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Infrared Resonance Enhanced Multiphoton Ionization of Fullerenes
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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 from6 20 mm 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
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A large amount of information on molecular structur
results from the analysis of vibronic structure obtained b
Infrared (IR) spectroscopy. A difficulty in conventional IR
spectroscopy is its limited sensitivity and its lack of selec
tivity, i.e., it is not knowna priori which molecular species
is responsible for absorption or emission of IR light. Res
nance enhanced multiphoton ionization (REMPI) using
tunable, intense IR laser could offer both high sensitivi
as well as molecular selectivity in obtaining vibronic infor
mation. For this, however, many IR photons are needed
be absorbed by a single molecule and most molecules w
dissociate rather than ionize when being brought to suf
ciently high energies. Fullerenes are a known excepti
where (auto)ionization competes favorably with fragmen
tation, and they thereby offer a unique opportunity for th
study of IR-REMPI processes.

The interaction of intense laser light in the visible
and UV wavelength range with gas-phase fullerenes
known to lead to high internal excitation of the paren
molecule [1]. Internal energies up to tens of eV, co
responding to temperatures of thousands of K, can
achieved by absorption of many photons and rapid co
version from electronic to vibrational excitation. Thes
superheated neutral molecules are observed to unde
delayed ionization [2,3], fragmentation [4], and optica
emission [5], the microscopic analogs of well-know
macroscopic cooling processes like thermionic emissio
evaporation, and blackbody emission, respectively [1
Detection of superheated neutral C60 via delayed ion-
ization becomes very efficient once the internal ener
reaches 35–40 eV [1]. Recently, it has been report
that IR multiphoton excitation of C60 with an intense
pulsed CO2 laser, leading to ionization and fragmenta
tion, can indeed be observed [6]. Weak off-resonant a
sorption of IR photons is presumably responsible for th
efficient transfer of energy into the molecule in this cas
[6]. At higher fluences, multiphoton ionization with in-
tense pulsed IR lasers is universally possible for atom
and molecules once the electric field of the laser is suf
ciently high to pull an electron away from the ionic core
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This is, however, a different regime requiring intensi
ties higher than1013 Wycm2, and, as electronic processe
then dominate over vibrational excitation, the presence
IR resonances will play no role for the overall ionization
efficiency [7].

In this Letter we report on the possibility of using
an infrared free electron laser (FEL) to resonantly he
fullerenes, and to obtain, for the first time, IR-REMP
spectra of gas-phase molecules. The mass spectra reco
on top of a resonance are almost fragmentation-free, a
species selective IR spectroscopy on gas-phase fullere
in mixed samples is shown to be possible.

Multiphoton excitation with a FEL has recently been
studied for gas-phase NO [8], where ladder climbing up
five quanta appeared to be feasible, and for dissociation
selected Freons, requiring absorption of 30–40 IR photo
per molecule [9]. At least several hundred IR photon
need to be absorbed by a C60 molecule before it will ionize
in the experimental time window and this might therefor
appear to be a rather unlikely process. One should reali
however, that with 174 internal degrees of freedom an
with an averaged vibrational frequency of950 cm21 [10],
on average less than two quanta need to be put in ea
vibrational mode of C60 to reach the required energy
of 35–40 eV. By sequential pumping of IR photons
into the molecule, accompanied by thermalization vi
fast internal vibrational redistribution, the C60 molecule
can then be resonantly heated up to energies at wh
ionization becomes efficient.

The experiments have been performed at the “free ele
tron laser for infrared experiments” (FELIX) user facility
in Nieuwegein, The Netherlands [11,12]. This laser pro
duces pulsed IR radiation that is continuously tunable ov
the 100 2000 cm21 range with a bandwidth that can be
varied from 0.5% to 5% of the central frequency. Th
light output consists of macropulses of about5 ms dura-
tion containing 30 mJ of energy. Each macropulse co
sists of a train of micropulses which are 1 ns apart. In th
present experiment, the micropulses have a full width
half maximum of approximately ten optical cycles, i.e.,
© 1997 The American Physical Society
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pulse duration of 0.3 ps at10 mm, and FELIX runs at a
10 Hz repetition rate.

The experimental apparatus consists of a turbo-pump
vacuum system containing a compact effusive molecu
beam source and a time-of-flight (TOF) mass spectrom
ter, as schematically shown in Fig. 1. This apparatus
directly connected to the beam delivery system of FELIX
with only a KRS5 window separating the vacuum sys
tems. The FELIX beam has a near-Gaussian spatial
tensity profile with a full width at half maximum of 1 cm
and is focused with a KRS5 lens with a focal length o
7.5 cm in the region between the extraction plates of t
TOF mass spectrometer. The beam waist varies from a
proximately 60 to200 mm in scanning FELIX from 6 to
20 mm, yielding maximum power densities of1 3 1012

to 3 3 1010 Wycm2 per micropulse, respectively.
An effusive molecular beam of C60 is generated by

evaporating pure C60 (Hoechst, “Super Gold Grade” C60,
purity $99.9%) from a quartz oven. A 2 mm hole
in a stainless steel plate placed 1 cm away from th
oven between the extraction electrodes serves to be

FIG. 1. (a) Scheme of the experimental setup. The FELI
beam is focused between the extraction plates of a TOF m
spectrometer. An oven containing fullerenes is placed 5 c
below the TOF axis. The voltages on the extraction plat
are switched on20 ms after the end of the FELIX macropulse
and the ions are detected with a MCP detector. (b) TO
mass spectrum, recorded with FELIX on the C60 resonance
at 19.2 mm (see Fig. 2), i.e., following resonant absorption o
about 600 IR photons. The only fragment observed is due
C2 loss.
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define the molecular beam geometry. The density
C60 in the interaction region is determined in a separa
experiment by measuring the time-integrated flux
C60 deposited on a KBr substrate (placed in betwe
the extraction electrodes) via Fourier-transform infrare
absorption spectroscopy. With an oven temperature
875 K the density of C60 in the interaction region is
thus determined to bes8 6 2d 3 109 moleculesycm3, in
accordance with a crude estimate based on the va
pressure of C60 at 875 K [13] and the experimenta
geometry. The effusive molecular beam crosses t
laser beam perpendicularly. C60 molecules with a most
probable velocity of 190 mys will interact with a train of
300 to 1000 micropulses, again depending on the size
the laser focus, i.e., depending on wavelength.

The TOF mass spectrometer used [14] is designed
fulfill second-order space focusing conditions [15]. Th
voltage on the extraction plates is switched on with
time delay of 20 ms relative to the end of the FELIX
macropulse. This time delay is a compromise betwe
waiting long enough to accumulate a sufficient number
ions, yet short enough to avoid the escape of molecu
and ions from the collection region. The mass resoluti
(myDm) is about 200. Ions are detected on a doub
microchannel plate (MCP) detector. The ion signal
amplified and recorded on a digital oscilloscope (LeCro
9430). For absolute frequency calibration as well as
monitor the bandwidth of FELIX, the absorption spectru
of a thin film of C60 is recorded simultaneously. For
this, part of the FELIX beam is passed through a5 mm
thick C60 film on a KBr substrate directly upon exiting
the experimental apparatus, and the transmitted inten
is recorded on the oscilloscope as well. The data a
transferred to a PC, which also controls the waveleng
scanning of FELIX.

In the lower part of Fig. 1, a mass spectrum, record
with FELIX on the C60 resonance at19.2 mm (see Fig. 2),

FIG. 2. IR-REMPI spectrum of gas-phase C60 effusing from
an oven at 875 K. The positions of the IR emission line
of gas-phase C60 [17] at 875 K are indicated by solid lines
underneath the IR-REMPI spectrum.
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i.e., following resonant absorption of about 600 IR pho
tons [16], is shown. Only a very small amount of frag
ment ions is observed, significantly less than common
observed when visible or UV photons are used to heat C60
[1]. The use of many IR quanta to create superheated C60

leads to a much narrower internal energy distribution
the ensemble of molecules than obtained when visible
UV photons are used to create the same averaged inte
energy. As fragmentation becomes relatively more im
portant for higher internal energies [1], the better define
internal energy after IR excitation will indeed suppress th
fragment channel. In addition, further excitation followe
by ionization and/or fragmentation of neutral fragment
while certainly important when visible and UV lasers ar
used, is unlikely to occur in our setup as the IR radia
tion will most likely not be in resonance with those neu
tral fragments. As we are only resonantly heating C60,
the fragment ions have to be formed via the highly ex
cited neutral C60 directly, either after fragmentation of the
neutral followed by delayed ionization of the fragment o
after fragmentation of C60 ions.

In Fig. 2 the IR-REMPI spectrum of C60 as recorded
over the 6.25 20 mm range is shown. The spectrum
is recorded by stepping FELIX in0.02 mm steps and
summing the C60 ion intensity over 40 macropulses a
each wavelength setting. Strong resonances are obser
in the yield of C60 ions for specific IR frequencies.
The mass spectrum on each of the resonances is sim
to the one shown in the lower part of Fig. 1. The
maximum number of ions produced per macropulse o
top of a resonance is on the order of 10–100, implying a
overall ionization efficiency of1024 1025. The REMPI
spectrum could only be recorded in the present setup
using the maximum available FELIX power; reducing th
overall intensity by a factor of 2 decreased the ion sign
by more than an order of magnitude. As the REMP
experiments are performed on gas-phase C60 coming out
of an oven at 875 K, the most relevant reference spec
for our IR-REMPI spectra are the IR emission spectra
hot gas-phase C60 [17]. The latter spectra show strong IR
emission features at frequencies corresponding to those
the four IR allowedF1u fundamental modes of icosahedra
C60. At least two additional relatively strong emission
features corresponding to IR allowed combination mod
are observed at the high frequency end of the spectru
around1500 cm21 [17]. The full width at half maximum
of all emission lines is in the10 15 cm21 range. The
position of these six most prominent IR emission line
is indicated by solid lines underneath the IR-REMP
spectrum. The resonances in the IR-REMPI spectrum a
systematically found at slightly lower frequencies than th
gas-phase emission lines and show slightly asymmet
line shapes, tailing towards the position of the gas-pha
IR emission lines. Both the frequency shift and th
asymmetric line shape can be explained by anharmo
cross coupling of the IR active modes to all other excite
5236
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modes, as a result of which lines will gradually shif
to lower frequency with increasing internal excitation
[18]. Apart from sequential single photon absorptio
per micropulse, it cannot be excluded that multiphoto
transitions occur during a micropulse. The most intens
multiphoton transitions will be those that are in nea
resonance with IR allowed single photon transitions
which will therefore also lead to resonance lines that a
shifted to lower frequencies due to the anharmonicity o
the ladder to be climbed [18].

As can be seen in Fig. 2, those IR-REMPI resonanc
that show the least frequency shift relative to the IR emi
sion lines yield the strongest ion signal. This is to be ex
pected, as the laser radiation has to stay in resonance w
the IR absorptions of the molecule while it is heated u
from 875 K to approximately 5000 K, when thermionic
electron emission occurs. By increasing the bandwidth
the laser, this is more readily accomplished and larger fr
quency shifts can be compensated for. This is explicit
shown in Fig. 3, where in the upper part the IR-REMP
spectrum of C60 in the500 600 cm21 region is shown for
two different bandwidths of FELIX. In the lower part of
the figure the simultaneously measured absorption spec
of a room-temperature C60 film are shown. The width of
the lines in the absorption spectrum is almost exclusive

FIG. 3. (a) IR-REMPI spectra of C60 in the long wavelength
region for two different bandwidths of FELIX. (b) Corre-
sponding absorption spectra of a room-temperature C60 film as
measured with FELIX. The bandwidth (indicated by arrows
decreases in going from1 ! 2.
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FIG. 4. IR-REMPI spectrum of gas-phase C70 effusing from
an oven at 875 K. The positions of the IR emission lines
of gas-phase C70 [17] at 875 K are indicated by solid lines
underneath the REMPI spectrum.

determined by the laser bandwidth. The IR-REMPI reso
nance on the widely shifted, secondF1u mode around
560 cm21 gains dramatically in intensity relative to the
intensity of the first, almost unshifted,F1u mode around
520 cm21, when the bandwidth of the laser is only mod-
erately increased.

To exploit the mass-selective detection of the her
presented method for IR spectroscopy of gas-phas
fullerenes, we filled the oven with a C60:C70 5:1 mixture
(MER Corporation). In Fig. 4 the IR-REMPI spectrum
of C70 as recorded in the6.5 10 mm region is shown.
IR-REMPI spectra of C60 of comparable quality to the
one shown in Fig. 2 were obtained simultaneously with
the IR-REMPI spectra of C70. The two solid lines
underneath the spectrum in Fig. 4 indicate the positio
of the gas-phase IR emission lines of C70 at 875 K
[17]. The IR-REMPI C70 resonance around1400 cm21

is actually substantially stronger than the strongest C60
resonance that we observed. With a density of C70 in the
interaction region that is about an order of magnitude les
than the density of C60, the more efficient ionization of
C70 is presumably due to the presence of many IR activ
modes in C70 around this frequency [17,19], by which the
resonance condition is much easier to be fulfilled.

In conclusion, we have demonstrated that extremel
sensitive IR spectroscopy with mass-selective detectio
can be performed on gas-phase fullerenes by using a FE
IR-REMPI spectroscopy as presented here holds gre
promise and offers unique possibilities for the study o
exotic fullerenes and their (endohedral) complexes in th
gas phase, without prior sample purification.

G. M. gratefully acknowledges Professor M. Quack for
stimulating discussions and for communicating results o
their work [6] prior to publication. We acknowledge the
-

e
e

n

s

e

y
n
L.
at
f
e

f

support by the “Stichting voor Fundamenteel Onderzoe
der Materie (FOM)” in providing the required beam time
on FELIX and highly appreciate the skillful assistance
by the FELIX staff. This work is part of the research
program of the FOM, which is financially supported
by the “Nederlandse Organisatie voor Wetenschappeli
Onderzoek (NWO),” and receives direct support by th
NWO via PIONIER Grant No. 030-66-89.

[1] P. Wurz and K. R. Lykke, J. Phys. Chem.96, 10 129
(1992).

[2] E. E. B. Campbell, G. Ulmer, and I. V. Hertel, Phys. Rev
Lett. 67, 1986 (1991).

[3] P. Wurz and K. R. Lykke, J. Chem. Phys.95, 7008 (1991).
[4] S. C. O’Brien, J. R. Heath, R. F. Curl, and R. E. Smalley

J. Chem. Phys.88, 2809 (1988).
[5] R. Mitzner and E. B. B. Campbell, J. Chem. Phys.103,

2452 (1995).
[6] M. Hippler, M. Quack, R. Schwarz, G. Seyfang, S. Matt

and T. Märk, Chem. Phys. Lett.278, 111 (1997).
[7] P. Dietrich and P. B. Corkum, J. Chem. Phys.97, 3187

(1992).
[8] D. J. Maas, D. I. Duncan, A. F. G. van der Meer, W. J. van

der Zande, and L. D. Noordam, Chem. Phys. Lett.270, 45
(1997).

[9] J. L. Lyman, B. E. Newnam, J. E. Early, and A. F. G.
van der Meer, J. Phys. Chem.101, 49 (1997).

[10] K.-A. Wang, A. M. Rao, P. C. Eklund, M. S. Dresselhaus
and G. Dresselhaus, Phys. Rev. B48, 11 375 (1993).

[11] D. Oepts, A. F. G. van der Meer, and P. W. van Amers
foort, Infrared Phys. Technol.36, 297 (1995).

[12] G. M. H. Knippels, R. F. X. A. M. Mols, A. F. G. van der
Meer, D. Oepts, and P. W. van Amersfoort, Phys. Rev
Lett. 75, 1755 (1995).

[13] J. Abrefah, D. R. Olander, M. Balooch, and W. J.
Siekhaus, Appl. Phys. Lett.60, 1313 (1992).

[14] M. Putter, G. von Helden, and G. Meijer, Chem. Phys
Lett. 258, 118 (1996).

[15] R. Weinkauf, K. Walter, C. Weickhardt, U. Boesl, and
E. W. Schlag, Z. Naturforsch. A44, 1219 (1989).

[16] We observe autoionization on a1ye time scale of
5 10 ms. The required internal energy is 35–40 eV [1]
corresponding to about 600 photons at19.2 mm.

[17] L. Nemes, R. S. Ram, P. F. Bernath, F. A. Tinker, M. C
Zumwalt, L. D. Lamb, and D. R. Huffman, Chem. Phys.
Lett. 218, 295 (1994); C. I. Frum, R. Engleman, Jr., H. G.
Hedderich, P. F. Bernath, L. D. Lamb, and D. R. Huffman
Chem. Phys. Lett.176, 504 (1991).

[18] G. Herzberg,Molecular Spectra and Molecular Structure
II, Infrared and Raman Spectra of Polyatomic Molecules
(van Nostrand-Reinhold Inc., New York, 1945).

[19] D. S. Bethune, G. Meijer, W. C. Tang, H. J. Rosen, W. G
Golden, H. Seki, Ch. A. Brown, and M. S. de Vries, Chem
Phys. Lett.179, 181 (1991).
5237


