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Thermionic Emission of Negative lons of Molecules and Small
Clusters as a Probe of Low-Energy Attachment

Bruno Concina and Christian Bordas*

Université de Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumiéere
Matiere, F-69622 Villeurbanne, France

Abstract

We have been studying thermionic emission of negatively charged molecules and small
clusters for more than a decade. Kinetic energy released distribution (KERD) of mass-selected
negative ions have been measured in a velocity map imaging spectrometer. Comparison of
the experimental KERD to detailed balance models provided information on the reverse
process, namely the electron attachment to the parent. The electron attachment to neutral
systems (reverse process of the electron emission from anions) is usually described in a
simplified way as a single electron capture in the framework of the classical Langevin model.
Our measurements show that this approach is insufficient and that, in addition to the capture
step, an Intramolecular Vibrational Redistribution (IVR) step should be included. As far as
multiply charged anions are concerned, the electron attachment to anions (reverse process of
the electron emission from dianions) is strongly affected by the repulsive Coulomb barrier
(RCB). Previous studies assumed a pure over-the-barrier process, which is in disagreement
with our study. Indeed, electron emission is measured below the RCB revealing significant
thermal tunneling. In the present review, we summarize these works on singly and doubly
charged anions in an attempt to present a unified view of the involved processes. It is worth
noting that the detailed measurements of KERDs in the very low kinetic energy region
(typically around 0.1 eV) has been made possible thanks to electron imaging methods without
which all this work could never have been done, with in addition time-resolution capabilities
allowing disentangling direct and delayed electron emission.

* corresponding author: christian.bordas@univ-lyon1.fr




1. Introduction

By analogy with bulk matter, where it is a common phenomenon, thermionic emission is defined in
finite-size systems as a relaxation process by delayed electron emission of vibrationally excited species
(molecules or clusters).2 This electron emission statistically occurs after a given delay relatively to the
excitation process (e.g. formation in an ion source or excitation by a laser). This delay can vary from
nanosecond to millisecond (or even longer) depending on the internal energy content and on specific
properties of the molecule or cluster (number of vibrational modes, electron binding energy...).
Thermionic emission in finite-size systems was first evidenced at the beginning of the 90s on the basis
of time-of-flight (TOF) spectra: a tail was observed following mass peaks as a direct consequence of
the delayed character of this electron emission.*> These pioneering works dealt with neutral systems
including small metal clusters® and fullerenes.” In the case of the fullerenes, the tail was first fitted by
a sum of three to four exponentials,® latter it was shown that the delayed electron emission follows a
power law in time, with an exponent providing information about the competition between delayed
ionization and unimolecular fragmentation.” Nowadays, this kind of measurement has been much
improved and is operated on molecular anions in a storage ring®° or a cryogenic ion-beam trap?® giving
access to delay range up to 100 ms (or higher). This kind of device also allows to measure the delayed
electron emission of hotter anions (excited by laser) on the millisecond time range.'*!? Improvement
of the vacuum (~10~'* mbar) now makes it possible to store ions for hours and extends accordingly
the time range of measurement of the decay of molecular anions.**

The rate constant is not the only relevant quantity defining thermionic emission. Additional and
qualitatively very instructive information is provided by the kinetic energy released distribution (KERD).
The latter was first measured on small anionic tungsten clusters (excited by a UV laser) with a magnetic
bottle photoelectron spectrometer.’> Two distinct components were visible on the spectra: at
relatively high energy, the direct electron emission and at low energy, the thermionic emission.
Unfortunately, the magnetic bottle apparatus is not well suited to the measurement of low energy (<
0.2 eV) electrons and this led to an erroneous fit of the thermionic component of the KERD.® Product
imaging as introduced in the 80’s by Chandler and Houston for photofragment ions® and extended by
Helm et al. to photoelectrons?” was further improved in velocity map imaging (VMI) by Eppink and
Parker.?® Such a spectrometer is well adapted to the measurement of low energy electrons as the
detection efficiency remains constant as a function of electron kinetic energy. Our group conducted a
VMI experiment on small anionic tungsten clusters excited by a laser, which led to a robust
measurement of the low energy spectra.l® The latter, nevertheless, could contain a contribution from
direct emission in addition to the thermionic one. In order to unambiguously disentangle the two types
of electron emission, it was then proposed to implement a nanosecond gating of the microchannel
plates (MCP) detector.?® Thus it became possible to record time-resolved KERD. In particular, with a
delay of about 100 ns relative to the laser excitation, the recorded spectrum does not contain direct
electron emission anymore.??> Using this experimental approach over a decade, we have conducted
a detailed study on thermionic emission of various negatively charged molecules and small clusters
excited by laser including small anionic tungsten clusters (as prototype of metal clusters),?® fullerene
anions** and dianions.?> This method has been recently extended to the measurement of the
spontaneous delayed electron emission in the case of the sulfur hexafluoride anion.?®

Thermionic emission of anions of molecules and small clusters is a statistical process? and is closely
related to the reverse process, i.e. electron attachment to the neutral, through the detailed balance
principle.?” In particular, the KERD explicitly depends on the cross section of the reverse process.
Therefore, measuring the KERD of the electrons emitted by excited anions brings information on the
electron attachment. Consequently, thermionic emission may be considered as a probe of this process.



Although our indirect method relies on a certain amount of modeling to extract the attachment cross
section from the thermionic emission spectrum, it has some advantages in comparison to standard
electron attachment experiments. More particularly, in the low-energy (< 0.3 elV/) crossed beam
experiments, the electron current dramatically decreases, which prevents the measurement of cross
sections.?®% |n this type of work the experimental resolution was in the range of 30 to 150 meV and
the zero of the energy scale had to be recalibrated using a known resonance of a molecule at threshold.
(e.g. SF;).®% In contrast to electron attachment methods, the VMI spectrometer is more suitable for
threshold measurements because of its energy-independent efficiency and better resolution at low
kinetic energy. In addition, the origin of the energy scale is accurately estimated and corresponds to
the center of the experimental image. Nevertheless, it should be mentioned that in comparison to
standard crossed beam experiments, the EXLPA (extended energy laser photoelectron attachment)
method strongly improves the accuracy of the measurements and led to robust cross section, like for
SF, and CCl,.>° But it has only been applied to a limited number of molecules so far.

Measuring KERD of thermionic emission of anionic systems opens access to the electron attachment
to the neutral, but appropriate modeling is required to extract relevant information from experimental
results. The formation of anions can be described as a two-step process. In a first step, electron capture
is induced by the polarization potential of the neutral system. In a second step, the electron excess
energy is transferred to the vibrational modes and results in the formation of a stable state of the
anion. This latter step is designated as Intramolecular Vibrational Redistribution (IVR). At the most
elementary level of approximation, the capture cross section can be estimated within the framework
of the classical Langevin model.2® The quantum description of the electron capture process in the
polarization potential was developed in the 1950s by Vogt and Wannier.3! The quantum cross section
fluctuates around the classical value, except at low energies where it converges to a value twice the
Langevin limit.3! In the specific case of Cg, it has been shown that the difference between classical
and quantum estimates of the capture cross section remains less than 5% for energies larger than 4
meV.32 Note that in the quantum description, the capture cross section results from a summation over
partial waves of all possible values of orbital angular momentum #. As IVR is expected to depend on
the orbital angular momentum, only the quantum approach of Vogt and Wannier allows integration
of the IVR into the capture cross section in order to obtain a realistic attachment cross section.2*26:3%34

In addition to singly charged anions, we have also studied model systems of multiply charged anions
(MCA): the fullerene dianions C2; and C2; .2>** MCAs have been the focus of a great deal of interest
due to the particular shape of the long-range interaction exerted on the outer electron. While in other
molecular systems (neutrals, cations or singly charged negative ions) the outer electron undergoes a
purely attractive potential, MCAs exhibit a long-range repulsive Coulombic interaction. The sum of this
long-range repulsive interaction and the short-range attractive interactions results in the creation of a
repulsive Coulomb barrier (RCB). The presence of this repulsive barrier is at the origin of specific
features of MCA photodetachment.>*8 In the case of the dianions, the reverse process is the electron
attachment to the singly charged anion, in which the characteristics of the RCB are crucial. Measured
KERDs demonstrate that a significant fraction of the electron emission occurs via tunneling through
the RCB.% In order to describe the attachment cross section in the case where tunneling is present, a
relatively simple expression can be used as a first approach. It consists in weighting the hard sphere
approximation by the tunneling probability when the kinetic energy of the electron is below the
repulsive barrier.?>3®



2. Experimental setup

The key device of our experimental setup is the time resolved VMI spectrometer, schematically
presented in Fig. 1.2%3° Our VMI spectrometer is based on the standard design introduced in® and is
set perpendicularly to the ion drift tube. The whole spectrometer is surrounded by a u-metal cylinder
acting as a screen towards external magnetic fields. Four circular holes are arranged in the yu-metal
cylinder allowing the laser and ion beams to cross at right angles in the center of the VMI interaction
region. The intersection between ion and laser beams is located on the spectrometer axis halfway
between the pair of electrodes Eo and Ei1. The photoelectrons are subsequently accelerated by the
stationary nonuniform electric field produced by the three electrodes Eo, E1, and E,. All electrodes are
66 mm in diameter and 20 mm apart. Photoelectrons are extracted through inner holes of 20-mm
diameter in the center of E; and E; electrodes. A 93 mm long field-free region separates the E;
electrode from the position-sensitive detector (PSD). Our PSD is a commercial assembly (F2225-21P,
Hamamatsu, Japan) of a pair of 2-inches microchannel plates (MCP) combined with a phosphor screen.
Electron impacts, amplified and converted to photons in the MCP-phosphor assembly, are
subsequently recorded by a charge coupled device (CCD) camera (Stingray F-146B, Allied Vision
Technologies) then transferred to a PC and summed over 10%-10° laser shots before processing.
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Figure 1: schematic layout of the time resolved velocity map imaging spectrometer.

Anions entering the spectrometer between electrodes E; and E; are deflected by the static electric
field. Therefore, it is preferable to use sufficiently low field values in order not to deteriorate the
overlap between the ion and laser beams. In addition, the voltages Vo and Vi applied to the electrodes
Eo and E; are adjusted as close as possible to the ground potential in order to avoid significant
deformation of the ion bunch entering the interaction region. The voltage ratios allowing to achieve
the proper operation of the VMI spectrometer are based on a first estimation obtained by numerical
simulation and optimized on the images of atomic anions used for calibration (iodine3® and fluorine?®
anions detached by a 349-nm pulsed laser®®). In the present geometry the optimal ratio is found to be
(V, = V1) /(V, = V) = 0.75. Most experiments presented below were performed using the following



values: V, = =130V ;V; =0V ; V, =400 V. These settings are even reduced by a factor of two for
recording SF, KERD which peaks at only 12 meV.?®

Time resolution has been implemented in the VMI spectrometer in order to distinguish unambiguously
between delayed and direct electron emission.?>*° A resolution suitable for the processes under study
is obtained by applying a high-voltage (HV) pulse to the detector. The input side of the pair of channel
plates is set to the same constant voltage V, as the E, electrode. A HV pulse is applied between the
input and output sides of the pair of channel plates at a 1-kHz repetition rate using a fast HV switch
(HTS 31-03-GSM, Behlke, Germany) driven by a delay generator (DG 535, Stanford Research Systems,
USA). The voltage difference between the two sides of the plates increases from 800 V to 1500 V during
a softened square-shaped pulse of about 140 ns.3® However, the gain of the detector is highly nonlinear
as a function of the applied tension. As a result, the detection efficiency varies considerably for small
changes in the applied tension. The detection efficiency for the base voltage (800 V) is thus totally
negligible as compared to the efficiency for the maximum voltage during the pulse (1500 V). The gain
curve of the detector is therefore significantly narrower than the HV signal, with a total width at half
maximum (FWHM) of about 55 ns.?° In early experiments performed on tungsten anions, a similar
time-resolved detector was used but it was limited to a lower repetition rate (10 Hz).? The ability of
separating direct from delayed emission is exemplified on Fig. 2 where the recorded spectra
synchronized or delayed by 90 ns respectively are presented in the case of the anion W5.
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Figure 2: demonstration of capability to separate direct and delayed electron emission on W3 excited
by laser. Kinetic energy distributions (inset: raw images) have been measured for two delays. On the
left, the HV pulse peak is synchronized with the laser pulse. The distribution includes both direct and
delayed electrons. On the right, the delay after the laser pulse has been increased to 90 ns and only
pure delayed (thermionic) emission is detected without any contribution from direct detachment.



Different types of ion sources are used depending on the species of interest. They are briefly described
below.

Tungsten clusters are produced in a laser vaporization source. A laser beam (532-nm wavelength
pulsed at 10 Hz) is focused on a rotating tungsten rod.?® This interaction produces a plasma that is
cooled down by supersonic expansion in bunches of helium gas injected through a pulsed valve. The
native anions are then perpendicularly extracted and accelerated by a pulsed electric field before
entering the drift tube of a time-of-flight (TOF) mass spectrometer. Mass selected ion bunches enter
the VMI spectrometer and adequate timing of the excitation laser (pulsed Xe:Cl laser ; wavelength of
308 nm) and of the high-voltage pulse applied to the PSD ensures excitation of a given cluster mass
and measurement of the KERD.?

Fullerene anions and dianions are produced by electrospray ionization (ESI).2#?>3° The ESI source is
part of a commercial mass spectrometer, micrOTOF-Q (Bruker, Daltonics).> The selection of the ionic
species of interest is achieved using a mass-selective quadrupole. At the output of the micrOTOF-Q,
the ions are orthogonally accelerated into a linear TOF by a Wiley-McLaren assembly with HV pulsed
at a 1-kHz repetition rate.?® The linear TOF contains the VMI spectrometer mounted perpendicularly
to the ion drift tube. The nanosecond pulsed detachment lasers operating at 1-kHz repetition rate are
either a diode pumped Nd:YAG laser (1064 nm or 532 nm) or a diode pumped frequency tripled Nd:YLF
laser (349 nm).

SFg is produced in an Electron Cyclotron Resonance (ECR) ion source by electron attachment to the
SF, gas.’5*%41 A continuous beam of negative ions (and electrons) is extracted from the plasma by an
acceleration voltage of a few kV and is mass analyzed by a 90° magnetic sector. The current of the
continuous mass selected beam of SFg is about 10 nA as measured by a Faraday cup. The continuous
beam is pulsed using a parallel plate deflector, resulting in ion bunches of a few us duration at 1-kHz
rate. The ion bunches pass through a drift tube and enter the VMI spectrometer orthogonally mounted
to the ion drift tube.

3. Detailed-balance formalism

Delayed electron emission from isolated molecules or clusters is described as a statistical process and
is denoted as thermionic emission by analogy with bulk matter. Its general description relies on the
hypothesis of a thermal equilibrium among all vibrational degrees of freedom. It is based on the
detailed-balance principle, a consequence of microscopic reversibility.>* The formalism introduced by
Weisskopf for particle emission from nuclei?’ offers a suitable framework for application to statistical
decay processes from molecules or small clusters,>*? like dissociation®® or thermionic emission.? In the
following, we restrict to the thermionic emission from a molecular anion or dianion, as exemplified by
fullerene anions® or dianions:*

C, »C,+e” (1a)
C2~ > C, +e” (1b)

We note with index i (initial) all quantities relative to the parent anion or dianion and with index f (final)
all quantities relative to the daughter neutral or anion. The electron binding energy E;, is equal to the
electron affinity EA of the neutral in the case of singly charged anions, or to the second electron affinity



EA, in the case of doubly charged anions. The differential rate for emission of an electron of kinetic
energy ¢ from a parent of vibrational energy E reads?®

ps(E —Ep, —¢)
pi(E) (2)

me gf
273 E go(e)

k(E,¢) =

with m, being the electron mass, g; the electronic degeneracy of the parent, gy is the product of the
electronic degeneracy of the daughter by the spin degeneracy of the free electron. The vibrational
density of states of the parent and daughter species are noted respectively p; and pf. In Eq. (2), it has
already been assumed that the total density of states is equal to the product of the electronic
degeneracy and of vibrational density of states. o is the cross section of the reverse process, i.e., the
electron attachment to the daughter. We introduce the daughter temperature T, defined as the
microcanonical temperature of the daughter with vibrational energy E — E;,>*

1 d
Inpg(E — Ep)

kT, dE (3)

with kg the Boltzmann constant and p4 the vibrational density of states of the daughter (p; = py).
lnpf(E — E, — €) may be expanded through a Taylor expansion in powers of & using the daughter
temperature T,;.2%3> The first order term leads to a Boltzmann factor. The expression of the second
and third order terms depends on the heat capacity C,; ( temperature derivative of the energy) of the
daughter defined for T = T,.%® Finally, the differential rate may be written as®

me gr
n?h3 g;

ps(E — Ep) ( € )

k(E. &) = s ..
() pi(E) exp kgTy

go(e) ()

with the dotted line denoting the second and third order terms (expressions available in ref. 26%). For
both fullerene dianions and sulfur hexafluoride anion, it has been shown that an expansion up to the
second order is required.?®*® For the other systems (anionic tungsten clusters?® and fullerene anions?*),
only the first term is used, which is the usual approximation.?*

If it is reasonable to assume that parent and daughter have the same density of states of vibration
(pf = p;), the logarithm of the common level densities p(E — E},) and p(E) is developed around the
median value E — E;, /2 leading to an expression containing only odd terms.>* This step requires the
introduction of the emission temperature defined as T, = T(E — E;/2). The usual approximation
consists in keeping only the first term, leading to an Arrhenius expression.>*® This point has been
justified for fullerene dianions.® Finally, in the case where the vibrational densities of state of the
parent and the daughter can be assumed identical, the differential rate for electron emission reads>”

k(E, &) = e ﬂ50(5)ex (— Ey )ex <— £ _>
’ m2h3 g; P kgT, p kgT, (5)

By contrast, in the case of SFy, the level densities of the anion and of the neutral differ so much (due
to the change of geometry)* that the level densities are kept in place and are explicitly calculated (in
the harmonic approximation) by the Whitten-Rabinovitch expression?®*” as a function of the internal
energy.

A caloric curve, i.e., the vibrational energy as a function of temperature, or at least the heat capacity,
is required. For anionic tungsten clusters, due to the lack of information on these quantities, we use
the classical harmonic expression for the microcanonical heat capacity: C = (3n — 7)kg.% This
expression differs from the canonical heat capacity by —kg.>** The caloric curve of Cy is taken from



literature,® approximated by a linear expression and is scaled accordingly to the size for larger fullerene
anions and dianions.3® An analytical expression is derived for the caloric curve from the Whitten-
Rabinovitch expression of level density and has been used for SF; .2

Finally, the KERD reads in this theoretical approach,

€
f(e) x ea(e)exp (— P — )

(6)

A critical ingredient of this formulation is the cross section o(&) of the reverse process. In the next
paragraphs, we will present the models used to describe the electron attachment to neutral and to
anionic systems.

In our experiments, the KERD measurements occurs at a given delay t after the last energy exchange
of the ion with the external medium (i.e., formation in an ion source or excitation by laser). This delay
is about 40 ps for SFg (spontaneous decay) and about 100 ns for the other systems (photoinduced
decay). Qualitatively, the hotter molecular ions decay first. Quantitatively, the internal energy
distribution of the ions decaying at a given time t is relatively narrow and peaks at the energy E given
by

_ 1
KE) =1 7)
where K (E) is the rate for electron emission from an ion of internal energy E.2** It is obtained by
integration of the differential rate k(E, €) (as given by Eq. (4) or (5)) over kinetic energy & . This relation
allows the estimation of the daughter temperature T; which can be compared to the experimental
KERD or used as a benchmark.?>%¢ This relation assumes that the electron emission is the only decay
channel. Indeed, dissociation energies are much larger than the electron binding energy for these
negatively charged systems.?>“® Besides, the delays are short enough that radiative cooling may be
disregarded.1%

4. Thermionic emission from anions: beyond Langevin model for the
description of electron attachment

As underlined above, the KERD depends on the cross section of the reverse process. In the case of the
thermionic emission from anions, the latter is the electron attachment to the neutral. The classical
Langevin model leads to an expression of the attachment cross section at the most elementary level

of approximation:? it describes only the capture step via a simple —c,/r* potential where ¢, =
a (e/4mey)? /2, a being the polarizability of the neutral, and it disregards the IVR step. The capture

cross section o is then given by
(&) =2 |2
o(e) =2m - (8)

In this classical frame, the KERD reads

f(e)ocel/zexp<— £ )

kgTq (9)



with T,; the so-called daughter temperature. KERD measurements have been carried out on fullerene
anions C,; (n = 60,70,78,84,90).2* The measured KERD profile depends on the fullerene size. In
particular, sharp peaks are observed for Cg, and C;, which cannot be fitted by the Langevin
distribution given by Eq. (9), which is illustrated by Fig. 3.
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Figure 3: experimental kinetic energy distributions (black) of thermionic emission from the fullerene
anions Cgy and Cy, excited by laser. They are compared to the fit (red) using the Langevin distribution
(Eq. 9). The sharp experimental distribution cannot be fitted by the Langevin one.

This implies that one should use a more refined description of the electron attachment to the neutral
fullerenes including IVR. As it is expected that the IVR depends on the orbital angular momentum ¢,
the classical Langevin model cannot be modified to include the IVR. It is necessary to use its quantum
extension which was developed by Vogt and Wannier.3! In this approach, the capture cross section o
is expressed as a sum over partial waves of angular momentum #:

T
=) —Q¢+1D)P/"(k
o(k) sz( + 1P, " (k) (10)

where k is the wave vector and P}/W(k) the capture probability for a given angular momentum €. The
angular dependence of the wave functions is given by the spherical harmonics. The P}/W(k) are

expressed as a function of the reduced wave vector k = k+/2m,c,/h? which simply reads k = V2ae¢
in atomic units.?**° Using the reduced wave vector, Eq. (10) becomes in atomic units,

o(k) = Z ak—"z 22+ DPYY (1) o
{

Numerically accurate analytical fits for the P{VW(K) probabilities may be found in the literature.®® The
IVR is introduced through the empirical terms P}VR () representing the probability that an electron
capture results in a stable anion.



oK) = 2 a% 22 + DP/Y (1) P (1) )
£

Empirical analytical expressions for P,{VR (k) have been proposed for the fullerene anions.? Finally, the
k-distribution used to fit the experimental ones reads?

Z(ze + DPLY (OPIR G0

f(s)ocrcexp( o kBTd>

(13)

with a in atomic units, T; in Kelvin, and kg = 3.1668 X 10 "°HK . Experimental k distributions for
the fullerenes Cgy and Cg, are presented in Fig. 4 with global fits and contributions of each partial
wave. Information on the IVR has been deduced from the fit and has been interpreted using the
molecular symmetries. The studied fullerenes exhibit very different symmetry properties depending
on their size. It is well known that Cg belongs to the icosahedral point group I;, while C;, belongs to
the D5, point group. The larger fullerenes are observed in several isomeric forms of lower symmetry.
For instance, two isomers D, and D, are observed for Cg, in the ratio 2:1.5 For these low symmetry
molecules, the magnitudes of the P;VR factors tend to be independent of the orbital angular
momentum €. By contrast, Cy is characterized by a quite high magnitude for the IVR of p-symmetry
(relatively to the d-symmetry) which can be associated to its high icosahedral symmetry. Indeed, in the
I, symmetry, the p waves transform as t;,, which is the symmetry of the LUMO.?**3 Consequently, the
symmetry of the electron wave function is similar when it is bound and when it is free, which may
strengthen the electron phonon coupling. These results compare well with the literature. Our IVR
estimate agrees with measurement of the thermal attachment rate to Cg(, showing nice convergence
between attachment and detachment studies.?*** Measurement of the electron attachment cross
section to Cy, at low energy reveals a deep minimum around 0.4 eV.> This feature can be related to
the low magnitude of the d-wave in comparison to the p-wave (the d-wave reaches its maximum at
0.32 eV).
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Figure 4: experimental k distributions (black) of thermionic emission from the fullerene anions Cgy and
Cg. excited by laser. They are compared to the global fit (red) resulting from the Vogt and Wannier
theory including an IVR step. The relative contribution of the partial waves £ = 0,1,2,3 is displayed (the
s wave is plotted in blue, higher-order terms are plotted in black with increasing threshold when £
increases).

By contrast, in the specific case of SF; , the Vogt-Wannier approach is much simpler as the attachment
proceeds only by s-wave capture,?®*°

_ T ovw
o) = a— P () (12
After electron capture, two processes may occur: IVR, which stabilizes the anion, and vibrational
excitation (VEX), which leads to electron release. More precisely, VEX is a direct collisional excitation
of vibrations followed by electron release.®® It has an energy threshold given by the quantum of the
symmetric stretch mode A4 (96.6 meV),%° leading to a threshold in k : kK, = 0.560. Finally, the non-
dissociative electron attachment cross section reads

00 = a— P{W (PR ()PVE (1) 15)
with PR (i) the probability that IVR occurs and PVEX (k) the probability that the vibrational excitation
does not happen.? Empirical expressions are proposed and fitted to a high resolution measurement
of the attachment cross section.?®3° Consequently, there is little uncertainty on the attachment cross
section, allowing a more stringent test of the thermionic emission modeling than in the case of the
fullerene anions.

The experimental k distribution for SFg is reported in Fig. 5. It is compared to various fits including
respectively different terms in the expression of the attachment cross section. The agreement with the
experimental distribution is generally quite satisfactory, however the various fits lead to very different
values of the daughter temperature T;. Under the assumption of a pure s-wave capture, the daughter

11



temperature Ty is fitted to 479 K. This value is substantially larger than the value deduced in a simple
Langevin model (T; = 319 K; not represented, see ref. 2°). Introducing a second step in the
attachment process reduces the cross section even further and leads to an increase in the fitted value
of the temperature: IVR alone leads to T; = 652 K, while IVR combined with VEX lead to T; =
667 K. Note the major influence of IVR while including VEX is of minor consequence on the fitted
temperature because most of the k distribution is defined below the VEX threshold (x, = 0.560,
indicated by a red arrow on Fig. 5).

o1
—— Experiment
— s-wave (T4= 479 K)
- s-wave + IVR (T 4= 652 K)
s-wave + VR + VEX (T 4= 667 K)-

-
N
T T

k distribution (arb. unit)

. . . . . . . . . 1 . . R

0 0.2 0.4 Fo.6 0.8 1
Ko

K

Figure 5: measured k distribution (black line) of spontaneous thermionic emission from SFg , compared
to fits based on different assumptions regarding the attachment : pure s-wave capture (blue line), s-
wave capture followed by IVR (dashed red line), and s-wave capture followed by IVR and VEX (full red
line). VEX threshold (k, = 0.560) is indicated by a red arrow.

Detailed balance should link truly reverse processes?®3* between, on one hand, the anion in the
electronic ground state and, on the other hand, the neutral and the electron infinitely separated. In
our approach, the attachment consists of an electron capture followed by IVR. As VEX is in competition
with IVR when the electron is captured, the probability PYEX (k) should be included in the attachment
cross section (see Eq. (15)). But the detachment is not concerned with VEX as the final state of VEX is
not the initial state of the detachment (i.e., the anion in the electronic ground state). When comparing
with experimental results, this point is not critical since most of the k distribution is defined below the
VEX threshold. Besides, above the VEX threshold, the fit of the attachment cross section allows only
the determination of the product PIVER (k) PVEX (k). Other expressions for both PIVE (k) and PVEX (k)
might be assumed as long as the product remains the same. The remaining indeterminacy on the
empirical terms prevents an exact derivation of the cross section used in the detailed-balance
expression of the thermionic emission.

In the case of small anionic tungsten clusters W,,” (9 < n < 21),%® the shape of the experimental KERD
was compared to the Langevin model using as a fitting function the generalized thermal distribution
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where y and T, are both free parameters. In the framework of the Langevin model, the y exponent is
strictly equal to 1/2. Estimation of the y exponent from experimental KERD leads to values significantly
lower than 1/2, in the range 0.45-0.32, decreasing as the cluster enlarges.”®> When the y exponent is
set to the 1/2 value, this fitting function leads to an estimate of the daughter temperature T, in the
framework of the Langevin model. This estimate may be compared with the daughter temperature T,
derived from Eq. (7) by writing the equality of the decay rate (as given by Eq. (5)) and of the inverse of
the experimental delay.? Significant differences have been found between the two estimates in the
size range 9-15 whereas a good agreement is noted for larger sizes up to 21. We have interpreted the
disagreement between the two series of temperatures as due to a capture cross section lower than
the classical Langevin cross section given by Eq. (8). We assume that the attachment cross section ¢ is
equal to the product of a sticking probability s times the Langevin capture cross section. In this simple
approach, the probability s does not depend on the kinetic energy €. It is determined by writing that
the inverse of the experimental delay is equal to the decay rate given by Eq. (5) where the attachment
cross section o is given by the factor s times the Langevin cross section and where the daughter
temperature T, is deduced from the experimental KERD. The sticking probability s is displayed in Fig.
6 as a function of cluster size. This coefficient is close to unity for large clusters, while it ranges between
1072 and 10~ for smaller systems in the size range n=9-14. The sticking probability, i.e., the reduction
of the attachment cross section in comparison to the Langevin capture cross section, may be
interpreted as being due to the IVR. Besides, the fact that the y exponent is found lower than the
Langevin value of 1/2 may be qualitatively explained by a slight overrepresentation of the partial
waves of low orbital angular momentum £. These partial waves are favored by the IVR process: the
probability of forming a stable anionic state is expected to be slightly higher for low values of the orbital
angular momentum ¥ relatively to higher values.
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Figure 6: sticking probability s as a function of anionic tungsten cluster size n. Error bars are not
represented and are about plus/minus a factor 10.

5. Thermionic emission from dianions: tunneling effects in the electron
attachment

In the case of thermionic emission from doubly charged anions (dianions), the reverse process is the
electron attachment to the singly charged anions. A model has been developed for comparison to the
experimental KERD of the fullerene dianions C2; and CZ; 2> It includes only the capture step, and
does not deal with IVR. The potential V (1) felt by the electron is quite different from the case of the
electron emission from the anions: it is repulsive in the long range and it is dominated by the Repulsive
Coulomb Barrier (RCB) at short range. An approximate expression is proposed for the fullerene

dianions in the frame of an electrostatic modeling:*>3°

e? a 2e, + 4 15\2
V(r) = - 1+ — ]
) Ategr  2(4mey)?rt [ 2& +3 (r)

(17)

In this approach, the fullerene anion is treated as a classical dielectric sphere of dielectric constant &,
and radius 7. @ denotes the polarizability of the neutral. This simple modeling provides two major
outcomes, namely the height of the RCB and the second electron affinity. Both values fall in good
agreement with photoelectron spectroscopy data.®

Consequently, a simple and intuitive expression is introduced for the capture cross section, namely a
hard-sphere type formula with a capture radius set to the distance R where V(r) reaches its
maximum &.. Below the repulsive barrier, this formula is weighted by the electron tunneling
probability P(¢). The attachment cross section may be written as?>®

o(e) = P(e)nR2 fore < g (18a)
o(e) = nR2 fore > g (18b)

The tunneling probability P(&) has been numerically calculated using the Wentzel-Kramers-Brillouin
(WKB) expression®

P(e) = exp (—%J \/mdr) (19)

Taking into account tunneling in the attachment cross section is required by the experiment as
described below and is the originality of this detailed-balance model. Conversely, previous applications
of the detailed balance to delayed emission from fullerene dianions were based on the assumption of
an over-the-barrier detachment process.”®” Nevertheless, in addition to tunneling, one should
consider the reflection over the barrier. Although this quantum effect is at the same fundamental level
as tunneling, it is rarely included in the models.>® We plan to add the above-barrier reflection in an
improved version of our model.

The experimental KERD of delayed electron emission from the fullerene dianion C§4' is reported in Fig.
6. A RCB height £, of 1.4 eV has been measured by photoelectron spectroscopy in a magnetic bottle.>
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It is specified by a dashed line in Fig. 7, marking the separation between the regime of tunneling
detachment (¢ < &) and over-the-barrier detachment (& > &;). Thus the experimental KERD
demonstrates that most of the emitted electrons tunnel through the RCB.% Theoretical KERD is also
reported in Fig. 6 and is parametrized by the daughter temperature (T; = 1175 K) calculated using
the detailed balance decay rate (i.e., Eq. (5) integrated over ¢ ; see ref. % for more detail) and the
experimental delay. Nice agreement is found between experiment and theory, especially since no
adjustable parameter has been used for obtaining the theoretical distribution (except an intensity
factor).

CZ,@532nm

10 |

Kinetic Energy Distribution (arb. unit)
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0 0.5 1 1.5 2 25
Kinetic Energy (eV)

Figure 7: measured KERD (black) of thermionic emission from photoexcited C§4' dianions compared to
the detailed balance calculation (red). The raw image is given in inset. The delay relatively to the 532
nm laser pulse is 150 ns. The low-energy feature (below 0.5 eV) results from the thermionic emission of
singly charged anions Cg, produced from the dianions C§4' after photon absorption. The dashed line
indicates the RCB height and marks the limit between tunneling and over-the-barrier electron emission.
The theoretical distribution is calculated without any adjustable parameter.

6. Conclusion and perspectives

Measurements of the KERD of thermionic emission in a VMI spectrometer using time resolution has
been shown to be a powerful method to get insight into the reverse process, namely the electron
attachment to the parent. Thermionic emission of a number of representative anions have been
studied giving information on the electron attachment to the corresponding neutral system: small
tungsten clusters, as a prototype of metal cluster, various fullerenes with different symmetries and the
model molecule SF, with its unique properties in electron attachment (huge cross section only due to
the electronic s-wave). It has been shown for all these systems that the classical Langevin model of
electron capture is insufficient and the IVR must be included. An estimate for the IVR magnitude as a
function of the electronic orbital angular momentum has been deduced from the KERD measurement.
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Experimental KERDs of thermionic emission from fullerene dianions have provided information on the
electron attachment to the corresponding fullerene anion. They have demonstrated that most of the
electrons tunnel through the repulsive Coulomb barrier, at variance with previous studies.

All measurements have been done for a single delay: generally, about 100 ns (for photoinduced
electron emission), and for SF; , about 40 ps (for spontaneous electron emission). The next step would
be to measure the KERD as a function of delay over a broad time range. It would allow a more stringent
test of the detailed balance models, and, in particular, of the modeling of the electron attachment.
Besides, it would allow to estimate the influence of radiative cooling on the electron emission as a
function of the delay. It would give a full picture of the decay of these systems.

Measurement of electron KERD over a broad time range was performed earlier in our group in the case
of photoexcited neutral C4(.%° Such a measurement was possible on neutrals due to their reduced
velocity, as compared to ions, allowing collection of the photoelectrons in the VMI interaction region
up to delays as large as 10 ps. Extending the delay values over longer times for ions, with typical kinetic
energies on the order of keV, would require building a specific device allowing ion trapping in a
resonant cavity, in combination with the VMI geometry. In comparison to previously developed
setups,®%2 the challenge for our team would be to find a design allowing high electron count rate.
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