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Delayed ionisation of Cyg
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Abstract. A delayed ionisation experiment has been carried out on laser excited C7¢ molecules. Ions and
electrons are detected in coincidence to distinguish the ionisation of Crp from that of Css molecules
created by the dominant process, emission of C2. From the time dependence of the C, yield and the ratio
to the Ca'g yield, we can deduce both the dissociation energy, Eq = 9.7 = 0.3 eV, and the pre—exponential
factor, Ay = 1.7 x 10?° s7!, in the Arrhenius decay law for Cz emission. The power of photon emission

from neutral Crg is also determined.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Cg Electronic and magnetic properties of clusters

—36.40.Qv Stability and fragmentation of clusters

The dissociation energy for Cy emission from fullerene
molecules has been the subject of many experimental and
theoretical studies for more than a decade [1-8]. The dif-
ficulty in determining F; experimentally has been mainly
due to radiative cooling and to the unknown magnitude of
the pre—exponential factor A4 in the Arrhenius expression
for the rate constant [9]:

) = daesp (o). 1)

The emission temperature 7T, equals the microcanonical
temperature T in the initial state with a finite-heath—
bath correction, T, 2 T — E;/2C, where C' is the heat ca-
pacity. Initially, the pre—exponential factor was assumed
to be of order 1.6 x 10 s=! [10], and analysis of frag-
mentation experiments with this value lead to a disso-
ciation energy below 8 eV for Cgp, in strong disagree-
ment with theoretical values above 10 eV [2]. A turning
point was an experiment on delayed ionisation of laser
excited Cgp which gave convincing evidence for a much
higher value, Eg = 11.9 £ 1.9 eV [3]. A larger pre—factor,
Ay = 2 x 10" s71, was then derived from a combined
analysis of breakdown curves and metastable fractions [4].
This finding was in agreement with the Gspann parame-
ter deduced from a series of metastable fractions measured
in a time-of-flight spectrometer [5]. Additional evidence
was provided by measurements in a storage ring of the
influence of radiative cooling on Cs emission [6]. The sum
of dissociation energies from Cf, to Cd, deduced by an
analysis with AT = 2 x 101% s7! for all five molecules,
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was shown to be consistent with the accurately measured
heats of formation for Cgg, C79 and Cs.

There is consensus today that this is the order of mag-
nitude of A4. However, the value should not be the same
for all the fullerenes. From detailed balance, A4 is found
to be proportional to the ratio between the level densi-
ties of the daughter and mother molecules [9,11], and the
level density is normally lower for molecules with high
stability. Hence, A, is expected to be larger for the magic
molecules Cgp and Cr7g than for the other fullerenes and
lower for Cgo and Cro.

In the analysis of the first measurement of delayed ion-
isation of laser excited Cgg [3] it was shown that the yield
as a function of the time should follow a power law with
exponent equal to minus the ratio of the ionisation and
dissociation energies, provided that ionisation is a weak
channel compared with Cs emission and that no other
channel is significant. The measurements could be fitted
with such a law in the time range 0.1—10 us, and the disso-
ciation energy was deduced from the measured exponent
and the known ionisation energy. Our experimental setup
allows detection in coincidence of ions and electrons, and
this enables us to get more detailed information on the
decay. In a previous experiment [12], we were able to de-
termine both the dissociation energy Ey for Cgg and the
ratio of the A, factors for Cgp and Csg. In agreement with
the argument above, A; was found to be about two orders
of magnitude larger for Cgg. In addition, the power of pho-
ton emission from hot Cgg molecules was determined, and
it was verified that radiative cooling does not influence the
decay significantly for times shorter than 30 us. Here we
present similar results for the other magic molecule, Crg.
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Fig. 1. Time—of-flight mass spectrum of the ionic fragments.
The time is relative to the laser pulse. The diamonds indicate
the results of the Monte Carlo simulation described in the text,
with a distribution in excitation energy proportional to E~2°.

The experimental setup has been described else-
where [12]. Briefly, an effusive beam of C7y molecules is
aligned antiparallel to a collimated laser beam (third har-
monic radiation from a pulsed Nd:YAG laser). Electrons
and ions are extracted by an electrostatic field perpendic-
ular to the direction of the two beams and are detected
in coincidence. The time difference between the electrons
and the ions determines the ion mass. Most of the de-
cays are very fast and the electron signal is coincident
with the laser pulse. The distribution in Figure 1 of ion
detection times relative to the laser pulse can therefore
be interpreted as a time—of-flight mass spectrum of the
ions, except for the tails of delayed ionisation. The tails
from neighbouring peaks have a small overlap but the de-
layed ionisation from a single molecule can be extracted
with a gate on the ion—electron time difference. Figure 2
presents the yield of delayed ionisation for both Crg and
its fragment Cgg after emission of Cy. The comparison of
the results to calculations is discussed briefly below and
in more detail in reference [12].

The calculation of the yield of delayed ionisation is
based on a statistical model describing the evolution of the
internal energy distribution [13]. The distribution changes
partly due to depletion by ionisation and C, emission,
partly due to cooling by photon emission, which domi-
nates at long times, corresponding to low excitation ener-
gies, but is insignificant at short times. At times less than
about 10 us, the magnitude and the time evolution of the
yield of ionisation are then the result of a competition
between ionisation and Cy emission.

The rate constants are modelled with the Arrhenius—
type formula given in equation (1). In our analysis, the
dissociation energy for Cs emission from Crq is deduced
from the slope of the C}"O yield which determines the ratio
between the ionisation and dissociation energies. Hence,
the extracted value of F; depends mainly on the ionisa-
tion energy for Crg (7.4 €V [14]) and only to second order
on the pre-exponential factors for C, emission and ion-
isation. The value of A, for Crg is determined from the
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Fig. 2. Yields of delayed ionisation of Czg (full circles) and Cgs
(open squares). The curves result from the calculations de-
scribed in the text, without radiative cooling (dashed lines),
with the radiation power spectrum calculated from a dielec-
tric model [15] (dotted line for C7o and full line for Ceg) and
with this radiation spectrum modified by a low—energy cut off,
corresponding to a HOMO-LUMO gap (full line for Cro).

ratio of the yields of C7;, and Cgy and this requires an as-
sumption about the decay parameters for Cgg. The decay
parameters used in the analysis are discussed below.

The cooling by photon emission gives a cut—off of the
power—law dependence at long times (Fig. 2). It has been
modelled with the power spectrum obtained from a di-
electric model [15], which has been used successfully to
describe the cooling of both fullerene anions [13] and
cations [6]. The photon spectrum has been modified by
a lower cut—off corresponding to a HOMO-LUMO gap
for C79 and the magnitude of the gap is determined from
a fit to the measurements. No fitting has been attempted
for Cdy because the yield of this ion is reduced at long
times (¢ > 30 us) by a geometrical effect, caused by the
recoil in Cq emission from Cry [12].

In the calculation of the ionisation yield, the slope of
the initial distribution in internal energy is needed. The
laser beam is narrower than the molecular beam and hence
the energy distribution just after photo—absorption results
from a spatial average over regions with laser intensities
varying from zero to the maximum value. Over a lim-
ited energy range, the distribution should follow a power
law E~* where  depends on the laser profile [16]. We have
performed a Monte—Carlo simulation of the chain of ioni-
sation and Co—emission events during and after absorption
of the laser pulse. The results are compared to the time—
of-flight mass spectrum of the ions (Fig. 2) and the best
agreement is reached for x = 2.5. In the previous study
of delayed ionisation of Cgg [12], the power was set equal
to 2 but an equally good fit was obtained with = = 2.5.
The simulation of the decay chain from Cry leads to a
more reliable power value because of the larger number
of fullerenes for which the decay parameters are known.
The experimental conditions were nearly identical in the
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Table 1. Parameters used for the Monte-Carlo simulation of the chain of ionisation and Cz emission induced by laser (energies
in eV and the values of A; at 4000 K). The table shows the Arrhenius parameters for Cz emission from both neutrals (E4 and Aqg)
and ions (E} and A}) and for ionisation (E; and A;). Parameters in bold result from measurements of delayed ionisation. The

sum of the underlined dissociation energies is in agreement with

the heats of formation of Cgo, C7o and Ca [8].

Size Ey Ag (Sil) E; AI (Sil) FE; A; (Sil)
70 9.7 1.7x10%° 94 85x10° 74 1x10¥
68 8.6 8.6

66 8.4 2 x 10*° 84 2x10* 71 b5x10*
64 8.0 8.0

62 6.2 2 x 1017 6.7 4x10Y

60 10.6 2.3 x 10?' 101 1.2x10* 76 1x10%
58 8.4 8.4

56 8.6 8.6

54 8.4 2 x 10'° 84 2x10° 71 5x10™
52 8.4 8.4

50 8.8 8.8

<50 8.3 8.3

two measurements, and we have reanalysed the Cgo data
with x = 2.5.

The Arrhenius parameters used in the Monte—Carlo
simulation are given in Table 1. The dissociation ener-
gies for Cy emission from non-magic fullerenes are close
to the values derived from observation of the cut off of
the decay rate by radiative cooling [6]. We use the same
pre—exponential factor for Cy emission as in the analy-
sis of this experiment, Ay = A:{ =2 x 10" 571, except
for Cgg, Cro and Cgy for which an exceptional level den-
sity for either the mother or the daughter molecule is taken
into account. It may be argued that A, should be smaller
than A;l" because the polarisation interaction between C,
and a fullerene ion should increase the cross section for at-
tachment. As in [12], this has not been taken into account.

The ionisation energy is taken from measurements
for Cgp (7.6 V) [17] and Cr (7.4 eV) [14] and the es-
timate E; = 7.1 €V has been used for the non-magic
fullerenes [12]. The pre—exponential factor, A4;, for ioni-
sation is estimated from the cross—section for electron at-
tachment by detailed—balance considerations [18]. A; is
proportional to T" and the value at T' = 4000 K is chosen to
be 5x 10 s~1 for the normal fullerenes and twice as large
for the magic molecules Cgg and Crg, accounting roughly
for the lower level density of the neutral molecules when
there is a large HOMO-LUMO gap [12]. A relation be-
tween the dissociation energies for Cy emission from ions
and neutrals and the ionisation energies is provided by
the requirement that the final energy should be the same
when a sequence of ionisation and dissociation is inverted.
The sum of the dissociation energies of the five molecules
from Cga to Crp (underlined in Tab. 1) equals 40.9 eV and
this agrees with the estimate (40.93 & 0.54 eV) based on
the heats of formation of Cgg, C7g and Cs [8].

From the comparison between experiment and mod-
elling, we obtain the following Arrhenius parameters for
the Cg emission from Crp: Ey 9.7 £ 0.3 eV and
Ay = 1.7 x 10%° s71. For Cgp, the reanalysis leads to:
E; =106+ 0.3 eV and Ay = 2.3 x 10?! s7'. The pre—
exponential factor is in both cases larger than the one

generally assumed for fullerenes (2 x 10'? s=1), by one or-
der of magnitude for C7y and by two orders of magnitude
for Cgp. The power of photon emission at T = 4000 K is
1.5 x 10° eV /s for Czg and 6.9 x 10* eV /s for Cgo. These
values correspond to reduction by factors 1.4 and 2.6, re-
spectively, relative to the radiation power predicted by the
dielectric model without a gap [15]. These reductions are
reproduced with a smooth lower cut off in the radiation
spectrum at 1.6 eV for Crg and at 2.7 eV for Cgp.

The error on the dissociation energy Fy for Cro given
above reflects mainly an uncertainty of about 0.1 eV of the
ionisation energy of Crp and an uncertainty of about 0.5
of the exponent n in the power law for the energy distribu-
tion. It is an important feature of the experiment that Fy
depends very weakly on other parameters in the analysis.
In contrast, the pre—factor A, is sensitive to many of the
parameters; we have previously estimated the error to be
on the order of a factor of four [12]. In addition, the exper-
iment only determines the ratio of the A, values for Crg
and Cgg, and the value for Cry given above is based on
Ag=2x 1019 s~ ! for Ces-
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