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Delayed electron emission from fullerene dianions: Evidence for a thermal tunneling detachment

Bruno Concina,” Franck Lépine, and Christian Bordas
Institut Lumiere Matiere, UMR5306 Université Claude Bernard Lyon 1-CNRS, Université de Lyon, 69622 Villeurbanne cedex, France
(Received 9 February 2015; revised manuscript received 15 June 2015; published 11 August 2015)

Isolated multiply charged anions exhibit a repulsive Coulomb barrier (RCB) towards electron loss. In this
paper, the role of tunneling through the RCB in the delayed electron emission is addressed. Electron kinetic
energy distributions of photoexcited fullerene dianions Cgs>~ and Cgy>~ have been measured with a velocity-map
imaging spectrometer for delays of about 150 ns after the nanosecond laser excitation. On such spectra, delayed
electron emission is unambiguously separated from direct detachment. These measurements display significant
delayed emission below the RCB. A detailed-balance model including electron tunneling through the RCB
has been developed. The very good agreement between the measurements and the model provides quantitative

evidence for a thermal tunneling electron emission.
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Isolated multiply charged anions (MCAs) have attracted
significant interest because of the very specific interaction
experienced by the outer electron. Whereas in other molecular
systems (neutrals, cations, and singly charged anions), the
outer electron interacts with the core via an attractive po-
tential, MCAs are characterized by an asymptotic repulsive
interaction. The combination of the long-range Coulomb
repulsion and the short-range attractive interactions results
in the formation of a repulsive Coulomb barrier (RCB) as
depicted in Fig. 1 for Cg4>~. The existence of the RCB leads
to unique features in the photodetachment [1-3].

The direct electron emission has been measured on numer-
ous MCAs with a magnetic bottle apparatus or a velocity-map
imaging (VMI) spectrometer [ 1-3]. In the direct photoelectron
spectra, the RCB leads to a cutoff at the low kinetic energy
side equal to the barrier height ec. The metastable MCAs
characterized by a negative binding energy (i.e., a negative
second electron affinity EA,) are revealed by features with
kinetic energy larger than the photon energy [1]. The angular
distribution measured with a VMI spectrometer is governed
by the intramolecular Coulomb repulsion [2]. In addition,
adiabatic tunneling has been measured from excited states
lying in close proximity to the top of the RCB [4-6]. As a
model molecular system, the fullerene dianions have been the
subject of several photoelectron spectroscopy studies in which
the RCB height ec and the second electron affinity EA, have
been deduced from the direct electron emission spectra as a
function of the molecular size [7-10].

Another major decay process following photon absorption
is thermionic emission: The excitation energy is transferred to
the vibrations and leads to a delayed electron emission after
thermal equilibration [11]. By contrast with direct emission,
very few studies have been devoted to the MCA thermionic
emission. Delayed electron emission has been observed on
Cga?™ using a mass spectrometer [12] and the surviving
fraction of C7¢2~ and Cgs>~ has been measured in a Penning
trap after laser heating [13,14]. It must be pointed out that
over-the-barrier detachment has been assumed in these con-
tributions (i.e., electron tunneling through the RCB has been
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disregarded). Moreover, statistical electron emission has been
recently proposed for various resonantly excited dye dianions
[15,16].

In this contribution, the kinetic energy release distributions
(KERDs) of electrons emitted from the fullerene dianions
Cgs2~ and Cgp2~ have been measured for delays of about
150 ns and are therefore unambiguously attributed to a delayed
process. They have been compared to a detailed-balance model
which includes electron tunneling through the RCB. The
very good agreement between experiment and theory provides
evidence for a thermal tunneling detachment, a type of electron
emission from excited MCA which we quantitatively describe
in this contribution.

The experimental setup was previously described [17].
Briefly, the isolated fullerene dianions are produced by electro-
spray ionization (ESI) [17]. The selection of the ionic species
of interest is operated with a mass resolving quadrupole.
The ions are perpendicularly accelerated to a linear time of
flight (TOF) by a Wiley-McLaren assembly with high voltages
(3.7 kV) pulsed at a 350-Hz repetition rate. The linear TOF
contains the VMI spectrometer mounted orthogonally to the
ion drift tube. An inhomogeneous electric field perpendicular
to both the ion trajectory and the focused laser beam accel-
erates the electrons towards a position-sensitive detector (a
microchannel plate detector backed by a phosphor screen).
Electron impacts are recorded by a charge coupled device
(CCD) camera. The angularly resolved velocity distribution is
deduced from the raw image through numerical inversion [18].
It is angularly integrated to obtain the electron KERD. The
nanosecond pulsed detachment laser operating at a 350-Hz
repetition rate and synchronized with the mass-selected ion
bunch is a frequency-doubled diode pumped Nd:YAG laser
(532 nm; 2.33 eV photon energy) of 23 ns pulse duration
[full width at half maximum (FWHM)]. At the crossing point
with ions, we estimate that the laser beam has a diameter
of 0.4 mm and the fluence is 300 mJ/cm?, a regime where
multiphoton absorption is substantial. The laser polarization
is linear and parallel to the position-sensitive detector surface.
The time resolution of the VMI is achieved by gating the
voltages applied on the position-sensitive detector, the FWHM
of the detection efficiency curve being 35 ns. The imaging
spectrometer has been calibrated with the spectrum of I~ at
349 nm and a kinetic energy resolution A¢ of 85 meV (FWHM)
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FIG. 1. Interaction potential between the singly charged anion
Css~ and the electron as a function of the distance r between the anion
center and the electron. The zero energy corresponds to an infinite
distance. The second electron affinity EA, and the RCB height ¢ are
reported (The electronic ground state is represented as a horizontal
line). The potential curve has been calculated assuming that the anion
is described as a classical charged dielectric sphere (see text for detail
on the model).

has been measured at ¢ = 0.494 V. In the present case, the
energy resolution is deteriorated by the ion velocity dispersion
and by the gating of the detector voltages. The input face of
the microchannel plate being connected to the last electrode
of the lens arrangement, the fast variation of the detector
voltages leads to a slight defocusing of the electron trajectories.
Nevertheless, the decrease of the energy resolution has no
significant effect on the relatively broad features measured in
the delayed electron emission.

In the present experiment, the detection window is delayed
by 150 ns with respect to the laser pulse. Any contribution
from direct photodetachment is eliminated for such a delay and
thus pure delayed electron emission spectra for a well-defined
time window are recorded. The delay must be long enough
to avoid any contribution from direct photodetachment and
short enough that the dianions are not too far from the center
of the VMI spectrometer and the outgoing electrons are
detected [which can be estimated by comparing the dianion
velocity (37 mm/us) and the radius of the inner hole of the
VMI electrodes (10 mm)]. A systematic time-resolved study
of delayed electron emission is not possible because of the
relatively high velocity of the dianions. Nevertheless a single
measurement already gives a good insight into the delayed
electron emission and imposes stringent constraints to the
proposed statistical model.

The KERDs of delayed electron emission from the mass-
selected fullerene dianions Cgs>~ and Cgy%~ for a delay of
150 ns are reported in Fig. 2. They both display two features.
The relatively broad feature in the 1 eV range does not
display significant differences in both spectra and can be
fitted by a Gaussian centered at 1.15 eV of FWHM equal
to 0.67 eV. The low-energy feature (below 0.5 eV) is identical
to the previously measured KERDs of thermionic emission
from the singly charged anions Cg4~ and Cgp~ [17]. Such
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FIG. 2. (Color online) Measured KERDs of the delayed electron
emission from the mass-selected fullerene dianions Cgs>~ and Cgy>~
(Inset: electron image of Cgy?~). The detection window is delayed
by 150 ns with respect to the laser pulse. The red (gray) dashed line
marks the RCB height ec and forms the limit between the tunneling
and the over-the-barrier detachment. The low-energy feature (below
0.5 eV) results from the thermionic emission of the singly charged
anions Cg4~ and Cyy~, in agreement with the picture of a sequential
detachment.

fullerene anions are produced from the dianions by direct
detachment or by thermionic emission at a shorter time, in
agreement with the picture of a sequential detachment. This
picture is confirmed by a laser-heating experiment on Cy6>~
and Cgs>~ where the fractions of dianions and anions have
been measured as a function of the laser fluence [14]. The
high-energy feature is attributed to the emission of an electron
from Cgy>~ and Cgo>~. A RCB height ec of 1.4 eV has
been measured for Cg4>~ by photoelectron spectroscopy in
a magnetic bottle [10] and is marked by a dashed line in
Fig. 2 forming the boundary between tunneling detachment
(¢ < &c) and over-the-barrier detachment (¢ > &c). Thus the
experimental KERDs demonstrate that the major part of the
electrons emitted from the dianions with a delay of about
150 ns tunnel through the RCB.

The delayed electron emission of dianions (C, - 5 C,m 4+
e”) 1is interpreted as a statistical process and is called
thermionic emission by analogy with bulk matter. Its descrip-
tion is based on the assumption of a thermal equilibrium among
all vibrational degrees of freedom. It relies on the detailed-
balance principle that is based on microscopic reversibility. As
both dianion and anion are assumed to be in their electronic
ground state, the relevant electron binding energy E, is the
second electron affinity EA; of the neutral fullerene. In the
framework of the formalism introduced by Weisskopf [19],
the differential rate for the emission of an electron with kinetic
energy ¢ from a dianion C,>~ with internal (vibrational) energy

8f

E may be written as [20-22]
KE.e)= 2 87 co(e)e £ (142
,&) = =¢eo Xp | —
2R3 8i P kBTd ZCde

Ey
X exp <_kBT ) (1)
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The microcanonical temperatures 7y = T(E — Ep) and
T, = T(E — E,/2) are, respectively, called the daughter and
the emission temperature. m, is the electron mass; gr/g;
denotes the ratio between the electronic degeneracies in the
final and the initial states (g includes the spin degeneracy of
the outgoing electron). As justified below, the magnitude of &
compared to E-E}, requires introducing the second-order term
of the expansion in ¢ (this term depends on the heat capacity
C, defined for T = T;) [23]. o(¢) is the cross section of the
reverse process, namely the attachment of an electron to the
anion.

o(¢) is the crucial ingredient in this model. It contains
all the specificities of the electron emission from MCAs
(in comparison to singly charged anions or neutrals) and in
particular the tunneling through the RCB. Its derivation is
based on a potential curve, for which we use the classical
expression of the energy of a point charge —e at a distance r
from the center of a singly negatively charged dielectric sphere.
Following Ref. [14], in addition to the Coulomb and 1/ r* terms
of the expansion, we include the 1/7° term to account for a
finite-size sphere instead of a point polarizability and we derive
an effective sphere radius r( from the polarizability « and the
dielectric constant &, using o = rg(sr — 1)/(e; + 2). For the
dielectric constant, we use a value of ¢, = 3.6 asrecommended
for Cgp [24]. Let us notice that with this value of dielectric
constant, a classical electrostatic model leads to EA, values in
agreement with the experiment [14]. Finally the potential may

be written [14]
26, +4 (r0\°
— =) | 2
+28r+3(r> ] )

The polarizabilities of Cgy (@ = 130A”) and Cop (@ =

145 A3) have been extrapolated from the measurements for
Ceo and Cyy [25,26] using a n¥? law in agreement with
the molecular cage structure. The potential curve V(r) for
Cg4?~ is displayed in Fig. 1. For n = 84, the RCB maximum
reached at Rc = 8.1 Ais given by ec = 1.40eV (R¢c = 8.4 A
and ec = 1.35¢eV for n = 90). Thanks to the introduction of
the 1 /r6 term in the potential V (), the ec value of Cgy is in
agreement with the low-energy cutoff of photoelectron spectra
measured with a magnetic bottle [10]. Besides, the second
electron affinity EA; of Cgq4 and Cgy amounts, respectively, to
0.75 and 0.84 eV [10,14].

For the attachment cross section, we use a hard-sphere
cross section with a capture radius equal to the distance R¢ at
which the interaction potential reaches its maximum value
ec. Below the barrier, this expression is weighted by the
electron tunneling probability P(e). Finally the attachment
cross section reads

V) e_ef
= —— —
r 2r4

o(e) = P(s)nRé for & < ec, (3a)

o(e) = nR% for & > ec. (3b)

The Wentzel-Kramers-Brillouin (WKB) expression for
one-dimensional tunneling [27] has been used for the numeri-
cal calculation of the probability P(¢),

P(e) = exP{ - %/ 2m [V (r) — e]dr}. 4)
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In an experimental study of the direct electron emission
of PtBri_, the evolution of the tunneling probability as a
function of the kinetic energy was well reproduced by the
WKB expression [28]. It must be underlined also that tunneling
was disregarded in the previous applications of the detailed
balance to statistical electron emission from MCAs [12,14].

The KERD of the electrons emitted from the dianions of a
given internal energy E is deduced from the differential rate
for electron emission [Eq. (1)] [22],

f(e) xx eo(e)exp |:_k38Td (1 + ZCde>i|' (®)]

In order to compare this distribution with the experimental
one, the daughter temperature 7; must be determined. This is
done using the integrated decay rate K (E) for the emission of
an electron from a dianion of internal energy E. The decay
rate K(E) shows strong variations with the internal energy
E, which implies a narrow internal energy distribution for the
dianions decaying during the experimental time window. This
distribution may be reduced to a single value E defined such
that

_ 1
K(E)=—, (©6)

with t the delay corresponding to the middle of the exper-
imental time window [29]. In the present work, T = 150 ns.
Equation (6) relies on the assumption that the electron emission
is the only decay channel of the fullerene dianions, which has
been shown by the measurement of ion mass spectra in a
Penning trap after laser irradiation [14]. For the numerical
resolution of Eq. (6), a caloric curve is used [17].

The ratio g¢/g; of Cg4 amounts to 3.11, accounting for its
two isomers [14]. Such an estimate cannot be provided for Cyg
as no information is available on the electronic degeneracy of
its five isomeric forms [30]. By numerically solving Eq. (6) for
Cg4?~, we find an internal energy E = 14.5eV corresponding
to a daughter temperature 7; = 1175 K. When comparing
the average kinetic energy (which amounts to 1.15 eV) to
E — E,, it appears justified to account for the second-order
term in the expansion in ¢ of the vibrational density of
states. Besides, the large amount of vibrational energy E
before thermionic emission supports a multiphoton absorption
process: The Cg4>~ dianions decaying during the experimental
time window have been expected to absorb six photons (at the
laser wavelength of 532 nm).

Figure 3 shows experimental and theoretical KERDs
of delayed electron emission from Cg;>~ and Cogy2~. The
contribution of the thermionic emission of the singly charged
anions has been subtracted from the experimental KERDs of
Fig. 2 using the spectra of Ref. [17]. The theoretical KERDs
have been convoluted by the instrumental resolution. For
Cg4?~, the KERD parametrized by the temperature calculated
with the detailed-balance model (7, = 1175K) is in very
good agreement with the experiment. We emphasize that no
adjustable parameter has been used for this comparison (except
an intensity factor). In order to complement the comparison
between experiment and theory, the experimental KERD of
Cgo>~ has been fitted with the theoretical expression given
by Eq. (5) using 7; as a free parameter (on top of the
intensity factor). A temperature 7; = 1210K is deduced. An
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FIG. 3. (Color online) Comparison between measured and calcu-
lated KERDs of delayed electron emission from Cg4>~ and Cgy”~. The
measured KERDs are displayed as black lines. For Cg4>~ (top), the
theoretical KERD [red (gray) line] is calculated without adjustable
parameter in the framework of the detailed-balance model. For
Coo>~ (bottom), the blue (gray) curve is a fit to the experimental
KERD using the detailed-balance expression and considering 7, as
a free parameter. Both theoretical KERDs are convoluted by the
instrumental resolution.

estimate is available for all the model parameters except the
ratio g r/g; of the electronic degeneracies which consequently
can be deduced from the temperature. A value of 2.64 is
found, which is plausible and close to the 3.11 value for
Cs4?~. For both dianions, the shape of the experimental curve

PHYSICAL REVIEW A 92, 023410 (2015)

is well but not fully reproduced by the theory. Most likely
the agreement would be even better if the description of the
reverse process was improved by going beyond the hard-sphere
approximation or the WKB theory. Nevertheless even with a
simple description of the attachment, the agreement with the
experiment is already satisfactory and strongly supports the
statistical nature of the delayed electron emission.

Let us briefly discuss the ongoing processes. During the
23-ns laser pulse, the fullerene dianions sequentially absorb
photons, the excitation energy being rapidly transferred from
the electronic to the vibrational degrees of freedom via
intramolecular conversion. The resulting dianions are vibra-
tionally hot but remain in their electronic ground state. They
statistically decay by electron emission after a delay directly
related to their vibrational temperature (hotter dianions decay
faster on the average). During this process, part of the
vibrational energy is transferred to a single electron. This
energy is shared between the second electron affinity and
the kinetic energy. The nonconservation of the vibrational
energy is a feature of thermionic emission and an important
difference with the adiabatic process proposed for fluorescein
[4]. Even if a systematic time-resolved study of delayed
electron emission is not possible under our experimental
conditions, it is interesting to discuss, at least qualitatively,
the changes of the KERD when the delay varies. If the
delay increases, the temperature of the decaying dianions
and the average kinetic energy decrease. At some point, the
over-the-barrier detachment should even disappear and all the
ejected electrons should tunnel through the RCB.

In summary, the KERD of delayed electron emission from
fullerene dianions has been measured and analyzed in the
framework of a detailed-balance model which includes the
electron tunneling through the RCB. The very good agreement
between experiment and theory provides quantitative evidence
for a thermal tunneling detachment. The detailed-balance for-
malism and the microcanonical temperature are reinforced as a
suitable framework for the description of statistical processes
in molecular systems. Thermionic emission appears as a probe
of the RCB complementary to the direct photodetachment.

Financial support of the French “Agence Nationale de la
Recherche” (ANR) through Project No. ANR-06-BLAN-0041
is acknowledged.
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