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From Molecular Autoionization to Thermionic Emission.

F. Lépine, B. Baguenard, B. Concina, M.A. Lebeault, and C. Bordas.
Université Lyon 1; CNRS; LASIM UMR 5579,
43 Bvd. du 11 novembre 1918, 69622 Villeurbanne, France.

Abstract: Autoionization of Rydberg states and delayed ionization are two decay processes where
the excess energy in the molecule or cluster is released by ejecting a free electron. While precise
spectroscopic studies of molecular autoionization are commonly performed, allowing a very
detailed understanding of the ongoing processes, the study of delayed ionization in clusters is by far
less well known and its description is noticeably less precise. Indeed, in complex systems such as
clusters, only a statistical approach is found to be relevant as describing the decay dynamics of the
system. Beyond these apparent profound differences we show that both phenomena are actually
two facets of the same general phenomenon and that delayed ionization, or thermionic emission in
clusters, are analogous to molecular autoionization. The transition from autoionization of Rydberg
states to delayed ionization, depicted as a transition from a process entirely described within the
framework of quantum mechanics to a process described only in the framework of statistical
mechanics may further be foreseen as a prototype of the transition from quantum to classical

dynamics.
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1. Introduction.

The study of small gas-phase clusters, and more specifically the study of the decay dynamics
of very excited clusters, is a very active field of research [1]. Owing to the combination of
relatively simple description and wealth of phenomena that they exhibit, small clusters may indeed
be considered as prototypes of finite-size systems that share common properties of small molecules
and bulk matter. Despite being formed of a very limited number of atoms, properties of clusters
may generally not be described by a full microscopic approach. On the contrary, a statistical
description [2] is very often more powerful to describe quantitatively cluster dynamics. While small
clusters are most of the time studied as a scale model of bulk matter, all decay processes that they
exhibit have their counterpart in small diatomic molecules. In this contribution we will focus on the
decay channels involving ejection of a free electron. More precisely, we wish to emphasize the
analogy between molecular autoionization [3] (or autodetachment) and delayed ionization [4] (also
depicted as thermionic emission) in clusters.

When a diatomic molecule AB is brought in a Rydberg states lying in the continuum of the
ionized molecule AB+, plus an electron, the decay of the very excited neutral molecule AB™ s

governed by three main mechanisms:

AB" +e” autoionization (a)
AB® —— A+B dissociation  (b) (1)
AB+hv radiative decay (c)

For excited clusters, despite their larger number of degrees of freedom, all channels can be

classified according to the nature of the ejected particle: electron, heavy fragment, of photon.

X" +e delayed ionization (a)
X, — X +X . fragmentation (b) (2)
\ X, +hv radiative decay  (c)

URL.: http://mc.manuscri%tcentral.com/tandf/tmph
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Note that the term X, has been used for sake of simplicity, the same description holds for
heteronuclear systems.

The analogy between autoionization and delayed ionization is obvious from eq. (1) and (2).
Both mechanisms are simply the process by which an excited molecular species releases (a fraction
of) its energy by ejecting a free electron. In both cases the fundamental motivation for studying
these processes answers the same very fundamental question: how do systems excited close to their
ionization, or detachment, limit behave? There is however a number of differences between
processes (1) and (2). The first one is of experimental, or practical, nature. Though autoionization
generally proceeds via the excitation of a well defined autoionizing resonance, a quasi discrete state
with more or less well defined quantum numbers, delayed ionization of an excited clusters follow
an excitation step that is in principle non selective and that does not allow to define properly the
details of the excited states (quantum numbers). In complex systems where the density of states
(DOS) is extremely high the excitation of a coherent superposition of quantum states cannot be
avoided. This complexity prevents a simple approach assuming the population of a single quantum
state, but it makes a classical description of the dynamics much relevant. The second difference
regards the theoretical description of both processes. While a microscopic approach (perturbation
theory [5], or more specifically Multichannel Quantum Defect Theory MQDT [6-8]) is suitable for
the treatment of the autoionization of diatomic molecules, no such microscopic approach may be
followed to describe decay dynamics of clusters. Rather, a statistical approach [2, 9-11] is in most
cases the only performing tool that can be used to interpret the experimental observations.
Although, these differences are not of essential nature and seem to appear only due to our inability
to treat in details complex systems such as clusters, they imply a more fundamental difference as
they underlie the quantum to classical transition. There is indeed a point where technical limitations
such as experimental resolution or computational capacities are not the only obstacles preventing a
full quantum description of clusters.

In order to illustrate the similarities between molecular autoionization and delayed ionization
in clusters we will present in this manuscript two examples of results obtained in our group over the

past years that summarize rather generally these processes. In section 2 we present molecular
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autoionization with the example of (vibrational) autoionization in Na, Rydberg states [12, 13]. The
structure and dynamics of molecular Rydberg series is best described in the framework of MQDT
[6-8, 14-16]. However, we will limit the theoretical description to a more standard perturbative
approach [5] that has the great advantage to allow a more natural extension to larger systems like
clusters. Beside, we will also show in this section that, even for simple diatomic system, the
dynamics may be more complex than expected and its complete description may require the
introduction of internal dynamics that makes simple molecules even closer to complex systems. In
section 3 we will introduce rather briefly the statistical description of delayed ionization in clusters
[4] in the framework of the detailed balance theory [9, 17-19]. We will underline the formal
equivalence between this approach and the perturbative approach of autoionization. Delayed
ionization will be illustrated by the example of Cgy [19-21]. In that case the (multiphoton)
excitation process itself contributes to the statistical nature of the whole process. Finally, section 4

will be devoted to delayed detachment which has been extensively studied in the literature [22-24].

2. Molecular autoionization.

2.1. Simple description of autoionization.

The detailed mechanisms of autoionization have been extensively studied in the past, in a
perturbative approach first [5], and in the framework of Multichannel Quantum Defect Theory
(MQDT) subsequently [6-8]. MQDT takes advantage of the asymptotic form of Coulomb function
and matching at short distances and allows a non-perturbative approach more powerful than the
standard perturbative approach. As far as molecular autoionization is concerned, a unified treatment
has been developed by C.Jungen [7, 8, 14-16] that allows a global description of all kinds of
molecular autoionization and dissociation processes. MQDT has also been extensively applied to
the case of Na, Rydberg states [13] presented below as an illustration. However, in the present
article, a summary of the perturbative approach will be used instead since it allows a more

qualitative comparison with delayed ionization in clusters.
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Autoionizing states are quasi-discrete states lying above the lowest ionization threshold,
members of Rydberg series converging to an excited level of the ion. According to the nature of the
excitation of the ion various kinds of autoionization processes are found. Autoionization involves a
non-radiative exchange of energy between the core and the outer electron. The origin of the core
energy transferred to the electron may be rotational, vibrational, spin-orbit, or electronic depending
on which processes are energetically possible. In a typical molecule like Na,, the most common
process is vibrational autoionization. Spin-orbit as well as rotational energies are indeed rather
small and corresponding autoionization processes are confined to narrow spectral regions. On the
other hand, electronic autoionization is found only in doubly excited states [25]. Vibrational
autoionization is schematized in figure 1. If a Rydberg state of an AB molecule belonging to a
series converging towards a v =0 level of the AB" ion lies above the v=0 level of the ion,
autoionization occurs by a breakdown of the Born-Oppenheimer approximation. The electronic
wavefunction for the quasi-discrete state of the excited neutral is coupled to the one of the ion plus
free electron system via the vibronic kinetic energy operator Tvib . Autoionization occurs when one
(Av=1) or several (Av >1) quanta of vibration energy in the neutral are converted to kinetic
energy of the outer electron, resulting in its ejection.

Generally the quantum transition amplitude between an initial (i) and a final (f) state may be

written according to first order perturbation theory:
2my,. 2
i = N <1|Tif|f>‘ (3)

In section 2.2 below the qualitative differences between Av =1 and Av >1 processes will be
illustrated in practical terms. The autoionizing initial Rydberg states is specified by 1 (including all
other quantum numbers), n (principal quantum number), and v (vibrational quantum number), and
the final state by 2, v* (vibrational quantum number of the resulting ion), and & (kinetic energy of
the ejected electron).

The corresponding partial autoionization width of state “I’Ln,v> with respect to the continuum

“P

2.6, vt

> may be expressed by [5]:
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2
=27

1,n,v:2.e,v"

T

1

“4)

<\Pl,n,v \Pz’g’v‘f >

As a first approximation the interaction is factored into electronic and nuclear parts and the

matrix element in eq.(4) reduces to:

<\Pl,n,v |Tif |\P2,8’V+ > = <(I)l,n |Tif |CD2,a ><V V+> 5

Note that the electronic part of the continuum wavefunction ®, . is energy-normalized.
Owing to the specific character of Rydberg states, the electronic part of the matrix element may be
approximated by:

m

<(D1,n |Tif |(D2,a> = e (6)

Where R is the Rydberg constant, and I is a dimensionless parameter almost independent of
n characterizing the interaction. In the case of vibrational autoionization, the matrix elements
appearing in the above equations may be expressed as a function of the R-dependent quantum

defect p, (R) defined as follows [26]:

R
Unfx(R): U+(R)_—2 (7)
(n =y, (R))

Where R is the internuclear distance, U, (R) is the potential energy curve of the Rydberg
state, and U*(R) the potential energy curve of the ion. p,, (R) is a slowly varying function of R,
almost independent of n. Keeping only the first order term in the Taylor development of (R)
and in the harmonic approximation, the only nonzero matrix elements <‘{’1’n’v |Tif |‘{’2 . V+> are those

corresponding to Av = v* —v =—1. This approximate selection rule is known as the propensity rule
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of Berry [27]. Within this approximation, the partial linewidth of the ‘\Pl,n,v> Rydberg state due to

autoionization in the v+=v-1 continuum (if energetically accessible) is given by:

2
Dipvy =27 g (d“x j 2h v ®)
n” L dR ) 8n“mmc

Where m is the reduced mass and ® is the harmonic vibrational frequency. Vibrational
autoionization occurs following an exchange between the kinetic energy of the outer electron and
the vibrational energy of the ion core. Eq. (8) states that this exchange is preferentially limited to
the exchange of a single vibrational quantum, although higher order terms, corresponding to
smaller partial widths, do contribute. MQDT allows an explicit and non-perturbative treatment of
all rovibrational interactions. However, the simpler perturbative approach is sufficient in order to
evaluate proper orders of magnitudes and allows a more qualitative comprehension of the
phenomena.

In light molecules like H, [14-16] the dynamics of the autoionizing states is best determined
by measuring spectral linewidths. This is no longer the case for heavier molecules like Na, [12, 13].
Indeed, in such systems, the direct observation of the dynamics of autoionization in the time

domain becomes possible as illustrated below.

2.2. Rovibrational autoionization in Na,.

Owing to their relatively low ionization potentials and to their simple electronic structure,
alkali metal diatomic molecules are often used as model systems for molecular Rydberg states. The
sodium dimer for instance has been extensively studied in the past decades [12, 13, 28, 29] and will
be used to illustrate our comments. Na, is produced as a molecular beam in a thermal oven. The
optical excitation is achieved using tunable pulsed lasers (Nd:Yag pumped dye lasers, 10 ns
duration, 0.2 cm™ spectral linewidth) in an interaction region where a small electric field (from
0.3 to a few hundreds V/cm according to the experimental purpose) is applied. The external electric
field may be static or pulsed in order to excite field-free states. It is used both to collect the charged

particles ejected during the ionization process (electrons or ions) and to study its effect on very
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excited states. We use a selective optical-optical double resonance excitation process in order to
excite single Rydberg series avoiding spectral congestion. The first tunable dye laser hv, is tuned
to a well-defined rovibrational transition between the ground XIZg and first excited A'S state.
This allows selective excitation of the Na, molecule in a single (v’, J’) level of the intermediate
AIZ; state. From this intermediate level the second dye laser hv, is scanned in the vicinity of the
ionization threshold to excite gerade Rydberg states with J=J’ or J'+1. Owing to the Rydberg
character of the A state, the v=v’ Rydberg series are preferentially excited. This allows an
additional clarification of the Rydberg spectra. Typical spectra are found e.g. in ref. [12] that
describes one of the most striking aspects of those Rydberg states: namely the stroboscopic effect
between the electronic and nuclear motion that occurs when the classical frequency of the
electronic motion ®, ~2%R/n’ is commensurable with the classical frequency of the nuclear
rotational period oy =2B(J+1/2) (with B the rotational constant). This stroboscopic effect is
visualized by a drastic simplification of the spectrum whenever 2oy = ko, (with k integer).
Figure 2 presents the typical behavior of Na, Rydberg states with respect to autoionization
[13, 28]. Both spectra presented in this figure have been recorded with the intermediate level (v’=2,
J’=6). Only the v=2 Rydberg series is visible in these spectra. The upper spectrum has been
recorded using an integration time window of 200 ns (i.e. all electrons ejected during the first
200 ns after laser excitation are detected), while the lower spectrum has been recorded with a
shorter integration window of 10 ns. The comparison of both spectra gives therefore a direct and
qualitative view of the excited states lifetime. This method allows a more global view of the
dynamics than the examination of the lifetime of individual lines. Indeed, the ratio of the relative
intensities of similar lines in the two spectra is directly connected to the lifetime of the excited
states. Figure 2 exhibits clearly that the lifetime of autoionizing Rydberg states is typically a few
nanoseconds just above the Av =1 autoionization threshold, while it increases to several tens of
nanoseconds as n increases just below the v'=2 ionization limit. The patterns observed for Av =2
autoionizing states show that lifetime is significantly larger in that case (always larger than 10-
20 ns), but show at the same time that the Av =1 rule is only a propensity rule. Below the direct
(Av =0) ionization threshold (v'=2) and below the Av =1 ionization threshold (v'=1) the long

lifetimes corresponding to vanishing widths are clearly evidenced on the lower spectrum. Note that
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the various ionization thresholds are lowered by the external electric field (1.5 V/cm). The average
autoionization lifetime may be estimated from such spectra. Figure 3 presents such an estimation in
the case of Rydberg states excited via the (v’=1, J’=6) intermediate level for different values of the
electric field. Experimental data recorded at different values of the external electric field (F=2, 5
and 20 V/cm) are compared with theoretical spectrally averaged lifetimes calculated in the
framework of MQDT [28]. Figure 3 shows clearly the global increase of autoionization lifetime as
a function of the principal quantum number n, as well as the increasing of the lifetime as a function
of the electric field in a given spectral region. This field-hindered vibrational autoionization is
qualitatively explained by the dilution of the coupling between quasi bound Rydberg states and the
ionization continuum. Indeed, the electric field couples the low- ¢ penetrating Rydberg states with
the high- ¢ states that are only weakly coupled to the ionization continuum owing to their vanishing
wavefunction amplitude in the core region.

The various experimental results presented in this section allow drawing a few rather general
conclusions regarding the nature of vibrational autoionization in diatomic molecules. First, the
autoionization lifetime is directly dependent on the precise nature of the excited state and it
depends critically on the nature and quantity of energy transferred from the nuclear to the electronic
degree of freedom, as well as on the effective principal quantum number. A perturbative approach,
or even better a full MQDT description, allows estimating rather quantitatively autoionization
lifetimes of the various Rydberg states. From this point of view it is clear that the autoionization
lifetime does not depend simply on the electron kinetic energy. However it depends very
predictably upon the nature of the excited state. Second, it is also obvious from these results that a
rather weak perturbation may influence drastically the effective dynamics of autoionization.

In addition, a simple diatomic molecule may exhibit a non trivial dynamics and mimic the

dynamics of a complex system. This evolution towards complexity is discussed below.

2.3. Non-exponential autoionization decays and evolution towards complexity.
For a single isolated autoionizing state, a total autoionization rate may be defined. The
autoionization lifetime is inversely proportional to this total decay rate. In principle the decay of

such state is expected to be exponential in time. However, there is a number of situations where this
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simple behavior is no longer observed as it is illustrated in figure 4 in the case of a particular
Rydberg state (n=17 dI1", v=4, J=6) [29]. In the presence of a low electric field (F=1 V/cm), the
decay of this Rydberg state is roughly exponential. When the electric field is increased to only
2.4 V/cm the decay dynamics of this line is qualitatively different and the photoelectron signal
increases with a typical rise time of 60 ns (much larger than the laser pulse duration = 10 ns) and a
decay time of about 95 ns. A simple model [29], assuming the excitation of a single autoionizing
state |a> indirectly coupled to the ionization continuum via a dark state |b> was used to simulate
this ionization signal. In the context of ZEKE spectroscopy [30] such non-exponential decays have
been observed subsequently in high-n Rydberg states. Multichannel effective Hamiltonians
including several doorway states (for excitation and decay) and pure escape states (for decay) were
introduced [31], generalizing our simple approach. The extreme sensitivity to the external electric
field makes the detailed interpretation of this phenomenon extremely difficult. However, we
learned from this observation that, in some cases, molecular Rydberg states behave like complex
excited systems: by tuning the strengths of the internal couplings with the external electric field, the
dynamics of decay may change drastically and present a complex behavior resulting from the
balance between internal couplings and couplings to the continuum. This represents a step forward
complexity in the sense that it introduces the notion of internal energy relaxation and a possible

statistical description.

3. Delayed ionization of clusters.

3.1. Delayed ionization as thermionic emission.

When the size of the molecule increases a more complex ionization dynamics is expected
owing to the influence of the increasing number of degrees of freedom. Let us consider a
photoexcited molecule with an internal energy exceeding the lowest ionization threshold. In a
simple picture, the excitation process can produce a state that is either a state of the continuum or a
quasi-bound excited state. In the later case, this state may be directly coupled to the continuum but
also be influenced by another perturbation (electric field, other degrees of freedom). Simple DOS

10
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arguments show that the coupling to other quasi-bound states is in general larger than the direct
coupling to the ionization continuum. Due to the couplings between the various degrees of
freedom, the excitation is no longer localized and the energy is distributed in the molecule, with a
constant exchange of energy between electrons and nuclei.

The quantity of energy accumulated on a given degree of freedom fluctuates owing to the
various couplings and these fluctuations, corresponding to an equipartition of the energy over all
accessible degrees of freedom, may be described statistically. If at some point the energy
accumulated on a given vibrational mode is higher than the binding energy of the atom in this
mode, dissociation may occur. This description in terms of statistical distribution of the internal
energy constitutes the background of the so-called RRK [10] theory that has been successfully
applied to the description of unimolecular reactions [2].

As far as ionization is concerned, electron delayed emission from a highly excited system
may be described in a very similar manner. When delayed ionization follows an equipartition of the
internal energy over all degrees of freedom, it may be described as a statistical process and is
denoted as thermionic emission [11, 17-19]. In order to be efficient as compared to direct
ionization, internal energy redistribution must occur rapidly after the initial excitation. From the
microscopic point of view, the electron can gain enough energy from the other electrons or from
the nuclei. In the later case, the “kick” received by the electron from the nuclei corresponds strictly
to the vibrational autoionization process discussed in the previous section. In the following, we
discuss how molecular autoionization (of quantum nature) and statistical (classical) delayed
electron emission can be formally linked. This transition corresponds to the loss of the quantum
character of the ionization process: a specific example of the very general problem of the transition

between microscopic quantum process and classical / statistical behavior.

3.2. Formal link between autoionization and thermionic emission in neutral species.

One of the major ingredients justifying the validity of the statistical description of the decay
process is the high DOS of the molecule in the energy range under consideration. We consider an
energetic state of the system where many quantum states are accessible in the range {E, E+ AE}. A

high DOS ensures that the number of states involved remains large even if the width AE of the
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energy range vanishes. In order to describe the emission process, the corresponding rate has to take
into account the population of final states. According to Fermi’s golden rule [32] the average
emission rate for the process leading to the ejection of an electron with a kinetic energy € from an

initial state |1> at the total energy E in a continuum state |f > may be expressed as follows:

2T ,.
kem(E’g)z{‘<1|Tif|f>‘2pf(E_Eb’8) )

Where p; (E,a)is the final DOS and E, the electron binding energy. The rate may be
expressed as the product of the DOS of the free ejected electron and the DOS of the remaining
system. The explicit calculation of this rate requires the knowledge of the detailed vibronic
transitions and therefore information on both nuclear and electronic ground and excited states. This
is hardly possible for a molecule or a cluster containing more than few tens of atoms. In order to be
able to describe the electron emission process it is suitable to make use of average quantities. A
macroscopic approach is often used when delayed electronic emission is considered. It is based on
the “detailed balance” theory [9] and allows calculating the emission rate from the known rate of
the reverse process, namely electron capture.

The reverse average rate of the emission process is expressed as:
2n A2
Ky (B2) === (F[Ti)” pi(E) (10)

Where p,(E)is the DOS in the initial step.
Using the definition of the reverse process cross section, this rate may also be expressed as

follows:

rev

k (E,s):%cs(e,E) (11)
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Where v is the relative velocity of the fragments, V an arbitrary volume and o(g,E) the

electron capture cross-section. Note that eqgs. (10) and (11) are different in the sense that the former

©CoO~NOUTA,WNPE

relies on quantum transitions whereas the later makes use of average quantities.

12 Using the definition of the transition amplitude given by eq. (3) and according to the micro-

reversibility principle:

18 djj = aji (12)

22 We can combine eqgs. (10), (11), and (12) in order to express the rate for the emission of a

24 particle with kinetic energy € from a molecule of total internal energy E [9, 17-19]. We obtain:

2m p (E—E —8)
28 E)= E d b
29 Ken(6-E) = h? ole.B) e p;(E) (13)

33 This equation may also be written as follows:

37 kem pi =krev pf (14)

41 This expression is known as the Weisskopf relation [9], macroscopic counterpart of the
43 microscopic detailed balance theory.
45 A step further consists in introducing the microcanonical temperature [17] of the molecule or

a7 cluster via the ratio of DOS using its definition:

51 I _olnp(E)

52 kpT OB 15

57 At this point it is assumed that the DOS corresponds to the density of vibrational states and

59 the calculated temperature is the vibrational microcanonical temperature. The cross-section in eq.

13
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(11) may be explicitly estimated via a classical approach. Combination of eqgs. (13) and (15) allows

deriving the electron kinetic energy spectrum experimentally accessible:

P(S,E)OC (8+Csy)exp(— ﬁ(E)j (16)
B ld

Where T, is the microcanonical temperature of the system after the electron loss. The pre-
exponential factor consists in two terms. The first one (€) is given by the contribution of the hard
sphere part of the electron capture cross section, the second one depends explicitly on the
interaction between the electron and the remaining system (y=0 in case of delayed ionization,
v=1/2 in case of delayed detachment).

Note that the kinetic energy spectrum is structureless and entirely determined by only two
parameters: the temperature Ty related to the DOS, and the exponent y given by the cross-section.
The total decay rate is simply obtained by integrating eq. (13) over €. This rate increases with the
internal energy (i.e. with temperature). This behavior is a signature of the statistical character of the
process and is generally not observed in the autoionization of small molecules Rydberg states.

During the last few years, we have developed an experimental set-up that allows the
measurement of the kinetic energy spectrum of photoelectrons ejected in delayed ionization of size
selected clusters, at a given time delay after the excitation process. This set-up is based on a
velocity map imaging spectrometer [33] combined with a time-resolved position sensitive detector
[34]. In the following we discuss how this technique has been applied to neutral and charged

clusters in order to study delayed emission.

3.3. Time resolved photoelectron imaging: Cg.

Our time resolved photoelectron imaging technique takes advantage of the fact that the
emission rate describing statistical emission has a very fast evolution with the internal energy. This
means that two systems having a close internal energy have a very different lifetime 1. As a
consequence the measurement of the electron kinetic energy spectrum at a given time delay t

corresponds to the detection of electrons emitted from systems having a rather well defined internal
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energy E. A microcanonical temperature T (E) may be associated to this internal energy and may
be measured by fitting to the kinetic energy spectrum. In the case of a thermionic process, the
temperature T,(E) measured at the time delay t is determined by the total emission rate according
to the approximate relation K(E) =1/r.

As far as delayed ionization of finite-size systems is concerned the fullerene Cgp is
undoubtedly the molecule or cluster that has attracted the largest attention [1, 35, 36]. Indeed Cg,
owing to its high symmetry and large number of degrees of freedom, has often be used as the
prototype of small systems for studying delayed emission processes. It is particularly interesting
because the electron emission process is in competition with the dissociation (emission of C,)
process that is actually the major decay channel [37]. In other words the total decay rate is almost
entirely determined by the dissociation rate. For this system, eq. (16) may be explicitly written with
C=4.1 eV and y=0. Experimental results have been published previously [19, 20]. A typical
example of a delayed photoelectron spectrum recorded in multiphoton ionization of Cg (ionization
laser: A =355 nm, pulse duration=10 ns) is presented in figure 5 together with the result of the fit
according to eq. (16) where only the temperature Ty of the residual ion is a free parameter. Figure 5
shows the very good agreement with the statistical approach. Indeed, the photoelectron spectrum
may be used as a thermometer to determine the microcanonical temperature T, of the final product.
The fitted value of this temperature may in turn be compared with the statistical model. In that
particular case, the electron spectrum is used to test the values of the dissociation rate proposed in
the literature. Assuming K:IOZIexp(—lo.Z/kBTe), a very good agreement is found between
experiment T{* =3100+100 K and theory T;" =3180 K at delay t=1ps.

Note that the spectrum has no structure as expected from the statistical approach.
Measurements performed at different wavelength and intensity [19, 20] show no significant
difference with the one presented here, in agreement with the non selective character of the
statistical behavior. The very good agreement with Weisskopf theory [9, 19] is not extremely
surprising regarding the size of the system due to the very high density of vibrational states

involved in the process.
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3.4. Delayed emission in anions: autodetachment and thermionic emission.

Delayed 1onization of neutral clusters may be viewed as a statistical autoionization process
where the energy is randomly accumulated on a specific vibrational mode coupled to continuum
states of the ion+electron system. Anion clusters, despite their different nature, represent interesting
and widely studied species [22-24]. In particular, during the past years, we have investigated
delayed electron emission of anion carbon clusters [38]. While, strictly speaking, it is no longer an
ionization process, delayed electron detachment bears many common features with autoionization
and delayed ionization. Simons [39] derived a quantum description and discussed propensity rules
for autodetachment. This work has to be linked to Berry’s results on autoionization [27]. The same
link between delayed ionization and delayed detachment in clusters exists. Both processes are
depicted as thermionic emission. As far as vibrationally induced electron emission is concerned,
neutral and anion systems also share many common features. An additional advantage of negatively
charged systems is that mass selection may easily be performed. This is especially useful to
investigate the evolution of delayed emission from a small simple system (di- or tri-atomic
molecule) to a larger system with many degrees of freedom (like e.g. Cy,).

As it has been discussed in the previous section, the connection between autoionization and
thermionic emission is intimately related to the transition between discrete and continuous
(classical) DOS. This is illustrated on figure 6 where we have calculated the DOS p(E — AE —¢)
for the daughter systems for the carbon anion clusters C,; and C;;. DFT calculations have been
used to calculate the vibrational modes [40] of the neutral species and a counting procedure has
been used to estimate the DOS in the harmonic approximation. In the present calculation we have
assumed the internal energy E — AE =1¢€V . The results are presented on a log-scale plot. The most
striking effect is the obvious discrete character of the DOS of the smaller system C; . Due to the
quantized character of the DOS, no temperature can be defined through equation (15). In that
example the concept of temperature and of thermionic process in meaningless. For a larger system
Cjs, the evolution of the DOS with the electron kinetic energy is very smooth and no discrete
structure is observed. Moreover, this evolution is roughly exponential (linear in the log plot) as it is
expected for a classical system. In that case the concept of temperature is useful and characterizes
the amount of internal energy for a given system that is defined through its DOS. This curve is
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compared with a good agreement to the approximation exp(—s/kBTd) where T,;=576 K is
calculated using eq. (15). For a given internal energy a larger system corresponds to a less
structured and more classical DOS.

Measurements of delayed electron kinetic energy spectra were performed on size selected
anion carbon clusters, 90 ns after the excitation process [38]. Comparison between the experimental
spectrum and the theoretical prediction is presented in figure 7 for C5. The determination of the
temperature is based on the calculation of the emission rate as explained in the previous section for
Ceo but in the present case the electron emission process is the major decay channel. A very good
agreement is found between theoretical (T4=1500K) and experimental results (T4=1400+100K). A
similar agreement is also observed for other sizes [38]. In the case of a smaller system like C, also
presented in figure 7. the agreement does not seem to be correct even if the general features of a
thermionic spectrum seem to be present. It is obvious that the simple description used for C;g in
which the threshold behavior is mainly determined by the exponent y=1/2 (eq. (16)) will not be
able to represent the near exponential shape of this spectrum around 0 eV.

Many effects might be responsible for this disagreement. In principle, Weisskopf formalism is
able to take into account the so-called size effects and the influence of the cluster shape which
might play an important role for a few atoms cluster. This can be done for instance through an
accurate determination of the attachment cross section. At the same time, the concept of
microcanonical temperature might not be introduced and a direct calculation of the DOS may be
used in a basic formulation of Weisskopf theory (eq. (13)). But in any case, the statistical theory
will fail to describe a system where the DOS is not large enough since average quantities on which
it is based become meaningless. Therefore, even the introduction of refined model based on
statistical theory will not be able to describe delayed emission from very small clusters and
statistical representation has to be replaced by a detailed quantum approach where autoionization

(or autodetachment) will play a major role.
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Conclusion.

The experimental results presented above, both in the case of vibrational autoionization of
diatomic molecules Rydberg states and in the case of delayed ionization or thermionic emission of
clusters, illustrate how small systems exhibit increasingly complex dynamical properties as their
size increases. These results show also that this evolution is not necessarily smooth as a function of
the size of the molecule, owing to the explosive character of the evolution of the density-of-states
vs. size.

Although a theoretical description of this transition in a model system is attainable, the
detailed experimental characterization of this transition from quantum to classical behavior is more
demanding. Among other requirements, the control of the initial internal energy of the clusters is
necessary. In order to fulfill this experimental constraint, we are now building a thermalized cluster
source in our laboratory. Provided a full control of the initial state of the cluster, measurements on
small size-selected species using time resolved imaging spectrometry should allow us to give

additional insight into the transition between autoionization and thermionic emission.
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Figure captions:

Figure 1: Schematic illustration of the vibrational autoionization process in a diatomic molecule.
According to the energy of the Rydberg state under consideration, the exchange of one or several
vibrational quanta is required. This leads to complex interferences in the autoionization process. In
a polyatomic molecule, or in a cluster, the picture of delayed ionization is similar except for the
larger number of vibrational degrees of freedom involved, and the correspondingly extremely

higher density-of-states.

Figure 2: Experimental spectra of Na, Rydberg states recorded with the intermediate level (v’=2,
J’=6) for two different integration time (upper spectrum 200 ns, lower spectrum 10 ns). The Av =1
and Av =2 autoionization regions are indicated. Below the direct ionization threshold (v'=2) and
the Av =1 ionization threshold (v'=1) lifetimes are noticeably longer. The external electric field

(F=1.5 V/cm) is responsible for a sensible lowering of the ionization thresholds.

Figure 3: Spectrally averaged autoionization lifetimes as a function of energy for various electric
field values. Solid curve: MQDT calculation (F=0). Dashed curve: exp. with F=2 V/cm. Dotted

curve: exp. with F=5 V/cm. Dashed-dotted curve: exp. with F=20 V/cm.

Figure 4: Autoionization decays of the 17dI1" (v=4, J=6) state for different values of the external
electric field F. At F=2.4 V/cm the rise time (60 ns) is considerably larger than the laser pulse

duration (about 10 ns) and reveals a complex internal dynamics.

Figure 5: Delayed ionization of Cgy. Photoelectron kinetic energy spectrum recorded at delay
T =1us after the laser excitation (black dots). A fitting procedure according to eq. 16 (grey line) is
used to extract a microcanonical temperature T;"® =3100+100 K. This temperature is in excellent

agreement with the temperature calculated from the total decay rate T&h =3180 K.
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Figure 6: Log-scale plot of the calculated (vibrational) density-of-states (number of states per
interval of 10™ eV) for C, (left) and C,5 (right). The excess energy is set to 1 eV. When the size
of the system increases, the DOS losses its discrete structure and converges to the classical

approximation. In the case of Cg the classical limit is also plotted (dashed line).

Figure 7: Delayed photodetachment of C (right). Experimental photoelectron kinetic energy
spectrum recorded at T =90ns after laser excitation (straight line). Theoretical curve (dashed line)
allows temperature estimation via a fitting procedure. The fitted temperature (T= 1400+100K) is in
excellent agreement with the prediction of the Weisskopf model (T=1500K). As an example of
small size system, similar spectrum obtained for Cg is shown (left). No structure is observed in
that case (owing to the broad initial internal energy distribution), however the simple model

presented in the text is not able to describe this result.
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