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Saturated Ionization of Fullerenes in Intense Laser Fields
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We investigate the ionization of icosahedral fullerenes (C,, Cg, Cgg, and Cygg) in an intense laser pulse
using the S-matrix theory. The results obtained are in excellent agreement with the recent observations of
unexpectedly high saturation intensities of the Buckminster fullerene and its multiply charged ions. Our
analysis strongly suggests that the related phenomenon of suppressed ionization of these complex
fullerenes is due to the finite cage size and the “multislit” interference effect between partial waves
emitted from the different nuclei rather than to a dynamical multielectron polarization effect.
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The response of many-body electronic systems, such as
complex atoms, molecules, and clusters, with intense fem-
tosecond light pulses is one of the most vigorously pursued
research topics in nonperturbative light-matter interaction
physics. Currently available laser intensities can be made
so high as to saturate the probabilities of ionization to
higher charge states of the initially neutral many-electron
targets. One of the basic questions regarding such inter-
actions is whether the response is dominated by dynamical
one-electron or multielectron mechanisms. A second, re-
lated problem is the origin of the systematically higher
ionization saturation intensities observed for complex mul-
tielectron multicenter molecules than that of the so-called
“‘companion atoms’’ having equal ionization energies and
a point center [1-3]. In this Letter, we consider both the
problems by analyzing the recently observed saturation
intensities of the fullerene molecule Cg, and its multiply
charged ions [3] as well as of other icosahedral fullerenes
up to C]go.

The fundamental interaction of photons with a many-
electron system is given by the independent sum of one-
body interactions [e.g., in dipole length gauge V(¢) =
Z?/;] E(?) - r;, where E(2) is the electric field and N, is
the number of electrons, e.g., in the valence shell of the
atom or molecule]. This simple fact lies essentially behind
the dynamical one-electron response of atomic and simple
molecular systems in single ionization processes. It has
been often confirmed by ab initio numerical simulations
(e.g., [4,5]), Floquet calculations (e.g., [6,7]), and by cal-
culations using the tunneling (e.g., [8—11]) or the Keldysh-
Faisal-Reiss (KFR) models [8,12,13], as well as the related
S-matrix theories (e.g., review [14]).

However, recent experiments on ionization of Cgy have
revealed unexpectedly high saturation intensities for the
fullerene and its multiply charged ions [3]. This has
been interpreted [3,15,16] to have shown that the hypothe-
sis of a one-electron response fails for large molecules (Cgy
being a prototype of it) and to arise from a multielectron
polarization effect. Below, we show instead that the ex-
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perimental data can be well understood to be due to the
finite cage size and multislit interference effects between
partial waves emitted from the different nuclei of the
fullerene.

For the analysis, we have used the lowest-order S-matrix
theory, known usually as KFR theory [8,12,13]. The cal-
culations take account of the icosahedral structural sym-
metry, the finite size of the atomic ‘“cage,” and the multi-
center nuclear positions of the fullerenes. Thus, we repre-
sent the molecular orbitals of the fullerenes and their ions
as a linear combination of atomic orbitals ¢; ;, centered at
the nuclear positions R;, i = 1,2,...n (Hartree atomic
units ¢ = m = i = 1 are used):

N Jmax

d’[(r, er"'an) = Zzai,jd)i,j(r’ Ri): (1)

i=1j=1

where n is the total number of nuclei in the molecule, a; j
are the variational coefficients of the atomic basis func-
tions, and j ., is the size of the basis set used. The orbitals
are obtained by locating the equivalent carbon atoms at
positions R; according to the icosahedral symmetry of
the fullerene and using the self-consistent Hartree-Fock
method with Gaussian basis functions [17].

The lowest-order S-matrix ionization amplitude is given
by the transition matrix element between the initial mo-
lecular state and the emitted electron in the dressed Volkov
state. Using the velocity gauge, performing the spatial and
time integration analytically, and modulo squaring the
resulting expression, we obtain the basic rate of ionization
as an analytical formula:

I'*(I) =27N,C*(Z, Eg, F) Z f dkyky(U, — Nw)?

N=Ny

U
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where
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is the partial amplitude of the bound-free matrix element
(or Fourier transform) of the molecular orbital at the ith
nuclear center. In the above, the angle brackets denote the
spatial volume integration. N, is the number of equivalent
electrons in the highest occupied molecular orbital
(HOMO) of the target molecule, Ep is the ionization
potential of the molecule, and U, = I/ 4w? is the pondero-

motive potential. ky = \/Z(Na) — Ep —U,) is the mo-
mentum of the Volkov electron on absorbing N photons,
and ¢ (ky, r) is the plane wave of momentum ky. J,,(a; b)
is the generalized Bessel function of two arguments; ay =
\/7/ w? is the “quiver radius” of oscillation of a free
electron along the direction of a linearly polarized laser
field (here chosen as the z direction) of peak intensity / and
frequency w.

Note the presence of the factor C? in Eq. (2), which
arises from the Coulomb correction of the plane-wave
Volkov wave function. In the atomic case [18,19], it is
given by Cgtom = (4EB/Frat0m)ZZ/kB7 Where ratom = 2/kB’
with kg = /2Eg the radius of the turning point of the
atomic electron in the bound state and F the field strength.
This Coulomb correction yields good agreement with the
calculations of ab initio simulations and Floquet calcula-
tions as well as with a large set of experimental data for the
ionization rates and yields of atoms [19]. In the present
case of the fullerenes, therefore, we have employed an
analogous Coulomb correction, where the radius r,, is
simply extended to R + 8a, where R is the hard-sphere
radius of the cage and da(= 2/kg) is the spill-out radius of
the electron cloud (e.g., [20]). This gives for the fullerenes

“

AE 27/J2E
CX(Z, Ep, F) = ( B ) ’.

F(R + da)

In order to compare the theoretical results with the
experimental data, we have determined the ion yield dis-
tributions by inserting the calculated ionization rates using
Eq. (2) into the rate equations governing the populations
(e.g., [21]), integrating them over the pulse profile, and
adding the contributions from all the points in the Gaussian
laser focus. The experimental saturation intensities have
been extracted from the ion yields by extrapolating the
high intensity linear part of the yields to the intensity axis
and taking the intensity at the intersection point [2,3]. We
have used the same procedure for defining the calculated
saturation intensities. As can be seen from Fig. 1, there is
excellent agreement between the theoretical and experi-
mental results for the whole sequence of nine charge states
of CgO*, Z=1,2,...,9, that have been measured [3]. It is
clear that the above result, as obtained from Eq. (2), is
independent of dynamical many-electron effects and/or a
polarization of the electron cloud, suggested earlier [3,16].
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FIG. 1. Comparison of the theoretical predictions for the satu-
ration intensities for the first nine charge states of Cq, (open
circles) with the experimental data (solid squares, [3]) at a laser
wavelength of 1500 nm and a pulse duration of 70 fs.

To investigate further the nature of the ionization pro-
cess, we consider the saturation intensities as a function of
wavelength. Figure 2 shows the calculated saturation in-
tensities of C¢, over a wide range of wavelengths between
400 and 2200 nm. They increase at first with the increase of
the wavelength until they reach a constant value at about
1000 nm and above. As in the well-known atomic case,
this suggests a transition from the nonperturbative ‘“multi-
photon™ to the ‘“‘tunnel” regime, as characterized by the

Keldysh parameter y = ,/Eg/2U, > 1 and y < I, respec-

tively [8]. We may note that, in both the short and the long
wavelength limits, the results agree well with the observa-
tions (400 nm [22,23] and 1200—2200 nm [3]).

Next, in Fig. 3(a), we show the calculated C¢, ion yields
as a function of the peak intensity for the Ti:sapphire
(800 nm, dashed line) and an infrared laser wavelength
(1500 nm, solid line). The double logarithmic plot of the
ion yields as a function of intensity shows the typical linear
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FIG. 2. Saturation intensities of the first charge state C¢, as a
function of wavelength at a pulse duration of 70 fs.
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increase up to saturation. The slope at 800 nm is very
similar to that one observed by Tchaplyguine et al. [24]
as well as to that calculated using the density-functional
theory (DFT) by Bauer ef al. [25]. We note that the pres-
ently predicted saturation intensity at 800 nm is closer to
the DFT calculation than to the experimental observation.
The experimental value, rather unexpectedly, even exceeds
the constant value observed in the long wavelength static-
field limit [3]. In Fig. 3(b), we have compared the experi-
mentally observed intensity dependence of the ion yields of
C3 and C¢; (open squares, Ref. [15]) at 1500 nm with the
corresponding S-matrix results (lines). Since the experi-
mental yields are not obtained on an absolute scale, for the
sake of comparison, they are required to be matched with
the theoretical yields but at one point (with no shift in the
intensity scale). We have chosen here a point at the C3y
curve and may emphasize that this alone fixes the scale for
the C‘gg yields, too. The slopes of the yield curves are seen
to agree well with each other; we note an overall but small
underestimation of the C¢; data. Before proceeding with
the analysis, we may point out that the theoretical predic-
tions are based on sequential single ionization, while non-
sequential processes are not considered in the present first-
order S-matrix theory. The above agreement does therefore
confirm earlier conclusions [15] that nonsequential ioniza-
tion does not play a major role in the ionization of Cg, to
higher charged states.

Finally, we turn to the analysis of the intriguing obser-
vation that the saturation intensities of the Buckminster
fullerene and its ions are systematically higher (and, there-
fore, the ionization probabilities are lower, at a given
intensity) than those of the companion atoms having the
same ionization potentials. This behavior is reminiscent of
the phenomenon of “suppressed ionization” observed for
diatomics [1] and a series of organic molecules [2] in the
past. For the diatomics, the phenomenon was interpreted to
originate from a molecular “two-slit-like” interference
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FIG. 3. (a) C{, ion yields as a function of peak intensity at

800 nm (dashed line) and 1500 nm (solid line) wavelength.
(b) Comparison of the theoretical predictions (lines) for the
ion yields of C}f and CZ; with the experiment data (open
squares, [15]) at 1500 nm. Pulse duration: 70 fs.

effect of the ionizing electrons waves emanating from the
nuclear centers of the molecule [26]. The experimental
data of Bhardwaj et al. [3] allow us to investigate a possible
similar origin in the case of Cg, and related icosahedral
fullerenes. Thus, we have computed the saturation inten-
sities for the four smallest fullerenes with 7, symmetry, C,,
(R=4.0 au.),Cq (R = 6.7 a.u.),Cgy (R = 7.4 a.u.), and
Ciso (R = 11.6 a.u.). The geometrical structures of the
fullerenes are obtained using the density-functional tight-
binding method [27], which allows for efficient quantum
simulations of molecular systems containing several hun-
dreds or thousands of atoms; the ionization potentials are
taken from Refs. [28,29]. Indeed, as compared in Fig. 4, we
find systematically higher saturation intensities for all the
fullerenes (solid circles) than those of the respective hypo-
thetical companion atoms (open squares), calculated using
the atomic tunnel model (e.g., [10]). For the companion
atom, the ionization potential, the maximum value of the
angular momentum, and the number of equivalent elec-
trons have been assumed to be the same as of the HOMO
level of the corresponding fullerene (e.g., [30]).

To clarify this further, we note the essential differences
between the theoretical models of the fullerenes and the
companion atoms. The fullerenes have an extended struc-
ture of the nuclear frame which is characterized by a finite
cage radius R as well as their many nuclear centers, as
opposed to the point nucleus of the companion atoms.
First, this seems to affect specifically the degree of the
Coulomb correction, given by Eq. (4), since the cage size is
large in the former case, but R = 0 in the latter case.
Second, the presence of the many nuclear centers leads
to the “multislit” interference of the partial waves arising
from the coherent sum of partial amplitudes in the tran-
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FIG. 4. Comparison of the saturation intensities for ionization
of the four smallest fullerenes C,,, Cgg, Cgg, and Cigg having I,
symmetry: full calculations (solid circles), zero-radius approxi-
mation (solid triangles), incoherent zero-radius approximation
(solid diamonds), and atomic tunneling predictions (open
squares). Laser parameters as in Fig. 1.
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sition matrix M;(ky; R;) in Eq. (2). For the companion
atoms, this is obviously absent.

It remains to be investigated whether these two effects
indeed lead to the suppression of the ionization probability
and give rise to the higher saturation intensities in the case
of the fullerenes. To test this explicitly, we have compared
the results of the full calculations with those of fictitious
model “fullerenes.” This is readily accomplished in the
present theory by putting the cage radius R in Eq. (4) to
zero, as well as replacing the modulo square of the coher-
ent sum of the partial amplitudes M; in Eq. (2) by the
incoherent sum of their squares, and repeating the calcu-
lations. The saturation intensities obtained for the test cases
of the fictitious fullerenes are shown in Fig. 4 as the solid
diamonds. They lie invariably below those for the real
fullerene counterparts (solid circles) and are very close to
those of the companion atoms (open squares). Thus, the
above comparison explicitly supports the interpretation
that the suppressed ionization of Cgy and its ions as well
as the other icosahedral fullerenes is related to the finite
cage size and the multislit interference mechanism. Indeed,
both effects contribute significantly to the suppression, as
can be seen from the results of test calculations (solid
triangles in Fig. 4), where the cage radius in Eq. (4) is
set to zero but the coherent sum of the partial amplitudes is
retained.

To summarize, we have analyzed using the lowest-
order S-matrix theory the saturation intensities of the
Buckminster fullerene Cg, and its ions, as well as of the
sequence of the icosahedral fullerenes C,(, Cgg, and Cyg. It
is found that the fullerene molecules exhibit the phenome-
non of suppressed ionization; i.e., they are systematically
harder to ionize, as measured by the higher saturation
intensities, than their companion atoms having the same
ionization energy. Excellent agreement between the pre-
dictions of the present theory and the recent experimental
data for Cg, and its ions up to Cg; is found. Our analysis
strongly suggests that the suppressed ionization of fuller-
enes is a dynamical one-electron process, dominated by the
finite cage size and the multislit destructive interference of
electron waves emanating from the many nuclear centers
rather than a dynamical multielectron polarization effect.
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