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Frozen samples of twelve alkanes and benzene were irradiated by 232Cf fission fragmenis in order to study secondary ion
emission by means of time-of-flight mass spectroscopy. The mass spectra are to a certain extent similar to electron-impact
spectra of gaseous samples. The pattern of the negative ions could be assigned 10 dissociation after electron capture and frequent
collisional reactions in the destruction zone of the nuclear track. Due to the substructure of the mass spectra we emphasize
that the bonding type of the negative hydrocarbon ions is mostly acetylenic. The positive ion spectra strongly depend on the
structure of the original molecules. They exhibit — contrary 1o the negative jon spectra — molecular ions, cluster ions and
molecule-specific fragment ions. Model calculations were used to investigate the possible synthesis of carbon clusters inside
an expanding plasma from the infratrack. For the ultratrack earlier molecular fragmentation calculations are supplemented
by modelling the dehydration which is best fitted if assumed to take place subsequent to the fragmentation on a thermal time

scale. The molecular cluster distributions are calculated by an explosive breackup model of sputtered material.

1. Introduction

PDMS is an abbreviation for plasma desorption
mass spectrometry, an analytical method propagated
by Macfarlane in 1974, when he and his co-workers
discovered that nonvolatile molecules can be desorbed
from solid organic material by 2*2Cf fission fragments
[38,51]. Their intuitive idea was that the ¢jection pro-
cess is refated 1o a plasma formed along the nuclear
track shortly after the impact of the high energetic
heavy ion. Meanwhile, the mass spectroscopic data of
the ejecta — in particular the angular distributions of
secondary ions [17,40] — have led to the conclusion
that large intact molecules or molecular clusters are
emitted not from the plasma, but from surface areas
beside the inner track zone. Related desorption mod-
els suppose that the highly energized inner zone (in-
fratrack) is a source for coherent atomic motion - i.e.
& mechanical pressure pulse [29] or a shock wave [4]
causing ablation at the surface. The charged ejecta of
this type of processes generally form the high mass
part of corresponding mass spectra — i.e. the molecu-
lar ions and certain molecule-specific fragment ions.
They are characteristic for the sample material as well
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as for its molecular structure. In the past, this part of
the mass spectrum has been mainly used for PDMS.

So far, there exists only little experimental sup-
port of Macfarlane’s original assumption, that the ma-
terial close to the nuclear track becomes gaseous or
even a plasma and expands into vacuum. PDMS ex-
periments with Langmuir-Blodgett films have shown
[43,45] that ions are ejected not only from the up-
permost surface layer but also from layers as deep as
10 monolayers underneath the surface. The authors
[45] supposed the formation of a crater, out of which
the gjecta — molecular particles and destruction prod-
ucts — are blown into vacuum. Inspired by this sugges-
tive picture, Moshammer [40] tried to describe ex-
perimental energy and angular distributions of small
fragment ions by a Maxwell distribution superposed
on a gas flow into the direction of the heavy ions path.
The temperature of this gas turned out to be about
10* K and its flow velocity about 2000 m/s. Due to
this flux of particles in direction of the heavy ions
path, the angular distribution of the secondary ions
should be asymmetric with respect to the surface nor-
mal, when the angle of incidence is non-normal. Ex-
periments on radial energy distributions of secondary
ions performed by Fenyd et al. [19] proved, however,
that for various angles of incidence the emission pat-
tern of small fragment ions is symmetrical about the
surface normal.
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The aim of the present work was to obtain infor-
mation about the desorption process by measuring the
complete mass distribution of secondary ions gjected
from simple organic compounds by fission fragments
of Z2Cf. In case the highly energized zone aronnd the
nuclear track is transformed into a plasma, a certain
fraction of the secondary ions should be associated to
vigorous molecular destruction inside this plasma. In
accordance to the degree of destruction, the fragmen-
tary part of the spectra is then more or less indepen-
dent from the original structure of the irradiated com-
pound. These fragment ions should appear in the low
mass region of the spectra, which so far has been of
minor interest for mass spectroscopic purposes.

The main experimental problem was to produce
clean samples and to avoid contamination of these
samples during the measurement of time-of-flight
(TOF) mass spectra. The low mass part of PDMS
spectra is generally dominated by ions from volatile
low mass contaminants being adsorbed to the sample
surface from air or the residual gas in the vacuum
system. The samples were generated by condensing
an organic gas on a cold metal surface in vacuum,
The TOF spectra were taken while blowing the gas
onto the metal — that means, during continuous re-
freshment of the sample.

The patterns of the secondary ion mass spectra are
compared with some model calculations. In a recent
paper [28] we had considered the hydrodynamic ex-
pansion of the material of the innermost part of the
track assumed 1o be an atomized gas studying its fast
coagulation to clusters or molecular species. In the
last section we study models assumed here to lead to
the positive ion mass spectra. An assumed purely en-
tropic (fast and cool) breakup and desorption of the
total crater material gives best agreement to the exper-
imental molecular cluster series, The assumed to be
thermal (excited fragments, time scale long as com-
pared to molecular vibration times) hydrogen detach-
ment of the created molecular fragments thus well af-
ter the fast desorption seems to fit relatively best the
experimental data.

2. Samples and the problem of rest gas adsorption

The most convenient sample material would have
been graphite, which exhibits, however, only very
small secondary ion yields under MeV-ion bombard-
ment. Due 1o its high electrical conductivity, graphite
is probably not affected by electronic sputtering.

The samples used in the present experiments were
the following hydrocarbon compounds:

CH;-(CH;),-CH;, =n=1-12,
CsHs.

alkanes
benzene

These compounds are gaseous or liguid at rcom tem-
perature. Their vapour was condensed onto a Cu sur-
face at temperatures between —190 and —110°C. PD
mass spectra of such frozen gases have been measured
already in earlier experiments by us [55]. A Japanese
group [50] has published secondary ion mass spectra
of frozen CyH, being irradiated by 1.25 MeV/n Ar
ions. Both sets of spetra show several lines in the
low mass regime, which cannot originate from hydro-
carbon compounds. They appeared, for instance, at
miz = 16 (O*), 17 (CH™), 19 (H;0%), 23 (Na*)
and 26 {CN™ ). In addition, the negative spectrum of
decane shown in fig. 2 of ref, [55] contains a series
of broad mass lines between st = 135 amu and m =
698 amu. This series was associated with cluster ions,
but it turned out later, that we observed an electronic
artefact due to oscillations of the very high secondary
electron signal. The non-hydrocarbon lines are mainly
produced by molecules adsorbed to the sample surface
from the residual gas of the vacuum system. The mea-
surements presented here were particularly disturbed
by acetone (M =58 amu)}, which was used to clean
parts of the vacuum chamber. The acetone had a par-
tial pressure of less than 10~ '° mbar and could be eas-
ily identified by pronounced mass lines at {(M£+H)*
and the corresponding dimers,

Fig. 1 illustrates how the adsorbed rest gas builds
up on the sample surface at a total pressure of 1 x
107 mbar inside the vacuum chamber. The target was
a copper metal at the temperature of liquid nitrogen
cleaned by Ar-ion etching. The growth of ion yields
is characterized by two rise times, the first in the or-
der of 2.5 min and the second in the order of several
hours. The first rise time is obviously associated with
the growth of the first monolayers. Complete cover-
age is indicated by the disappearance of the O sig-
nal, which originates probably from copper oxide. The
further growth of the ion rate is much slower and de-
pends on the type of ion. For instance, the H,O* sig-
nal (adsorbed water) steadily increases and does not
reach saturation within 4 h. The heavier hydrocarbon
ions tend to saturate later than the small ions. The
fact that the ion yields increase even after a complete
surface coverage, might be explainable by desorption
from layers underneath the top layer or by the depth
effect [56] - i.e. long range interaction out of the or-
ganic bulk material. One has to be aware that also the
metallic substrate can influence ionization.

A second interesting observation is, that for heavier
molecules the first ion signals occur after a distinet
time gap. This gap seems to increase with the mass
of the desorbed species. Molecular ions, which obtain
their charge by protonation like the molecular ion of
acetone or its dimer, need an organic neighbourhood.
That means, a certain density of adsorbed rest gas
molecules is required. Eventually, protonation is the
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Fig. 1. Growth curves of material adsorbed from the rest gas to a copper surface at the temperature of liquid nitrogen.
The vields of secondary ions measured by PDMS are plotted versus the time after cleaning the surface by ion etching. The
measurements corresponding to the right columnn were started 60 s after ion etching and the ones to the left after 20 s.
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dominant ionization process of all heavier molecules.
That could explain partially the observed time gap. In
the present work the onset of negative ion emission
has not been investigated .

3. Experimental method

When the measurements took more than a few min-
utes at a pressure of 1077 mbar, the mass spectra of
the frozen gases were mixed with contaminants (see
fig. 1). Therefore, we developed a method to refresh
the sample continunously during the measurement of a
PD mass spectrum. The corresponding instrument is
sketched in fig. 2.

The mass spectra were measured by means of the
TOF technique used in most PDMS instruments [48].
The samples were irradiated by the fission fragments
of a 22Cf source being located at a distance of 17
mm in front of the sample surface. The vapour of
organic material was blown through a eflon capillary
{i.d.= 2 mm) onto the copper substrate. The gas flow
was regulated by a small needle valve, which was kept
on a temperature of about + 100°C in order to avoid
condensation of the heavier gases like tetradecane in
the valve. The sample subsirate, a hollow copper rod,
was cooled by means of liquid nitrogen, but could aiso
be heated up to +400°C. The rod was turnable to
change the surface seen from the 2*2Cf source and the
exit of the teflon capillary or to clean the surface of the
substrate by 4 keV Ar-ion etching. The minimum time
between ion etching and the start of a measurement
was 20 s. A thermocouple placed 1.5 mm behind the
sample deposit in the copper rod was used to control
the temperature.

The vacuum chamber of the instrument was di-
vided into two sections: one containing the TOF
equipment (the drift tube and the channel plate de-
tectors} and the other containing the copper rod.
The only connection between these two chambers
was a 7 mm hole being the holder of the acceleration
grid. The organic vapour was mainly blown into the
second chamber; the pressure established in the first
chamber was always less than 10~* mbar. In order to
control the speed of sample growth and the cleanness
of the sample, the count rate of certain ions was reg-
istered in time intervals of typically 10 s. The ions
were selected by means of windows set on the lines
of interest in the mass spectra. Corresponding growth
curves have been shown in fig. 1.

4, The experimental mass spectra

By means of secondary electrons gjected from the
sample, the rate of fission fragments impacting the
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Fig. 3. TOF mass spectra of positive ions ejected by 252Cf

fission fragments from frozen alkanes and benzene at a sam-

ple temperature of — 180°C. Each spectrum was measured

for | h. On top of the cluster peaks, the number of molecular
constituents is given.

effective target area (i.d.= 7 mm) was determined
to be (120 + 8) s~!. Absolute ion yields were evalu-
ated with the help of the corresponding electron peak
registered in the first channels of each negative 10n
mass spectrum. The ion detection efficiency of the
channelplate detector was estimated to be 60%. The
yields of certain ions showed, however, fluctuations
within a factor of 2, which were probably caused by
the organic vapor let in the vacuum chamber for sam-
ple preparation. For pentane, for instance, we deter-
mined a total yield of positive ions of 7.9/impact and
for negative ions of 4.0/impact. These numbers in-
clude all background ions appearing in the mass spec-
tra and also some neutrals generated by metastable de-
cay during flight. Absolute yields of negative ions are
presented in fig. 5. Again for pentane, the following
absolute yields of positive ions were measured:

Ya((M-H)*) = 0.47/impact,
Y.(CHY) = 0.16/impact.
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Fig. 4. Mass region between 10 and 210 amu of mass spectra measured with positive (left) and negative (right) ions ejected
from alkanes and benzene by 32Cf fission fragments. The ion intensities are given as bars. The background was subtracted.
The mass lines are usually not separable above 120 amu. Therefore, a group of several unresolved lines is given by one bar -

mass m/Z

for instance, the group of the positive parent ions of tetradecane or the group around the CigH™ ion of benzene.
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The measurement of one mass spectrum took typically
! h for the positive ions and 0.5 h for the negative
ions. The frozen gas sample was considered to be free
of contaminations when the mass lines at m/z = 16
{0+), 17 (OH™ ), 19 (H30%), 23 (Na*), 26 (CN7)
and the lines associated with acetone were missing
in the mass spectrum. Nevertheless, contamination
could not always be completely avoided as one can see
by the small lines at m/z =19, 23 and 59 in the posi-
tive spectra shown in fig. 4. In a few negative ion mass
spectra a weak line at 35 amu was observed, which we
could not attribute to hydrocarbon ions. In case of bu-
tane, the absolute yield of this ion was 0.03/impact,
in all other cases below 0.005/impact.

As seen in fig. 3 the spectra of positive ions show
the cluster series of the molecylar ion - pronounced
for all alkanes and relatively weak for benzene. The
alkane series end usually at about 1000 amu. Corre-
sponding series including the molecular ions have not
been found in the negative ion spectra. As already pub-
lished in ref. [55] the positive molecular ions have
the pattern (M--H, ) with n =0-4. The most inten-
sive mass line is usually produced by the (M—-H)*
ion, whereas protonation is seldom. For benzene the
{(M—H)*, the M* and the (M+H)™* ions have sim-
ilar intensities.

In fig. 4, bar spectra of the low mass regime are
displayed. Each bar corresponds to the count rate of
one ion, the background being subtracted. Concern-
ing the negative ion spectra, a striking observation is
that the spectra of the 12 different alkanes are hardly
distinguishable and that even the benzene spectrum
exhibits the same general pattern as the alkane spec-
tra. Negative molecular ions were not observed. As
will be discussed further in the next section, the nega-
tive spectra are almost independent of the molecular
structure — even when the aliphatic alkanes are com-
pared with the aromatic benzene. Contrary to the neg-
ative ions, the positive 1on spectra presented in the left
part of fig. 4 are clearly depending on the molecular
structure. That is not only exhibited by the molecular
ions and cluster ions but aiso by the pattern of the hy-
drocarbon groups having masses below the molecular
mass. The number of hydrocarbon groups is generally
extended to higher values, when the alkane molecules
are longer.

5. Discussion

The fission fragments used in the present experi-
ments deposited an average energy of 640 eV/A in
the frozen samples. About 60% of this energy is
primarily stored in the kinetic energy of about 25
electrons/A [33,31] which generate further secondary

electrons and electronic excitation. In insulators, the
atomic system receives energy via low energetic elec-
tron scattering, Coulomb repulsion of ions in the pos-
itively charged central core [42], and various repul-
sive recombinations or reactions between molecules
or atoms and ions or electrons. Such processes have
been reviewed, for instance, by Budzikiewicz [7],
Brown and Johnson [6] and Schou [46]. The moving
atornic particles initiate low energetic collision cas-
cades [22] and - at high energy densities - also coher-
ent atomic motion leading to erosion-like sputtering
at the surface [24,21].

Small-angle scattering of neutrons [2] and X-rays
{12] has been used to determine in crystalline mate-
rial the cylindrical zone of disorder being produced by
the passing heavy ion. By means of a semiempirical
expression given in ref. [2] we evaluated this radius
for tetradecane as

fam = 16.3 A.

Recent investigations with an electron transmission
microscope have shown that within ran, the crystalline
material has become completely amorphous. The
sharp border between the amorphous and crysialline
areas indicate a phase transition — that means, for a
certain time interval after the heavy ions passage the
material inside r;m was liquid or gaseous. By means of
the model of nonlinear energy dissipation in the hot
central zone propagated by Watson and Tombrello
[53], we calculated the mean energy per atom inside
Fem and obtained

€am = l.4 e¥/atom.
5.1, Negative ions

If one considers the measured spectra under these
aspects, the negative ion mass spectra seem 1o con-
firm the molecular destruction in the central zone of
the track. Intact molecular ions are not present, only
cluster ions are observed being composed either of
carbon atorns or of carbon atoms and a few hydro-
gen atoms. Due to the high degree of destruction, the
original structure of the sample molecules seems to
be masked by a general mass distribution being not
sample specific. Quite similar negative ion spectra
have been measured also by gas-phase electron-impact
mass spectrometry with alkanes [39,36,34] and ben-
zene [3]. Here, the anion spectra were obtained as a
result of monomolecular dissociative electron capture
[7] causing an extensive release of hydrogen and frac-
ture of C-C bonds. Such processes can certainly also
occur in the surrounding of the nuclear track pene-
trated by a large number of secondary electrons. The
loss of Hy associated with dissociative electron cap-
ture has been in fact observed with frozen methane
bombarded by keV ions [20].
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Fig. 5. Absolute yields of carbon cluster ions C, (a and ¢) and integral hydrocarbon groups CxH, (b and d) as a function
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Contrary to the conditions of gas-phase mass spec-
troscopy, the high density in the energized zone of the
track leads to frequent collisional reactions between
the dissociation products. As seen in the spectra of
fig. 4, the anion yields of the alkanes level down up
to mass number 140 — independent of the length of
the original molecule. With respect to the mass distri-
butions beyond the molecular mass, a part of the col-
lisional reactions have to be associative. Also in figs.
5 and 6, there is no indication that the mass number
or the number of carbon atoms per molecule plays
an essential role in negative ion formation. Therefore,
it is unlikely that ion-molecule reactions or dissoci-
ation of molecular clusters after electron capture are
responsible for the final mass distribution alone.

Compared with the enormous number of primary
free electrons the total negative ion yield (about 4/im-
pact) is small. Also the total atomic particle yield is
two or three orders of magnitude higher [24]. Neg-

ative charging of the observed ions occurs probably
during the last collisions in the expanding plume of
particles and is governed by the electron affinity of the
available products. The carbon clusters C, have prob-
ably the highest electron affinity (2-5eV [54]) of the
possible destruction and reaction products. In figs. 3a
and 5c the absolute vields of nepatively charged car-
bon clusters are plotted versus #, the number of atoms
per cluster. Characteristic for all alkanes is the maxi-
mum yield at n = 4 and the odd-even staggering of
the yields.

A similar odd-even effect has been reported for
negative carbon cluster ions being generated in the
vapour above heated graphite [54] or being sputtered
from polycarbonate by Cf-fission fragments [18]. The
staggering was explained by the fact that the electron
affinity is generally higher for even-» clusters than for
the neighbouring odd-7 clusters. As shown in figs. 5b
and 35d, the staggering observed in the present work is
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even more pronounced, when the integral yield of the
negative hydrocarbon groups is considered.

As mentioned in section 4, the accuracy of mea-
suring absolute ion vields was limited. Nevertheless,
fig. 5b illustrates clearly that the negative ion yields
decrease with the molecular weight of the alkanes. An
exception is propane having vields close to the val-
ues of alkanes being heavier than hexane (see also fig.
6). We are not sure, whether propane exhibits a pecu-
liar desorption phenomenon, or this behaviour is re-
lated to its low melting temperature {—189.9°C) be-
ing close to the sample temperatare (about —195°C).

From several frozen gases it is kmown that the sput-
ter yield changes when the sample temperature ap-
proaches the melting point [46]. The decrease of ab-
solute ion yields with molecular mass is mainly at-
tributed to those carbon-cluster ions having one or
more hydrogen adducts. This is demonstrated in fig.
6. Here, we present for ten alkanes the relative CoH,,
yields (m = 1,2,3) normalized to the yield of C;.
From butane {number of CHy-homolog groups = 2)
to octane (= 6}, the CxH,, yields decrease within a
hydrocarbon group and remain then almost constant
up to tetradecane. The effect is most proncunced for
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the n = 9 groups, where the C,; yields are equal within
+50%. So far, we do not have a plausible explana-
tion of this phenomenon. The hydrogen—carbon ratio
in the central zone of the nuclear track is eventually
tmportant. Butane contains only 10% more hydrogen
than octane, but heavier alcane molecules might lose
a larger fraction of their hydrogen after dissociative
electron capture than the lighter ones.

We suppose here that the number of hydrogen
adducts is related to the number of free carbon bonds.
In the negative spectra, the strongest mass lines are
produced by the even-n ions C;H™~, whereas the as-
sociated C,H, and the C,H; ions are either weak or
missing (see also fig. 6). The basic carbon clusters of
this even-# series should have two free bonds — one
always occupied by the negative charge. That leads to
an acetylenic-type of bonding:

-C=C-C... =C-

Carbon clusters with two free bonds can also be
formed by cyclic structures, but these have only re-
cently been observed [14] below # = 10 in compar-
ison to ref. [54], and seem to need comparatively
longer production times. The carbon clusters of the
odd-n groups seem to have four free bonds, because
up to three hydrogen adducts are observed. The cor-
responding bonding type - for instance for n = 3 -
could be again acetylenic,

L=CLC=
or cumulene,
= C = C = C =,

or cyclic.

5.2. Positive ions

As shown in figs. 3 and 4, the positive mass spec-
tra exhibit molecular ions and molecular cluster ions.
But also the substructure of the hydrocarbon groups
is characteristic for the sample compound as illus-
trated in fig. 7, where the low mass regions of pos-
itive and negative spectra are compared. The num-
bered brackets under the well separated hydrocarbon
groups mark the mass range between the pure car-
bon clusters C, and the aliphatic fragment CyHz, 4,
which corresponds to the cleavage of a C—C bond of an
alkane molecule. In fact, for the alkanes, the most in-
tense ion of each group is the CyHj, 4 fragment. This
behaviour is similar to spectra measured by means of
gas-phase electron-impact mass spectroscopy. In the
present spectra, dehydration - i.e. abstraction of H; —
is well expressed by strong mass lines 2, 4, 6, - - - mass
units below the C,H, | ion — probably because the
mean internal energy of the fragments is higher than
after a 70 eV electron impact.

In the positive benzene spectrum, the aromatic
bonding type of the molecule seems to be impor-
tant for the substructure of the hydrocarbon lines.
Purely aliphatic ions are rare, the strongest mass lines
are generated by the C,Hy ions having only double
bonds between the carbon atoms. Accordingly the
number of hydrogen adducts is smaller than in most
alkane fragments.

The investigation of angular distributions has
shown that large molecular ions are not ejected from
the infratrack (see ref. [17]), but that has not been
verified for smaller molecules [40]. When the posi-
tive alkane-fragment ions are generated via collisional
reactions in the inner track zone, one should observe
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Fig. 8. Integral yields (arbitrary units} of groups of positive
hydrocarbon ions plotted versus the number of carbon con-
stituents. The data have been measured with tetradecane.

positively charged carbon cluster ions as in the neg-
ative mass spectra. Corresponding C; signals are
either very weak or not present. On the other hand,
C} ions are known to exist above heated graphite
[54] and they are also reported in PDMS work. Feld
et al. [18] found such cluster ions in PDMS spectra
of polycarbonate, polyvinylidene fluoride and other
polymers. Also the odd—even staggering of the inte-
gral C,H;; vield observed by Feld et al. does not exist
in the present spectra, as demonsirated in fig. 8.

It seems to be plausible that positively charged hy-
drocarbon species are formed in the positively charged
infratrack, There exists, in fact, experimental evidence
that the infratrack is positively charged for a short
time interval after the heavy ions passage [44]. The
attributed track potential decays rapidly, because only
the relatively fast hydrogen ilons expenence its elec-
trical force [37,40,19]. The formation and ejection of
heavier — and slower — ions has not found to be in-
fluenced by any track potential - i.e. charging of the
infratrack.

3.3. Conclusions concerning the experimental data

Regarding the pattern of corresponding negative
and positive hydrocarbon groups, the degree of hy-
drogen abstraction is obviously related to the amount
of internal excess energy - being high after electron
capture and lower after ionization by electron impact.
The general mass distribution of negative ions implies
frequent and partially associative collisions between
nonspecific destruction products, which are probably
generated inside a plasma along the nuclear track. The
positive ions could be explained simply by dissocia-
tion of molecular ions and molecular cluster ions —
comparable to ion formation in the gas phase by elec-
tron impact. Our conclusion is that positive fragment
ions are not residues of the vigorous destruction pro-
cess inside the inner track zone. They seem to be decay
products of excited molecular ions, which are eventu-
ally ejected from the first monclayer at the surface and
which experience only a small number of collisions.

This conclusion seems to be contrary to experimental
findings with Langmuir-Blodgett films [43,45], but
the peculiar ordering of such films might lead to a des-
orption behaviour different from that of frozen alka-
nes or benzene. lon production by molecular or cluster
decay into ion pairs is probably of minor importance,
because recent studies of ion-pair correlations [47]
gave only small correlation coefficients (< 10%).

6. Model calculations
6.1. Introduction

For ions being desorbed in PDMS and assumed
to come from the ultratrack, longstanding theoretical
calculations have unraveled basic parts of the com-
plicated desorption mechanism such as the electronic
energy deposition {33], the transport and recombi-
nation tc mechanical energy [31,15,16,26], the me-
chanical shock wave release of energy [30,25] and fi-
nally the desorption of molecules [32] and their sub-
sequent ionization, Specifically, the desorption of pos-
itive hydrocarbon ions from regions away from the
hot central core has been studied recently [28]. There
the gross features of the experimental distribution of
hydrocarbon fragments were studied by breaking the
carbon backbone of the hydrocarbon chain. We used
two model assumptions, a thermal breakup as known
from EI, and an entropic breakup where each carbon-
carbon bond picks up energy from the passing-by sec-
ondary electron pulse independent of each other in a
very short time {compared to bond vibrations). The
entropic process assumption could readily explain the
general pattern of the homologue fragment ions abun-
dances with the maximum at # = 3 in contrast to the
thermal breakup where it comes out to be n = 4, as
e.g. known from positive ion El-spectra of hydrocar-
bons.

Here we complement this by investigating the hy-
drogen release and the clusterization of the desorbed
material.

Before this, we dwell further on the fate of the mate-
rial from the innermost part of the primary ion track.
It has been proposed that in this track a perhaps to-
tally atomized plasma is formed which then should
expand adiabatically into the vacuum. While the gas
cools down, the aggregation to new small molecules
and clusters is assumed [28]. Even the formation of
fullerenes has been advertized for the special case of a
PVDF foil as sample material [49,5]. Earlier studies
which explicitly mention this mechanism as a possible
pathway to desorbed light ions are given by Feld et al.
[18], also for the case of carbon material. In the fol-
lowing section we will show new aspects of this model
including the setup of reaction network calculations.
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The final distribution of molecular ions depends on
the history of temperature, density and compostion of
the ejected material. It should be noted, however, that
due to later processes the earliest part of the history is
hard to be read off from the final experimental spec-
tra. So, different models, with different process paths
in the beginning but a similar history later may give
similar results. The initial temperature and density is
set by the physics of the process.

6.2. Cluster formation from the infratrack

6.2. 1. Adiabatic expansion model

As described in section 5 the material of the in-
fratrack is assumed to be fully atomized in the be-
ginning of the process and subsequently ejected into
the surrounding vacuum expanding adiabatically. We
take the radius of the infratrack as a parameter be-
tween 35 and 20 A because the exact value is not known
yet. For carbon or hydrocarbon material we have cal-
culated the time-dependence of the temperature as
well as the mean free path of the particles and the adi-
abatic expansion velocity of the gas, which we give as
a function of distance from the sample surface (see
figs. 9, 10 and 11) . For a detailed description of these
calculations see ref. [8]. The radius of the inner track
and the electronically deposited energy dE /dx are the
decisive parameters.

6.2.2. Formation of new clusters and molecules

We study the formation of new molecules and clus-
ters by collisions in the expanding gas. Important fac-
tors for the formation are the collision rate, which de-
pends on the velocity of the particles and the density
of'the gas, and the internal excitation energy of the col-
liding partners, which varies with temperature. These
parameters are obtained from the adiabatic expansion
model.

Experiments [14,52,1] have shown that even for
small carbon and hydrocarbon clusters various iso-
meric structures do exist, such as a rhombic and a lin-
ear structure for Cy. There should be different forma-
tion probabilities for these isomeric structures. This is
described by a steric factor P which is dependent on
the rotational and vibrational partition functions of
the reactants and the products [35]. Including these
factors we get for the rate of formation R [35]:

R = PZXsexp (~Eqo/kT)cacs,

where ca, cp are the concentrations of the reactants, £
is the activation energy of the complex and Z7; is the
collision rate,

Z0 = ndig (8kT/mu)',

u is the reduced mass of A and B and dap is their
interaction radius, The aggregation of bigger clusters,

the loss of single atoms and the decay of clusters has
been described by a network of differential equations,
which then is solved numericatly. With these ingre-
dients we are at present calculating a large network
of reactions between carbon and hydrogen atoms and
clusters. Qualitative features will be discussed here in
close connection to experimental data.

6.2.3. Comparison with experimental data

Comparison of the results with the experimental
data shown in sections 4 and 5 should give informa-
tion about the structure of the newly formed particles.
When looking at the negative spectra, we observe a
distribution which is typical for all hydrocarbon ma-
terials and does not depend on the structure or the
molecular mass of the sample. Pure carbon clusters
can be interpreted as nonlinear structures, whereas
the C,H~ molecules may be acetylenic chains, see
section 5. Vager et al. [52] experimentally obtained
nonlinear structures for C, clusters, n = 4, 5,6, with
the Coulomb explosion imaging technique. The elec-
tron affinities that they measured are lower than those
found for linear chains. The well known odd—even al-
ternation in electron affinity for clusters with 2 > 10,
where electron affinity is lower for even numbers of
carbon atoms, is now found for nonlinear structures
downton = 4.

The different behaviour between linear and nonlin-
ear structures concerning the attachment of hydrogen
atoms as proposed in ref, [14] could be another hint:
Doverstil et al. [14] studied the reaction of small car-
bon clusters with hydrogen during laser vaporization.
They found differences in the aggregation of hydro-
gen when varying the experimental conditions. The
attachment of hydrogen is increased by increasing the
vaporization laser power. They propose that the dis-
sociation of molecular hydrogen is improved and car-
bon clusters are excited. When cooled down, hydro-
gen recombines and the rate of reaction decreases.
They also found different saturation limits for chains
and rings. In their spectra the C,H; peaks are very
strong. These peaks may belong to the chains where
the ends are the most reactive sites and if the collision
frequency is high, enough hydrogen atoms will attach.
However, if the time between collisions with hydro-
gen atoms is long enough, carbon chains may form
rings. Initially formed rings can react with more than
two hydrogen atoms. The respective mass lines of all
these forms measured and discussed by Doverstal et
al. are present in the negative PDMS spectra of pure
hydrocarbons. Thus this may be a hint that different
distances to the primary ion track contribute differ-
ently having passed different temperature and density
histories. Doverstdl reports that the characteristic H-
reactions are only important if no other carrier gas
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Fig. 9. Evolution of 1emperature as a function of distance z from the sample surface. T'(z) = Ta(Va/V{z))*~!, with T, the
initial temperature, ¥; the volume of the inner track, ¥ (z) the volume of the expanding gas {simplified as a cone), and ©
the adiabatic exponent.
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Fig. 10. Evolution of adiabatic expansion speed. Vg = (2x/{x — 1))1/2 (ko /m)12T; /T (2), with J, the Boltzmann constant,
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Fig. 11. Growth of mean free path as a function of distance z from sample surface, MFP = V(z);(4m/§rftmN {Va)), with
N (¥, ) the initial number of particles.
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is present, which coincides with our observation that
compounds containing nitrogen, oxygen etc. do not
exhibit the typical patterns that we find for all pure
hydrocarbon compounds.

7. Tons from the oltratrack

The ions from the ultrack, clusters, molecules or
molecular fragments, are studied now. We will use the
phrasings entropic and thermal here 10 distinguish be-
tween processes of different time scale and excitation
energies involved.

A thermal process is assumed if the time scale of
the process is long as compared to chemical bond vi-
bration periods, so that eventual molecular excitation
energy will be statistically distributed over the en-
tire molecule. Thermal breakup is encountered if in
the breakup process all exit channels contribute, even
those which rearrange the structure of the molecule
(e.p. McLafferty transitions are rarely found in PDMS
spectra, although common in EI spectra). This nor-
mally is the case if the molecular excitation energy is
small 5o that only the lowest collective degrees of free-
dom leading to breakup can be reached. The collision-
induced ionization is a typical thermal process. Also,
the kinetic energy distribution and the internal molec-
ular vibration spectrum show the same temperature
in their distribution.

A process is called entropic when its time scale is
smaller than the vibrational periods of the molecule.
The initial molecular excitation by secondary elec-
trons in the PDMS process is known 1o be entropic
[31,15]. Each chemical bond gets its own breakup
chance independent of ancther. Entropic processes
normally involve molecular excitation energies far
above a single ionization energy. As known from
quantum-mechanical time-dependent perturbation
theory in this case the breakup chance is proportional
to the inverse of the perturbation time. In PDMS
the passing-by secondary electrons set the scale: the
inverse of the Rydberg time &t¢/% plays the same
role as the temperature in a thermal process. With
(8t/h)~' = 10* K in units of the thermal energy
scale Kelvin it was readily understood [13] that the
kinetic velocity distribution of the desorbed ions has
a Boltzmann-like kinetic energy distribution of ex-
actly that energy, and still the ions are internally often
entirely cold.

7.1. Comparison to EI spectra

The mass spectral groups due to "breaking the car-
bon backbone” of the alkanes have been studied in de-
tail for PDMS in ref. [28]. The conclusion there was
that this feature of the PDMS spectra is understood

best if the basic mechanism of breaking the carbon
bonds is entropic. There, the C-C bond breakup prob-
ability for the PDMS resulted to be about 0.1. The
low end part was somewhat mimicked, the ionization
probability being influenced through the late part of
the desorption. Thus the largest carbon group peak for
all alkanes is at n = 3, The EI spectra of the respec-
tive alkanes look pretty similar, however they always
show the largest peak at # = 4, and for larger alkanes
at n = 7 as well. These peaks can be understood [28]
by a thermal breakup of the carbon chain.

We supplement this comparison here by studying
the carbon group satellite lines due to the loss of hy-
drogen atoms.

Finally we will present an entropic breakup model
for the molecular cluster series in PDMS which is not
observed in the El-spectra of the alkanes.

8. Hydrogen detachment of ions from the witratrack
8.1. Entropic detachmeni

We assume that the process to desorb and ionize
the positive ions of pure hydrocarbons is sequential :
First, the carbon backbone is entropically broken dur-
ing the desorption process. Then, the fragments are
released carrying some intramolecular energy as in-
ternal excitation. An important channel for this is the
subsequent detachment of hydrogen. The overlapping
wave functions of neighbouring hydrogens in the CH;,
chain lead to a favoured detachment channel — i.e.
the separation of Ha molecules. We study this by two
alternative model assumptions, entropic and thermal
H, detachment, and for simplicity neglect here the
more rare single hydrogen detachment.

Modelling an entropic detachment of H; we cal-
culate for a given hydrocarbon the positive ions
(CyHap,1—2 )" asa result of breaking the C backbone
of the molecule, the abundance of ions with the same
n but sequential loss of H;. We assume here that the
detachment of any H; is independent of any other.

For a hydrocarbon fragment of # carbon atoms we
have b = (n - 1} C-C bonds. We assumed an inde-
pendent detachment probability of each of & H;. The
vield Y (v) of fragment ions with the same number n
of carbon atoms but a loss of ¥ H> then becomes

Yo = (ff’)w;. (1)

This 1s already normalized to the vield of the fragment
with the same number of carbon atoms but no H;
loss, thus with » = 0. An easy way to obtain a value
for wy from an experiment is to calculate the ratio of
neighboured ion intensities,
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Fig. 12. Hydrogen loss from positive hydrocarbon fragment ions. PDMS (rhombic points) and EI (crosses) experimental yield

ratios Y, / Yy for nonane fragment ions of one to no loss of H, are plotted. The theoretical curves are obtained by eq. (2} for

the assumption of an entropic detachment (linearly rising curve), and by eq. (3) for an assumed thermal detachment, with
bppms = 0.18 and by = 0.33 (lower curve).

Yy+1 _ 2h—v

Y, ~ v+l
We adopt the value wp = 0.2 as an empirical value
to be compared to the result of quantum-mechanical
time-dependent breakup calculations with final state
interaction. It is supportive that even different frag-
ments of tetradecane give fairly similar values of wy,
although the data are scarce and not very accurate for
this purpose. However, the ratio ¥,_, /7Y, .o rises lin-
early with b, see fig, 12, in apparent contrast to exper-
iment, We thus conclude that the hydrogen release is
not entropic.

wy, (2)

82 Thermal detachment

As an alternative we set up a model for a thermal
detachment of H;, again neglecting the more rare sin-
gle hydrogen detachment from the end-groups of the
linear alkane molecular structures, including the ion-
ization. For an alkane fragment with » carbon atoms
we distribute the excitation energy E, picked up in
the process of fragmentation onto the 32 + 1 covalent
bonds. Then we obtain for the thermal detachment of
H; with b := ¢/E, the ratio of the H; detachment
energy to the total excitation energy,

Y//Yo = (2n - 2)exp(-&£(3n - 1)), (3
and
Yo/ Y, =(2n° —Tn + 7)/{n—1)

x exp{~(b(3n—4)/(1 - b)), (4)

for the ratios of the yields ¥, of » H; detachments,
with ¥ = 0,1,2 . The result of this simple model is
given in fig. 12. We fitted the only parameter 5 to
the experimental data of the alkane nonane, both for
PDMS and for comparison to EL. In contrast to the

entropic model given before we get a fair agreement.
The values for b are bppys = 0.18, and bg = 0.33,
respectively: the molecular excitation energy in EI is
twice as high as in PDMS. We conclude that dehydro-
genation of pure hydrocarbons is thermal and there-
fore takes place well after the initial entropic part of
the total desorption PDMS. Indeed, Pedrysetal. [41]
found that neutral H; from the surface emerges ther-
mally, not only from the desorbed material but also
by diffusion from the left-over material.

8.3. Entropic breakup of desorbed matter into clusters

The positive ion spectra presented in fig. 3 show
cluster series up to about 1000 amu. It is interesting
that the maximum number of carbon atoms per cluster
{propane, hexane and tetradecane) is about the same
in all cases, Amax < 80, but different for the aromatic
benzene being another class of substance.

Desorption from the ultratrack region is simulated
here by entropic degradation and subsequent breakup.
The probability to find a piece of matter, a cluster,
is set proportional to the product of all independent
breakup probabilities of all bonds from the surface of
a cluster to atoms of the neighbouring clusters. We
assume that these bonds are bound by van der Waals-
type forces. The resulting formula for the yield of a
cluster of volume V2, mass m in amu, and & molecnles
with # carbon atoms, has then a peculiar algebraic
structure,

_ 1V Rt
Y{im:) = e V,;wﬂ , (5}
where F; is the cluster surface area and Fr, the as-
pect of one molecule, We added the factor 1/./m for
reasons described below. Here, wy 1s the van der Waals
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Fig. 13. Yield of positive cluster ions ejected from hexane. The experimental cluster yields, given as bars, are sums over

all hydrogen-satellite lings in the spectra. The individua! mass yields have been extracted from the experimental time-bin

spectrum (see fig, 3) by the sofiware package PEAKS [11] with a low resolution of 2 x 10~2. The theoretical curve was
calculdted by means of eq. (5).

breakup probability, V' the total desorbed crater vol-
ume and ¥; the velume of one cluster of mass ni.. We
use for the alkanes V; = knwv;, with a matter density
of roughly 1 g/cm’ and thus v, = 23 A? for CHa.

With the values V/V. = 8.3 x 10%/m, we = 0.8
and ¢ = 0.195 in eq. (5} we obtained the curve in
fig. 13. Compared with experiment the agreement is
surprisingly good over one order of magnitude.

In this model ¥ is just the volume of the crater
material which undergoes the entropic explosion - the
area of entropic cluster desorption, where the mean
energy per molecule is well above the amorphization
energy. For the values adopted here we obtain for an
assumed hemisphere of the left-over crater a radius of
41.4 A_ That is consistent with the radii deduced from
other experimental data discussed in section 5.

The main discrepancy between model predictions
and experiment is that we have to assume the factor
1/+/m 1o pet a good fit, which does not stem from
the model. This additional factor, normalized to m =
I, is attributed to a general experimental sensitivity
function of PDMS-TOF machines being less sensitive
for larger masses. 1/+/m would thus be a rough ana-
Iytical guess, which has to be checked with the same
type of TOF machine.

The logarithm of the yield Y studied here and com-
pared to experiment is rather insensitive to adjust-
ments of the parameter ¢. In accordance to the results
of fig, 13, we used c = 0.195 in contrast 10 Cayen. =
1, if one would divide the surface of a cluster by the
aspect of the volume a molecule occupies. However,
this "dense” packing is a rather unrealistic description
of the space occupation of an alkane and the bonding
10 its neighbours. A more realistic model should give
a smaller value. An alternative formulation would be
that the van der Waals cross section is larger than

the peometric aspect used in the context of the dense
packing assumption.

The experimental time of flight spectra are given
with constant bin size. The ion time of flight distri-
butions for one ion mass, however, become wider ac-
cording to 6k = ja(dm/m)y/m. With the resolu-
tion dmt/m being experimentally constant, 5k grows
as /M. Thus a given number of ions of the same mass
spreads over a number of time bins proportional to
1//m.

In addition one has 1o sum over all mass lines of
the same number of carbon atoms but different H,-
detachments (see refs. [13,28]. Thus in the case of
hexane, the experimental data are extracted here and
replotted. We used the code PEAKS [23,27,10,9]) for
extracting the number of ions of one mass, and then
added these integrals. For the results, see fig. 13.

We tried different model assumptions, such as a
breakup proportional to the volume or the area of the
surface of the clusters but these gave different func-
tional behaviours and could not fit the experiments.
Thus the comparison to the experiments in fig. 11
seems to favour the mechanism of an independent
breakup chance for all intramolecular bonds in the
desorbed material, as typical for entropic electronic
excitations in PDMS,

9. Conclusions concerning the model calculations

The formation of negative carbon cluster ions has
been modeled using the extreme assumption of an adi-
abatically expanding atomized gas ejected from the in-
terior part of the primary ion track. The formation of
molecular clusters, as found in the positive ion frag-
ment specira has been modeled with an entropic (ex-
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plosive™ ) model. Finally the hydrogen satellite lines of
the positive ion spectra of the studied alkanes are com-
pared to results of models for different mechanisms,
especially the thermal H,-detachment of the formed
molecules, clusters and fragments after desorption.
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