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Shedding New Light on Thermionic Electron Emission of Fullerenes
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Tunable pulsed infrared (IR) radiation from a free electron laser is used to selectively excite fullerenes
via their vibrational modes to very high internal energies. After absorbing several hundred IR photons,
the molecules can autoionize. Ion creation is unexpectedly slow, occurring at times beyond 0.1 ms after
laser excitation, but is found to be significantly faster for electronically preexcited molecules. It is con-
cluded that reaching the first electronically excited state is a high hurdle on the way from hot molecules
to ions. [S0031-9007(98)06980-4]

PACS numbers: 36.40.Vz, 33.20.Ea, 33.80.Rv
n-

se
ly

ate
n-
er,

-
K,
IR

artz
m
e-

th
c-
s
n
y

am
ed
ser

nnel
For a long time, the microscopic equivalent of th
thermal emission of electrons from a heated surfa
the thermionic emission of electrons from neutral h
molecules, was not observed. For thermionic emiss
to occur, a large amount of vibrational energy has to
converted into electronic energy and the probability a
mechanism of such a process is nota priori clear. During
the last decade, however, delayed electron emission
been observed for metal clusters [1–3] as well as
fullerenes [4–12]. Although for C60 the influence of
multiple excited electronic states is still being discuss
[8], most experiments indicate that this delayed electr
emission cannot be attributed to a direct (electron
ionization process, and it is considered to be a signat
for the thermal emission of electrons. Further eviden
for a thermal emission mechanism comes from theore
cal models [13–17] that can describe the experimen
observations [6,9]. In all these experiments the clust
(molecules) are excited using pulsed visible (VIS) or ultr
violet (UV) lasers, thus initially preparing electronically
excited states. These states can relax to high vibration
excited levels of the electronic ground state surface fro
where the thermal ionization is assumed to occur.

More direct insight in the process of thermionic ele
tron emission can be obtained when the molecules are
rectly excited vibrationally by using infrared (IR) laser
[18–20]. We here report on the dynamics of the electr
emission from gas-phase fullerenes that are resona
excited on strong IR active modes using a tunable fr
electron laser (FEL). By absorbing several hundred
photons per molecule from the train of high power su
picosecond pulses from the FEL, the molecules are e
ciently heated and thermionic electron emission can occ
The time evolution of the production of the ions followin
IR excitation is recorded both for “normal” and for elec
tronically preexcited C60. The results obtained are rathe
different from the results obtained when UVyVIS lasers
are used and shed new light on the mechanism of ther
ionization.

Experiments are performed at the free electron laser
infrared experiments (FELIX) [21,22] in Nieuwegein, Th
0031-9007y98y81(9)y1825(4)$15.00
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Netherlands. This laser produces IR radiation that is co
tinuously tunable over the100 2000 cm21 range. The
light output consists of macropulses of about4 ms dura-
tion containing up to 50 mJ of energy. Each macropul
consists of a train of micropulses that are approximate
0.3 ps long and 1 ns apart. The macropulse repetition r
is 10 Hz. A scheme of the experimental setup, as co
structed inside a compact turbopumped vacuum chamb
is depicted in Fig. 1. A quartz oven, filled with high pu
rity C60 powder and kept at a temperature of 700–800
is used to generate an effusive beam of fullerenes. The
laser beam enters the apparatus slightly above the qu
oven and is focused by a spherical mirror with a 7.5 c
focal length in the center between the plates of a tim
of-flight (TOF) mass spectrometer. A second mirror wi
a focal length of 3.75 cm is used as retroreflector, effe
tively doubling the micropulse repetition rate in the focu
to 2 GHz. The focusing arm of the IR cavity makes a
angle of 23± with the axis of the molecular beam, thereb

FIG. 1. Scheme of the experimental setup. An effusive be
of fullerenes originates from a quartz oven and is cross
by laser beams in the center between two electrodes. La
produced ions are accelerated and detected on a multicha
plate (MCP) detector.
© 1998 The American Physical Society 1825
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lengthening the interaction time of fullerenes with the fo
cused IR beam compared to a perpendicular geome
The TOF setup consists of three rectangular stainless s
electrodes that are placed 1.5 cm apart. The center of
plates consists of a circular grid pattern of 2.5 cm diame
with an optical transmission of 85% to allow ions to pas
while keeping the electric fields homogeneous. Ions a
detected on a double multichannel plate (MCP) detec
at a distance of 45 cm from the last TOF electrode. T
experimental geometry allows for the coupling in of an e
tra laser to perform double-resonance experiments. In
two-color experiments we use the (unfocused) quadrup
output from a Nd:YAG laser (266 nm; 50–70 ps puls
duration) to electronically excite the fullerenes prior to th
IR excitation with FELIX. In those experiments, the outpu
power of the Nd:YAG laser is adjusted such that no io
ization is observed from the UV light alone. To record IR
resonance enhanced multiphoton ionization (IR-REMP
spectra of C60, the TOF electrodes are pulsed to hig
voltage some30 ms after the FELIX pulse, and the tota
number of C1

60 ions is recorded as a function of IR lase
wavelength. To record the time evolution of the produ
tion of ions, the total ion signal is measured as a fun
tion of time with the voltage on the TOF electrodes bein
constantly on (electric field of 600 Vycm in the extraction
region) and the IR laser being fixed in frequency on a res
nance. From the measured arrival time distribution of t
ions at the detector, the flight time is subtracted to obta
the “time-of-birth” (TOB) distribution. These TOB distri-
butions are the increment in total ion signal as a functio
of time; i.e., they correspond to therate of ion production
(multiplied by the time constant of the detection system

In Fig. 2, TOB distributions resulting from the excita
tion of C60 on the IR active mode at19.2 mm (520 cm21;
see also Fig. 3) are shown for three different macropu
energies. The envelope of the FELIX pulse is shown
the lower part of the figure. At long times, the chance
for an ion to be detected diminish, since the neutral pr
cursors escape from the detection region between
TOF electrodes. Using the experimental geometry a
a Maxwellian C60 velocity distribution, the experimental
detection efficiency curve shown in the lower part of th
figure is calculated. Several important points can imm
diately be recognized from Fig. 2. First, at all excitatio
fluences, the TOB distributions extend to very long time
Taking the experimental detection efficiency into accoun
it is evident that ions are produced at150 ms and beyond.
This corresponds to a (1ye) autoionization time scale that
is significantly larger than previously observed [4–6,12
Second, and even more surprising, the two TOB distrib
tions taken at low fluence are clearly peaked after the e
of the FELIX pulse and appear to consist of at least tw
components. When increasing the laser fluence, the fas
of these components gains dramatically in intensity relati
to the slow component, and both components are seen
have their maxima shifted to shorter times. At the highe
1826
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FIG. 2. Time-of-birth (TOB) distributions of C160 ions at three
different macropulse energies. The envelope of the FEL
micropulses is shown in the lower part together with the tim
dependence of the experimental detection efficiency.

laser fluence, the TOB distribution peaks during the F
LIX pulse but the slow component can still be recogniz
as a shoulder in the otherwise fast decaying transient.
clear that none of the TOB distributions can be describ
by either a single exponentially decaying function [4–6]
a power function of time [17], functions that are succes
fully used to describe the time dependence of autoioni
tion when the molecules are excited with UVyVIS lasers.

The observation that the TOB distributions are peak
after the FELIX pulse cannot be explained by a mod
that assumes a population of excited molecules t
undergoes a first-order reaction. In such a model, the
of ion production is directly proportional to the excite
state population and an exponentially decaying funct
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FIG. 3. IR-REMPI spectrum obtained after preexciting C60
with 266 nm radiation to its triplet state (solid line) compare
to the IR-REMPI spectrum of C60 as obtained with the IR laser
only (dashed line). The arrows indicate the IR laser frequenc
that are used to record the TOB distributions shown in Fig. 4
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results. Even when such exponentially decaying functio
are convoluted with an internal energy distribution,
monotonically decaying function will result. The simple
unimolecular model that can give rise to a distribution th
peaks at a later time must include an intermediate step

C60 1 nhn °! Cp
60

k1
! C#

60
k2
! C1

60 1 e2, (1)

in which Cp
60 stands for the laser excited C60 molecules

that can convert with the rate constantk1 to the interme-
diate state C#60. This intermediate state can then under
autoionization with a rate constantk2. Such a model gives
rise to TOB distributions of the functional form

TOBstd ~ se2k1t 2 e2k2tdysk2 2 k1d . (2)

This function starts at zero att  0, rises to a maximum
at t  sk2 2 k1d21 lnsk2yk1d, and then decays. Simila
functions are obtained when more than one intermed
step is included in reaction scheme (1).

In order to investigate the possible role of electronica
excited states as intermediate states, we performe
double-resonance experiment, in which C60 first absorbs
one 266 nm (4.7 eV) photon. After excitation of C60 with
the UV photon, the excited molecules will undergo rap
intersystem crossing to low lying triplet states [23] whic
are known to have a long lifetime at low internal energi
[24]. Five microseconds after the UV excitation, FELI
is fired. The IR photons will thus probe C60 in its triplet
state and IR-REMPI spectra as well as TOB distributio
of triplet excited C60 can be obtained.

The solid line in Fig. 3 shows the IR-REMPI spectru
of C60 in the 500 to560 cm21 region after preexcitation
with the UV laser. The dashed line is the normal IR
REMPI spectrum of (singlet) C60 [20], obtained when
exciting with FELIX only, using the same IR power an
fluence as in the double resonance experiment. In o
to obtain the true triplet IR-REMPI spectrum, the dash
spectrum has to be subtracted from the solid spectrum
the UV laser will excite only a fraction of the molecule
in the interaction volume. It is clear from comparing th
two spectra that the ion signal on the red side of t
peak results solely from triplet excited C60, and it appears
that the IR resonance of triplet C60 is shifted to lower
frequency by about5 cm21 relative to the corresponding
IR resonance in ground state C60.

In Fig. 4 two different TOB distributions are shown
The upper curve is taken in the two-color experime
with FELIX at 512 cm21. All of the signal has to result
from the IR excitation of triplet C60, as ground state C60
does not give rise to an IR-REMPI signal at this FELI
frequency. The lower curve is taken at520 cm21, without
UV preexcitation. In both experiments, the IR laser pow
and fluence is kept the same. Both curves consist of a
and a slow component, and the TOB distribution witho
UV preexcitation appears to be intermediate between
upper two TOB distributions in Fig. 2. Each of the tw
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FIG. 4. C1
60 TOB distributions obtained when exciting triple

C60 with FELIX at a frequency of512 cm21 (upper part)
and when exciting singlet C60 with FELIX at a frequency of
520 cm21 (lower part). The smooth curves result from fit
each being the sum of two components with the functio
form as given in Eq. (2). The dotted curves give the individu
components.

curves in Fig. 4 can be fit by two components of the fun
tional form as given in Eq. (2), multiplied with the exper
mental detection efficiency curve (Fig. 1). In both cas
the fast component is found to decay on a time scale
a few microseconds and found to contribute less than
to the total signal. Comparing the two curves in Fig. 4
is evident that the slow components are significantly d
ferent, which leads us to conclude that the slow com
nents in both curves result from autoionization of high
vibrationally excited C60 that is either electronically ex
cited (upper curve) or not (lower curve). It is seen that
TOB distribution originating from the triplet state surfac
shows a distinct peak and decays almost an order of m
nitude faster than the TOB distribution originating fro
the ground state surface of C60. This indicates that elec
tronic excitation to intermediate states is important in
autoionization process and that preexcited triplet C60 has
already taken the first, and perhaps highest hurdle tow
the ionizing state. However, it should be noted that t
interpretation is in apparent contradiction to lifetimes
the triplet state of C60 [25] that could extrapolate to a ver
short lifetime, and therefore fast thermalization rates,
high internal energies.

A remaining question is the nature of the fast comp
nent, which becomes the dominant channel at high
citation fluences (see Fig. 2). At this point we can on
speculate about the nature of this channel. One possib
is that it results from direct IR (multiphoton) excitation o
C60 to an electronically excited state; at low IR pulse en
gies this channel resembles the TOB distribution of trip
state excited molecules, and the observed dominanc
1827
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this channel at high IR pulse energies is as expected fo
multiphoton process.

The data presented here show that the autoionizat
process of C60 is more complicated than previously
thought. The observations are not consistent with t
picture of a direct coupling of highly vibrationally excited
ground state C60 to the ion. In such a scenario a
least 7.6 eV of vibrational energy, corresponding to
minimum of forty vibrational quanta, has to be exchang
to electronic energy in a single step, and the molecu
appears to prefer a different route. It is observed th
states that are intermediate between the vibrationa
excited ground state levels and the electronic states
the ion play a crucial role in the thermal ionizatio
process. Vibrationally and electronically excited C60 is
seen to undergo autoionization on a much faster tim
scale than C60 that is only vibrationally excited. For
C60, the first electronically excited state is a triplet sta
at 1.5 eV. The first excited singlet state is aroun
2.0 eV above the ground state [26]. From there o
the next higher singlet and triplet states follow in clos
succession, and the exchange of vibrational energy w
electronic energy can occur efficiently, by exchange
only one or two quanta of vibrational energy, in a stepwi
manner. A bottleneck in phase space will be the transiti
from the electronic ground state to the first electronica
excited state. Such a mechanism is consistent with
observation that molecules with lower lying electronical
excited states, such as C70 and higher fullerenes, show
more efficient IR laser induced autoionization [20,27].

In previous measurements on autoionization usi
UVyVIS lasers, only monotonically decaying time pro
files have been observed. When using only the UV las
at increased laser fluence, such time profiles are obtai
in our experimental setup as well. In these experime
the initial excitation is to electronically excited state
which are assumed to decay fast to the ground electro
surface. The results presented here show that either
autoionization occurs in those experiments from ele
tronically excited states that have not yet relaxed to t
ground state surface or that the internal energy in tho
experiments is substantially higher, resulting in increas
rate constants along the way to autoionization.

We acknowledge the support by the “Stichting voo
Fundamenteel Onderzoek der Materie (FOM)” in provi
ing the required beam time on FELIX and highly ap
preciate the skillful assistance by the FELIX staff. Th
work is part of the research program of the FOM, whic
is financially supported by the “Nederlandse Organisa
voor Wetenschappelijk Onderzoek (NWO),” and receiv
direct support by the NWO through PIONIER Gran
No. 030-66-89.
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