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FIG. 3 Time-averaged and normalized size distribution for a dust bulk density
of 1 gem™2 (the diameters depend inversely on the assumed density). See
Table 1 for line styles. The power index of the distribution of P/Schwass-
mann-Wachmann 1 is ~3.3+0.3.

The results are plotted in Fig. 2, and in Fig. 1 the corresponding
fits of the observed tail are reconstructed by means of the solution
F. The index u = —3 gives velocities and loss rates decreasing
in time; these are unrealistic results which should be rejected
because the comet approaches the Sun. The instabilities of the
loss rate for > —200 may be an artefact due to the inversion
of the ill-posed problem®’. If the size distribution has a power
index larger than —4, the dust mass is independent of the lower
limit of the sizes but strongly dependent on the upper one. The
ejection of grains much larger than 2 cm at 6 AU from the Sun
is, however, improbable. The most reliable error estimate of the
mass loss rate is given by the dispersion of the results for different
combinations of the free parameters u and w (ref. 20).

Our results give a mass loss rate of (6+3)x 10> gs™'. Because
all the grains are injected in bound orbits, the same rate of
change of mass goes to replenish the interplanetary dust cloud.
This contribution alone balances 6 +3% of the required mass
in the interplanetary cloud”. The rate of loss may be too large
to be explained by water-ice sublimation'?; phase transitions
between water-ice states®' may account for the outbursts which
probably eject much smaller particles®® and therefore lower dust
masses. The different conditions of dust ejection and the uncer-
tainties in models of gas drag on very large grains>* do not allow
conclusive comparisons between our velocities and the lower
ones derived from analysis of the P/ Tempel 2 trail'*. Extended
observations'? combined with our mass loss rate, explain the
persistent coma as the result of steady activity in SW1 rather
than of overlaps of outburst shells?*.

The high mass-loss rate is consistent with the power index of
the time-averaged size distribution (—3.3+0.3, Fig. 3). This
power index is higher than the value obtained for comets
P/Encke and P/D’Arrest'’, and is close to the index of the dust
released by the new comet Wilson 1987VII well before peri-
helion®® (‘new’ in the sense that it has recently entered the Solar
System from the Oort cloud). Because the dust of P/Encke and
P/D’Arrest was released within the orbit of Mars, such differen-
ces suggest that the size distribution of comet dust depends on
its distance from the Sun when it is produced, not only on the
comet’s age. A dust production process different from the usual
one (which is based on a water-dominated coma®®) is therefore
plausible and compatible with the large mass loss rate and the
observation of a CO™ tail®. The results suggest a coma dominated
by CO or CO, beyond Mars. O
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THE production of fullerene molecules typically involves extreme
high-temperature conditions (electric arcs’, flames® or resistive
heating®), and the reactive processes involved are poorly under-
stood. Once separated®®, these molecules can undergo several
important reactions, including formation of charge-transfer®’ and
adduct®® compounds, and the encapsulation of atoms'®*%, Here
we present evidence for coalescence reactions between fullerene
molecules: mass spectrometric measurements on hot, dense vapours
of small fullerenes (C4 and C,,) reveal the formation of stable
higher fullerenes which are multiples of the initial masses. The
heat of coalescence is released through emission of small, even-
numbered fragments which, in a very dense vapour, are efficiently
captured by other coalesced fullerenes. These findings have impli-
cations for the mechanisms of fullerene formation and growth,
and may open the way to new synthetic routes to selected higher
fullerenes and encapsulation compounds.

The fullerenes are a series of highly cohesive all-carbon
molecules, C,,,;0, whose structures are closed bonding nets
consisting of 12 pentagonal and p hexagonal rings'*'*. Giant
fullerenes, with very large p, may therefore have properties
tending toward those of a single, closed graphitic sheet: an
infinite, or periodic, extension of six-membered rings. For the
molecule Cgo, the cohesive energy per atom is already only
0.4 eV per atom below (less stable than) graphite, recovering
95% of the bulk binding">'%. First-principles and semi-empirical
calculations'’"'? indicate that the cohesion per atom increases
steadily with p, from C4, to C,, and towards Cog; a particularly
stable form of C,,, is estimated to be 0.16 eV per atom, or nearly
20 eV, more stable than two Cg, molecules'”'®. This increase in
cohesive energy per atom provides a strong driving force for
fullerene coalescence: reactions in which.two small fullerenes
merge and open up to form a larger net or giant fullerene. Given
the clear existence of this thermodynamic driving force, the only
question is one of the kinetics of the growth at realistic tem-
peratures and densities.
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FIG. 1 Distribution of carbon clusters produced by high-
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intensity irradiation of pure Cgo powder under a helium flow
(detecting positively charged clusters). All the higher peaks
are even-numbered. To the far left is the solitary Cg, peak.
The maxima indicated are near-multiples of the Cg4, Starting
material, that is, near Cgo, where p=2, 3, 4, 5. Note the

s nearly complete absence of the fragments n=58 and 56,

and also the next higher special fullerenes, n=70, 84 and
so on. Inset, detail of the source. To generate the spectrum
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shown, a slightly focused ultraviolet laser pulse a (Nd:YAG,
266 nm, 6ns) at a fluence near 2mJjcm 2 (at least three
times as high as used in conventional compositional analy-
sis®), is fired at the sample b simultaneously with a 10-bar
helium flow from a puised gas valve c¢. Desorbed molecules,
both charged (positive and negative) and neutral, are swept
along by the helium jet through a flow channel d 2 mm long
by 4 mm wide and a skimmer ¢, and into the pulsed extraction
region f of a reflectron time-of-flight spectrometer. Charged
clusters are extracted perpendicular to the helium flow by an
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We have observed these processes using the following experi-
mental approach (Fig. 1). A pulse of hot, dense vapour is
generated by laser desorption of a fullerene film intc an inert
gas flowing at near-sonic speed. After a short time (<107°s),
the gas expands into vacuum, terminating molecular collisions,
and the composition of the gas mixture is measured by mass
spectrometry (for details, see Fig. 1). Mass spectra are signal-
averaged over many such pulses, and it has been verified that
the purified fullerene film is not transformed by this treatment.
Substantial quantities of material are consumed, of the order
of 1 mg per hour.

Under ordinary low-yield conditions (low fluence, small
irradiated spot size or no carrier gas), the desorbed vapour
consists entirely of the monomeric species present in the solid,
with essentially no fragmentation®. Desorption with a tightly
focused laser gives the monomer and its fragments. Use of
large-area irradiation at higher total intensities can yield mass
distributions showing negligible fragmentation to smaller fuller-
enes, but with a very broad, nearly smooth distribution of C,,
species extending from C,, to C,g or higher (not shown), which
is not readily distinguished from those produced by, for example
condensation of laser-generated graphite vapour'.

Through careful control of the vapour density and heating,
achieved by varying the laser fluence and irradiated spot size,
we can obtain very different distributions of giant carbon
molecules (Figs 1 and 2). For Cg, vapour in Fig. 1, the distribu-
tion varies smoothly, but has strong oscillations with peaks near
multiples of Cgo: near C54, Cygg, Cago and Cygg. Figure 2a shows
a similar pattern at slightly higher fluences, where a greater
fraction of the Cg, is converted to higher masses. This pattern
indicates the aggregation of individual molecules into giant
aggregates, mCgy—> Cgop, although other processes are clearly
involved.

To clarify the processes leading to distributions such as those
in Figs 1 and 2a, the extent of reaction must be much more
restricted. We did this by decreasing the fluence and increasing
the sensitivity to the few high-mass species formed (Figs 2b, 2¢
and 3). The mass distribution about each maximum become
asymmetric, with step-like decreases displaced from the simple
combination product by a single C, unit: twice Cq, yields pre-
dominantly C, 5, twice C;, gives C,35, and Cg, plus Cy4 gives
C.»s. Accompanying each main peak is a well developed series
corresponding to a stream of losses; for example, twice C,
yields C,353 to C,, in a sharply truncated distribution. When no
carrier gas is present to confine the desorbed vapour, these
processes are barely observable, and give a very asymmetric
distribution (Fig. 3, upper panel).
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electric-field pulse, so that the charged component of the
4,000 vapour is detected without further exposure to ionizing
radiation.
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FIG. 2 Distributions generated as in Fig. 1, but for the specific fullerene
materials and conditions as follows. a Pure Cg, sample, at higher laser
fluence than that used in Fig. 1. b, Pure C,, sample, at very low fluence.
The peak at C,a4 is also a ledge. The fragmentation extending downwards
from C,35 goes as far as Cyi5 Or even lower. ¢, Toluene extract of
Kratschmer-Huffman soot, containing soluble fullerenes C,, where n=60,
70, 76, 78, 82, 84, and trace amounts of higher fullerenes. Local maxima
appear at n=118, 128, 178, 190, corresponding to combinations of nCep
and nCyq, (m m)=(2,0), (1,1), (3,0), (2,1).
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To verify that the reaction products are indeed strongly bound,
rather than being simple aggregates held together by polarization
forces or singly linking bonds, we collided the mass-selected
C1 s beam with a solid surface (Si(111) terminated by hydrogen)
at high velocity'®, and looked at the fragmentation pattern. As
shown in Fig. 4, only a strongly scattered (intact) parent ion
(Ct.s) and no fragments could be detected at energies of at least
200 eV. This result is similar to that obtained on other fuller-
enes'®"?'. Fullerene adducts, bound by pairs of external bonds,
are readily broken at much lower energies (C.Y. and R.LW.,
manuscript in preparation). A lower bound of ~6¢eV on the
energy of processes such as C; ;3> Cg, + Csg is thereby estimated,
using standard statistical rate theory arguments and energy-
transfer assumptions documented elsewhere'®-?2. This value is
inconsistent with a small number of bonds linking the cages,
but is consistent with the integrity of known fullerene molecules.
Furthermore, the shift in the time-of-flight indicates that these
collisions are highly elastic up to an energy of 80eV, and are
increasingly inelastic thereafter.

Because coalescence products are strongly enhanced by the
presence of a confining external gas (helium), it is clear that
the processes are occuring in the dense vapour phase on a
timescale of ~107° s, rather than in the solid on a timescale of
1077s. This vapour is estimated to contain typically 10'3
molecules in a volume of typically 107* cm?, so that fullerene-
fullerene collisions initially occur with very high frequency. The
almost complete absence of smaller fragments such as Cs3 and
Cs¢ in all these distributions argues against a significant role for
them in this process. The vapour temperature is not easily
estimated, but the absence of C,, fragments, estimated to require
11 eV (ref. 16), gives an upper bound.
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FIG. 3 Fluence dependence and effect of carrier gas on the coalescence
product distribution obtained from Cgq, shown in the region Cypg to Cqa0.
In a no carrier gas was used, so there was no confinement of the desorbed
vapour. In b and ¢, the carrier gas was present, but the fluence was reduced
strongly in b from the conditions in Figs 1 and 2a. Decreasing the fluence
or removing the helium carrier gas both cause a transition from a symmetric
distribution around C,,4 (), for higher vapour density, to a asymmetric one
with a ledge at C,.g (b a) at lower vapour density. At the low-density
conditions of a, the direct coalescence product C, ., is completely absent,
as are products of capture processes (C,,, and higher).
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FIG. 4 Impact of C,5, mass-selected from a coalescence distribution,
against a Si(111) surface. These time-of-flight mass spectra of scattered
clusters show a complete absence of fragmentation, for example to Cgo
plus Cgg, for energies to at least 160 eV. The approximate locations of the
time of impact and the time where the Cg, fragment would appear are
marked. The time-shift of the scattered C1, 4 signal reflects the elasticity
of the collision at low energy (shift to earlier time) and inelasticity at higher
impact energy (shift toward later time). By comparison to known processes
(such as NagzFg, with 125 atoms), we place a lower bound of 6 eV on the
energy of breakup.

The asymmetric mass distributions around each coalescence
maximum at the lower fluences indicate that coalescence pro-
cesses are highly energetic and release excess energy through
fragmentation processes, for example C,+C,->C,,,~>
C,4m_>+C,. Fragmentation by emission of small even-
numbered units is characteristic of hot giant fullerenes®.
According to the calculations of Adams et al'®) the rapid
increase of the cohesive energy (with size) toward graphite
implies an energy release per atom (total) of 0.16 eV (19 eV) for
2 Cgo—> Ciz9, 0.24 eV (43 V) to produce C,g, and 0.28 eV per
atom (67 eV) to produce C,4. In the hot vapour, this entire
energy might be released through emision of two or more small
(C,) or larger (C, or C¢) even-numbered fragments. The statis-
tical nature of the cooling is expressed by a large range of
fragments, peaking at a single C, loss but extending all the way
to 16 C loss (for Cgy dimerization) or 22 C loss (for C,, dimeriz-
ation).

A second effect, appearing as a mass gain that makes the
distributions symmetrical under higher-density conditions (Figs
1 and 2a), requires that these small emission fragments are
captured by previously coalesced fullerenes in the dense vapour
to produce heavier species, for example C,,3+C, > C,,,. Recall-
ing that the vapour density is very high at the higher fluences,
it is natural to propose that the small fragments generated
through evaporative cooling do not escape the hot zone, as they
would in low-density vapours, but instead collide and react with
other fullerenes, including the nascent coalescence products. It
may be significant that these capture processes do not occur for
Cgo to C,o (note the absence of Cg,, Cg, or C,,), a fact which
may be related to their postulated reluctance to grow in contact
with carbon vapour®. The combined evaporation-and-capture
reaction process can be regarded as an exchange mechanism
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that broadens (more or less symmetrically) the abundance distri-
butions. A detailed mathematical analysis of these distributions,
within a kinetic model of coalescence and capture processes,
will be presented elsewhere (K.H., manuscript in preparation).
An alternative hypothesis for forming species such as C,,,,
involving fullerenes such as Cg, and Cg,, is untenable, as they
are not present in the vapour.

The experiments described here are of limited use in determin-
ing the precise kinetics of coalescence at known temperatures;
a precision measurement of the reaction yield requires collecting
and weighing the higher fullerene material generated. Experi-
ments towards these goals are in progress. One concern is the
role of charge, as we have not detected coalescence products in
the negative-ion channel. It is possible that coalescence is accel-
erated in a plasma environment. (For example, if the initial
temperature were 2,500 K, and given the known difference of
~4.8 eV between ionization potential and electron affinity for
either Cg, or C,q, then the fraction of charged pairs is 1078, or
a total of 10° pairs per pulse, in our case.) Further information
on the reaction dynamics could be provided by a study of
nonthermal processes. Campbell et al.** have collided an accel-
erated beam (850 eV) of Cg, ions with thermal Cg, molecules
and found that heavier ions (not mass-resolved, but covering
the Cyy-C,,, range) are generated.

The existence of efficient coalescence reactions has implica-
tions for fullerene research and applications, most obviously
concerning the long-time stability of fullerene vapours and
plasmas, and for the growth and formation processes, where
coalescence must be resisted so as to stabilize Cq, and C,, in
high yield. Controlled coalescence might be used to produce
large quantities of selected higher fullerenes such as C,,4, C;30
and C,4, where higher inert gas pressure is required to remove
the heat of coalescence. We have begun to investigate this
possibility. Coalescence processes may also be involved in the
formation of larger encapsulation compounds which can involve
the fusion of empty fullerenes in the presence of metal®® 2. A
related process may be involved in the degradation of pure
fullerene solids. For example, Wang and Buseck® have reported

that electron-beam irradiation in an electron microscope stimu-
lates growth of larger structures that may be fullerenes. O
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Enhancements in biologically
effective ultraviolet radiation
following volcanic eruptions
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AEROSOLS injected into the stratosphere by large volcanic erup-
tions may induce ozone destruction through processes including
heterogeneous chemical reactions. The effect of ozone reductions
on surface ultraviolet irradiation is not obvious, however, because
aerosols also increase the reflection of sunlight. Here we use a
radiative transfer model to estimate the changes in biologically
effective ultraviolet radiation (UV-BE) at the Earth’s surface
produced by the EI Chichén (1982) and Mount Pinatubo (1991)
eruptions. We find that in both cases surface UV-BE intensity
can increase because the effect of ozone depletion outweighs the
increased scattering.

Ozone is the primary absorber of the Sun’s ultraviolet radi-
ation, which is potentially harmful to plants and animals. It is
possible that short-term ozone depletions are caused by large
volcanic eruptions, which inject millions of tons (Mt) of SO,
into the stratosphere where it then forms an H,SO, (sulphuric
acid) aerosol. This aerosol provides surfaces on which hetero-
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geneous chemical reactions are able to activate chlorine into
forms that catalyse ozone destruction’?. The potential for
ozone destruction increases with volcanic aerosol loading and
with stratospheric chlorine concentrations. (The primary source
of stratospheric chlorine is anthropogenic, as the amount of
chlorine injected into the stratosphere by volcanos seems to be
small®.) If the sulphate aerosol loading were to reach certain
critical values, it is possible that catastrophic ozone loss rates
could occur?, similar to those in the Antarctic spring. Further,
the aerosol alters the stratospheric radiative and temperature
fields, so it may affect photodissociation rate constants so as to
decrease ozone concentrations’. Although theory suggests that
ozone depletions may result from volcanic eruptions, observa-
tional evidence for this is uncertain.

El Chichén erupted in March and April of 1982, causing
chemical and radiative perturbations on a global scale®. Ozone
column depletions of 1-7% were observed in many regions of
the world, with even larger depletions observed at specific
monitoring stations”'®. The ozone depletions typically started
in late autumn, peaked in winter, and returned to normal levels
by summer. During the December-April period after the erup-
tion, some Northern Hemisphere stations reported the lowest
monthly values measured in 40 years®. The relationship
between these ozone depletions and the volcanic eruption is
obscured by other phenomena occurring at that time, such as
the westerly phase of the quasibiennial oscillation (QBO), or
the abnormally intense FEl Nifio/Southern Oscillation
(ENSO)™®; analyses indicate, however, that the aerosol was
reponsible for a depletion of 2-10% in the affected layers'*1°.

Mount Pinatubo erupted in June of 1991, injecting almost
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