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b Laboratório Nacional de Luz Sı́ncrotron, Box 6192, 13084-971 Campinas, SP, Brazil

Received 1 October 2006; received in revised form 13 November 2006; accepted 14 November 2006
Available online 22 December 2006

bstract

CO–NH3 ice at 25 K is bombarded by 65 MeV fission fragments and the emitted secondary ions are analyzed by time-of-flight mass spectrometry.
he yields of the specific ion species (those formed only from CO or from NH3 molecules) and of the hybrid ion species (formed from both CO
nd NH3 molecules) are determined as a function of the ice temperature. The time-temperature dependence of desorption yields has been used for
econdary ion identification because its behavior characterizes the ion’s origin around the sublimation temperature of CO ice (∼30 K). The mass
pectrum of positive ions measured before CO sublimation is decomposed into three spectra corresponding to CO specific ions, NH3 specific ions
nd hybrid molecular ions, respectively. The observed spectrum after CO sublimation is very similar to that of a pure NH3 specific spectrum. The
otal yield of all positive hybrid molecular ions over 600 u mass range is found to be about 2 ions/impact: 20% of this is attributed to N and NH3
ontaining ions and 80% are ions having the CnOmHl
+ structure. The ions Cn≤3Hl,2,3

+, COH+, NO+, NH3OH+ and NH3CO+ were identified. At
= 25 K, the total yield of negative ions is about 20 times lower than that of positive ions, the most abundant species being the cyanide ion CN−.
bservation of cluster ions based on (HCN)n indicates the formation of hydrogen cyanide.
2006 Elsevier B.V. All rights reserved.
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. Introduction

We recently investigated the occurrence of hybrid molecular
ons in the flux of particles sputtered by MeV heavy ions from
mixture of CO2–H2O ice [1,2]. This search for new molecular

ons – in particular organic molecules – is now extended to
mixture of carbon monoxide and ammonia condensed onto
metallic substrate at a temperature of 25 K. The CO–NH3

ce is bombarded by fission fragments of about 65 MeV, a
inetic energy for which the electronic sputtering dominates.
ince CO and NH3 are constituted by H, C, N and O, the

O–NH3 mixture provides the basic elements for the genesis of
rganic molecules. The aim of the present work is to detect, by
ime-of-flight mass spectrometry, the new molecules which are
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ormed inside the short living nuclear track plasma and ejected
nto vacuum.

The available data on CO2–H2O ice [1,2] reveal that hybrid
olecular ions i.e., molecular ions which contain atoms orig-

nating from both CO2 and H2O molecules, account for about
0% of the total ion yield and that these ions are formed mainly
y 1-step reactions between primarily produced ions with CO2
r H2O molecules or with their clusters. The major part of the
ass spectrum consists of lines of cluster ion series formed by
O2 and H2O specific ions. As presented in the following, the ice

ormed by the mixture CO:NH3 = 5:1 delivers similar results for
he positive ion spectrum; however, the relative yield of hybrid

olecular ions is more than a factor of 3 higher than in the case
f CO2–H2O ice; the majority of these ions stem from multi-
tep reactions. Secondary ion emission from the ices of pure CO

nd pure NH3 has been studied in detail in previous experiments
3–5].

The mass spectrum of the positive ions ejected from
O–NH3 ice is here studied at ice temperatures between 25

mailto:enio@vdg.fis.puc-rio.br
dx.doi.org/10.1016/j.ijms.2006.11.013
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Fig. 2. Mass spectrum of positive ions measured before CO sublimation with
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nd 130 K. As temperature increases, the sublimation of CO
recedes that of NH3. The spectral pattern changes substantially
s a function of temperature due not only to the change in
he relative concentration of the ice constituents but also to
hanges in the ice structure. In the present work our attention
s focused on the genesis of hybrid molecular ions in the
O–NH3 mixture around the sublimation point of CO (∼30 K).
second article, in preparation, describes the influence of the

ce structure and its composition on the secondary ion formation
6].

The analysis has been performed by 252Cf-plasma desorp-
ion mass spectrometry (PDMS [7]), which employs fission
ragments as projectiles for sputtering and as trigger for the
ime-of-flight (TOF) measurement. In Section 2, the experimen-
al methods are shortly described; in Sections 3 and 4, the mass
pectra of positive ions obtained during a steady increase of
arget temperature are analyzed and discussed. Mass spectra of
egative ions measured before and after CO sublimation are
resented in the Appendix and briefly analyzed.

. Experimental methods

The whole experimental set-up, including the target temper-
ture controlling system, is the same as that used in the recent
tudies of CO and NH3 ices [3,5,8,9]; its sketch is presented
n Fig. 1. The time-of-flight (TOF) spectrometer has the target
older connected to the cold finger of a He cryostat. The 252Cf
ssion fragments, having energies of about 65 MeV (after pass-

ng the protection foil of the Cf source), are used for heavy ion
ombardment of the ice target. The secondary ions are backward
jected – with respect to the incident projectiles – and acceler-
ted towards the stop detector. The energy loss of � particles
assing the target under 45◦ is used to determine the thickness
f the ice layer deposited on the target carrier. For further details
ee ref. [3].

The substrate for the condensed gases is a thin Au foil (thick-
ess 0.51 �m, diameter 8 mm) stretched over a Cu frame and
irectly connected to the He-cryostat. To minimize IR radiation

xchange with the chamber wall, the target is surrounded by a
u thermoshield having a temperature of about 50 K. A typical
asic residual gas pressure was in the low 10−8 mbar. The gases
O and NH3 were mixed in a separate stainless steel chamber

ig. 1. Sketch of the experimental set-up used to bombard frozen CO–NH3 by
eans of 252Cf fission fragment sputtering to produce secondary ions. Details

n refs. [3,5].
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O–NH3 ice during 30–42 min after interruption of dosing; the target tempera-
ure increased from 25 to 29 K in the period.

nd their relative concentrations were adjusted by means of
heir partial pressures. For condensation, a weak, steady flow of
he mixed gases was directed onto the target foil kept at 25 K,
ntil the ice layer had reached a thickness of about 300 nm. The
rowth rate was about 20 nm/min.

After dosing, in order to determine the temperature depen-
ence of positive secondary ion yields, the target temperature
as slowly increased (0.36 K/min) and acquisition of a series
f 40 TOF spectra was started. Among these, 32 spectra were
aken for positive ions and used for studying the temperature
ependence of positive ion yields. During data acquisition the
emperature of the Cu frame was measured continuously by

eans of a Cooper–Constantan thermocouple, which has a sen-
itivity of ≤0.008 mV/K close to 25 K. Because of this low
ensitivity of the thermocouple at low temperatures and on
ccount of instabilities of the reference temperature, the abso-
ute ice temperature values given in the following are uncertain
ithin ±4◦ around T = 30 K. The sublimation point of CO ice

round T = 30 K was reached 45.5 min after the interruption of
osing and the start of measurements.

. Results

The TOF measurements started at a target temperature
f 25 K and ended at 130 K, when the ice layer had already
isappeared by complete sublimation of the ice deposited on
he Au foil. Fig. 2 represents the sum of 6 single spectra, each
f them acquired for 100 s, while the target temperature has

ncreased from 25 to 29 K. The mass lines with intensities
bove 25 counts/channel/100 s are easily attributed to ions
bserved in measurements with pure CO and NH3 ices [3,5].
or instance, the Cn(CO)2

+ cluster series is typical for CO ice
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Fig. 4. TTY curves: cluster ion yields as a function of time/temperature. The
“total ion yield” (squares); (NH3)nNH4

+ yields, summed from n = 1–5 (circles);
C (CO)+, C (CO) + and C C+ yields, summed from n = 1–6 (open circles); sum
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ig. 3. High mass region of the CO–NH3 ice spectrum. Upper and lower lines
orrespond to measurement before and after CO sublimation, respectively.

nd the (NH3)nNH4
+ one for NH3 ice. Since CO sublimates

round T = 30 K, the CO specific mass lines disappear from
he mass spectra obtained at higher temperatures. This is
emonstrated in Fig. 3, where the high mass region of the
pectrum shown in Fig. 2 is compared with the spectrum
easured after CO sublimation from the same target. The

resence of CO in the ice causes an enhancement of ion yields
ver the whole mass range presented in Fig. 3 by a factor
f 3.

The ion yields measured as a function of time (i.e., of the
arget temperature) are quite characteristic of the ion species.
ne can distinguish mass lines of ions being specific for (i) pure
O ice, (ii) pure NH3 ice and (iii) hybrid molecular ions. Most
ass lines are a superposition of different ion species, thus, the

erived chemical assignment given in the figures concerns the
ominant contribution to one mass line. The time–temperature
ependence of ion yields, expressed by the so called TTY curves,
as determined for more than 80 different ions by setting chan-
el windows over the corresponding mass lines and integrating
he counts throughout these windows. In the high mass range,
ackground counts were subtracted.

Fig. 4 depicts the TTY curve of the “total ion yield”, i.e.
he sum over all ions with masses between 1 and 175 u, of three
luster series always summed over the first five or six members of
he series and of the integrated yield of 22 hybrid molecular ions
see also Fig. 8). Two of the cluster curves correspond to CO and
H3 specific ions, the third one to the hybrid ions (NH3)nCO+,
hich overlap with the very weak series (NH3)nN2

+(see Section
.3). Note that, at around T = 30 K, the yields of molecular ions
hich contain C or CO decrease by 1–2 orders of magnitude,

ndicating that the CO sublimation is practically finished. The
total ion yield” is almost constant between T = 25 and 29 K and
rops just above 30 K by a factor 3. It continues on this level

ntil the disappearance of the NH3 ice layer from the target by
ublimation, after which the yields decrease. The last part of the
TY curves shown in Fig. 4 (120–315 min, T = 70–130 K) will
e analyzed in ref. [6]. TTY curves of various single ions will be

R
o
r
i

n n 2 n

f 22 species of CnOmHl
+ hybrid molecular ion yields (triangle data), Section

.3. The intervals a and b mark the time/temperature range before (Fig. 1) and
fter CO sublimation.

resented in the next sections, generally around the sublimation
oint of CO for temperatures from 25 to 38 K.

.1. CO specific ions

As seen in Fig. 4, after T = 30 K has been reached, the yields of
he CO specific cluster ions fall down dramatically. They remain
n this low level for about 60 min and then increase steadily,
robably as a result of the continuous condensation of rest gas
eing evaporated from parts of the He cryostat-in particular from
he thermoshielding-which had warmed up faster than the target
6].

A comparison between the patterns of the mass spectrum
bserved with pure CO ice [3] and of the spectrum measured
ith the CO–NH3 ice mixture reveals a high similarity. This

an be expected because of the relatively high concentration
83%) of CO in the CO–NH3 mixture. The Cn(CO)2

+ series,
he most pronounced cluster series desorbed from pure CO ice,
s also seen in Fig. 2. The ion yields of this series have been
ormalized to the pure CO ice spectrum and compared to the
ce mixture. Results are shown in Fig. 7, where the adjusted
eference spectrum (dark bars) is superposed on the spectrum
f the ice mixture (thin bars). The primarily produced ions
+ and CO+ and the cluster series CnC+, Cn(CO)+, Cn(CO)2

+

an be recognized. The (CO)m
+ series, well established in the

ure CO ice spectrum, is not observable, even above m = 8,
here the overlap with the Cn series is low (see Fig. 5 of

ef. [3]). As seen also in Fig. 4, the TTY curve representing
he sum of the CnX+ series yields possesses a characteristic
hape, which is also reproduced by pure carbon cluster ions,
s demonstrated in Fig. 5 for six members of the C C+ series.

egarding the yield distributions of the Cn ion clusters, the peri-
dic intensity alteration with relative maxima at odd n recently
eported for pure CO ice [3] was not so well defined for the
ce mixture.
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Table 1
Integral ion yields (ions/impact) of positive ions measured for CO–NH3 ice
before and after CO sublimation

Ions CO–NH3 ice Ions NH3 ice

NH3 specific 1.80 NH3 specific (total) 1.58
(NH3)n=0–32NH4

+ 1.5 (NH3)n=0–32NH4
+ 1.07

H1
+, H2

+, H3
+ 0.24 H1

+, H2
+, H3

+ 0.39
CO specific 1.5 Satellite ions 0.054
Hybrid 1.85 N+, NH+, NH2

+, NH3
+ 0.053

Total 5.2 NH3)n=1–7N2
+ 0.017
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Fig. 5. Time/temperature dependence of yields of the CnC+ cluster ions.

.2. NH3 specific ions

During the sample temperature interval of 40–65 K (corre-
ponding to the time period from 72 to 115 min (interval b in
ig. 4), the obtained mass spectrum is very clean, meaning that

he NH3 layer left on the target carrier foil after CO sublimation
as free of contaminants. It is presented as a bar spectrum in
ig. 6. This spectrum has also been superposed (but not nor-
alized) on the spectrum which has been measured before CO

ublimation (see Section 3.3). The spectrum shape is almost
dentical to that known from our previous work with pure NH3
ce [5]. An exception is a mass line at m = 71 u, being probably
NH3)3H2NH4

+, a reaction product of (NH3)3NH4
+ with H2.

ote that the dominant cluster series, (NH3)nNH4
+, is always

ccompanied by the (NH3)nHNH4
+ series and that, at higher

luster masses (n > 8), even more attached H atoms are observed.
ontrary to the (NH ) NH + series, the yields of (NH ) HNH +
3 n 4 3 n 4
ons increase with n, the number of ammonia molecules per clus-
er. At m = 154 u (i.e., n = 8) the cluster ion and its H-satellite
ave the same yield (see Fig. 6). The Hn-satellite yields have

ig. 6. Bar spectrum of ions ejected from the CO–NH3 ice target in a temperature
nterval from 40 to 65 K after CO sublimation. The chemical designation of the

ass line at m = 111 u is not known.
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atellite ions are (NH0–2)(NH3)n−1NH4
+ and H0–6 N2

+. The yield of “NH3

pecific” includes the yield of the hydrogen ions.

een always included in the yields of the ammonia cluster ion
ata.

Above n = 1, each cluster mass line Mn is accompanied
y triple weak lines at m = Mn −1, −2, −3. These lines
orrespond to reactions between (NH3)n and N, NH, NH2,
he dissociation products of NH3, and can be assigned as
NH0–2)(NH3)n−1NH4

+. The ions N+, NH+, NH2
+and NH3

+, a
roup having masses between 14 and 17 u, also react with NH3
nd the fragments of NH3, the resulting ion group in Fig. 6 is
0–6 N2

+. The integral yield of all these satellite lines accounts
or 0.054 ions/impact. The yields of the (NH3)nNH4

+ series
n = 0–32), the hydrogen ions H1

+, H2
+, H3

+ and other relevant
ons of the bar spectrum shown in Fig. 6 are listed in Table 1. It
s also seen in Fig. 6 that the (NH3)mN2

+ series has a relatively
ow yield and exhibits an opposite behavior with respect to all
ther cluster series: its ion yield increases with m, the number
f cluster constituents. Such clusters are probably formed by
he reaction between an ionized N2 (a surface contaminant) and
eutral ammonia clusters. Their yields increase with time due
o a persistent rest gas condensation [6].

.3. Hybrid molecular ions

Secondary molecular ions containing C and O, or N and H
orm the CO or the NH3 specific ions; on the other hand the
roups C/N, C/H, N/O, O/H, C/N/O, N/O/H and C/N/O/H form
he hybrid molecular ions. The large number of possible hybrid
pecies and the frequent coincidence in their masses makes this
tudy quite complex. The TTY diagram, representing the desorp-
ion yield dependence on the target temperature, is a practical
ethod for the elucidation of the hybrid species genesis. The

ublimation of one of the ice constituents has a relatively small
nfluence on the desorption yield of the other constituents, but,
n the other hand, it has a strong influence on that of the hybrid
olecular ions and a dramatic effect on that of the corresponding

pecific ions.
The low mass region, defined by 10 < m < 98 u, is displayed

n Fig. 7. The mass spectrum measured before CO sublimation
thin bars) is compared with that measured after CO sublima-

ion (thick bars). In addition, the CO ice reference spectrum
dark bars) is superposed after being normalized to the strong
n(CO)2

+ series. The CO specific ions can appear only at masses
ultiple of 4. All the thin mass lines which do not overlap
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Fig. 7. Low mass region of the bar spectrum obtained for CO–NH3 ice at
T = 25–29 K (thin bars). The dark bars is the same CO reference spectrum:
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Table 2
Yields (ions/impact) of positive hybrid molecular ions

Ions CO–NH3 ice

CH1, 2, 3
+ 0.047

C2H1, 2, 3
+ 0.043

C3H1, 2, 3
+ 0.054

COH+ ∼=0.1
NO+ 0.15
(NH3)nCO+ ∼=0.15
(NH3)n=1,2OH+ 0.02
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he four strongest Cn(CO)2
+ lines are normalized (0.65) to those of the spec-

rum measured with the same CO–NH3 ice target but after CO sublimation
thick bars).

ith black or thick mass lines are attributed to hybrid molec-
lar ions, but those which have a height distinctly above the
lack or/and thick bars indicate the position of hybrid molecular
ons.

The TTY curves of nine ions having masses between 25 and
5 u are shown in Fig. 8. In this mass range, four groups of ions
an be identified by their TTY behavior at around 29 K:

(i) the NH3 specific cluster ions, represented by the NH3NH4
+,

NH3NH2
+and NH3N+ ions. Their TTY curves have a pro-

nounced peak (or at least a shoulder) at T = 29.5 K and drop
a factor of 2 to 3 after that;

(ii) the NH3- or N-containing hybrid ions, represented by the
NO+, NH3OH+ and NH3CO+ions. Their TTY curves drop
one order of magnitude at 29 K;

iii) the C-, O- or H-containing hybrid ions, such as COH+

and C2H+. Their yields drop by more than one order of
magnitude;
iv) the CO specific ions, represented by the CO+ ion. Its TTY
curve drops almost two orders of magnitude when the CO
sublimation temperature is reached (see also Figs. 3 and 4).

ig. 8. TTY curves (ion yield dependence on time and temperature) of several
ositive ions between m = 25 and 45 u. The solid symbols belong to NH3 specific
ons. The open symbols correspond to CO ions or to hybrid molecular ions.
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otal hybrid (%) 1.85 (35)

Some of the mass lines can be composed by ions of different
ypes. For instance, the line at m = 30 u is probably a superpo-
ition of NO+, N2H2

+ and COH2
+ (formaldehyde) as learned

rom Fig. 7. The existence of the N2H2
+ ion is a reasonable

xplanation for the fact that the TTY curve-in Fig. 8 assigned as
O+ curve-does not fall after CO sublimation as low as those
f the other ions.

Above mass 50 u, the possible combinations of carbon, oxy-
en and hydrogen atoms become too manifold to specify the
hemical designation of the hybrid ions. In fact, at higher masses,
he thin bars build a continuous pattern of lines in which the
ines of CO and NH3 specific ions are embedded. The yields of
ositive hybrid ions are given in Table 2.

he CnHm groups

The series of hydrocarbon ions CH1,2,3
+, C2H1,2,3

+,
3H1,2,3

+ are easily recognized at masses 13–15, 25–27 and
7–39 u in Fig. 7. It should be noted that only the mass line
f C2H+ at m = 25 u is free of possible contributions of other
ons. Regarding the general spectral pattern over the whole

ass range, some periodic features are recognized. In partic-
lar, the gaps between the thick and dark mass lines are filled
ith lines of CnHm containing compounds, such as the lines

orresponding to m = 41, 42 and 43 u and which are probably
superposition of C3H5,6,7

+ and C2OH1,2,3
+. This means that,

bove m = 40 u, the CnHm groups can also be groups of type
nOmHl.

he CnOmHl
+ ions

In Fig. 9, the TTY analysis is extended to 22 ions having
he CnOmHl

+ structure and whose mass lines are probably not
uperposed by contributions from CO and NH3 specific ions.
heir TTY curves are sorted according to the ion’s mass and nor-
alized to a mean curve for each group. The shape of the TTY

urve (dashed line) relative to the C2H+ ion is typical for most of
hese ions, which correspond to the thin mass lines represented
n Fig. 7. Their common behavior is the yield decreasing at

bout 28.5 K, distinctly below the sublimation temperature of
O (30 K). Note that the behavior of the integral yield of these
2 hybrid molecular ions, shown in Fig. 4, has a shape quite
ifferent from the other curves shown. Above the mass range
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ig. 9. TTY curves for 22 ions having supposedly the structure CnOmHl
+. The

urves are grouped with respect to five mass intervals. The TTY curves of each
roup are normalized to a mean curve of each group.

onsidered in Fig. 9, the pattern of CnOnHl
+ mass lines (includ-

ng lines of CO specific ions CnOm
+) obviously continues until

= 590 u, as seen in Fig. 3. In the bar spectrum partially shown
n Fig. 7, at higher masses the thin bars build a continuous pat-
ern of lines, in which the lines of CO and NH3 specific ions are
mbedded.

he (NH)nCO+ and (NH)nOH+ ions

By means of the underlying pure NH3 spectrum and the
ormalized CO reference spectrum, the integral yields of CO
pecific-, NH3 specific- and hybrid-molecular ions were esti-
ated and are given in Table 1. The emission of NO+ ions
as already known from previous experiments on CO ice con-

aminated by N2 [3,4]. Reaction products between the highly
roduced primarily ions, C+, CO+ and OH+ with NH3 are
xpected. Hybrid ions, such as NH3C+ or (NH3)2C+, were not
learly observed, but NH3OH+ and (NH3)2OH+ were indeed
dentified by means of the TTY curves. The series (NH3)nCO+

embers have a relatively small yield, as shown in Fig. 1, and
heir mass lines coincide with those of the very weak series
NH3)nN2

+ present in the spectrum after the CO sublimation

see Fig. 6). As seen in Fig. 4, the TTY curve of the sum of the
rst five members of the (NH3)nCO+ series has the expected
houlder at 29 K and above 30 K a shape similar to that of CO
pecific ions. Table 2 presents a rough estimate for the yield of
he (NH3)nCO+ series.

m
m
a
c
T

ass Spectrometry 262 (2007) 195–202

. Discussion

In the preceding section, the flux of positive ions ejected from
O–NH3 ice by fission fragment impact was sorted as CO spe-
ific ions, NH3 specific ions and hybrid molecular ions. The
pectral patterns of the first two components are observed to
e quite similar to that observed with the pure ices. The dom-
nant ion cluster series before and after the CO sublimation,
NH3)nNH4

+, is created by attachment of H+ in ammonia clus-
ers, the protons being released by coulomb interaction of the
mpacting heavy ion with ammonia molecules. Since the source
or both protons and (NH3)n is the content of ammonia in the ice
ixture, one should expect a much higher yield of (NH3)nNH4

+

ons after the CO sublimation, once the molecular ratio of NH3
nd CO increases by two orders of magnitude after the CO subli-
ation (from 1:5, before, to 1:≤0.05, after). However, data from
ig. 4 and Table 1 show that, instead, the (NH3)nNH4

+ ion yield
ecreases slightly after CO sublimation. One possible explana-
ion for this apparent contradiction is that the amorphous ice
tructure of the NH3 component formed during condensation is
reserved during the sublimation process of CO. It is very liked
hat the target porosity increases during the CO sublimation,
hanging the stopping power as well as formation and dynamics
f secondary ions.

In the ice mixture, the CO molecules fill the relatively open
H3 structure [6]; thus, two track-surrounding materials are sub-

ect to excitation (and ionization) by the passing projectile: one
elative to the CO fraction and another one concerning the NH3
raction. This would explain why the yield of NH3 specific ions
emains nearly constant and why the total ion yield of positive
ons is distinctly higher before CO sublimation than after (see
ig. 4). The total yield deceases by a factor of 3 and not 5, but
ne has to be aware that the capture probability for protons in
NH3)n and the neutralization probability of primarily produced
ons in mixed and pure ices can also play a role.

For fission fragments of 65 MeV energy penetrating the
O–NH3 ice, �-electrons carry electronic excitation about 45 nm
eep into the material surrounding the nuclear track. In the track
entre, the energy per molecule is about 60 eV and decreases in
adial direction as 1/r2 (see, for instance, ref. [10]). At a radial
istance of 2.5 nm, the energy density is still 11 eV/molecules,
ufficient for dissociation of CO and NH3 molecules. These esti-
ated figures lead to some hundred dissociated molecules per

m track length, i.e., delivering a relatively high density of free
arbon, oxygen and hydrogen, either atomic or molecular. In
ase of pure CO ice, the high carbon density generates a com-
lex spectrum of (CO)mCn

+ ions up to masses of 450 u (see
ig. 5 of ref. [3]). A similar spectrum of CO specific ions is part
f the mass spectrum shown in Figs. 2 and 7. Its integral yield
s 1.5 ions per impact, 1.6 times lower than the yield obtained
ith the pure CO ice [3].
Dissociation of ammonia provides hydrogen atoms and

olecules as well as N, NH and NH2 in the track plasma. As

entioned in Section 3.2, in the case of NH3 ice, reactions

mong the nitrogen containing species lead to the satellite ions
ontributing with only 3.4% to the total ion yield (see Table 1).
he presence of unbound hydrogen in the track plasma is noticed
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ig. 10. Mass spectrum of negative ions ejected from CO–NH3 ice before
O sublimation (T = 25 K). The chemical designation of mass lines m > 36 u

s tentative.

y attachment of one H atom to the (NH3)nNH4
+ clusters. Above

= 8, more than one attached H atom have been observed. There-
ore, the cross section for H attachment seems to increase with
he number of NH3 molecules per cluster.

A pertinent question is whether the hydrogen content in the
rack plasma is sufficient for the formation of the observed

nOmHl
+ ions. It is already established that the projectile con-

idered induces the production of carbon cluster ions, Cn
+ and

n
−

, as well as the hydrocarbon ions CnHm>0
+, CnHm=1–3

−, the
atter being identified in the low mass regime with yields of ∼=0.7
nd 0.005 ions/impact, respectively. In a hot, high density gas
onsisting of carbon and hydrogen atoms, reactions between
arbon species would lead to Cn and reactions between Cn

nd hydrogen to hydrocarbons CnHm. This has been studied by
ydrodynamical calculations of a C-H-plasma relaxing into vac-
um by adiabatic expansion [11,12]. In principle, the production
f saturated hydrocarbons is favored. Regarding ionized species,
his leads to a preferential production of C(CH2)n

+ and CnH−
or even n, both being observed with ices of alkanes and other
ure hydrocarbon compounds [11]. In the present spectra, the
n
± peaks are usually the highest of the CnHm

± groups; the sub-
equent peaks (m = 1–3) decrease with m (see Figs. 6 and 9). It is
oncluded that in the track plasma the consumption of hydrogen
y collisions with the CnCOm is too high to allow the produc-
ion of species with a higher number of hydrogen adducts. At a
O/NH3 ratio of 5:1, the relative density of unbound hydrogen

n the track plasma should be distinctly lower than the density
f CO specific species. After CO sublimation, the CO content
f the ice decreases by more than two orders of magnitude, the
ery rare C2

− ions collide with a relatively high density hydro-
en gas and a pronounced C2H− signal appears in the negative
on mass spectrum, eight times higher than the C2

− signal.
The negative ion spectrum obtained before CO sublimation

see Appendix A and Fig. 10) is governed by hybrid molec-
lar ions, particularly the most intensive, very stable cyanide
on CN− (0.05 ions/impact) and the weaker cyanate ion CNO−

0.02 ions/impact), both of which seem to react with various
pecies of the track plasma (see Fig. 10) including hydrogen
yanide HCN. Because the first three members of a cluster series
HCN)nCNO− were identified, the production of relatively large

t
n
t
s

ass Spectrometry 262 (2007) 195–202 201

mounts of hydrogen cyanide is required. Based on this, the reac-
ion CO + NH3 → HCN + H2O is expected to occur between the

atrix constituents.
The C+ and CO+ ions, the two main cations produced

rimarily by heavy ion impact in CO ice [2,3], do not react pref-
rentially with NH3 molecules. Such reaction would produce the
H3C+ species (mass 29 u), but the TTY curve corresponding

o this mass and presented in Fig. 8 does not show a substan-
ial contribution of NH3 containing molecular ions; we suggest
ormation of the COH+ ion. The (NH3)nCO+ series is relatively
eak (∼0.15 ions/impact). This means that the high total ion
ield, when the CO:NH3 ice composition is 5:1, is due to the
O specific ions, particularly the three Cn cluster series and the
ybrid ions having the CnOmHl

+ structure; the contribution of
he latter species is 35% of the total ion yield.

. Conclusions

The essential results of the present experimental research
oncern the production of organic hybrid molecular ions in the
uclear track plasma. The results were mainly deduced from
ass spectra of positive secondary ions ejected from a CO–NH3

ce mixture bombarded by 252Cf fission fragments. The spectra
ere measured as a function of temperature between T = 25 and
0 K, a range, which includes the CO ice sublimation around
0 K.

The search for hybrid molecular ions was very successful.
bout one third of the total ion yield (5.2 ions/impact) accounts

or organic ions species having the CnOmHl
+ structure. Positive

ybrid molecular ions, which contain N or NH3, are relatively
are: their yield is about 6% of the total positive ion yield. Only a
ew organic ions such as the hydrocarbons Cn≤3Hl,2,3

+ could be
dentified in the low mass region. However, the continuous spec-
ral pattern of the hybrid molecular ions implies that with low
ields other ions such as CH4

+ (methane), COH2
+ (formalde-

yde) or CH3OH+ (methanol) are also generated and ejected.
he basic reaction partners are CO, the dissociation product C
f CO and the dissociation products H and H2 of NH3. The
ensity of these atoms or molecules in the track plasma has to
e high enough to allow, by fast gas phase reactions, the gen-
ration of CnOmHl

+ ions with masses as high as 500 u. The
elative hydrogen density in the track plasma is, however, not
ufficiently high to allow the preferential production of saturated
ydrocarbon species such as (CH2)nC+ and CnH−. Up to 500 u,
he spectrum of positive hybrid molecular ions seems to cover
early the whole mass range.

The negative ion intensity is more than one order of magni-
ude lower than the intensity of positive ions. The very stable
N− ion carries almost 20% of the negative ion yield; it is
robably formed by dissociation of HCN into H+ and CN−.
he presence of (HCN)n clusters indicates that a relatively high
mount of HCN is formed in the track plasma and ejected. The

otal neutral molecule yield can be two to four orders of mag-
itude higher than the ion yield. A rough estimate leads then
o 200–20000 hybrid molecular ions per impact in the flux of
puttered particles.
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In contrast to the CO ice bombardment, for which case a
igh density of carbon atoms in the nuclear track has been
eported recently, impacts on the CO2 ice do not deliver free
arbon [3,4]. It is therefore understandable that the mass spec-
rum obtained with CO2–H2O ice (ratio 1:1) exhibits a very low
ield of Cn

+ clusters or of light hydrocarbons such as C2H3
+

ons (see Fig. 7 in ref. [2]). The main contribution-about 50%,
o the yield of hybrid molecular ions stems from COH+ and
OOH+, which require hydrogen in the track plasma, but not
arbon.

From our findings it follows that CO in the icy state mixed
ith hydrogen compounds such as NH3 and H2O is much better

uited for the production of organic material by MeV ion impact
han CO2. On the other hand, CO can be kept in the ice mixture
nly below an ice temperature of 30 K. Such temperatures are
resent on interstellar objects such as comets or grains, but not
n planets or moons in the solar system.
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ppendix A

.1. Negative ions

Within the sequence of positive ion spectra, some mass spec-
ra of negative ions were measured by changing momentarily the
olarity of the target voltage. In particular, a spectrum was taken
efore CO sublimation at T = 25 K and another shortly after CO
ublimation at T = 50 K. It was observed that the relatively low
otal negative ion yield increased from ∼0.35 ions/impact to
.6. Before CO sublimation, the mass spectrum, presented as a
ar spectrum in Fig. 10, shows the CO specific ions (Cn=1–5)−
nd (O1,2)− with an integral yield (0.040 ions/impact) two times
igher than that obtained with pure CO ice [4]. With exception of
he weak H− signal (0.009 ions/impact), NH3 specific negative
ons were not observed. All other ions represented by mass lines
n Fig. 10 seem to be hybrid molecular ions. Among the light-
st ions, the (low intensity) hydrocarbon ions CH−, C2H1–3

−
nd, probably, C3H1–3

− (whose integral yield is about 0.008
ons/impact) were identified. On the other hand, the CN− and

NO− ions were observed with relatively high yield: they prob-
bly also react with C, O, NH3 and HCN, all of them being
bundant species in the nuclear track plasma. The chemical des-
gnation of possible reaction products is tentatively assigned in

[

[

ass Spectrometry 262 (2007) 195–202

ig. 10. On account of the generally low yields of the negative
ons, the cluster series based on (NH3)n, Cn and (HCN)n are
ifficult to identify. An exception is the series (HCN)nCNO−,
or which the first three members of the series were clearly
bservable (the integral yield is 0.004 ions/impact).

After CO sublimation (T = 50 K), the yields of the CO spe-
ific ions C− and C2

− decrease by a factor of about 5, while
hose of the carbon containing hybrid ions CN− and CNO−
ecrease by only a factor of 2. The latter two ions react with
he ammonia clusters, which are relatively more abundant after
he CO sublimation, and generate two pronounced cluster series
NH3)nCN− and (NH3)nCNO−. These two series have also been
bserved before CO sublimation but with much lower intensity.
fter CO sublimation, the series (HCN)nCNO− vanishes.
Two other findings attract attention: (i) the series

NH3)nNH2
−, well established from our previous studies of

ure NH3 ice [5], forms at T = 50 K (after the CO sublimation)
gain a relatively strong spectral structure, which is, however,
ot visible before the CO sublimation; (ii) the yield ratio of the
Cn = 1–4)− and (Cn = 1–4H)− ions decreases by a factor 5 after the
O sublimation (from ∼4 to ∼0.8). This phenomenon is partic-
larly expressed for C2

− and C2H−, whose yield ratio decreases
rom 3.3 to 0.12. The C2H− signal becomes one of the strongest
ignals after CO sublimation.
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