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Abstract

Secondary ion mass spectrometry is used to investigate ion emission from a frozen-gas mixtureuod €D (T =80-90 K) bombarded
by MeV nitrogen ions and b§*?Cf fission fragments. The aim of the experiment is to detect organic molecules, produced in the highly
excited material around the nuclear track, which appear as ions in the flux of sputtered particles. Part | of the present work [L.S. Farenzena,
V.M. Collado, C.R Ponciano, E.F. da Silveira, K. Wien. Int. J. Mass Spectrom. 243 (2005) 85-93] described the method and presented the
time-of-flight mass spectra; a list of the €€pecific and HO specific reaction products was provided. In Part I, the peaks of the TOF mass
spectra are analyzed.

Projectile-ice direct coulomb interaction leads to the production in the track of th€'H1O*, O,*, CO" and CQ* primarily ions, which
react in the highly energized nuclear track plasma mainly with @ HO or H,CO;. The positive molecular hybrid ions formed are
identified as organic species like COH-COOH', CH,-1-3", Hh=12,COOH" and cluster ions. Similarly, the negative primarily ions énd
OH~ formed by electron capture produce negative hybrid ions such ag{CB, the four ions (CQHmn=0_3)~ and the corresponding cluster
ions. By far, most of the molecular ions have been formed by one-step reactions; exceptions are eventualljHthei@@ created by
a reaction between GO and water molecules. An intense mass line corresponding tosH8&s been observed, but not the one due to
formaldehyde ion. Weak signals of ionic ketene, hydrogen peroxide and carbonic acid were seen.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and B0 gases at a temperature of about 80 K. The measure-
ment of mass spectra of the secondary ions ejected from the
The aim of this work is to explore the production of or- CO,—HO ice surface by 1.7 MeV N ions and By2Cf fis-
ganic ions in the nuclear track plasma and their emission sion fragments (FF) was described in P4&]l It is recalled
into vacuum—processes which supposedly occur on the icythat the CQ—H,O vapor mixture was condensed on an Al
surfaces of planetary objects like the Jovian moons bom- foil. For the case of positive ion ejection, the results were
barded continuously by energetic ions out of the magneto- obtained by using 9 or 18% concentration gitHin the ice;
sphere of Jupitefl]. The present article is Part Il of the while for the case of negative ions, this concentration was
study on electronic sputtering from a mixture of frozen£CO ~5% [2]. The corresponding total yields ions are found to
be 0.35, 0.57 and 0.066 ions/impact, respectively. The results
- ) displayed in Part | reveal complex mass spectra of positive
* Corresponding author. Tel.: +55 213114 1272; fax: +55 213114 1040. L .
E-mail addressenio@vdg.fis.puc-rio.br (E.F. da Silveira). as well as negative ions. They were separated into spectra of

1 Guest of the Institute of Nuclear Physics, Technical University, 64289 CO_Z specific ions, HO_S_p_eCifiC ions_ and the hybrid m0|eC_U'
Darrnstadt, Germany. lar ions. The HO specific ions, particularly the cluster series
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(H20)nH30*, were subject of recent investigations of ion 100 g T T T T T T T o
emission from pure water idg]. oj@o e Hzoz' wor | oo, ]
In the following, mainly the hybrid molecular ions — the 1 ZC o cos (cogon Ol |
third group of ions — are addressed. The chemical designa- ‘ ‘ H 0)02- °_°4' E
tion of the observed ions is proposed and justified; then the & 014 ||| (00,0, .

ion formation processes and possible chemical reactions are% 0,01 1 | | | " 1 I | |
discussed. g 1216 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84
g 104 (b)(Cbz)ZO' T (sz)(?oz')zo Ty
; ) _ (CO,),0H" P (H, 0)2(002)20'_
2. Chemical designation 2 (H,OLCOH Y =0 ™ (H00,(CO,H,,
01 3
The atomic composition of the observed molecular ions ] | | | || |
is evaluated under the assumption that their constituents are . . I H— I
only C, O and H atoms. It turns out that the mass differences 100 o e e 1:35;(2:) o

18 u (O mass) and 44 u (Cnass) appear very often in the
mass spec_tra; n fa_Ct’ all ions abave- 80 u are members Of_ Fig. 2. Chemical designation in the mass spectrum of negative secondary
cluster series starting at lower masses. The low mass regionsons ejected from C@-H,0 (~5%) ice by 1.7 MeV N* ions. (a) Low mass

of spectra measured for positive and negative ions by meangegion. The designation ofthe mass linesmat42 uis ChCO™; (b) medium

of 1.7 MeV N ions are shown iﬁigs 1a and 2&Each mass mass region. The mass linesat 122 u are composed of two ionic species,
L . . T . . H20)(C3,),0~ and (CQ)(CO4Hy)~.

line is assigned by its proposed chemical designation. (H20)(C0)20™ and (CQ)(COsHz)

2 1. Positive ions An example for the applicability of this expression is pre-
o sented irFig. 1b. Expressioifl) includes CQ specific cluster
; ; — —~t Of + + ;
Hydrocarbon groups Hm*, typical for secondary ion lons V\{Ithm—Oand.R”_C , 0", 0%, CO", CO, ,WhICh are
mass spectra of organic material, are not observed. An ex-ISted in Partof this work, Table ]. The subscripteand
ception is the group (Ch=o_s)* whose origin is discussed nvary from 0 to 5 and from O to 4, respectively, but not all

in the next section possible combinationsr{ n) were observed. Here, it is as-
Above m=63u, all mass lines of positive ions represent SUMed that molecules GGnd HO, being constituents of
ions of type: clusters (HO)m and (CQ)n, keep their identity. As it is dis-
cussed in the next section, the general expreséipdoes
(H20),,(COp),R™ not always display the actual chemical structure of a hybrid
WithR* = H+. C*, O™, 0,™. CO*, CO,™* ) molecular ion. As examples, the species HCOQ@in also
= b b bl 2 9 9

be written as (HO)CCO', the ion (CQ),H™ is probably better
characterized by (CE)COOH" as well as (HO)n(COz)nH*
L is by (H20O)m-1(CO2)nH30". The positive hybrid molecular

1(a H,0* . +COOH"  co.c* i i [ iryi
100 o co N X ions are listed together with their yieldsTable 1
] o* 2 (H0)," 2] HCOOH*
1 ¢c* OH| H2O+ CcO 2772 | H.COOH* \
103 | COH|, o CHcO"
o CH; c,' 22 et H,04" 2.2. Negative ions
O %
% 014 ||| | | The common GH™ negative hydrocarbon ions are not
g 12 16 20 24 28 32 36 40 44 48 52 56 observed in the C®-H,O samples. The negative ions with
E 0] ;o' '(H-O; C'O'H 'O: : '((':O')-H 'CO- 0T high massih>79 y) also exhibitaclust.ered structure, V\'IhiCh'
g T3(b) . (€0,),0% can be characterized by the expression (yields are given in
) ,),C* (€020 )H 0" (H0,C0," T 2EE
= )2 *
2 4] Table 2:
e O)ZHZCO (H,0),CO,H,0"
| | | (H20),(CO2), R™
0,01 1 withR™ = O™, OH™, O™ and (CQH,;, =0-3)~ (2)
94 96 98 100 102 104 106 108 1‘10 112 114 116 118 120 122
mass (u)

The Fig. 2b shows a region of a mass spectrum of nega-
Fig. 1. Chemical designation in the mass spectrum of positive secondary ionstiVe€ ions for which this designation is appllgd. _The fqur-flnger
ejected from C@-H,O (9%) ice by 1.7 MeV R* ions. (a) Lowmassregion.  Structure of the (C¢Hm=0-3)~ group seen itrig. 2a is fre-
The designation of the mass linesmat 52 and 54 u is (HO)H0," and quently repeated in the mass range aboweB0 u. The values
(H20)3*, respectively. Two strong mass linesmat 37 and 55 u attributed of mandn observed experimentally are presenteﬁiable 2
to the H0 specific ions ((HO)H3zO" and (H:0),H30*) were removed,; (b) . _ . .
medium mass region. Again, two strong mass linesatl09 and 127 u of Two We_ak m.ass lines an=181 a”‘?' 282u did not fall into
H,0 specific ions ((HO)sH30* and (FO)sH30*) were removed. the designation pattern of expressi{@)



Table 1

Yields of positive (hybrid and specific) molecular ions
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Projectiles Yield ions/impact(10-3) Masse (u) on
1.7 MeV N2+ 1.7 MeV N2* 0.66 MeV FF
H,>O-concentration 9% 18% =10% <10%
H+
OH* 0.56 Q073 0.05 8 17
COH" 3.1 9.1 0.6 160 29
COOH" 11 10 0.5 180 45
(CO,)COOH! 3.1 10 0.3 50 89
(C0O,),COOH" 0.81 20 133
H30*
H,COOH" 1.2 43 47
CO,H30* 2.1 34 65 63
(CO)nH30* 32 6.0 1-3,5
(H20)m(CO2)H30* 2.0 59 1.1 (n=1-5) 100 (n=1-5) 1-3
H,O(COp)2H30* 0.50 058 125
C+
Co* 0.74 004 0.1 32 24
CH* 0.20 005 <0.03 7 13
CHy* 0.08 <003 <0.05 <3 14
CHz* 0.14 016 <0.1 5 15
O+
C,0* 0.69 22 40
H,O,* 13 11 34
(H20)H,0* 0.37 59
H,0(CO),0* 0.31 052 122
0"
03" 0.33 0012 48
H,O3* 1.9 4.0 1.2
H,0(CO),0* 0.22 068 138
co*
HCOOH" 1.4 19 46
Co*
H,COs™* 0.99 19 62
(H20),H,COs* 0.15 043 98
(H20)m(CO2)nH2COs* 2.0 26 m=0,1,n=1, 2

Yields of cluster ions belonging to the same series have been summed over the. Jiténtable contains the hybrid ions (those formed from both ices), and
the CQ and KO specific ones (i.e., those originated from just one ice species).

3. Discussion inverse electron plasma frequency (<1Bs), the positively

charged patrticles are rapidly neutralized by electrons from

A 1.7MeV N ion penetrating in C&-HO (9%) ice de-  the conduction band. It is assumed that only the primarily
posits an energy of about 160 eV per monolayer into the elec-jonic particles have a chance to survive as charged species,
tronic system of the solid, i.e., into ionization and electron which can escape into gas phase, i.e., directly into vacuum or
excitation of atoms and molecules. A large number of pos- into the highly excited and fast expanding cloud of particles
itive ions are produced via direct projectile-ice coulomb in- at the track exit. The number of these ions is very small, as
teraction; further positive ions are produced &glectron  seen in Part I, Table [2]: less than one ion is produced per
impact and Auger processes. Electrons generated by thesgmpact, compared to about 2000 neutral particles per impact.
processes energize the surroundings of the nuclear track, and |n the cloud of ejecta, the few relatively high energetic
after thermalization, are trapped in the conduction band andprimarily produced ions can undergo suprathermal chemi-
at defect sites—in particular at atoms or molecules having acal reaction$5]. Energy distributions of small fragment ions
high electron affinity (O, OH"). It could be estimated, with  ejected from organic solids bombarded by high energetic ions
help of experimental data and expressions given in[#¢f.  had mean energies in the order of 1j§y. The present TOF
that the volume of sputtered ice accounts for an equivalent of spectra show that the width of mass lines observed for most
1600 CQ—-H,0O molecules per impact and that the number of negative ions is generally about 30% smaller than that of
ionic particles primarily produced inside this volume is 1-2 positive ions. This means that the negative ions seem to be
orders of magnitude lower than 1600. Within the time of the colder than the positive ions, as they are generated by electron
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Table 2
Yields of negative hybrid molecular ions

Yield (ions/impact 10~3)

Projectiles

1.7MeV N**  0.86MeV N*  252CfFF
H>O concentration ~5% =10% =10%
OH~ 0.34 0.6 28
(CO2n=1-60H" 2.4 48 f=1-13)
COOH~ 0.06
CH,CO~ 0.03
HO,™ 0.13
H,O~ 0.15
(H20)n=1-3602~ 0.27
(H20)h=14(C0O2).0~  0.14
CO4~ 0.51 0.16 12.7
(H20)n=1-6CO4~ 0.22
(CO)n=1-5CO4~ 0.53
HCO4~ 0.61 0.26 18.9
(H20)n=1_6HCOs~ 0.54
(CO)n=1-5HCO,~ 0.20
HoCO4~ 1.16 0.44 25.4
(H20)n=1-6H2CO4~ 1.2
(CO2)n=1-5H2C0O4~ 1.03
H3CO4~ 0.37 0.30 10.9
(CONO™ 0.46
(CO2)n=1-5H3COs~ 0.24

Yields of cluster ions belonging to the same series have been summed over

the givenn.

capture[7] whereas the positive ions have experienced the
coulomb repulsion in the track core. The fact that the total
yield of positive ions is one order of magnitude higher than
that of the negative ones is probably related to their higher es-
cape velocity, which reduces their neutralization probability.

3.1. Positive ions

| of Mass Spectrometry 244 (2005) 41-49

ticle in the track core and gains kinetic energy by coulomb
repulsion. It reacts preferentially with @ to form HO",

the hydronium ior[8], in which all the three proton bonds
are indistinguishable. Iifable 1 H3O" is treated as an R

ion reacting with neutral molecules. The resulting ion is then
formed by a two-step reaction: (a) the proton is first captured
by H,0, forming HsO* and then (b) the neutral molecule re-
acts with the HO*. However, it cannot be excluded thag®rf

is formed in HO-containing complexes by proton capture.
The advantage of the latter process would be that the final
ionic reaction product is reached by only one-step reaction.

H,O" is seldom seen in TOF spectra measured with MeV
N ions bombarding pure water i¢8]. On the other hand,
spectra taken with C&-H>O ice exhibit a relatively strong
H,O" intensity: as seen ikig. 3, the HLO" yield increases
with H,O concentration, the increase being stronger than that
of the O™ yield. Furthermore, in the case of 9%@ con-
centration, the HO* line is broadened in the direction of
shorter flight times. Such a broadening indicates higher ejec-
tion energies, i.e., atomic collision sputtering. The tail of the
H,O" line is less expressed than that of th&liDe (see dis-
cussion of O below), because for high collision energies
the HO' molecule dissociates. This means that the “axial”
energy E,) distribution of the ejected $0* molecules de-
creases steeper than wilig? (see, for instanc6]). The
guestion that arises, however, is: why such a tail is not ob-
served for an HO concentration of 18%?

The Fig. 6 of ref[3] illustrates that the bO* yield in-
creases sharply when the water ice layer has disappeared by
sublimation and the remaining® molecules are bound di-
rectly to the Al or AbO3 surface of the target carrier. There-
fore, it is reasonable to conclude thap®f is produced
mainly via direct coulomb interaction of water molecules
with the MeV N ions. This may occur primarily in water

Regarding the general pattern of the measured TOF SPecCice; as the formed bD* is linked to a neighboring kD by

tra, one notices that most of the positive ion intensity is con-
centrated in atomic or small molecular iong RH*, C*,

O*, CO*, O,", CO* and in ionic reaction products of type
(H20)m(COz)n R with m=0, 1, 2,... andn=0, 1, 2,...

The R' ions react with the most abundant molecules in the
nuclear track plasma—that ispB and CQ, either isolated

or clustered. Also carbon monoxide CO, an often reported
radiolysis product of Cg serves as a reaction partner lead-
ingto CO-R . Moreover, the general chemical expres<ibn
suggests that most of the observed ions are formed by one

step reactions. The time during which the reaction occurs has

to be shorter than 13°s. Longer reaction times would lead
to delayed emission indicated by tails of mass lines, which
were not observed.

The formation of the Rions and HO specific ions is
discussed first, and then the formation of the &pecific
ions and of the hybrid molecular ions.

3.1.1. H, H3O* and HO*
The Hf and HO* are specific ions for kD ice and have
been analyzed in ref2]. H* is certainly a very abundant par-

H,O*

1200 L

9% H,0 fi 18% H,0
+
H,0

800
s 18% H,0
© 2 CNUN s,
~ 4 3230 3240 3250 3260 3270 3280
% flight time (0.5 ns/channel) \
>

400 - 9% H,0

w

i

A

y y
3000 3050

T M M T N T
3100 3150 3200 3250
flight time (0.5 ns/channel)

3300 3350

Fig. 3. Comparison of low mass parts of TOF spectra measured with 9 and
18% HO concentration and a 1.7 MeV2Nbeam. The corresponding ion
yields are giveniTable 1 The insert shows the4®* mass lines normalized

to the same height.
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hydrogen bond, the dissociation takes place: H30" and CQ or CO, and second those betweeh=RC*,
(H20)Ho0" — H3O" +OH O+,'CO+, Qz’“, (.:Of and HO. We propose the following

basic reactions:
In pure water ice, this transition leads to loss ef ions.
The transition seems to occur only when there is a hydrogenHJr +CO — HCO"
bond to a neighboring water molecule. N

Kosevich et al[9] bombarded amorphous;B ice with HT +CO;— COOH"

4-5 keV argon atoms at about 150 K. Their FAB mass spec-
trum is essentially composed only bg®", H,O* and OH, H3O" +CO — H2COOH"
indicating that the HO" ions are produced above the sample
surface in a cloud of subliming water molecules by gas-phaseH3zO" +CO; — HaCOsH™
ionization. This explanation certainly does not hold fo0H
emission from an ice-free target nor for ice temperatures of O +H;0O — Hp0,™
about 90K. They also observed the strongCH intensity
only at ice temperatures somewhere between 140 and 170 KO,* + H,O — H»03™
Atabout 130 K amorphous ice turns into a viscous liquid and
the hydrogen bonds redistribute rapidly. We suggest that thecot + H,0 — HCOOH"
binding of HLO™ to other water molecules is hindered in this
temperature range and therefore so does the transition fromco,* + H,0 — H,CO;*+
H,O* to H3O™.

These eight product ions have been detected—in the case of
3.1.2. ¢, CO", 0, CO* 9% H,O concentration they account for 54% of the yield

These ions are probably formed by projectile-target direct Of the hybrid ions and, in the case of 18%®} for 70%.

interaction; the first three species are dissociation products The reacting C@ and HO can be members of clusters
of CO,. All the four ion species seem to follow the same (H20)m(COz)n. Then, the eight product ions can be incor-
formation process, since the ratio of their yields measured Porated into the clusters. Generally, the longest cluster series
with 9 and 18% HO concentration in the ice is the same, are those which are composed of only water or only carbon
1.540.1 (Table 2[2]) and their yield curves have the same dioxide molecules. The hybrid cluster series observed contain

slope (Fig. 9a of ref[2]). However, the yield curve of £, no more than four constituents, probably because the binding
above 80% C@ concentration, is less steep than that of the energy between C£and RO is smaller.
C*, CO', CO,* curves, indicating an influence ofB. For As seen inTable 1, on the average the yields of most hy-
pure KO ice, the yield of @* was found to be very loi8]. brid ions increase with D concentration. Ifig. 4a, yield
curves of COH, COOH', (CO,)COOH" and (CQ)H30*

3.13. 0

Oxygen is very abundant in the ice mixture. As seen in 1{(@ H0H,0* Sum(C'CO"CO,) 1
Fig. 3 independently of the $O concentration, the Omass -t T T -
line has a tail to shorter flight times being typical for atomic 014 P
collision sputtering (see, for instance, if@f). This is consis- 001 1 i ]
tent with the finding that both $O ice and CQice contribute '
to the O yield. For CQ concentrations above 50%, thé O T 1E3 = ]
yield is practically equal to the Gyield, while for lower con- g
centrations the b contribution for the O yield becomes E
visible (Fig. 9a[2]). Such behavior supports the conclusion £
that O' stems mainly from C®ice. %_i 014
3.1.4. Positive hybrid molecular ions 001

The primarily produced ions React with the constituents 1E.3] 47
of the nuclear track plasma and form®l specific reaction 7
products, CQ@ specific reactions produdtg] and hybrid ions 1E-4
(Tables 1 and R The yield of the positive hybrid molecular
ions accounts for 12% of the total positive ion yield, in the CO, concentration (%)

case of 9% IO concentration in the ice, and for 8%, inthe _ _ _ _
case of 18% HO concentration. The difference is mainly Fig. 4. Yields of hybrid molecular ions measured as function of €an-

. . e . centration and compared with those of £&hd HO specific ions. The ice
attributed to the difference of D SpeCIfIC on ylelds. targets were irradiated by fission fragments. (a) Yield curves of positive ions.

In Tabl_e 1 two groups of m0|eCU|§r ions are listed: first  The thick curve was deduced from the sum of yields obtained folGD*
those which are produced by reactions betweérr R*, and CQ+; (b) yield curves of negative ions.
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are compared with an average curve of Gpecific primar- [12]. The molecular ion of ketene, GBO" atm=42 u, has
ily ions. As expected, the slope of the curves decreases aslso a low yield, relatively close to the detection limit. Thus,
the CQ concentration increases, i.e., the® concentra- the chance to produce acetic acid, §CHWDOH, via a reac-
tion declines. Towards low C{roncentrations, the slope of tion with H,O is low. A corresponding mass linermt=60u
the (CQ)H30" curve decreases less than that of the other was found, but it belongs to (GQO*, a CQ specific ion
curves, indicating a high reaction probability of the domi- [2].

nant HO* with the decreasing number of G@nolecules. The ion HO,* observed with relatively low yield is con-

An exceptional behavior occurs for thgQon: its yield de- sidered a hybrid molecular ion because it is formed with help
creases with BO concentration (from 9 to 18%) because the of O*, a primarily ion originating mainly from C@ Its yield

two reaction partners O and,Oor O and @ both orig- does not increase with4® concentration in the ice. Hydro-
inate from CQ. An opposite example is the ion at mass gen peroxide was detected by means of mass spectroscopy
36u (Fig. D: its yield increases by a factor of 4.5 with,& as a sputter product from pure water ice being irradiated by

concentration indicating that= 36 u is attributed mainlyto  heavy 3keV iong16]. It reacts with OH to form the radi-
(H20)2*, but not to G*. Note that yield curves such as those cal HO, which, however, has not been seen as an ion in the
shown inFig. 4can be indeed used to reveal certain reaction present mass spectr&jif, =0.07x 10~3ions/impact).
pathways.

The only ions with distinct C—H bonds are CHCH,* and 3.2. Negative ions
CHzs™. Their yields are low, but clearly above background. In
mass spectra measured within the electronic sputter regime, The yield of negative ions produced by MeV ion impact
these ions appear as fragment ions of organic compoundsjs smaller than the yield of positive ions. For purgice,
but usually with very low yields[(0]; see also Fig. 2 of ref.  the positive and negative ion total yield ratio is abou{Zp
[2]). The yield of CH" increases steadily up to 50% €O  For CQ; ice (<10% HO concentration), this ratio is about 5
concentration, as seenfiig. 4a. Itis supposed that the CH [2]. Therefore, the production of negative ions by MeV ion
CH," and CH™ ions are generated via a reaction scheme impact seems to be generally much higher in,G& than
C/H,0, as discussed by RoesdE}. This schemewouldlead in H,O ice. The reason for this is probably the capture of
to methane, which can hardly be resolved ag,Cign from free electrons generated along the nuclear track by oxygen
O" (Am=0.044u). On the other hand, the TOF spectrum of atoms and the chance of@nd negative reaction products of
frozen methane irradiated By°Cf fission fragments shows O~ to survive neutralization, i.e., to escape into gas phase as
avery weak Clf* ion peak, while the Chl" ion atm=15uis charged species. The negative ion spectrum is then dominated
intensg11]. The scheme of Roessler etal. predicts in addition by the O™ ion and its reaction products.
H>CO (m=30u), HCOH (m=31u) and CHOH (m=32u).
The formation of the two heavier molecules require morethan 3.2.1. O, O,~
one step, as their yields might be too small for detection. The  Compared with the mass line of"Qthe mass line of O
ion with mass 30 u was not observed, so its yield has to be be-exhibits only a small tail to shorter flight times—this means
low 0.07 x 10~2ions/impact, the yield detection limit for this  that most negative oxygen ions are thermalized before emis-
mass region. However, the,BO (formaldehyde) has been sion (the fraction generated by atomic collisions is about
deduced from absorption bands investigated by infrared spec-10%). The yields of O and O are almost equal, but the
troscopy[12,13]and also by quadrupole mass spectrometry kinetic energy of O is distinctly higher than that of O,
as a neutral molecule sublimating from &®,0 ice, when accordingly, O is less involved in reactions tharmrO
irradiated by 1.5MeV helium iond4]. Them=29 u would The yield curves of the Oion, as well as that of the low
correspond to the de-protonated formaldehyde ion, COH intense Q~ ion peak, follow the same slope as that of C
which has one of the more intensive yield§able 1 A mass a pure CQ derivate (Fig. 9b of ref[2]). Therefore, at 9 and
line of the methanol ion (CEDH)* would be superposed by  18% H,O concentrations, both ionic species should originate
the strong G line. mainly from CQ ice. For pure water ice, the yields of O

The molecular ions COH COOH" and GO* have not  and @~ measured with fission fragmerj8] are 30 and 200
been reported so far, probably because they react with the surtimes, respectively, lower than those obtained for pure.CO
rounding ice matrix soon after formation. Absorption bands
corresponding to CO-R and,O were reported by Moore  3.2.2. OH"

et al.[15], and CO-R with low confidence by Benit et al. This ion is listed in ref[2], Table 3, as an pD specific
[13]. Other interesting ions are @0O0H" and HCOOH. ion, but regarding its yield curve (not shown), the Otzeld
They have not been observed by other methods so far. Ameasured with fission fragment irradiation increases steadily
molecular ion seen in the spectrum ify. 1a is HLCOsz", up to 50% CQ concentration and drops then similarly to the
the positive ion of carbonic acid. It appears also protonated curves of H and (HLO)O~. The O ions appear to react

or as a hydrated complex ¢B@),H,COs*. By means of in- with water molecules as

frared spectroscopy the formation ob€&O3 in CO,—H,O

ice by proton irradiation was confirmed by DelloRusso et al. H20 + 07— OH + OH"
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3.2.3. CQ~, (CO) O™

The negative ion spectra measured for,£B8,0 ice by
MeV N ions and fission fragments are dominated by the
CO3™ ion and the cluster series (GfaO~ (Fig. 6 and Table
2, ref.[2]). The (CQ),O~ series can also be designated as
(CO)n-1CO3~ and can be reached by a one step reaction
of a (CQy), cluster with O". As seen in Fig. 9 of refl2]
and inFig. 4b, the very pronounced dependence of thgCO
yield on the CQ concentration indicates that two G®pe-
cific atoms or molecules are involved in the reaction forming
COs~. We suggest the reaction

CO,+0" —» CO3~

The molecule C@ has been observed by Gerakines et al.
[17] and Benit et al[13] using H" and H& beams for ir-
radiation of CQ—HO ice and infrared spectroscopy. The
spectra displayed in Fig. 5b of rgR] show a weak Cg'
signal, whereas the GO signal is 22 times stronger. Its
reaction with water would lead to carbonic acid;GOs,
which has been reported by several autfaf. In Fig. 2

of ref. [2], it is seen a stronger signal at=61u, which
can be designated as @@, and a weak positive ion sig-
nal atm=62 u, the mass of $COs. The double charged an-
ion CO32~ of the carbonic acid atv2=30u has not been
observed.

3.2.4. Negative hybrid molecular ions:

The observed hybrid ions are listed iable 2 Simi-
larly to O~, OH™ reacts with (CQ), clusters to form the
series (CQ),OH~, whose intensity is about seven times
smaller than that of the (CO~ series. The basic reaction
is:

COp 4+ OH™ — (CO)OH~

In the low mass range(< 50 u), several low intensity ions
- (Ch=1a)~, H20,~, C,O0~, CH,CO~,CO;~, COOH™ and
(H20)O,~ —are observed, which are also found as positively

charged molecules in the positive mass spectrum presented

in Fig. 1a. In a few cases, OHand O are adducted to
(H20)m(COy)p, clusters.

The cluster seriesC is even less expressed than thg C
series. Compared with O or to O attachedatR group, the
electron affinity of G > 2 clusters is high, 2-5ej.9]. This

means that the density of such clusters around the nuclear

track should be low—much lower than that of O and OR,
which consume the available free electrons. The formation
of carbon clusters in the nuclear track plasma is a well known
phenomenon—TOF spectra of negative ions ejected from
pure frozen hydrocarbon compounds consist mainly of the
four-finger groups (§Hm=0-3)~ [10]. The strongest signals
are those of gH™ for evenn. Corresponding groups of ions
were not observed in the present spectra. Th#l(z 0-3)~
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3.2.5. (CQHy)~ with m=0-3 and corresponding
clusters

The mostinteresting negative molecular ions ejected from
COyx—HO ice by MeV N ions as well as by fission fragments
are the ions of the group (GBI,)~ with m=0-3. The spec-
tral pattern of this group and the corresponding cluster ions
are seen in Fig. 2a and in Fig. 8 of r¢2]. lon yields are
listed inTable 2

As mentioned, four-finger groups of negative ions are typ-
ical for mass spectra of frozen organic samples. They are ex-
plained by the number of C—H bonds of carbon cluster ions
CnHm™ being formed in the nuclear track plasma. Clusters
Cn~ have four free carbon bonds, when, for instance, the
carbon chain is linear and the adjacent carbon atoms are con-
nected by double bonds. Since one bond is occupied by the
negative charge (an electron), €y~ cluster ions are pos-
sible withm=0, 1, 2, 3. For odd values af an acetylenic
structure of G~ provides four free carbon bonds also. The
four-finger groupm=76-79 u is 4 mass units too high to be
assigned as §H ™ mn=o-3 A cyclic (OGHm=0-3)~ molecule,
which would provide four C—H bonds, is not known. We
suggest two possible reaction pathways leading to the four
molecular ions (C@Hm) ~:

1. Theseions are produced via reactions betweesTGd
H»0, the most abundant hydrogen containing molecule
in the nuclear track plasma. In the hot track plasmg CO
undergoes reactions with water molecules:

CO3™ +Hy0 — CO4~ +H> (3)
CO3~ +H,0O - CO4H™ +H 4)
CO3™ +H20 — CO4H2™ 5)
CO3™ +(H20), — CO4H3™ +OH (6)

The reactiong3)—(5) consume one D molecule, reac-
tion (6) two HoO molecules. As seen Fig. 4b, up to 53%
CO, concentration, the reaction products (6,=1,

2, 3)” increase similarly to C@, then slower, due to

the decreasing concentration of®lneeded for reactions

(3)—(5). The three yield curves (C®In=1, 2, 3) are al-

most parallel, and the reactio(®—(5)seem to follow the

same reaction pattern. To produceE{d~ in reaction(6)

a second water molecule is required. Therefore, due to the

decreasing availability of two water molecules, the yield

of CO4H3~ bends down when thedD concentration be-
comes smaller.

2. Note thatthe CgH3™ yield behaves similarly to the yield
curve of (CQ)OH™. The slope of the later reflects the
availability of OH~. A reaction leading to CgHz and
consuming OH would be BCOs; + OH™. Carbonic acid
is a transient compound formed in the heated, &0
ice around the nuclear track. It reacts with the ions O
and OH in the following way:

ions were also reported for targets of frozen acetone irradiated

by fission fragmentf20].

HoCO3+ 0~ — CO4~ +Ho (7)
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H,CO3+ 0~ — CO4H™ +H (8) By far, most of the observed molecular ions are formed
in one-step reactions. That is particularly true for positive

HoCO3+ O~ — COyHy™ (9) ions, which have generally higher kinetic energies than the
negative molecular ions. The primarily produced iorfseR-

H,CO3 + OH™ — COyH3~ (10) perience the Coulomb repulsion of the nuclear track, while

the corresponding negative fhave been generated by elec-

The four yield curves of the (Cfm)~ (Fig. 40) show in tron capture of thermalized atoms or molecules. The track
fact a dependence on the €Encentration, which is similar plasma expands in very short time into vacuid®] since its

to those of O and OH". Compared with reaction@)—(6) temperature is very high (betweencdl 0° and 10x 10°K,

the advantage of the reactiof§—(10)is that the rare ionic according to values derived from energy distributifi21]).

reaction partners are involved in only one reaction step. Therefore, the chanqe for r_nultl-st_ep reactions Is low. FHor n-
Above m=79u only series of negative cluster ions are Stance, thetwomostintensive radicalions C@idd COO

observed, whose band heads are molecular ions with massekesulted from one-step reactions. An exception is eventually
smaller than 80 u. These cluster series are listed in Table 2the formation of (CQHm) ™~ which can be explained by two-

of ref. [2] and inTable 2 Also the series of the (C{Biy)™ or even three-step reactioTs. o
group are well expressed as demonstratefidgn 2b. Hydrocarbon ions fHm™ and GHm™ typical for TOF

A further discussion of the various possible reaction path- SPectra of organic materigl0] are hardly ever seen in the

+
ways is out of the scope of the present studies. They require"Vell resolved spectra. The&im” are usually fragments of or-
anicions. The gHy~ are supposed to be synthesized in the

in particular measurements capable to determine the preciséJ . X ool
relative composition of the ice, i.e., the ratio of the 56,0 nuclear track plasma of atomized organic material, i.e., atoms
abundance. T and ions of hydrogen and carbfif0]. Such processes, how-

An attempt to summarize the positive and negative ion EVEr: Seem to seldom occur in the track plasma 0f-8H0
cluster structures is: ice. In particular, the yields of & clusters are remarkably
small. A recent investigation of pure CO ice (at 30K) has
shown that in this case clustered carbon atoms dominate the

Molecular group |on+grOUp secondary ion spectruf@2].

g:zggmgg%” 222&223_2 T_'Ech Already our investigations of pureJ@ ice have shown
(HiO)TCOz)ztn)k k=0, 1 o that the patterns of the TOF spectra measured with MeV N
Hy or (CO)n korn=0-2 COOH ions and fission fragments are quite similar; differences can
(CO)n n=0-6 OH" be explained by the more fragmentary processes in accor-
(H20)m(CO2)n m=0-4 anth=0-2 o dance with the higher temperature in the core of fission frag-
E:zgim ng:g’ 6 Sﬁco - k=0-3 ment tracks. This means that, concerning the production of
(Céz)r:" n=0-5 l-kcoi*: Kk=0-3 new molecular ions, electronic sputtering is unique; the total

yield of these ions depends linearly on the electronic energy
The observed ion clusters are displayed in the form |ggg including a threshold of about 31 ef&V[/Z].

[molecular group][ion grougl . Remind that HO* was pre- The present experiment on G@H,0 ice have shown

ferred to HO H" and that COOF can also be CQH™. that electronic sputtering accounts for the ejection of or-
ganic molecules from the icy surface. Of particular inter-
est are the ions COH COOH, CHz* and CQ~, the

4. Conclusions first three being organic ions. For ice with 91% &£€bn-
centration, they have yields of 0.0031, 0.011, 0.00014 and

The present TOF spectrometry detects those ions which0.019 ions/impactTables 1 and 2xhibit various other or-

are produced within 10'°s after the heavy ion impact and  ganic ions, most having yields which are one order of mag-

which are ejected into vacuum. In contrast, infrared spec- nitude lower than the ones above. At a £ncentration of

troscopy or quadrupole mass spectrometry is employed usu-1%, a more realistic for the icy surface layers of the Jovian

ally hours after irradiation to molecules which have been moons, all the yields are supposedly two orders of magnitude

produced inside the target and which have experienced fur-smaller.

ther chemical reactions. Thus, by the current method, it is  In the article of Delitsky and LanEl8] a list of further

seen mainly dissociation products of the ice constituents andproducts of irradiation of C&-H,O ice is published, such

products of reactions between these dissociation products ands HCO (m=30u), CHCO (m=42u), HCO h=29u) and

the most available molecules, @@nd HO, or clusters of C,03 (m=72u). Among these, the only ion which has been

them. Reactions between dissociation products themselveslearly identified in the present TOF spectra is HC@he

are rare; resulting molecules are, for instance?, @, protonated CO molecule. The indications for organic com-

COH", COOH~, CH,CO~, H,COOH'. One of the reaction  pounds as ketene (GBO) or formaldehyde (LCO), both

partners is then H C, O; or CO, all species, which are prob- observed by Benit et a[13], are poor; they might appear

ably produced in large quantities along the nuclear track.  in the TOF spectra as protonated or de-protonated molecular
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ions. Heavier, more complex organic ions cannot be expected,This requires a flux of & 1042+ jons/cn? for a 1.7 MeV
because the nuclear track plasmais too hot and fast expandingy2+ heam.
at the track exit.
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