ions Positive ions  Negative ions
mass (u) -
H,O concentration 9% 18% ~5%
Fig. 6. Bar spectrum of (a) negative secondary ions ejected fropa-B£D '(I;otal lon y]ield :1294 E;L7142 %61
ice with 5% HO concentration. The background spectrum was subtracted; HO(Z) Ssrp))i(c::li f'li Ii?)rr:z 174 414 44
b) CO, specific ions as it appear in the total spectrum (a); ldpecific 22 . :
(b) CCz sp PP P (2); EHp Hybrid molecularions 41 48 10.1

ions having again the same yields as in the total spectrum. The relative
intensities of the mass lines @t= 33 and 34 u were taken from pure®
ice spectrd12].

The H,O concentration was 9, 18 andb%, the target temperature about
90 K. Yields of background ions are not taken into account.
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Table 2
Yields of CQ, specific ions
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Yield ions/impact &10~3)

1.7 MeV N2* 1.7 MeV N2* 0.66 MeV N&® FHEd)
H»>O concentration 9% 18% =10% <10%
c* 5.7 3.6 1.9 305
(Coy)C* 3.9 5.7 0.54 39
ot 11 4.7 3.0 302
(CO)n=1-40" 4.1 6.5 1.1 37
0" 28 17 6.1 626
(CO)n=1-302" 8.8 13 1.6 86
co* 12 8.1 3.4 492
(CO)n=1-4CO* 8.2 19 1.1 59
CO* 39 24 8.2 575
(CO)n=1-6CO" 13 10.7 1.1 100

1.7 MeV N?* 0.86 MeV Ne® FHeD

H,O concentration ~5% =10% <10%
(o 0.16 0.2 10
(O 10.0 3.5 234
Oy~ 0.71 0.22 184
CO~ 0.06 1.8
C0O~ 0.07 1.8
Cn=2-4~ 0.20 0.15 (G") 7.3(G)
COs™ 24.1 (19.2% 4.9 460
(CO2)n=1-6CO3~ 16.0 (11.8% 1.7 220

The yields of cluster ions belonging to one series have been summed, dlkernumber of cluster constituents. The ranga obnsidered is the same for alll
columns.

a The yields in brackets are the yields of promptly (<19s) ejected ions. The yields before the brackets include delayed emission (sgSRefeq) means
charge-equilibrated projectiles.
3.2. CQ specific ions emission yield of CQ specific ions (fragments and reaction
products). For 1.7 MeV N irradiation, going from 9% @

Positive secondary ion mass spectra of pure {€8being to 18% HO ice, the yields of the radical ions"RC*, O*,
irradiated by 1.5 MeV/u At ions were published by Tawara CO", O,*, CO,*) decrease by a factor of about 0.6 while
and coworker$15]. They found as main products the clus- the ionic reaction products (GRR* (except (CQ),CO.")
ter series (CQnR*, with the radical R =C*, O*, CO", O," increase by a factor of 1.6. For further discussion of,CO
and CQ*, and weaker contributions of € and G*. All specific ions, see part Il of this wofk3].
these positive ions have been observed in the present spec-
tra (Fig. Sb) and their yields are listed iflable 2 So far, 3.3. HO specific ions
a mass spectrum of the negative £€pecific ions has not
been published. The negative ion spectrum showfigneb

is dominated by a mass line mt=60u, the CQ™ ion, and  nown from literature [12] and references therein). Both,
by the corresponding cluster series (403" the positive and the negative ion spectra exhibit cluster se-
Comparing the total yields of C{specific ions measured jes: their yields listed iable 3are the same as observed
with projectile energies of 0.66, 1.7 and 65 MeV and similar i, the total spectraiig. 5a andFig. 6a). Exceptions are the
H>O concentrations (se€Eable 2, they scale on an average yields of the ions O, H,O* and (HO),* as well as @,
with the electronic energy loss, when a threshold energy '035(H20)O* and (HO)OH~. They are lower than the reported
of (dE/dX)thres= 31 eVAA is taken into account: yields taken from spectra obtained with pureCHice [12].
The actual intensities of these ions are increased due to the
presence of C®in the ice. The opposite effect is observed
for H* and H*: the relative yields of the two ions are much
with Yo* =0.0047 ions/(impact e\i[) for positive ions and higher for pure HO ice than for mixed ice.
Yo~ =0.0020 ions/(impact e\fi{) for negative ions. This Results on HO specific ions, in particular the
linearity is in fair agreement with primary ionisation along (H20),H3O" cluster series, have been already discussed
the nuclear track which is roughly linear inEfix)e, the in Ref. [12]. The total mass spectrum measured with only
electronic energy logd6,17] The total sputter yield scales 9% H,O concentration is still dominated by the fB),
better with the second power ofEfix)e [16,18] Note that H3O%series. This is an effect of preferential proton incorpo-
the HLO/CO, fraction in the ice plays a special role in the rationin water molecules. From 18 to 9%®l concentration,

The chemical designation of the,B specific ions is

dE o
YCOg = YO:t (a —319V/A)
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Table 3 H* H,0" 0," Hy0H0" (H,0),H,0"
Yields of H,O specific ions, ejected from GOH,O ice bombarded by 400 | Hy,'
1.7 MeV N?* ions
H>0 concentration Yield ions/impack(L0~2)
300 4 .
9% 18% ~5% ) c0,
H*, Ho* 7.5,0.67 48,5.0 0 "0
HsO* 28 43 8 004
(H20)y'H30* (n=1-6) 129 267 °
(H20)*, (H20)*, (H20)3* 4.9,2.6,15 26,12,13 'g
H™ 1.65 3
on 0.31 1004
OH~ 0.48
(H20),O~ (n=1-9) 0.73
(H20),0H~ (n=1-9) 1.14 04

mass (u)

the yield of this cluster seriea € 1-16) decreases by a factor

of 2.1. The designation (D) H3O" was chosen because it Fig. 7. Section of the positive mass spectrum 0f,6B0 ice, irradiated

has been assumed that the water clusters are associated witfy fission fragments during 600's. The concentrations of &1 0 were

hvdroni . ded b t | | d rioat about 50%. The chemical designation of various mass lines like ‘Csid
ydronium ion surrounded by water molecules a_m n + COOH" is explained in Ref[13]. The background was not subtracted.

tached to the clustefd9-21] However the speciesg®,",

surrounded by water molecules, cannot be excluded as thegas contamination is indicated by many low intensity mass

ionic unit[21]. It was also found that for C&-H,0 ice the lines as, for instance, seenfiy. 7betweerm=30 and 54 u.
yields of the cluster ions decrease witfaster than for pure All the identified CQ specific ions are listed ifiable 2
H20O ice. For 9% HO concentration, the mean valuerois The variety of detected hybrid molecular ions obtained with
4.2, while for pure HO ice itis 5.5. FF is smaller: in the positive ion spectruffiq. 7) the peaks
corresponding to the ions OHCOH", COOH' and to the
3.4. Hybrid molecular ions cluster series (C@nH" and (HO)n(CO)H30" are clearly

observed. Their chemical assignment and the formation of

After subtracting the spectra displayedfiiy. 5o and ¢,  the very weak peaks due to the GHCH,™ and CH™ ions
andFig. 6b and c from the total spectraltig. 5a andFig. 6a, will be discussed in part Il of this Wor[CLS]. Despite the
mass lines of ions remain, which are called now on “hybrid low H20 concentration£10%) used to measure the negative
molecular ions”. They are attributed to reactions between ion spectrum seen iRig. 8 negative hybrid molecular ions
CO, specific atoms, molecules and ions angCHspecific ~ show up with relatively high intensity above the €QOon at
atoms, molecules and ions. Most of these hybrid molecular M= 60 u. Most prominent are the (GBm=0-3)~ group and
ions contain C and H atoms. OHfor instance, could have
been produced by #0 specific species only, but it is sel- 200 o co,]
dom or never found in mass spectra obtained with py® H CO,0H"
ice [12]. In the mass range up to 325u, 35 positive hybrid
molecular ions were identified and 58 negative ones. Their 150
total yields are given iffable 1

The analysis of the hybrid molecular ions is one of the
main subjects of part Il of this world 3].

OH 0.”

(COH,,.5)

1004 .
H

3.5. Measurements usirgCf fission fragments for
irradiation

counts/channel

50

The spectra obtained with the 1.7 Me\2Nion beam
are compared with spectra measured WABRCT fission

fragments (FF) by means of the first method (see Section 0 Wbt g b ol Wt s s ot s Wagin
2.1 and Ref.[12]). One FF impacts the ice target at the 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
front side and the complementary fission fragment is used to mass (u)

generate the start signal. The corresponding mass resolution

is about 170 am=100u. TOF mass spectra obtained with Fig. 8. Section of the negative mass spectrum otQ0 ice, irradiated

CO,—H,0 ice having about 50 and 10%8 concentrations by fission fragments during 600s. The concentration eOHvas about
R 10%. The chemical designation of various mass lines like those of the

are shown irFigs. 7 and 8In these measurements, growth

) (CO4Hm=0-3)~ group is explained in Ref13]. The background was not
rates were not measured with FF. Background caused by restyptracted.
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corresponding cluster ions. The yields presentetiaible 2 ice. The results presented here (Jable 29 correspond to

for fission fragment irradiation were obtained with ice having CO, specific ions measured with the lowest possiblgOH

the lowest HO concentration achievable. concentration¥10%) and with N ions having exit energies
of 0.66 and 0.86 MeV (the equilibrium charge states are 2.3

3.6. Measurements as function of £@ncentration and 2.5, respectively).

Very instructive are the yield curves measured with FF im-

In order to prepare ice layers of GEH,0 mixtures, these ~ Pacting on ices condensed from various58,0 gas mix-
gases were mixed in a separate stainless steel container b{ures in the mixing chamber. Again, the g@oncentration
means of their partial pressures. A needle valve was usedOf the ice layer is not very precise due to the water vapour
to direct a steady, very weak flow of gas onto the cold tar- in the main chamber residual gas, but certain trends are ob-
get, where it condensed. In order to obtain clean mass specServable. IrFig. 9, yields of positive CQ@ and HO specific
tra, each TOF spectrum measurement was performed with 0ns are plotted versus the G@oncentration of the gas in
freshly prepared gas mixture, i.e., the mixing pre-chamber the mixing chamber. The curves 0$8 specific ions like H,
was emptied and then refilled with fresh gases. Using the HaO", H20" and the cluster ions (¢#0)nHzO" are supposed
first method, the transmission sputtering, several mass specio decline to zero at 100% GObut—as mentioned—the ac-
tra were measured with different G@oncentrations. For  tual CQ, content of the ice in the main chamber is somewhat
the CQ specific ions, the main result of this experiment lower than that in the mixing chamber. The yield curves of
is that the yields of the most intensive €@®pecific ion  the ions C, CO" and CQ" are quite similar, they increase
peaks (sedable 2 increase—between 30 and 80% £0 exponentially between 25 and 70% g€bncentrations.
content—exponentially with C&concentration. It is impor-
tant to remark that the yield of #D specific ions, for instance
that of the (HO),H30" series, did not vanished when pure 4. Summary
COp was introduced in the mixing chamber. This means that
the condensation of the residual gas in the main chamber was The secondary ion mass spectrometry (TOF SIMS), in

modifying the expected CQconcentration of the condensed Which MeV ions are used to induce electronic excitations in-
side frozen-gas samples, shows to be a very sensitive method

to probe the formation and emission of hybrid ions, as well

as to study the distribution of the ionic cluster abundance as

a function of the sample composition. The findings of the

1 present work are particularly applicable to the astrophysical

3 subject of sputtering of cometary and planetary surfaces.

E The sputtering of the C£-H,0 ice was studied for differ-

ent molecular ratios. The absolute positive and negative ionic

sputtering yields were determined and show expected (e.g.,
1 1 as the ratio C@/H,0 increases, the CQields increase) and

1E-3H / / 4 unexpected behaviors, as for instance: (a) tg®Hcluster

0,1

0,01

FETTT B UTTT B ST ETTIT Bt

yield increases, has a maximum around 40% mixture and

1E4 ] then decreases; (b) the {&)O~ yield increases slowly till

g L e e e L s B 50% mixture and then drops strongly. These unexpected ef-
g " OO 3 fects are probably due to the influence of water molecules
E /“””’O o concentration on the ionization process.
s oy . : 3 The used method detects particularly the ions formed
° A .0 ] within 10~10s after the projectiles impact. It is difficult to
-1; o SN 1 draw conclusions from the yield of a certain molecular ion
001t o —7C, based on the total yield of this molecule; the neutral molec-
P 37*ZA 3 _ular yield can be 2—4.orders of magnitude higher than the
A T ion yield. A rough estimate leads t0>51076 to 5x 104
1E3F // 3 hybrid molecular ions per impact in the flux of sputtered par-
/'/ Y \ (H,0)0 ] ticles at a CQ/H»0O ratio of about 1/1. In spite of the fact
M - 1 that the secondary ions correspond to a very small fraction
154 0 10 20 30 40 50 60 70 80 90 100 of the total sputtered flux, they probably reveal the whole

spectrum of compounds, ejected either from the icy surface

or from the ice bulk, the latter being produced inside the nu-
. . 0 . B .

Fig. 9. Yields of (a) positive and (b) negative secondary ions measured as clear track plasmaW|th|n 16%s after the prOJeCt”eS Impact.

a function of the C@ concentration in the mixing chamber. The ice targets 1 N€S€ compounds react further with the 58,0 ice matrix
were irradiated by fission fragments. or among themselves. TOF SIMS can be also used to detect

002 concentration
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