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Gas-phase fullerenes are resonantly heated by a train of high power subpicosecond pulses from a free
electron laser (FEL) to internal energies at which they efficiently undergo delayed ionization. When
the laser is tuned fromi—20 wm while the amount of laser produced parent ions is recorded, resonant
absorption of 200—600 IR photons, resulting in almost fragmentation-free ion spectra, is observed.
Infrared resonance enhanced multiphoton ionization with a FEL is shown to enable extremely sensitive
IR spectroscopy with mass selective detection of gas-phase fullerenes. [S0031-9007(97)04923-5]

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

A large amount of information on molecular structure This is, however, a different regime requiring intensi-
results from the analysis of vibronic structure obtained byties higher tharl0'* W/cn?, and, as electronic processes
Infrared (IR) spectroscopy. A difficulty in conventional IR then dominate over vibrational excitation, the presence of
spectroscopy is its limited sensitivity and its lack of selec-IR resonances will play no role for the overall ionization
tivity, i.e., itis not knowna priori which molecular species efficiency [7].
is responsible for absorption or emission of IR light. Reso- In this Letter we report on the possibility of using
nance enhanced multiphoton ionization (REMPI) using an infrared free electron laser (FEL) to resonantly heat
tunable, intense IR laser could offer both high sensitivityfullerenes, and to obtain, for the first time, IR-REMPI
as well as molecular selectivity in obtaining vibronic infor- spectra of gas-phase molecules. The mass spectrarecorded
mation. For this, however, many IR photons are needed ton top of a resonance are almost fragmentation-free, and
be absorbed by a single molecule and most molecules wilpecies selective IR spectroscopy on gas-phase fullerenes
dissociate rather than ionize when being brought to suffitn mixed samples is shown to be possible.
ciently high energies. Fullerenes are a known exception Multiphoton excitation with a FEL has recently been
where (auto)ionization competes favorably with fragmen-studied for gas-phase NO [8], where ladder climbing up to
tation, and they thereby offer a unique opportunity for thefive quanta appeared to be feasible, and for dissociation of
study of IR-REMPI processes. selected Freons, requiring absorption of 30—40 IR photons

The interaction of intense laser light in the visible per molecule [9]. At least several hundred IR photons
and UV wavelength range with gas-phase fullerenes iseed to be absorbed by g¢@nolecule before it will ionize
known to lead to high internal excitation of the parentin the experimental time window and this might therefore
molecule [1]. Internal energies up to tens of eV, cor-appear to be a rather unlikely process. One should realize,
responding to temperatures of thousands of K, can bbBowever, that with 174 internal degrees of freedom and
achieved by absorption of many photons and rapid conwith an averaged vibrational frequency9s0 cm™' [10],
version from electronic to vibrational excitation. Theseon average less than two quanta need to be put in each
superheated neutral molecules are observed to undergibrational mode of @ to reach the required energy
delayed ionization [2,3], fragmentation [4], and optical of 35—40 eV. By sequential pumping of IR photons
emission [5], the microscopic analogs of well-knowninto the molecule, accompanied by thermalization via
macroscopic cooling processes like thermionic emissiorfast internal vibrational redistribution, thegdCmolecule
evaporation, and blackbody emission, respectively [1]can then be resonantly heated up to energies at which
Detection of superheated neutrakyCvia delayed ion- ionization becomes efficient.
ization becomes very efficient once the internal energy The experiments have been performed at the “free elec-
reaches 35-40 eV [1]. Recently, it has been reportetton laser for infrared experiments” (FELIX) user facility
that IR multiphoton excitation of §& with an intense in Nieuwegein, The Netherlands [11,12]. This laser pro-
pulsed CQ laser, leading to ionization and fragmenta- duces pulsed IR radiation that is continuously tunable over
tion, can indeed be observed [6]. Weak off-resonant abthe 100-2000 cm~' range with a bandwidth that can be
sorption of IR photons is presumably responsible for thevaried from 0.5% to 5% of the central frequency. The
efficient transfer of energy into the molecule in this casdight output consists of macropulses of ab&uts dura-

[6]. At higher fluences, multiphoton ionization with in- tion containing 30 mJ of energy. Each macropulse con-
tense pulsed IR lasers is universally possible for atomsists of a train of micropulses which are 1 ns apart. Inthe
and molecules once the electric field of the laser is suffipresent experiment, the micropulses have a full width at
ciently high to pull an electron away from the ionic core. half maximum of approximately ten optical cycles, i.e., a
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pulse duration of 0.3 ps dt0 um, and FELIX runs at a define the molecular beam geometry. The density of
10 Hz repetition rate. Ceo in the interaction region is determined in a separate
The experimental apparatus consists of a turbo-pumpeekperiment by measuring the time-integrated flux of
vacuum system containing a compact effusive molecula€¢y deposited on a KBr substrate (placed in between
beam source and a time-of-flight (TOF) mass spectromehe extraction electrodes) via Fourier-transform infrared
ter, as schematically shown in Fig. 1. This apparatus isbsorption spectroscopy. With an oven temperature of
directly connected to the beam delivery system of FELIX,875 K the density of € in the interaction region is
with only a KRS5 window separating the vacuum sys-thus determined to bé& + 2) X 10° moleculegcn?, in
tems. The FELIX beam has a near-Gaussian spatial ireccordance with a crude estimate based on the vapor
tensity profile with a full width at half maximum of 1 cm pressure of g at 875 K [13] and the experimental
and is focused with a KRS5 lens with a focal length ofgeometry. The effusive molecular beam crosses the
7.5 cm in the region between the extraction plates of théaser beam perpendicularly. ¢&€molecules with a most
TOF mass spectrometer. The beam waist varies from agrobable velocity of 190 gfs will interact with a train of
proximately 60 to200 xm in scanning FELIX from 6 to 300 to 1000 micropulses, again depending on the size of
20 um, yielding maximum power densities ¢fx 10'>  the laser focus, i.e., depending on wavelength.
to 3 X 10' W/cn? per micropulse, respectively. The TOF mass spectrometer used [14] is designed to
An effusive molecular beam of & is generated by fulfill second-order space focusing conditions [15]. The
evaporating pure § (Hoechst, “Super Gold Grade”s§;  voltage on the extraction plates is switched on with a
purity =99.9%) from a quartz oven. A 2 mm hole time delay of20 us relative to the end of the FELIX
in a stainless steel plate placed 1 cm away from thenacropulse. This time delay is a compromise between
oven between the extraction electrodes serves to bettaraiting long enough to accumulate a sufficient number of
ions, yet short enough to avoid the escape of molecules
and ions from the collection region. The mass resolution
A) 5KV 3KV 0 (m/Am) is about 200. lons are detected on a double
: microchannel plate (MCP) detector. The ion signal is
: amplified and recorded on a digital oscilloscope (LeCroy
:' 9430). For absolute frequency calibration as well as to

V/ ) ens T ID monitor the bandwidth of FELIX, the absorption spectrum

| MCP detector of a thin film of G is recorded simultaneously. For
this, part of the FELIX beam is passed through am
(5 Y thick Gy film on a KBr substrate directly upon exiting
FELIX beam p=10" Torr . . . .
30 mJ/macro-pulse  oven, the experimental apparatus, and the transmitted intensity
T=875K is recorded on the oscilloscope as well. The data are
transferred to a PC, which also controls the wavelength
B) ot scanning of FELIX.
” In the lower part of Fig. 1, a mass spectrum, recorded
with FELIX on the Gy resonance at9.2 um (see Fig. 2),
g o 1.0
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FIG. 1. (a) Scheme of the experimental setup. The FELIX 0.0 | J \
beam is focused between the extraction plates of a TOF mass
spectrometer. An oven containing fullerenes is placed 5 cm | | , ) ‘ | , l l |
below the TOF axis. The voltages on the extraction plates 500 700 900 1100 1300 1500
are switched or20 us after the end of the FELIX macropulse Frequency (cm™)

and the ions are detected with a MCP detector. (b) TOF

mass spectrum, recorded with FELIX on thg,Gesonance FIG. 2. IR-REMPI spectrum of gas-phase,@ffusing from

at 19.2 um (see Fig. 2), i.e., following resonant absorption of an oven at 875 K. The positions of the IR emission lines
about 600 IR photons. The only fragment observed is due t@f gas-phase & [17] at 875 K are indicated by solid lines
C, loss. underneath the IR-REMPI spectrum.
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i.e., following resonant absorption of about 600 IR pho-modes, as a result of which lines will gradually shift
tons [16], is shown. Only a very small amount of frag-to lower frequency with increasing internal excitation
ment ions is observed, significantly less than commonly18]. Apart from sequential single photon absorption
observed when visible or UV photons are used to hgat C per micropulse, it cannot be excluded that multiphoton
[1]. The use of many IR quanta to create superheatgd C transitions occur during a micropulse. The most intense
leads to a much narrower internal energy distribution inmultiphoton transitions will be those that are in near
the ensemble of molecules than obtained when visible aresonance with IR allowed single photon transitions,
UV photons are used to create the same averaged internahich will therefore also lead to resonance lines that are
energy. As fragmentation becomes relatively more im-shifted to lower frequencies due to the anharmonicity of
portant for higher internal energies [1], the better definedhe ladder to be climbed [18].
internal energy after IR excitation will indeed suppress the As can be seen in Fig. 2, those IR-REMPI resonances
fragment channel. In addition, further excitation followed that show the least frequency shift relative to the IR emis-
by ionization and/or fragmentation of neutral fragmentssion lines yield the strongest ion signal. This is to be ex-
while certainly important when visible and UV lasers arepected, as the laser radiation has to stay in resonance with
used, is unlikely to occur in our setup as the IR radiathe IR absorptions of the molecule while it is heated up
tion will most likely not be in resonance with those neu-from 875 K to approximately 5000 K, when thermionic
tral fragments. As we are only resonantly heating,C electron emission occurs. By increasing the bandwidth of
the fragment ions have to be formed via the highly ex-the laser, this is more readily accomplished and larger fre-
cited neutral G directly, either after fragmentation of the quency shifts can be compensated for. This is explicitly
neutral followed by delayed ionization of the fragment orshown in Fig. 3, where in the upper part the IR-REMPI
after fragmentation of & ions. spectrum of & in the 500-600 cm™! region is shown for

In Fig. 2 the IR-REMPI spectrum of & as recorded two different bandwidths of FELIX. In the lower part of
over the 6.25-20 um range is shown. The spectrum the figure the simultaneously measured absorption spectra
is recorded by stepping FELIX i9.02 um steps and of a room-temperaturedg film are shown. The width of
summing the & ion intensity over 40 macropulses at the lines in the absorption spectrum is almost exclusively
each wavelength setting. Strong resonances are observed
in the yield of Gy ions for specific IR frequencies.
The mass spectrum on each of the resonances is similar

to the one shown in the lower part of Fig. 1. The A)

maximum number of ions produced per macropulse on

top of a resonance is on the order of 10—100, implying an

overall ionization efficiency o10~#-107>. The REMPI 1)
spectrum could only be recorded in the present setup by -

using the maximum available FELIX power; reducing the
overall intensity by a factor of 2 decreased the ion signal
by more than an order of magnitude. As the REMPI
experiments are performed on gas-phagg c@ming out

of an oven at 875 K, the most relevant reference spectra
for our IR-REMPI spectra are the IR emission spectra of
hot gas-phase [17]. The latter spectra show strong IR B)
emission features at frequencies corresponding to those of
the four IR allowedF;, fundamental modes of icosahedral ,

C,, ion signal
)
] n

Ceo- At least two additional relatively strong emission g 13em 1)
features corresponding to IR allowed combination modes §

are observed at the high frequency end of the spectrum, 3

around1500 cm™! [17]. The full width at half maximum <

of all emission lines is in thd0-15 cm™! range. The gem”

position of these six most prominent IR emission lines 2)

is indicated by solid lines underneath the IR-REMPI
spectrum'. The resonances in the IR-REMPI s_pectrum are 500 520 510 560 580 500
systematically found at slightly lower frequencies than the Frequency (cm™)

gas-phase emission lines and show slightly asymmetric .

line shapes, tailing towards the position of the gas-phasg/G: 3 (a) IR-REMPI spectra of & in the long wavelength

U . . region for two different bandwidths of FELIX. (b) Corre-
IR emission lines. Both the frequency shift and thesponding absorption spectra of a room-temperatugefien as

asymmetric line shape can be explained by anharmonigeasured with FELIX. The bandwidth (indicated by arrows)
cross coupling of the IR active modes to all other exciteddecreases in going from— 2.
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