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MeV primary 127114 + ions from the Uppsala EN-tandem accelerator were used to bombard a polymer - poly (vinylidene difluor- 
ide). Positive ions of even numbered carbon clusters (C~ + , n = 40-120) are ejected as a result of the interaction of fast MeV ions 
with the organic solid. The distribution of cluster sizes suggests that stable, closed carbon-cage structures - fullerenes - are formed. 
Initial radial velocity distributions of the desorbed carbon species are consistent with preferential ejection backward into the 
direction of the incoming MeV ions. Correlation between the directions of incoming particles and ejected clusters suggests that 
the latter (including C~o and Cg0 ) originate in the infratrack plasma produced by the fast primary ion's interaction with the 
sample. A main conclusion resulting from this study is that carbon cluster ions form as a result of a single primary ion impact and 
that they are ejected from an axially expanding infratrack plasma region. 

1. Introduction 

In a secondary ion mass spect rometry  (S IMS)  ex- 
per iment  on po ly(v iny l idene  d i f luor ide)  ( P V D F )  
with 252Cf fission fragments  with energy o f  1 M e V /  
n, Feld  et al. [ 1 ] have observed posi t ive ions o f  even 
numbered  carbon clusters. Rohlf ing et al. [2] were 
the first to report  format ion  o f  large carbon clusters 
by laser evapora t ion  o f  graphi te  followed by cooling 
in a supersonic molecular  beam. Subsequently Kroto  
et al. [ 3 ] in a s imilar  type o f  exper iment  found con- 
di t ions  for enhancing the yield o f  C~o. Its stabil i ty 
was associated with the "uniquely  elegant" structure 
of  a t runcated  icosahedron that  was given the name 
(buckminster)  fullerene [3].  Kroto has extended the 
term "ful lerene" to denote  all even number  carbon 
clusters with closed carbon cages [4] .  Recently a 
method  was devised by Kr~itschmer et al. [ 5 ] for the 
prepara t ion  o f  macroscopic  amounts  o f  C6o and C7o 
fullerenes. 

One of  the original motives  for studying fullerenes 
resulted from interest  in elucidat ing carbon-star  
chemistry [4] .  Different  mechanisms o f  carbon 
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cluster format ion  by laser evapora t ion  from either 
graphite  or  synthetic polymers  have been discussed 
[ 6 -10  ]. Kroto  has proposed  the " icospiral  part icle 
nucleat ion scheme" [4] .  According to that  model,  
fullerene formation,  which occurs in the expanding 
He jet ,  takes 10 -4 s to complete.  Moreover,  a lmost  
all investigators using lasers for direct  format ion  of  
carbon clusters (without  employing gas je t  cooling) 
stress the impor tance  of  factors, such as long laser 
i r radia t ion  times, which produce macroscopic  chan- 
nels in the target [ 7-9  ], and direct ion of  magnet ic  
field in ion cyclotron resonance measurements  [ 8 ]. 
All these factors facil i tate ion /molecu le  react ions in 
the expanding plume, but  l imit  any es t imate  o f  ful- 
lerene format ion  to at least 100 ns. In this Letter, 
evidence is presented that fullerenes might be formed 
orders  of  magni tude  more  rapidly in infratrack plas- 
mas formed by fast MeV ions, which may  have im- 
pl icat ions on unders tanding fullerene format ion  un- 
der  different condi t ions  including those present  in 
stellar environments .  
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2. Experimental 

Fast ions (72.3 MeV 127114+) from the EN-tan- 
dem accelerator of  the "The Svedberg Laboratory" 
(Uppsala) have been used to bombard  films of  
PVDF polymer, ( -CH2-CF2-)~ ,  at a 45 ° incidence 
angle (see inset of  fig. 1 ). The primary beam inten- 
sity was around 2000 particles per second on a sam- 
pie area of  2 mm 2, while the total dose was 106 pri- 
mary ions. This static bombardment  mode ensured 
that each primary particle interacts with locally un- 
damaged polymer sample. PVDF films 100 nm thick 
were deposited on stainless steel backings by spin 
coating an acetone solution o f  the polymer. The sec- 
ondary ions produced were mass analyzed in a time- 
of-flight mass spectrometer fitted with a 180 ° ion 
mirror [ 11 ]. The instrument has a maximum reso- 
lution of  10500 (M/AM at fwhm).  A static electric 
field of  + 15 kV applied to the target was used to ex- 
tract and accelerate the ejected secondary ions 
through a grid at ground potential into the first field 
free drift region. The data were acquired in an event 
by event mode with single ion counting. A multistop 
time to digital converter with a resolution of  0.5 ns 
per channel was employed for that purpose. Two 
pairs of  deflection plates are placed before the first 
field-free region of  the spectrometer. The initial ra- 

dial velocity distributions of  the secondary ions were 
determined, as described elsewhere [ 12,13 ], by 
measuring the yield of  a particular secondary ion as 
a function of  voltage applied to the deflection plates. 

3. Results and discussion 

Fast ion-solid interactions occur on scales shorter 
than 10-12 s, i.e. at least four orders of  magnitude 
faster than nanosecond laser ablation/desorption. 
There are also other major differences between these 
two entirely different means o f  excitation of  the solid; 
some are listed briefly for clarity reasons. Most o f  
the energy of  MeV ions (whose velocities exceed the 
Bohr velocity) is deposited in a solid target via ion-  
electron collisions in an ion track. The track is axi- 
ally symmetric along the direction of  the incoming 
ion. Plasma-like conditions are formed in an infra- 
track, a cylindrical region roughly 5 A in radius where 
the energy density is greatest. On the contrary the 
excited area in laser ablation has a diameter of  the 
order of  pm, i.e. the laser beam spot size. Thus the 
excited surface is macroscopic for laser ablation and 
microscopic for MeV ion-solid interactions. Con- 
sequently the amount  of  ejected material is also sev- 
eral orders of  magnitude larger (plume formation)  
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Fig. 1. Yield of C2H + ions (closed circles) and molecular ions (MH + ) of a peptide-renin substrate (mass 1802 u, open circles) desorbed 
from a thin sample layer as a function of the voltage between the deflection plates in the x direction. The data points have been fitted to 
Gaussian curves. The inset is a schematic of the experimental setup (the y direction deflection plates have been omitted in the figure). 
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in the laser ablation case. The lifetime of the MeV 
ion infratrack plasma is of  the order of  10-13 s and 
this region is believed to consist mainly of  positive 
ions prior to neutralization. I f  the electronic relax- 
ation in the solid is slow, as in the case of  insulators, 
material is sputtered from the solid. This phenom- 
enon is termed electronic sputtering, and it has im- 
portant astrophysical implications [ 14]. Electronic 
sputtering is also exploited in a specific version of 
SIMS - plasma desorption mass spectrometry 
(PDMS) - for studies of  biological macromolecules 
with molecular weights up to 45 kDa [ 15,16]. The 
mechanism of the electronic sputtering phenomenon 
has been studied quite extensively [ 17,18 ]. The cur- 
rently accepted model assumes that a pressure pulse 
(shock wave) propagates radially from the track core 
as a result of the large energy gradients. The pressure 
pulse leads to a directed momentum transfer and 
ejection of multiatomic systems, including large in- 
tact biomolecules [ 18 ], from the ultratrack - a re- 
gion of lower energy density further away from the 
ion track core. The analytical pressure pulse model 
[ 17 ] has been shown to be consistent with the re- 
sults of molecular dynamics simulations [ 19]. An 
important confirmation of the pressure pulse model 
is the correlation between the directions of incoming 
ions and ejected molecular ions of  large labile bio- 
molecules. According to the model, these ions are 
ejected preferentially in a direction away from that 
of  the incoming ion as a result of the pressure pulse 
propagating outward, radially to the ion track 
[ 12,13 ] (fig. 1 ). This effect, which is manifested in 
nonsymmetrical, initial radial velocity distributions 
of  desorbed peptide molecular ions, has been exper- 
imentally verified [ 12,13 ] and has also been simu- 
lated by computer [ 19 ]. These shifted distributions 
observed for different biomolecules should be con- 
trasted with the ejection of lower mass ions (e.g. al- 
kali metal ions or fragments like CH~ and C2H~- ) 
that have ejection angular distributions symmetric 
about the surface normal. 

In the present experiment, positive secondary ions 
emitted from PVDF were studied. The ion peaks of 
the large even numbered carbon clusters with clearly 
resolved isotope peaks (Cn, n = 4 0 - 1 2 0 )  are shown 
in fig. 2. Clusters with not clearly resolved isotope 
peaks but separated by 24 u mass difference are ex- 
tending up to m / z  4000. These spectra are obtained 
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Fig. 2. (a) Positive ion mass spectrum obtained from PVDF in 
the range 0-1700 rn/z. Even numbered carbon cluster ions (C,, 
n=40-138) are clearly observed. (b) Expanded view of the re- 
gion m/z 690-750 from the same spectrum. 

during static MeV-ion bombardment,  clearly indi- 
cating that carbon clusters are produced in a single 
MeV-ion impact. The integrated yield (number of 
secondary ions per incident primary ion) of  these 
large cluster ions is about 1. There is, consequently, 
no ion-induced macroscopic carbonization of the 
sample surface preceding the ejection of carbon clus- 
ters as suggested previously [ 1 ]. Carbonization of 
the polymer is not a prerequisite for carbon cluster 
emission under MeV ion impact, which is also il- 
lustrated by the fact that total sputtering yields from 
graphite (a conductor) when bombarded by MeV 
ions are negligible. 

The change in isotopic distribution of the second° 
ary ions (Cn, n = 40-120) as well as accurate deter- 
mination of their mass shows that pure carbon clus- 
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ters are detected (by contrast no pure carbon clusters 
were observed when teflon (-CF2-CF2-) ,  was bom- 
barded under the same experimental conditions). 
There is also a peak at every integer mass in the 
PVDF spectrum indicating that, as expected, many 
combinations of hydrogenated carbon clusters are 
produced as well. We were not able to find any mixed 
fluorohydrocarbon ions in the spectrum. In fig. 3 the 
yield of carbon cluster ions from PVDF is shown as 
a function of number of atoms in the cluster. The 
intensity modulation suggests that C5o and C6o are 
indeed more stable than the others. This fact as well 
as the observation of only even numbered carbon 
species strongly indicates that fullerenes are formed 
[ 3,4,6 ] in the process. This conclusion cannot be di- 
rectly confirmed since there are no straightforward 
methods available at present for probing the struc- 
ture of gas phase ions. 

The initial radial velocity distribution of the ejected 
carbon cluster ions from PVDF was studied. De- 
flection data for the fragment ion, C2H~, which is 
emitted mainly along the normal to the sample sur- 
face [12,13] (and thus used as a reference), are 
shown together with the results for the C6o cluster 
ions from PVDF (fig. 4). The unusual finding is that 
carbon cluster ions are ejected preferentially back- 
wards along the direction of the ion track in a "jet 
effect" (we use this term without any implications 
of plume formation as in e.g. laser ablation). To our 
knowledge, this is the first time such a process has 

been observed in sputtering. The "jet effect" is also 
observed with the other large carbon clusters and the 
F + ion, emitted from the PVDF sample. This result 
is in direct contrast to the ejection angle distribu- 
tions for the molecular ions of the large organics dis- 
cussed above. The results of the present study imply 
that carbon clusters observed in MeV particle bom- 
bardment of PVDF polymer (containing only 30% 
carbon atoms) originate in the infratrack region at 
high energy densities and that furthermore these 
clusters (or their precursors) are ejected by axial ex- 
pansion of the track core, which would account for 
the observed "jet effect". Such a mechanism is ob- 
viously quite different from the desorption mecha- 
nism for the labile molecular ions of, for example, 
peptides ejected from the ultratrack by a radially 
propagating pressure pulse. It also seems most likely 
that hydrogen and fluorine rapidly form hydrogen 
fluoride - a necessary prerequisite for formation of 
the large even carbon cluster ions from PVDF since 
clusters were not observed in the case of teflon. Based 
on the observed peak shapes, which are nearly sym- 
metric, one may rule out a hypothesis that the car- 
bon clusters are decay products of a fullerene pre- 
cursor (a "hot" piece of the polymer, enriched in C) 
that cools down by evaporation in the accelerating 
region of the spectrometer. However, the resolution 
of the time to digital converter used (0.5 ns/chan- 
nel) gives a lower limit for such a process. On the 
other hand changing the total flight time (in the mi- 
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Fig. 3. Yield of carbon cluster ions (C,, n = 40-86 ) desorbed from a PVDF sample as a function of number of atoms in the cluster. 
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Fig. 4. Initial radial velocity distribution of C~o ions desorbed from a PVDF sample. The distribution is relative to the distribution of 
CzH~ ions which are desorbed symmetrically around the normal to the sample surface. The data points have been fitted to a Gauss°an 
c u r v e .  

crosecond t ime scale) of  different cluster ions through 
the system by changing the accelerat ion voltage has 
a negligible effect on both the relat ive intensi ty dis- 
t r ibut ion o f  the different  clusters and their  relat ive 
peak shapes. These observat ions  indicate  that  all de- 
composi t ion  and rearrangement  react ions ( i f  any)  
for the observed carbon cluster ions are comple ted  
in a nanosecond or less before they are accelerated 
to the full energy at which they are t ranspor ted  
through the flight tube o f  the mass analyzer.  

The main  conclusion from this s tudy concerns the 
pr imary  ion dose and the t ime scale for format ion  o f  
the observed carbon clusters. We have demons t ra ted  
that  fullerenes can be p roduced  in electronic sput- 
tering from P V D F  in a single ion impact .  The pref- 
erentially non-normal  ejection of  carbon clusters back 
along the direct ion of  the incoming pr imary  ion 
strongly suggests that  they are formed at very high 
energy densit ies  in the infratrack p lasma and ejected 
by the axially expanding track core. This finding may 
bear  impl ica t ions  for the mechanism of  fullerene for- 
mat ion  in general. F r o m  molecular  dynamics  sim- 
ulat ions of  electronic sput ter ing o f  organic solids 
[ 19 ], one can deduce the t ime scale for expansion 
of  the infratrack and es t imate  an ejection t ime for a 
carbon cluster or  its precursor  to be o f  the order  o f  
1 0 - ~ 2  s. Assuming that  the observed cluster ions are 
formed as a result o f  cooling off  by decay and rear- 

rangement  of  precursors ejected in this p icosecond 
t ime domain ,  a very conservat ive upper  l imit  of  one 
nanosecond has been es t imated for the t ime of  ful- 
lerene formation.  Hence, we are led to the conclu- 
sion that  in the ion track p lasma region o f  a single 
p r imary  ion fullerenes are created on a t ime scale o f  
10-12-10 -9 s, i.e. in a t ime at least five orders  o f  
magni tude  shorter  than previously suggested [4] .  
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