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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. lon 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

For a long time, the microscopic equivalent of theNetherlands. This laser produces IR radiation that is con-
thermal emission of electrons from a heated surfacejnuously tunable over thé00-2000 cm™! range. The
the thermionic emission of electrons from neutral hotlight output consists of macropulses of abduts dura-
molecules, was not observed. For thermionic emissiotion containing up to 50 mJ of energy. Each macropulse
to occur, a large amount of vibrational energy has to be&onsists of a train of micropulses that are approximately
converted into electronic energy and the probability and.3 ps long and 1 ns apart. The macropulse repetition rate
mechanism of such a process is agiriori clear. During is 10 Hz. A scheme of the experimental setup, as con-
the last decade, however, delayed electron emission hasructed inside a compact turbopumped vacuum chamber,
been observed for metal clusters [1-3] as well as fois depicted in Fig. 1. A quartz oven, filled with high pu-
fullerenes [4—12]. Although for & the influence of rity C4y powder and kept at a temperature of 700—800 K,
multiple excited electronic states is still being discusseds used to generate an effusive beam of fullerenes. The IR
[8], most experiments indicate that this delayed electrofaser beam enters the apparatus slightly above the quartz
emission cannot be attributed to a direct (electronicpven and is focused by a spherical mirror with a 7.5 cm
ionization process, and it is considered to be a signaturocal length in the center between the plates of a time-
for the thermal emission of electrons. Further evidencef-flight (TOF) mass spectrometer. A second mirror with
for a thermal emission mechanism comes from theoretia focal length of 3.75 cm is used as retroreflector, effec-
cal models [13—-17] that can describe the experimentaively doubling the micropulse repetition rate in the focus
observations [6,9]. In all these experiments the clusterto 2 GHz. The focusing arm of the IR cavity makes an
(molecules) are excited using pulsed visible (VIS) or ultra-angle of 23 with the axis of the molecular beam, thereby
violet (UV) lasers, thus initially preparing electronically
excited states. These states can relax to high vibrationally
excited levels of the electronic ground state surface from
where the thermal ionization is assumed to occur.

More direct insight in the process of thermionic elec- //
tron emission can be obtained when the molecules are di-{{ {544/
rectly excited vibrationally by using infrared (IR) lasers NZ2
[18—20]. We here report on the dynamics of the electron
emission from gas-phase fullerenes that are resonantly
excited on strong IR active modes using a tunable free
electron laser (FEL). By absorbing several hundred IR
photons per molecule from the train of high power sub-
picosecond pulses from the FEL, the molecules are effi-
ciently heated and thermionic electron emission can occur.
The time evolution of the production of the ions following
IR excitation is recorded both for “normal” and for elec- FELIX Beam

UV Beam
Focusing Mirror

. Retro-
tronically preexcited . The results obtained are rather reflector

different from the results obtained when YWIS lasers _ _
are used and shed new light on the mechanism of therm&lG- 1. Scheme of the experimental setup. An effusive beam

o of fullerenes originates from a quartz oven and is crossed
lonization. by laser beams in the center between two electrodes. Laser

Experiments are performed at the free electron laser fosroduced ions are accelerated and detected on a multichannel
infrared experiments (FELIX) [21,22] in Nieuwegein, The plate (MCP) detector.
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lengthening the interaction time of fullerenes with the fo- ‘

cused IR beam compared to a perpendicular geometry. 17 mJ
The TOF setup consists of three rectangular stainless steel
electrodes that are placed 1.5 cm apart. The center of the

plates consists of a circular grid pattern of 2.5 cm diameter M
with an optical transmission of 85% to allow ions to pass

while keeping the electric fields homogeneous. lons are
detected on a double multichannel plate (MCP) detector 7mJ
at a distance of 45 cm from the last TOF electrode. The
experimental geometry allows for the coupling in of an ex-
tra laser to perform double-resonance experiments. In the
two-color experiments we use the (unfocused) quadrupled
output from a Nd:YAG laser (266 nm; 50-70 ps pulse FELIX
duration) to electronically excite the fullerenes prior to the
IR excitation with FELIX. In those experiments, the output ‘ ‘ ‘
power of the Nd:YAG laser is adjusted such that no ion- 0 50 100 150
ization is observed from the UV light alone. To record IR Time [us]

resonance enhanced multiphoton ionization (IR-REMPI) ] ) o .
spectra of @, the TOF electrodes are pulsed to high FIG. 2. Time-of-birth (TOB) distributions of § ions at three

different macropulse energies. The envelope of the FELIX
voltage some30 s after the FELIX pulse, and the total micropulses is shown in the lower part together with the time

number of G ions is recorded asa function of IR laser gependence of the experimental detection efficiency.
wavelength. To record the time evolution of the produc-

tion of ions, the total ion signal is measured as a func-

tion of time with the voltage on the TOF electrodes being:_as(er flluenbcet, tthhe lTOB dlstnbutlotn pealﬁltz)urlng the.FEd—
constantly on (electric field of 600 A¢m in the extraction puise but the Slow component can still beé recognize

region) and the IR laser being fixed in frequency on a reso‘?ls a stfr:Ol:Ider in t?ihth%vélze fta_sbt ctl_ecaylng trbanzlent. .blt Ids
nance. From the measured arrival time distribution of the” €& that none ot the > distributions can be describe
ions at the detector, the flight time is subtracted to obtai y either a single exponentially decaying function [4—6] or

the “time-of-birth” (TOB) distribution. These TOB distri- a power function of time [17], functions that are success-

butions are the increment in total ion signal as a functior{.u“y uied Iﬁ desclrlbel the time dfipgndﬁ?ﬁm@ ;autmomza—
of time; i.e., they correspond to thate of ion production lon when the molecules are excited wi asers.

gy ; . The observation that the TOB distributions are peaked
(multiplied by the time constant of the detection system). .

In Fig. 2, TOB distributions resulting from the excita- after the FELIX pulse cannot be explalned by a model

tion of Cey 0n the IR active mode d9.2 wm (520 cm': that assumes a population of excited molecules that

see also Fig. 3) are shown for three different macropulsémdergoes a first-order reaction. In such a model, the rate

energies. The envelope of the FELIX pulse is shown inOf ion production is directly proportional to the excited

the lower part of the figure. At long times, the Chancesstate population and an exponentially decaying function
for an ion to be detected diminish, since the neutral pre-

cursors escape from the detection region between the ‘
TOF electrodes. Using the experimental geometry and
a Maxwellian Gy velocity distribution, the experimental
detection efficiency curve shown in the lower part of the
figure is calculated. Several important points can imme-
diately be recognized from Fig. 2. First, at all excitation
fluences, the TOB distributions extend to very long times.
Taking the experimental detection efficiency into account,
it is evident that ions are producedi&0 s and beyond.
This corresponds to d [e) autoionization time scale that
is significantly larger than previously observed [4-6,12]. _

Second, and even more surprising, the two TOB distribu- 500 510 520 530 540 550 560
tions taken at low fluence are clearly peaked after the end Frequency [cm ]

of the FELIX pulse and appear to consist of at least two _ "
components. When increasing the laser fluence,thefaste\'lzvslllﬁ]' gée IR-REMPI spectrum obtained after preexciting, C

. . o ; . nm radiation to its triplet state (solid line) compared
of these components gains dramatically in intensity relativg, e |R-REMPI spectrum of G as obtained with the IR laser

to the slow component, and both components are seen iy (dashed line). The arrows indicate the IR laser frequencies
have their maxima shifted to shorter times. At the highesthat are used to record the TOB distributions shown in Fig. 4.

Detection Efficiency

l —— 266 nm + FELIX
l ——— FELIX only

C,, ion intensity [a. u.]

<
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results. Even when such exponentially decaying functions
are convoluted with an internal energy distribution, a
monotonically decaying function will result. The simplest
unimolecular model that can give rise to a distribution that
peaks at a later time must include an intermediate step:

266 nm + FELIX at 512 cm ™"

ion intensity [a.u.]

Coo + nhy — Cly —— Cly =25 Ch +e™, (1)

in which G, stands for the laser exciteds{Cmolecules
that can convert with the rate constantto the interme-
diate state . This intermediate state can then undergo
autoionization with a rate constatt. Such a model gives
rise to TOB distributions of the functional form

TOB(1) = (e X" — 7% /(ky — ki) (2)

FELIX at 520 cm™*

ion intensity [a.u.]

This function starts at zero at= 0, rises to a maximum 0 50 100 150

att = (ko — k)" 'In(ka/k;), and then decays. Similar Time [us]

funct!or_]s are ob_talned \_/vhen more than one intermediatgg 4 G, TOB distributions obtained when exciting triplet
step is included in reaction scheme (1). Cso with FELIX at a frequency of512 cm™' (upper part)

In order to investigate the possible role of electronicallyand when exciting singlet g with FELIX at a frequency of
excited states as intermediate states, we performed 380 cm™' (lower part). The smooth curves result from fits,
double-resonance experiment, in whick, Girst absorbs €ach being the sum of two components with the functional
one 266 nm (4.7 eV) photon. After excitation ofGwith L%rmp%sng;]\{? in Eq. (2). The dotted curves give the individual
the UV photon, the excited molecules will undergo rapid
intersystem crossing to low lying triplet states [23] which
are known to have a long lifetime at low internal energiescurves in Fig. 4 can be fit by two components of the func-
[24]. Five microseconds after the UV excitation, FELIX tional form as given in Eq. (2), multiplied with the experi-
is fired. The IR photons will thus probeg&in its triplet  mental detection efficiency curve (Fig. 1). In both cases,
state and IR-REMPI spectra as well as TOB distributiondhe fast component is found to decay on a time scale of
of triplet excited G, can be obtained. a few microseconds and found to contribute less than 3%

The solid line in Fig. 3 shows the IR-REMPI spectrum to the total signal. Comparing the two curves in Fig. 4, it
of Cy in the 500 to560 cm™' region after preexcitation is evident that the slow components are significantly dif-
with the UV laser. The dashed line is the normal IR-ferent, which leads us to conclude that the slow compo-
REMPI spectrum of (singlet) & [20], obtained when nents in both curves result from autoionization of highly
exciting with FELIX only, using the same IR power and vibrationally excited ( that is either electronically ex-
fluence as in the double resonance experiment. In ordexited (upper curve) or not (lower curve). Itis seen that the
to obtain the true triplet IR-REMPI spectrum, the dashedl OB distribution originating from the triplet state surface
spectrum has to be subtracted from the solid spectrum ahows a distinct peak and decays almost an order of mag-
the UV laser will excite only a fraction of the molecules nitude faster than the TOB distribution originating from
in the interaction volume. It is clear from comparing thethe ground state surface o This indicates that elec-
two spectra that the ion signal on the red side of thdronic excitation to intermediate states is important in the
peak results solely from triplet excited,fz and it appears autoionization process and that preexcited triplgt Ras
that the IR resonance of triplet¢fis shifted to lower already taken the first, and perhaps highest hurdle towards
frequency by abouf cm™! relative to the corresponding the ionizing state. However, it should be noted that this
IR resonance in ground statg,C interpretation is in apparent contradiction to lifetimes of

In Fig. 4 two different TOB distributions are shown. the triplet state of g [25] that could extrapolate to a very
The upper curve is taken in the two-color experimentshort lifetime, and therefore fast thermalization rates, at
with FELIX at 512 cm™!. All of the signal has to result high internal energies.
from the IR excitation of triplet &, as ground state A remaining question is the nature of the fast compo-
does not give rise to an IR-REMPI signal at this FELIX nent, which becomes the dominant channel at high ex-
frequency. The lower curve is takens20 cm™!, without  citation fluences (see Fig. 2). At this point we can only
UV preexcitation. In both experiments, the IR laser powerspeculate about the nature of this channel. One possibility
and fluence is kept the same. Both curves consist of a fagt that it results from direct IR (multiphoton) excitation of
and a slow component, and the TOB distribution withoutCg, to an electronically excited state; at low IR pulse ener-
UV preexcitation appears to be intermediate between thgies this channel resembles the TOB distribution of triplet
upper two TOB distributions in Fig. 2. Each of the two state excited molecules, and the observed dominance of
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