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We have measured the lifetimeτ of the lowest triplet state T1 in free C60 by a pump-probe experiment using
lasers with nanosecond pulse durations. At low pump fluence the population of T1 decays with a distinct,
narrow distribution of lifetimes.τ depends on the pump wavelength (λ ) 532, 355, or 266 nm) as well as the
temperature of the source from which C60 is vaporized (420e T e 510 °C); it ranges from 2µs to 0.3µs.
At high pump fluence an additional lifetime as short as 40 ns is observed. A consistent correlation of all
observed lifetimes with the experimental parameters is found ifτ is assigned to an ensemble of C60 (T1) that
has absorbed either one or two pump photons with the excess energy being randomized over all vibrational
modes. Thus,τ ) 2 µs corresponds to a vibrational energyEvib ) Etotal - Etriplet ) 4.6 eV (one-photon
absorption atλ ) 532 nm,T ) 420°C) while τ ) 40 ns corresponds toEvib ) 9.6 eV (two-photon absorption
at 355 nm, 480°C). This result strongly suggests that delayed electrons that are emitted from highly excited
C60 (Evib . 10 eV) on the time scale of≈10 ns to 1 ms are not affected by long-lived electronically excited
states. The frequently questioned description of delayed electron emission from photoexcited C60 as thermionic
emission is, therefore, warranted.

1. Introduction

Delayed electron emission from highly excited C60 is readily
observed unless the excitation happens on the time scale of
picoseconds or shorter.1 The phenomenon is often interpreted
as thermionic emission, for example in experiments involving
hyperthermal collisions of C60 with gas-phase atoms or surfaces,2

or excitation by lasers with pulse duration of nanoseconds or
longer.3-7

Other authors, however, have questioned if the energy is,
indeed, fully equilibrated on a time scale of≈10 ns (for a recent
summary of arguments that are critical of a thermionic emission
mechanism, see ref 8). Loepfe et al.9 used a CO2 laser to desorb
and excite C60; they attributed the appearance of delayed ions
to a slow transformation of excited fullerenes to geometric
isomers of reduced ionization energy. Jones et al.10 photoexcited
C60 at 193 nm after desorption with a CO2 laser. They estimated
that the total excitation energy was not sufficient for a purely
statistical process. Zhang and Stuke observed a transition from
delayed to direct ionization when the excitation laser wavelength
dropped below≈213.5 nm (5.8 eV); they concluded that delayed
electron emission arises from fusion of several (g5) long-lived
triplets within a single C60 molecule. Jackson and co-workers11

observed delayed electron emission after electron impact
excitation. They attributed the phenomenon to formation of C60

in long-lived Rydberg states that were field-ionized. In similar
experiments, however, Vostrikov and co-workers12 did not find
any evidence for field-ionization. Lutz and co-workers13 ana-
lyzed the competition between delayed emission of C2 and

electrons from fullerene ions that were formed in high-energy
collisions of C60 with protons. They concluded that electrons
were emitted, within<1 µs, from fullerene ions in long-lived
electronically excited states.

The evidence quoted above is rather circumstantial and not
necessarily in contradiction with a thermionic emission model,14,15

but other recent experimental observations more stubbornly
resist attempts to reconcile them with a statistical mechanism.
Von Helden et al.16 observed that an ingestion period of some
10 µs was required before delayed electron emission after IR
excitation reached a maximum yield, unless the IR pulse was
very intense or preceded by a weak pump pulse at 266 nm.
Campbell and co-workers17 pointed out that the temporal
evolution of the delayed C60

+ ion yield implied an unreasonably
high value of the activation energy for C2 loss from C60, and
that its dramatic drop after 10µs was inconsistent with
thermionic emission.

One may counter these observations with other reports
according to which, under by and large similar experimental
conditions, the delayed ion yield was fully consistent with a
thermionic mechanism.4,7 However, this strategy is not likely
to end the debate. Instead, one should identify any mechanisms
that could possibly prevent rapid energy equipartitioning
between electronic and nuclear degrees of freedom, and clarify
if those perceived bottlenecks persist under experimental
conditions that lead to delayed ionization.

With the possible exception of Rydberg states,11,18 there is
only one candidate for an electronic state having a lifetime
significantly exceeding 1 ns, namely, the lowest triplet state,
T1. Energy relaxation in optically excited C60 entrained in
matrixes, solutions, or C60 films at or below room temperature
has been studied by numerous authors. There is a consensus
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that the initially excited singlet states nonradiatively relax into
one of the lowest excited singlet states, around 2 eV, within
<20 ps.19 Further relaxation into S1 and intersystem crossing
into T1 will occur on the time scale of≈1 ns with a quantum
yield of 1. Additional photons would be absorbed within the
manifold of triplet states which, again, quickly decay nonra-
diatively to T1.

The S0 r T1 transition dipole moment is zero by symmetry.
The transition becomes weakly allowed due to vibronic cou-
pling, and in environments that break theIh symmetry of C60.
For temperatures below 10 K, T1 lifetimes have been reported
that are 410µs in toluene,20 90 µs in xenon-doped neon,21 60
µs in krypton, and 16µs in xenon matrixes.22 In C60 films, the
population of singlet and triplet excitons are complex due to
diffusion to defect sites, triplet-triplet annihilation, and other
effects,23 but for large delays a pure exponential decay of T1

with a lifetime of 15µs has been observed at≈80 K.24 As the
S0 r T1 transition becomes weakly allowed due to vibronic
coupling, its rate will increase with increasing temperature, but
the large environmental effects listed above make it impossible
to predict the lifetime of T1 in isolated C60 from measurements
in solutions or matrixes.

A first determination of the T1 lifetime in isolated C60 was
reported by Smalley and co-workers25 by resonance enhanced
two photon ionization; a lifetime of 42µs was found. Clearly,
such a long lifetime would indicate a lack of coupling between
electronic and nuclear degrees of freedom after photoexcitation
in the UV17 and IR.16 Unfortunately, the excitation energy that
corresponds to the lifetime observed by Smalley and co-workers
was poorly defined because the C60 beam was prepared by laser
vaporization of graphite into a helium gas with subsequent
supersonic expansion into vacuum. The dependence of the
lifetime on the excitation energy was not explored.

Subsequently, Etheridge et al.26 determined the temporal
evolution of the absorbance of photoexcited C60 in an argon
buffer gas at 1000 K. They observed a nonexponential decay
that they attributed to the distribution of vibrational energies
Evib in C60 at the temperature of the buffer gas; vibrational
relaxation in T1 was assumed to be sufficiently fast. We will
argue that this assumption is inconsistent with the observation
of a nonexponential decay. Thus, the functional dependence of
the triplet lifetime on the vibrational energy derived from these
data is questionable.

More recently, Campbell and co-workers27 as well as our
collaboration28 essentially repeated the experiment by Smalley
and co-workers25 except that an effusive beam of C60 was used.
Both experiments were done under comparable conditions as
far as the temperature of the C60 source and the wavelength of
the pump laser were concerned; both groups reported a lifetime
of ≈1 µs. However, the interpretations could not have differed
more. Campbell and co-workers27 estimated the excitation
energy from the observed degree of fragmentation and delayed
ionization; they concluded that the lifetime remains constant
over the range 15e Evib e 30 eV. Deng et al.28 attributed the
1 µs lifetime to a process in which only one pump photon had
been absorbed; i.e., they estimatedEvib ) 6.5 eV. They attributed
another, much shorter lifetime at elevated pump fluence to two-
photon absorption, thus concluding thatτ decreases to≈40 ns
at Evib ) 10 eV.

Delayed ionization from vibrationally hot fullerenes requires
the absorption of several pump photons; the vibrational excita-
tion energy in the subensemble of C60 that gives rise to a distinct
lifetime in a pump-probe experiment is difficult to characterize
in such a situation. A recent analysis suggests that, for realistic

laser beam profiles, the distribution of the number of absorbed
photons will be a monotonically decreasing function, even for
high laser fluence.29 Moreover, unless the pump-probe signal
is measured over a large-enough dynamic range, reported
lifetime(s) may be nothing but physically meaningless fit
parameters. A critical test of any postulated lifetime would be
to determine its dependence onsmallvariations of the excitation
energy. Another critical test would be to demonstrate that the
results do not depend on the method by which the system is
excited.

In this paper we present measurements of the pump-probe
signal over a dynamic range of several orders of magnitude for
C60 source temperatures ranging from 420 to 510°C, pump
photon energies from 2.33 to 4.66 eV, and a variation of laser
fluences. The observed lifetimes shorten with increasing photon
energy as well as C60 source temperature. The decrease depends
approximately exponentially on the excitation energy, but not
on the manner in which the energy is supplied. All observations
suggest that the observed lifetimes, ranging from 2µs to 40 ns,
correspond to subensembles of C60 that have absorbed one or,
at high pump fluence, two pump photons. While the lifetimes
obviously correspond to the lowest triplet state T1 in these
experiments, we can conclude more generally that photoexci-
tation of C60 in the visible or UV does not populate any
electronic states with lifetimes exceeding 40 ns once the total
excess energy in the system reaches≈11 eV. For the discussion
of delayed ionization we point out that a short lifetime implies
large coupling between the ground state and the triplet state.
Therefore the triplet state can also be rapidly populated by
thermal excitation, or excitation in the IR, from the ground state.

Our results refute the notion that delayed electron emission
could possibly originate from vibrationally hot C60 that is trapped
in a long-lived electronic state.16,17,30Such a partly nonstatistical
behavior would have important consequences for the correct
assignment of values of the activation energy for C2 loss from
C60.5,31However, in a fully equilibrated systemall vibronic states
will be populated depending on the temperature. At sufficiently
high pump laser fluence this thermal population of T1 (and
higher states) can lead to a characteristic nonexponential decay
of the pump-probe signal for which we have found some
experimental evidence. Unfortunately, the contribution from one-
photon excited C60 masks this signal on the time scale that can
be accessed without loss of collection efficiency,t < 10 µs,
and we will abstain from presenting those results.

2. Experiment

Figure 1 shows an overview of the experimental setup. A
molecular beam of C60 is intersected at 90° by two pulsed lasers
in the extraction region of a time-of-flight mass spectrometer.
Ions formed as a result of laser excitation will be accelerated
toward a particle detector at the end of a 0.7 m long drift tube,
and recorded by a digital oscilloscope. We seek to determine
the dependence of the C60

+ ion intensity on the following
experimental parameters: the time delay between pump and
probe lasers, the wavelength of the pump laser, the fluence of
pump and probe lasers, and the temperatureTC60 of the oven
from which C60 is vaporized.

C60 powder (SES Research, 99.5% purity) is vaporized from
a copper cell kept at a temperature ranging from 420 to 510
°C. The molecular beam is collimated to a diameter of 2 mm
and irradiated by the lasers with a repetition rate of 50 Hz. The
pump laser is either the second, third, or fourth harmonic of a
Nd:YAG laser (wavelengths 532, 355, and 266 nm, or 2.33,
3.49, and 4.65 eV, respectively). The beam has a Gaussian
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profile. It is slightly collimated to typically 5 mm diameter and
mildly focused by a planoconvex lens (f ) 52 cm) to about 3.3
mm in the interaction region. An ArF excimer laser beam (193
nm, 6.4 eV, unfocused but collimated to a diameter of 2 mm)
serves as probe.

The fluences specified below for the pump laser are estimated
from the time-averaged laser intensity measured after the
collimating 5 mm aperture; its spatial homogeneity in the
interaction region is likely to be poor. For the very weak probe
laser we measured the time-averaged laser intensity over a large
(≈150 mm2) area and extrapolated the value to the area of the
actual collimator.

A potential problem in the experiment is the loss of
sensitivity, and concomitant distortion of the data, for large
pump-probe delays: The ensemble of C60 that is excited by
the pump laser moves with a thermal speed of about 0.16 mm/
µs, and the probe laser will miss a substantial fraction of this
ensemble for large delays. From the known diameters of the
laser and molecular beams, and the response of the ion signal
to small (≈1 mm) displacements of the probe laser beam along
the molecular beam axis, we estimate that this loss of sensitivity
is less than a factor of 2 for delays below 10µs.

For very short pump-probe delays, the data will also be
distorted due to the finite duration of the laser beams. In Figure
2a we show the intensity of the two lasers as seen by a fast
(<1 ns rise time) photodiode. The spectrum is averaged over
3000 laser shots. The laser pulses are characterized by widths
(fwhm) of 7 and 13 ns, respectively. These are only slightly
broader than the single-shot laser pulses, thus demonstrating
the absence of any significant jitter between the pulses.

However, the laser pulses in Figure 2a are not Gaussian. In
order to determine the time resolution of the experiment more
directly, we have recorded the intensity of background hydro-
carbon ions in the mass range 250 ue m e 300 u. These ions

show a strong enhancement when the two laser pulses overlap
in space and time. As shown in Figure 2b, the dependence of
this enhancement (full circles) on the nominal delay between
the lasers is Gaussian, with a standard deviation of 6.9 ns, or
16.2 ns fwhm. This is just slightly larger than the combined
rms width of the two laser beams.

Pump-probe ion spectra for C60 are averaged in the digital
oscilloscope over a few minutes. Shot-to-shot fluctuations of
the laser intensity will reduce the statistical accuracy of these
spectra. Even more detrimental are slow drifts of the average
laser output that occur on the time scale of minutes to hours. In
the setup shown in Figure 1 we avoid these problems by
monitoring the reflected laser light with fast photodiodes. Their
output is sent to pulse-height analyzers (PHA) which produce
a logic output only if the amplitude of the input matches a preset
value within a certain range that we set to(5%. The outputs
from the PHAs are combined in a logic gate which triggers the
digital oscilloscope (300 MHz bandwidth, digital resolution 10
ns). With this setup, the oscilloscope is triggered only if the
output of both lasers deviates less than(5% from the preset
value. Fluctuations and drifts will then reduce the trigger rate,
but the circuit greatly improves the reliability and statistical
accuracy of the spectra.

Note that we can trigger the oscilloscope either with the light
from the pump or with the probe laser. In the spectra shown
here we always choose the pump laser, even for spectra that
were recorded with “probe only,” or with the probe fired before
the pump.

3. Results

Figure 3 displays a set of representative ion spectra, recorded
with identical sensitivity settings. The C60 source temperature
was 480°C. The bottom spectrum was recorded with the pump

Figure 1. Experimental setup. The effusive C60 beam is intersected
by a Nd:YAG pump laser (operating at 532, 355, or 266 nm) and an
ArF probe laser (193 nm, 6.4 eV).

Figure 2. Evaluation of the experimental time resolution. (a) Pump
and probe lasers monitored by a fast photodiode (spectrum averaged
over 3000 laser pulses). (b) Intensity of hydrocarbon ions (mass 250 u
e me 300 u) for various pump-probe delays. The Gaussian fit (dashed
line) indicates a combined resolution of 6.9 ns (standard deviation).
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laser operating at 355 nm and a fluence of about 25 mJ/cm2 (2
mJ per pulse); the probe laser was blocked. The long tail
following the C60

+ ion peak is the signature of delayed
ionization; it requires absorption of roughly 10 photons at this
wavelength.6 We also observe C58

+ fragment ions at this
relatively large fluence. The middle spectrum was recorded with
the probe laser (193 nm, fluence 100µJ/cm2, 3 µJ per pulse)
fired 1166 ns after the pump laser; the pump laser beam was
blocked. Only a weak, prompt C60

+ signal without any sign of
delayed ionization is observed. We will later show that this
probe-only signal is caused by two-photon absorption.

When both lasers are fired (Figure 3, top panel), the spectrum
is the sum of the two lower spectra, except that the C60

+ peak
that arises from the probe laser is strongly enhanced. This
enhancement measures the population of the lowest triplet state
(or any other state that can be one-photon ionized at 193 nm)
brought about by the pump laser after the chosen delay. Unless
C60 is highly excited such that those states are thermally
populated to a significant extent, only long-lived electronic states
can cause such an enhancement. Throughout the remainder of
this work we will call this enhancement the “pump-probe
signal”. Note that the pump-only and probe-only spectra do not
depend on the delay; they are measured only occasionally in
order to verify the stability of experimental parameters (probe
fluence and C60 flux, in particular).

Figure 4 displays a series of pump-probe spectra recorded
under the same conditions as in Figure 3; the pump-probe delay
is varied from 7 to 1166 ns. As expected, the amplitude of the
probe peak increases with decreasing delay. For very short
delays (∆t < 100 ns) the probe peak rides on top of the leading
edge of C60

+ which is caused by the pump laser. We analyze
this spectrum by subtracting from it the pump-only spectrum
and then fitting a Gaussian.

Figure 5 (top panel) displays another series of pump-probe
spectra with the pump laser operating at 532 nm (fluence 74
mJ/cm2, 6.5 mJ per pulse). The absorbance of C60 at this
wavelength is low; the pump-only spectrum (bottom panel) does
not show any C60

+ ions. Therefore the C60
+ ion peaks in the

pump-probe spectra ride on top of a background that is zero,
except for the small probe-only signal. The statistical accuracy

of the pump-probe signal that is extracted from these data is
excellent. Also note the abrupt drop of the pump-probe signal
when the delay is changed from small positive (15 ns) to
negative (-15 ns) values. This demonstrates the good time
resolution of the setup, in agreement with the yield of
hydrocarbon ions shown in Figure 2.

In Figure 6 we compile the results of analyzing several series
of spectra such as those shown in Figures 4 and 5. In the top
panel the pump-probe signal versus delay is plotted for three
data sets, recorded with a C60 source temperature of 480°C
but different pump wavelengths. Over a dynamic range that
covers 3 orders of magnitude, the pump-probe signal decays
approximately exponentially with a lifetime that decreases with
increasing photon energy. In the lower panel four other data
sets are plotted, recorded with a pump wavelength of 355 nm
and source temperatures ranging from 420 to 510°C. The C60

vapor pressure increases by more than an order of magnitude
over this range (see ref 6 and references therein); for clarity we

Figure 3. Time-of-flight spectra of fullerene ions formed by the pump
laser operating atλ ) 355 nm, 25 mJ/cm2 (bottom panel), by the probe
laser (193 nm) fired with a delay of 1166 ns (middle panel), and by
pump and probe lasers (top panel). All spectra are recorded and plotted
with identical sensitivities. Note the strong enhancement of the C60

+

peak in the pump-probe spectrum over the probe-only spectrum.

Figure 4. Series of pump-probe spectra superimposed on top of each
other, for various pump-probe delays as indicated. The experimental
conditions are identical to those in Figure 3. Lines connecting data
points are drawn to guide the eye.

Figure 5. Top: Series of pump-probe spectra superimposed on top
of each other, for a pump laser operating atλ ) 532 nm, 74 mJ/cm2.
The spectra below show probe-only and pump-only spectra. Note the
absence of any fullerene ions in the pump-only spectrum, even if shown
with enhanced (×10) sensitivity.
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have scaled the intensities such that they agree for the shortest
delay,∆t ) 0.1 µs. Clearly, the lifetimes of the pump-probe
signal decrease with increasing source temperature.

Upon closer inspection, a slight concave curvature is seen in
all data sets shown in Figure 6, equivalent to a narrow
distribution of lifetimes. We fit the data with

The first factor on the right-hand side of eq 1 is a step function
that switches att0 from zero to one with an abruptness
determined byσt. More specifically,σt is the standard deviation
of the derivative of the step function. The integral describes an
exponential decay with a distribution of lifetimes that is
Gaussian on a logarithmic scale, centered at lnτ0 with a width
σln τ.

As indicated by the solid lines in Figure 6 (top), all data sets
are described well by eq 1 with mean lifetimesτ0 that decrease
from 1.2µs at 532 nm to 0.35µs at 266 nm. The fit parameter
σln τ exhibits considerable scatter. After a preliminary fitting of
several data sets we have chosen a common value ofσln τ )
0.47 for all final fits. In other words, 68% of the values in the
distribution of lifetimes differ fromτ0 by less than a factor of
exp(σln τ) ) 1.6. The physical origin of this distribution will be
discussed later.

For clarity, only one data set in Figure 6 (266 nm, 480°C)
is shown with negative pump-probe delays, together with the
complete fit expression (eq 1). From this and several other sets
we deriveσt ≈ 7 ns, which agrees nicely with the resolution
obtained from the intensity of hydrocarbon ions shown in Figure
2.

The pump fluence does not affect the time dependence of
the pump-probe signal unless the fluence becomes large. In
Figure 7 we show two data sets recorded with a pump
wavelength of 355 nm, for fluences of 2.7 and 28 mJ/cm2 (open
and filled circles, respectively). At low fluence a single lifetime
of 0.74µs is observed (the curvature of the fitted line is hardly
discernible here because only a narrow time range is displayed).
At high fluence an additional lifetime,τ ) 0.044µs, appears;
the longer lifetime remains unchanged. Similarly, at 532 nm
and 74 mJ/cm2 a lifetime τ0 ≈ 0.23 µs becomes apparent, in
addition to the lifetimeτ0 ) 1.2 µs that was observed at low
fluence (Figure 6). Note that the ratios of the two lifetimes,
either 0.74/0.044 or 1.2/0.23, are considerably larger than the
exponential of the width, exp(σln τ) ) 1.6, that characterizes the
low-fluence data. Hence, it is proper to discuss the high-fluence
data in terms of bimodal distributions of lifetimes.

In view of these results one might also expect a very short
lifetime for high pump fluence at 266 nm. We have not seen
any evidence for it. Perhaps the maximum possible laser fluence,
4 mJ/cm2, was insufficient. Alternatively, an additional lifetime
at 266 nm will be comparable to or less than the experimental
time resolution, rendering it unobservable.

In Figure 8 we compile all lifetimes deduced from the data
shown in Figures 6 and 7, and from other data sets. The C60

source temperature is indicated on the abscissa. Lines connect
data points that were recorded with identical pump wavelength.
Open symbols refer to measurements at low to modest pump
fluence; filled symbols denote lifetimes seen at high pump
fluence. Except for the valueτ0 ) 0.044µs the uncertainties of
τ0 reported by the fits are smaller than the size of the symbols.
We estimate an uncertainty of≈10% for the lifetimes deter-
mined at low fluence. The uncertainty is caused by a significant
correlation between theσln τ value used in the fit and the
resulting value ofτ0. An uncertainty of 10% is also consistent
with the scatter between pairs of values from repeated measure-
ments shown forλ ) 355 nm at 420 and 450°C. The
uncertainties of the additional, shorter lifetimes observed at high
fluence may be larger. The statistical error of the source
temperature is small, but a systematic error of a few degrees
cannot be excluded.

For the following discussion it will be useful to distinguish
between one-photon and multiphoton processes. In Figure 9
(top) we show a double logarithmic plot of the probe fluence

Figure 6. Top panel: Pump-probe signal versus pump-probe delay
for spectra recorded at an identical source temperature of 480°C but
under different pump conditions (532, 355, and 266 nm at fluences of
74, 22, and 3.6 mJ/cm2, respectively). Bottom panel: Pump-probe
signal versus delay for identical pump conditions (355 nm, 22 mJ/
cm2) but different C60 source temperatures. Solid lines result from fitting
eq 1 to the data.

I(t) ) [1 + exp(-
t - t0
1.8σt

)]-1

A∫exp[- 1
2(ln τ - ln τ0

σln τ
)2] ×

exp(- t
τ) d(ln τ) (1)

Figure 7. Circles: Pump-probe signal versus delay for a pump
wavelength of 355 nm recorded with low and high fluence (open and
filled circles, respectively). Diamonds: Pump wavelength 532 nm, 74
mJ/cm2. Two distinct exponentials are required to fit the high-fluence
data (filled symbols).
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dependence of the pump-probe signal evaluated at a delay of
0.3 µs. Fitting a power law (solid line) we find a slope of 1.08
( 0.02, indicating that a single probe photon ionizes C60 out of
the triplet state, as expected. We have obtained similar fluence
dependences for longer pump-probe delays. The slope for the
probe-only ion intensity is 1.96( 0.03, in agreement with the
expectation that one photon will pump C60 into the triplet state,
and another will ionize.

In the bottom panel of Figure 9 we show the dependence of
the pump-probe signal on the pump fluence evaluated for a
delay of 1.2µs andλpump) 532 nm. The dashed curve is drawn
to guide the eye. As shown by the solid line, the slope of the
data is consistent with a value of 1.0 for low fluence.

4. Discussion

We begin with a summary of the experimental results:
1. For low to modest pump fluence, the pump-probe signal

versus pump-probe delay is described well by a narrow
distribution of lifetimes.

2. The mean lifetime of these distributions,τ0, decreases with
increasing pump photon energy and increasing C60 source
temperature. Observed values range from 2.0 to 0.3µs.

3. τ0 does not depend on the pump fluence. However, at high
fluences an additional, much shorter lifetime (or narrow
distribution of lifetimes) is observed.

4. The time resolution of our setup precludes the observation
of lifetimes below≈0.01 µs. However, we would be able to
identify any significant population of long-lived states (τ . 2
µs) by the pump laser. The only condition under which such a
long-lived pump-probe signal appears is for maximum laser
fluence (see Figure 2 in ref 28). This effect is likely due to
highly excited C60 in which the triplet state is thermally
populated.

These results suggest that the lowest triplet state is efficiently
populated by photon absorption, and that its lifetime decreases
with increasing vibrational energy content that we express as
follows:

whereE(TC60) is the average internal (vibrational) energy of
C60 as it emerges from the source at temperatureTC60, n denotes
the number of absorbed pump photons,hν their energy, and
ET1 the energy of the triplet state. We have computedE(TC60)
from the set of vibrational frequencies published by Schettino
et al.32 From a quadratic fit to these data from 600 to 1200 K
we obtain the relation

which differs from the exact energies by less than 0.02 eV. For
ET1 we adopt a value of 1.57 eV.33

How many pump photons are absorbed? The answer can be
obtained from the low-fluence data (open symbols) in Figure
8. There are two data points with lifetimes ofτ ≈ 0.5 µs, one
obtained at 420°C and 266 nm, the other at 510°C, 355 nm.
The difference in thermal energy (eq 3) between these two
temperatures is 1.02 eV, which closely matches the difference
in the one-photon energies, 4.66-3.49 ) 1.17 eV. Hence, a
unique relation between vibrational energyEvib,T1 and the
observed lifetimeτ requires that we assignn ) 1 to all low-
fluence data. In other words, the triplet state is populated by
absorption of exactly one pump photon. This conclusion agrees
with the observation that the pump-probe signal depends on
the first power of the pump fluence (Figure 9, bottom panel).

It is tempting to assume that the additional, shorter lifetimes
observed at high fluence (filled symbols in Figure 8) are due to
absorption of two photons. This hypothesis can be tested: For
identical temperatures a low-fluence lifetime observed at 266
nm should agree with the additional lifetime observed at 532
nm, high-fluence. The lifetimes determined at 480°C indeed
pass this test.

With this interpretation we can plot all lifetimes versus
vibrational excess energy; the result is shown in Figure 10. On
this semilogarithmic plot the data fall on a common straight
line for energies spanning a range of 4.6 to 9.6 eV, or lifetimes

Figure 8. Summary of lifetimes deduced from pump-probe data
versus C60 source temperature, for pump wavelengths as indicated. Open
symbols indicate lifetimes recorded with low pump fluence. Filled
symbols indicate additional lifetimes observed at high pump fluence;
they arise from two-photon absorption.

Figure 9. Upper panel: Pump-probe signal (circles) and probe-only
signal (diamonds) versus probe fluence. The slope of the fitted power
law (solid lines) is approximately 1 and 2, respectively. Lower panel:
Pump-probe signal versus pump fluence for a pump-probe delay of
1.2 µs. The dependence at low pump fluence is approximately linear.

Evib,T1 ) E(TC60) + nhν - ET1 (2)

E(TC60)/eV ) -2.550+ 0.00737T/K +

2.6523× 10-6(T/K)2 (3)
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covering nearly 2 orders of magnitude. From a fit to these data
we obtain

with

and

This relation can be checked against an earlier result, the
distribution of lifetimes expressed asσln τ. The obvious source
of this distribution is the distribution of vibrational energies in
the effusive beam of C60. For the temperatures considered here,
the energy distribution will be Gaussian of widthσE, and we
can write the triplet population as

where eq 4 was used in the last step. The logarithm of lifetimes
is normal distributed on an energy scale with a most probable
valueτ0 ) τ(Evib,T1) and a widthRσE.

Furthermore, from eq 4 one has dE ) const d(lnτ), which
renders eq 5 equal to eq 1 (without the step function), provided
thatRσE ) σln τ. Do our experimental results confirm this? For
constant heat capacity one hasσE ) T(kBC)1/2, whereC(T) is
the vibrational heat capacity that one may compute from eq
3.34 Thus,RσE should increase from 0.51 at 420°C to 0.59 at
510°C. A calculation of the same quantities based on the level
density gives only slightly higher values, 0.54 and 0.62,
respectively. These values agree quite nicely with the valueσln τ
) 0.47 that we had obtained by fitting eq 1 to the data shown
in Figure 6. The expected variation ofσln τ with T is, however,
too small to be identified in the data.

In Figure 10 we also show the lifetimeτ(Evib,T1) that Etheridge
et al.26 deduced from the time-dependent absorbanceA(t) of
gas-phase C60 after excitation at 532 nm. Their lifetimes are
larger than ours by a factor of two to three, or, viewed
differently, they are shifted to higher energies by more than 1

eV. Those experiments were performed at 706 to 767°C in an
argon buffer gas.τ(E) was not, as in our experiment, derived
from the dependence of the mean lifetime on temperature, but
from the functional dependence ofA(t) which revealed a wide
distribution of lifetimes that, from our considerations above,
would beσln τ ) 0.79 at 1000 K.

An important factor in the experiments by Etheridge et al. is
the presence of a buffer gas which collisionally cools the C60.
The authors mention that they did not observe any change in
the evolution of the absorbance when they reduced the argon
pressure from 100 to 1 Torr. They conclude that the excess
vibrational energy generated during T1 r Sn radiationless decay,
hν - ET1 ) 0.76 eV, is “collisionally relaxed within the triplet
lifetime”.26 The shortest lifetime reported by the authors was
0.15µs, hence their conclusion implies a vibrational relaxation
rate greatly exceeding 7× 106 s-1. It is true that collisional
vibrational relaxation of aromatic molecules in T1 can be an
order of magnitude more efficient than in S0.35 However, it is
difficult to grasp how a relaxation rate much larger than 7×
106 s-1 can be achieved when the rate of Ar-C60 collisions is
only 5 × 106 s-1 at 1 Torr and 1000 K.

In fact, the assumption of rapid collisional cooling should
be questioned in a more fundamental way: it directly contradicts
the nonexponential decay ofA(t). Rapid collisional relaxation
implies that the ensemble of C60(T1) is canonical as far as the
vibrational energy is concerned. Hence, for the subensemble in
the T1 state, the quantityA(t)-1 dA(t)/dt is independent of time,
which implies a single exponential forA(t). The deviation from
a single exponential that we observe in our experiments under
collisionless conditions (Figures 6 and 7) arises from the fact
that the high-energy tail of the vibrational energy distribution
depletes faster than the low-energy tail. This depletion cannot
possibly occur in an environment that is claimed to ensure rapid
energy exchange.

Several factors may have conspired in the experiments by
Etheridge et al.26 to cause a curvature inA(t). If collisional
cooling were much slower than assumed, then the procedure
used in the data analysis would have been correct, but the
vibrational energies assigned toτ(E) should be increased by
0.76 eV, thus increasing the discrepancy between their data and
ours in Figure 10 to≈2 eV. Additionally, their assumption of
a distinct temperature is questionable. The authors mention that
the “temperature profile along the cell axis gave an effective
optical path length of approximately 5 cm, beyond which the
C60 vapor condensed onto the quartz tube....” The effect of this
temperature gradient on the distribution of lifetimes was ignored
in the data analysis.

What are the implications of our results for the mechanism
of delayed electron emission from C60? As mentioned in the
Introduction, it has been suggested that delayed electrons could
originate from C60 trapped in a long-lived electronic state. T1

would be the prime candidate because, barring Rydberg states,
it is the only long-lived state at low temperature, and it is
populated with 100% efficiency after photoexcitation in the
visible or UV. This scenario would render a statistical descrip-
tion invalid.8

In general, other mechanisms for delayed electron emission
are conceivable8 but, for C60, the process clearly requires high
excitation energies. For example, a pump-only study6 at 355
nm shows that the yield of delayed electrons initially increases
with the 6th power of the laser fluence equivalent to the
absorption ofg21 eV. Unless one postulates intramolecular
fusion ofg5 excitons,14,30one has to accept that delayed electron
emission is thermally activated. Electron emission from T1

Figure 10. Compilation of all triplet lifetimes shown in Figure 8, versus
vibrational energy in C60 (T1) computed with the help of eq 3, together
with a fit (solid line) that assumes an exponential energy dependence.
The dashed line indicates lifetimes reported by Etheridge et al.26

τ ) â exp(-REvib,T1) (4)

â ) 78.3( 9.7µs

R ) 0.76( 0.02 eV-1

P(t) ) A∫exp[- 1
2(E - Evib,T1

σE
)2]exp(- t

τ(E)) dE )

A∫exp[- 1
2(ln τ(E) - ln τ0

RσE
)2]exp(- t

τ(E)) dE (5)
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would then be much more efficient than from a statistical
ensemble because of the reduction in the activation energy from
7.6 to≈6.0 eV.

In the present work we have demonstrated that the T1 lifetime
decreases monotonically to≈40 ns atEvib,T1 ) 9.6 eV (total
energy 11.2 eV). Even if the lifetime of T1 would not decrease
any further with increasing excitation energy, the system would
be fully statistical on the time scale of most experiments and
electron emission could be described as true thermionic emis-
sion. Only one scenario would invalidate this conclusion,
namely, an eventual increase ofτT1 with increasing excitation
energy. This appears to be extremely unlikely. Although the T1

lifetime in aromatic molecules may, after an initial steep decline
with increasing excitation energy, approach some constant value
(see ref 36 and references therein), we are not aware of any
system that exhibits an increase ofτT1 with increasing energy,
nor can we think of a physical reason for such a reversal.

We now turn to the report by Meijer and co-workers16

concerning electron emission from IR heated C60. The authors
used a 4µs wide pulse from a free electron laser to resonantly
excite C60 via vibrations at≈520 cm-1. For low laser fluence
the electron yield increased slowly until it reached a maximum
some 50µs after the IR pulse. It was concluded that reaching
the T1 state is a high hurdle on the way from hot molecules to
ions. Only at high fluence, or when pre-exciting the fullerenes
with a weak UV pulse (266 nm) 5µs before the IR pulse, the
spectrum would exhibit the usual behavior of an abrupt rise
followed by a monotonic decay. We cannot explain these
features, but two remarks are warranted. First, in a conceptually
similar experiment involving excitation near 1000 cm-1, Quack
and co-workers4 did not observe such a slow onset of the delayed
electron signal. By varying the laser pulse duration while
keeping the fluence constant they demonstrated the absence of
an intrinsic nonlinear intensity dependence and, thus, the
dominance of vibrational preionization. A possible way to
reconcile the differences between the observations by Hippler
et al.4 and von Helden et al.37 would be to assume that the modes
excited at 520 cm-1 do not quickly relax into other vibrational
modes, but this contradicts the notion that “it is safe to assume
that the IVR process is much faster than the rate of photon
absorption.”37 Second, in a subsequent, more detailed experiment
Meijer and co-workers concluded38 that, after preexcitation at
266 nm with laser pulses of 30 ps duration, the system quickly
returns to the electronic ground state before it is probed with
the IR laser pulse a few microseconds later. Indeed, as seen
from Figure 8, the T1 lifetime after absorption of a 266 nm
photon is less than 0.5µs for typical temperatures.

The data presented here do not give any information on the
reason for the exponential decrease in lifetime with excitation
energy, nor of the mechanism through which T1 decays. Several
authors have addressed the question, mainly in connection with
similar problems in smaller organic molecules (see e.g. refs 36,
39, and 40). The trend for these small molecules is a lifetime
decreasing with increasing excitation energy, similar to the one
observed here. Morse et al.36 suggest a finite lifetime due to a
direct decay from the triplet to the singlet state. The transition
rates will then be partly determined by the Franck-Condon
factor as a multiplicative factor. The excitation energy depen-
dence of the rate constant appears as the result of the combined
effect of these factors. An application of this method to our
data would be less than straightforward. One problem is the
fact that C60 is prepared in a state with a thermal energy which
is relatively large compared with the energy released when the
triplet state decays. Although some theoretical calculations of

the vibrational modes of the triplet state have appeared,41 these
difficulties have prevented us from exploring the suggestion of
Morse et al.36 further.

Alternatively, the decay of T1 in pyrazine has been ascribed
to an activated process which involves excitation from T1 to
higher triplet states.40 This seems to reproduce the pyrazine data
quite well, but requires the introduction of a finite zero-
temperature contribution to the decay rate constant. It is possible
to rationalize the present data on C60 to some extent with a
model of similar nature. If the decay of T1 occurs via the
thermally populated S1 with a rate constant S0 r S1 which is
independent of excitation energy, the lifetime is determined,
up to a constant, by the ratio of the populations of S1 and T1

alone. This gives an energy dependence ofF(E - ES1)/F(E -
ET1), where F is the vibrational level density,E the total
excitation energy, andES1 andET1 are the energies of S1 and
T1, respectively. In terms of the microcanonical temperatureT
) T(E - ET1), the relation becomesk ∝ exp[(ES1 - ET1)/T].
The virtue of this suggestion is that it provides a natural
explanation of the magnitude of the characteristic energy scale
observed in the data, 1.3 eV-1 (see eq 4), in terms of the heat
capacity of the molecule, the temperature, and the S1 - T1

energy difference. The model predicts a value of d ln(k)/dE equal
to d ln(F(E - ES1)/F(E - ET1))/dE. Calculations of the
vibrational level density give the values 0.71 eV-1 for the
interval 5-7 and 0.36 eV-1 for the interval 8-10 eV, compared
with the experimental value of 0.76 eV-1. The drawback is that
the model cannot account for the low-temperature lifetimes seen
in cryogenic experiments20-22 without invoking an additional
direct rate constant similar to the one of Terazima et al.40 Also,
the decay from S1 to S0 is as yet unspecified. In spite of these
shortcomings, the similarity of the model energy scale with the
experimental scale is close enough to be pursued further. The
idea can be tested with a measurement of the decay of the triplet
state in C70. If the mechanism is similar for that molecule, the
model prediction is that the lifetime decreases roughly expo-
nentially with excitation energy, with an energy scale which is
similar to the one for C60.

5. Conclusion

We have shown, with pump-probe experiments, that the T1

state of C60 decays exponentially with a time constant which
depends on the vibrational excitation energy of the molecule.
The energy dependence is also exponential, with a characteristic
energy of 0.76 eV-1. The internal energy of the molecule was
changed by varying both the source temperature and the photon
energy of the pump laser. The measured lifetimes were found
to be independent of the method by which the excess vibrational
energy was introduced into the molecule, proving that the
equilibration of all other degrees of freedom proceeds faster
than the decay of the triplet state. This also allowed the
unambiguous assignment of the number of absorbed photons
associated with a specific lifetime.
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