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The removal of an inner-valence electron from neutral neon clusters leads to autoionization and
subsequent fragmentation of the cationic clusters in accordance with the interatomic Coulombic
decay mechanism discovered recently. Using non-Hermitian quantum scattering theory we
investigate this process in detail for the Ne dimer. We show that a pronounced structure can be
observed when measuring the autoionizing electron or the Rileetic energy distributions. This
phenomenon is associated with the properties of the vibrational autoionizing resonance states of the
electronically excited cationic dimer. By suppressing coherence among the different vibrational
autoionizing resonances, or by selectively exciting one of them, the structures in the kinetic energy
distributions become more pronounced. It is demonstrated that these structures reflect the nodal
structure of the wave functions of the autoionizing vibrational states most populated by the initial
ionization of the neutral neon dimer. In a coherent decay we encounter substantial interference
effects, but the nodal pattern of the corresponding wave functions is still present. The kinetic energy
distributions are generally very sensitive to details of the potential energy curves of clusters.
© 2001 American Institute of Physic§DOI: 10.1063/1.1361070

I. INTERATOMIC COULOMBIC DECAY IN CLUSTERS energy of the dication’ [\fé, the total energy of NHZS)

Resonance states are states at which the system has s{fjgetherwith the energy of the noninteracting neutral atom,
ficient energy to break up into subsystems. The lifetime of\e*N€ (2s), is abovethe ground state energy of the dou-
the state strongly depends on the system and the mechanidy ionized cluster, Ng'. This is due to the drop of the
which leads to the decay process. In the Auger prdcies double |on|zat|on_ fchreshold of Newhich refl_ects the fa(_:t
electron decay results from electron correlation between corfiat the two positive charges are not localized at a single
shell electrons and valence electrons. By exciting or ionizinglomic center but equally distributed over the two spatially
a core shell electron we produce a hole in the inner shell, ThéeParated neon sites. The repulsion of the two positive
transition of another electron into this hole releases energ hargei leads to a Coulombic explosion oﬁNgesuItmg n
which is sufficient for ionization of a valence shell electron, WO Ne&" fragments. This configuration of a dimer with two
Let us consider a weakly bound cluster, consisting of rardositive charges equally distributed over the two spatially

gas atoms, for instance. Does the Auger process depend §fparated neon s_ites_ is_the outcome of the autoionization
the cluster environment of the initially core-ionized atom? InProcess of the cationic dimer BIE2s). _ ,
principle the answer is yes, but the influence of neighboring ' this paper we will show that the Coulombic explosion
atoms on the decay rate must be expected to be very smafif the cationic neon dimer due to the interatomic Coulombic
- 5 . . .

Core electron orbitals are very compact and consequently tH&€cay(ICD),” leads to a remarkable structure in the kinetic
interatomic core—valence electron correlation in clusters i€N€rgy distributions of the autoionizing electron and of the
very weak. dissociated neon cations. This structure is a magnified map-

Cederbaum and co-workérswere the first to realize PiNg of the spatial structure of the autoionizing vibrational
that the interatomic electron correlation in clusters can b&luster wave function of N(2s) onto the energy space of

highly increased if an electron is excited from an inner-the free electron and/or Ne

valence orbital rather than from a core orbital. This is due to

the larger spatial extension of the valence shell orbital ay. COMPLEX POTENTIAL ENERGY SURFACE
compared to the compact core orbital. One system wher®F Ne;(2s) AND POTENTIAL SURFACES FOR
such a phenomenon can be observed is the neon dimefNe, AND Ne3*

Although the energy of Ni(2s) is belowthe ground state As a basic requirement for the dynamical studies on the
electronic decay of the Neinner-valence states, the in-

dElectronic mail: robin.santra@tc.pci.uni-heidelberg.de volved potential energy surfaces have to be determined. The
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of one electron out of a Ne®-type orbital, are bound states
with respect to electron emission. The two lower lyingS,
and the 12Hg states possess distinct minima, whereas the

49171 3\ iv (enlarged) higher lying 1%I1, and 1°3; states are purely repulsive.
. 4897 These results are in good agreement with corresponding data
e | BT in the literature'®

4854 i In contrast to the outer-valence cationic states and also
152253 35 4 in sharp contrast to the situation in the isolated Ne atom, the

Ne'(ov)Ne two inner-valenceiv) cationic states Ng(iv), resulting from
removal of one electron out of a NefRtype orbital, are
electronic resonances over a wide range of Ne—Ne inter-
atomic distances. Both states, th&%2; as well as the 23 ;
state, can undergo electron emission resulting in outer-
valence dicationic states having one vacancy on each of the
two Ne atomg“two-site” states. It is an essential point to
‘ ‘ ‘ _ ' . ‘ notice that, because of the reduced Coulombic interaction of
! 15 2 25 3 35 4 45 5 the two vacancies being localized on different Ne atoms,
distance(NeNe) [Angstrom] " T . .
only the “two-site” states lie energetically lower than the

FIG. 1. Potential energy surfaces of the electronic ground state of the nectw0O inner-valence cationic states. The gNe“one-site”
dimer, the outer- and inner-valence states og‘Nend the two-site outer- states with both vacancies being localized on the same Ne
valence states of Ng. _Since these d_icationic states are gll very si_mila_r 0 atom are much higher in energy-61 eV), and are, there-
each other, only one is shown. By inner-valence ionization the V|brat|ona|a . LT - S !
ground state wave function of Més lited up to the 257 and 225 fore, I|kg the dicationic states in the |solatled Ne atom, not
surfaces of N&. For most interatomic distances the dicationic two-site sur- accessible for an electronic decay of the inner-valence cat-
faces ardower in energy than the inner-valence surfaces, giving rise to anjonic states. The decay mechanism of an inner-valence hole

efficient interatomic electronic dec&CD). The striking difference between . : : :
the highly repulsive dicationic surfaces and the rather flat neutral and innerl-n the Ne system is therefore of purely interatomic nature

valence surfaces leads to remarkable dynamical effects in the kinetic enerd¢CD), as opposed to Auger decay of a core hole.

spectrum of the emitted ICD electron. The inner-valence 23 surface has a distinct energy
minimum at about 2.2 A, supporting 11 vibrational bound
states, whereas the 225 surface is purely repulsive or
rather has a very shallow minimum with a single vibrational

relevant valence cationic and dicationic potential energy SUTEound state at the interatomic distance corresponding to the
faces of the Ngsystem, as well as the neutral ground state

o _minimum position of the neutral ground state surface. The

surface, are presented in Fig. 1. The surfaces of the cation|c L . .
= L Latter finding is still a matter of discussidh.

and dicationic states were calculated within the framework o The presence of 6 electrons of 2ype in Ne leads to 12

Green'’s function methods, using the algebraic diagrammatiRIe? two-site states. The respective surfaces are purely re-

construction schemdéADC). The ADC-Green’s function '

methods have been discussed in detail in the liter&ftire. puIs_i\_/e because of the Coulombic interaction of the .tWO
We therefore only mention that the ADRY scheme repre- positive c_harges on thg tvxo Ne atoms. These surface; inter-
sents a sophisticated many-body perturbation theoretical ex€Ct the inner-valence“2,, surface at about 2.1 A, which
pansion of the Green’s function under consideration, whicneans that the latter state becomes electromcal'ly sFabIe at
is complete up tath order but includes additional classes of N€—Ne distances smaller than 2.1 A. In order to simplify the
contributions up to infinite order. The obtained results argdynamical model studies we have replaced the 12 dicationic
size consistent in any order of perturbation theory. TheSUrfaces, which are very similar to each other, by an aver-
ADC(3) scheme of the one-particle Green’s functiex- ~ @ged single surfacesee Fig. 1 o .
tended 2ph-TDA and the AD@2) scheme for the particle— In the following dynamics investigation we will focus on
particle propagator have been used, respectively, to calculatBe €lectronic decay of the’2 ; state of Ng only, which
the Ngf and Ng" states in the valence energy region. TheSUPPOrts several vibrational bound states. In our study the
orbital energies and Coulomb integrals resulting from a2’ State is populated via ionization out of the vibrational
Hartree—Fock calculation of the neutral ground state serve ggfound state of the neutral hisystem. Due to the shallow
input for the ADC calculations. The Hartree—Fock calcula-€nergy minimum and the small curvature of the,Narface
tion was performed with theab initio program package the starting wave packet is represented by a relatively broad
GAMESS-UK'? using the d-aug-cc-pVTZ Gaussian basis’3et. Gaussian-type wave packet. In this context it should be noted
The neutral ground state surface of,N&s been taken from that, because of the very small separation of the two inner-
highly accurateab initio data published recentfy. valence Ng states at the equilibrium distance of the neutral
Due to the weak van der Waals interaction, which isNe,, it might be hardly possible to populate only thé2;
typical for rare gas systems, the neutral ground state surfacate in a direct photoionization experiment starting from the
of Ne, has a very shallow minimum at about 3.2 A with only neutral ground state. However, it should be possible, at least
two vibrational bound states. The four outer-valer{og) in principle, to populate the 2. state exclusively by a
cationic potential surfaces Bléov), resulting from removal resonant excitation out of, e.g., thé]][g outer-valence state
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0 I'[223 Nej(R)=—2ImE[225 Nej |(R). (1)
As we have shown previouslgee Fig. 1, the cationic inner
-1+ valence state ofi symmetry is bound for interatomic dis-

tances smaller than 2.1 A. Therefore the imaginary part of its
complex potential energy curve vanishes below this distance.
-2 It is interesting to note that B[22 Ne; ](R) is discon-
tinuous at the electron detachment threshold. Such a behav-
ior in the presence of an attractive Coulomb potential is well
known 819 Short-range and repulsive Coulomb potentials,
however, which do not possess Rydberg-type eigenstates,
4] show a continuous threshold behavior. At large interatomic
distances the ICD electron emission rate tends to zero, be-
cause the energy transfer probability betweerf (28) and
-5 4 3 3 p ] Ne, which underlies the interatomic Coulombic decay
distance(NeNe) [Angstrom] ° mechanlsm, decreases. In the range of dlstapces that are of
relevance in the present context, the decay widths are of the
FIG. 2. Imaginary part of the complex potential energy surface of g2~ order of 1 meV, corresponding to lifetimes of several hun-
inner-valence state of Ne as a function of the interatomic distance. This dred femtoseconds. At the equilibrium geometry of the
quantity is directly related to the local electronic decay width ground state of Né—:‘(3.2 A) the lifetime is about 530 fs. This

I'[223Ne;1(R). Results were obtained by means of the complex- .
absorbing-potential metho@Refs. 14 and 16 At 2.1 A the 223 surface time scale turns out to be comparable to that of the nuclear

passes the double ionization thresh@étte Fig. 1 Below this point the dynamics on the relatively flat inner-valence potential energy
local decay width vanishes. surface. Relaxation by photon emission may be neglected
here since the fluorescence decay width of inner-valence ex-
cited neon is of the order of geV.?°

We also calculated the local decay rate for th&g
state of Ng.* The lifetimes for this inner-valence state are
comparable to those of thesymmetry state reported previ-
ously. In the following we will not discuss the?2 ! state,

imaginary part of complex PES [meV]

following outer-valence ionization of the neutral ground
state.
g

~ Calculation of the imaginaiy part of the complex poten-\yhich supports at most a single vibrational, Gaussian-shaped
tial energy surface of the 2, state was carried out by pound state. Our attention will be focused on the exciting

15 ; oo : .
means of the CAP/CI methdd;'® an implementation of & effects exerted by vibrational wave functions with nodal
complex absorbing potentiéCAP)® at the configuration in-  structure.

teraction(Cl) levell’ This approach is ideally suited to take
care of the nontrivial electron scattering problem, which is
otherwise not directly amenable to standard quantum chem-
istry techniques like Gaussian basis set expansions. Further-
more, the strong coupling between electronic configurationdll. ICD ELECTRON AND Ne* KINETIC ENERGY
associated with electronic decay processes is dealt with in dRISTRIBUTIONS BY NON-HERMITIAN QUANTUM
appropriate manner. SCATTERING THEORY

We computed molecular orbitals, i.e., Hartree—Focka. Formal aspects
one-particle states, for the electronic ground state ofeve-

ploying a Gaussian basis set that we constructed by adding In the ensuing sections a detailed investigation of ICD

set of diffuse functions (4,1p,1d,1f) to d-aug-cc-pVTZ. e%ectron emission in mner—valence |op|zed neon dlm.er. and
The manv-electron configuration space of the dimer Catiothe associated fragmentation process is carried out within the
Y 9 Pe . : "ramework of non-Hermitian guantum scattering theory. This

was spannfad by all one-hole conflg_uratlons which reS_UI{echnique has been developed and has been used by Moi-
from removing one elegtron from the dlfferen.t vglence Orb't'seyev and co-workers to explain the experimental results ob-
als, as well as by all single and double excitations of thesg,ineq in helium diffraction from corrugated copper surfaces,
references that are compatible with the frozen-core approXigcattering intensity measurements of HD molecules from flat
mation an_d an active space consisting of all orbitals V\{hlcmg and Pt surfaces, measurements of helium harmonic gen-
are occupied in the Hartree—Fock ground state determinangyation spectra, and of the cross sections obtained in electron
The absorbing potential was chosen in accordance with th§cattering experiments from hydrogen moleculese Refs.
one given in Ref. 15. From the spectrum of the complex1, 22, and references thergifrirst, let us motivate the use
symmetric CAP/CI matrix obtained in this way we extractedof non-Hermitian guantum scattering theory in p|ace of the
the complex Siegert energy of the electronic resonance. “conventional” (i.e., Hermitian one.

The imaginary part of the complex potential energy  The transition probability amplitude(E), for a half-
curveE[2 23 " Nej ](R) is depicted in Fig. 2 as a function of collision experiment, where the decaying stiie and the
the interatomic distanc® This quantity is proportional to final state|f) are in different electronic and vibrational
the local electronic decay width, states, is given by the Lippmann—Schwinger equatton,
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t(E) =(0|1+ GV|f) =tgrecl E) + tred E). 2 (0|n)(n|V/|f)

4
E—-Ef®

. . ted E)=2
G=Ilim, o+(E-H+i 7)1 is the Green operator of the in- n
teracting target—projectile system. The decaying S@tes oo for the sake of simplicity and without loss of general-
associated with a wave packet which is expanded in the bas;ﬁ,, the so callect product(-|-) between two states is defined
set of the eigenfunctions ¢1. The interaction between tar- by (f|g):=(f*|g). Thec product is a generalized inner prod-
get and projectile is mediated by the operatbrThe final  uct(see Refs. 21, 25, and references therdts introduction
state[f) is an eigenstate with enerdy of the Hamiltonian is necessary because of the mathematical properties of non-
H;=H—V, corresponding to the target and a separate, freklermitian Hamilton operators. It is important to realize that
projectile. To be specific, in this paper the projectile is thethis generalization of the inner product can give rise to inter-

ICD electron and the target is gre esting interference effects between resonance states. This ob-
The direct termtg,o.(E)=(0|f) can be neglected here, servation played a key role in the explanation of the unex-
the indirect term,.{E), is given by pectedly marked structure in the measured electrgn—H
scattering cross sectiofg2®
(0le)( el V] 1) Neglecting nonlocal effects;?” threshold effects which

3 we will say more about in the following, we can make the
assumption that the electronic decay and subsequent frag-

WhereI:||e>=e|e> andp(e) stands for the density of states mentation of the inner-valence ionized neon dimer proceeds
' - via asingle electronicresonance state, %2 , involving a

Typically, the resonance states provide the dominant contri . . )
ypieaty P number of vibrational wave functiors,[ 222 Nej]}. The

butions tot(E). However, since in Hermitian quantum me- B o hei L be inveked b
chanics the eigenstatés are restricted to the Hermitian do- orn—Oppenheimer approximation can be invoked because
the technique of analytic continuation allows a clean separa-

tmhzlr;n?érr;att?sne;gb%r:};a;je;sisnsaunmcg reﬁé:jg:ﬁoﬁmé' :nr((je ti(gn of adiabatic electronic resonance states and continuum
P preg( attering states in the complex energy plane. Thus the vi-

over an infinite number of continuum states. Furthermore . 25 + Nt .
. . . . brational states,[?2 N and the associated complex
this treatment is the reason why a direct application of the X,[272y Ne; ] P

. 2 + + . . _
Born—Oppenheimer approximation is a delicate problemenergIGSE”[2 >, Ne, ] are obtained by solving the non

g . Hermitian eigenval roblem of the n iltoni
Describing a resonance state by a simple product of elec—e an eigenvalue problem of the nuclear Hamiltonian

tronic and nuclear wave functions would be permissible only | h2  d? et 4

if a given electronic potential energy surface were isolated. Heo=—5 — qrz tE[2°Z N&; ](R). 5
e . HMNe,

However, within the framework of Hermitian quantum me-

chanics, above the autoionization threshold there is a cor]aNe2 is the reduced mass of the neon—neon system. The
tinuum of potential energy surfaces whose energy spacing&)mmex, nuclear-dependent electronic energy

are infinitesimal. , _ E[223. Ne;](R), computed by using the ADC and CAP/CI
The S|tua_t|on can be .remed|ed by observing that a réSOnethodgsee Sec. )| serves as a potential energy in E8).
nance statgsls char_acterlzed by a simple pole of the_ _Green In order to use Eq(4) to describe the kinetic energy
operator,E,"= €, —(i/2)I';, located on the non-Hermitian jsripution of the ICD electrons, we have to specify the
sheet of the corresponding Riemann surféggis acom-  gecaying staté0). This state depends on its preparation. It
plex eigenvalue of the HamiltoniarH, that is, H[n)  can be prepared, for instance, by photon impact, and we
=EIn), where|n) is an eigenstate which isotin the Her-  assume that the conditions justifying the sudden approxima-
mitian domain ofH. By making use of complex scaling tion are fuffilled, i.e., that the incident photon energy is
methods’! which are closely related to the introduction of a larger by several electron volts than the binding energy of
CAP in the Hamiltoniart* the Green operator is analytically the released photoelectrhiThen the interaction of the pho-
continued onto the non-Hermitian sheet. This procedurdoelectron with Ng is small and may be disregarded. Owing
turns the complex resonance polE$§®into eigenvalues of a to the fast ionization process, the nuclei have no time to
non-Hermitian Hamilton operator, the associated eigenstatesove during the preparation, af@ becomes a product of
are rendered square integrable. Therefore, the use of nothe 223 electronic wave function and the ground vibra-
Hermitian quantum scattering theéhenables us to concen- tional wave functionyo[Ne,], of neon dimer.
trate the information about resonances idiscrete, square- Identifying the discrete resonance stafi@sto be prod-
integrablestates and to replace the integral in the expressionicts of the 23, electronic wave function with vibrational
for t,.{E) by a sum over the discrete resonance stptgs statesy,[2 2> Ne; ], we obtain from Eq(4)

tled E)= lim fdep(e)

0t E—e+in

<XO[Ne2]|xu[222:Nez]>R<x,,[2ZEJNe;ﬂrl’z[zZEJNe;MR)uEf[Ne%*DR\Z

(B [ SN = Eqnt (NG 1—E,[273 Ne; ] B

(6)
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1 Still, the expression we obtained for the half collision pro-
dissociative autoionizing cess,o(Ey,), describes the preparation of a nuclear wave
packet on thecomplexpotential energy surface of the cat-
0- states A . . . . .
— ionic neon dimer intermediate. This prepared wave packet is
: : propagated via the nuclear adiabatic cationic dimer Hamil-
tonian with the complex potentigE[ 223 Nej](R). The
vibrational autoionizing cationic neon dimer undergoes autoionization resulting in a
* dicationic neon dimer in a dissociative state.
o states . In our numerical calculations we used the spectral rep-
resentation of the Green operator where the eigenfunctions of
the complex non-Hermitian Hamiltonian have been used as
-3 v v basis functions. These autoionizing vibrational and dissocia-
. tive eigenfunctions were obtained from complex variational
calculations using 900 particle-in-a-box basis functions. The
its.e T 487 | 488 489 box size in our calculation was 10.6 A. All matrix elements
Re E,,, (relative to ground state of Ne,) [eV] were calculated by using the accurate numerical integration
procedure derived by Harrist al.,?® which has been shown

FIG. 3. The complex vibrational energies, of the decaying 2% by Dickinson and Certain to be equivalent to Gaussian
electronic state of Ng This electronic state supports 11 discrete vibration- quadraturé.o
al autoionizing states below the dissociative autoionizing continuum. The

lifetime of a vibrational autoionizing state is given by{fs]=
—329/IME,¢{ meV]. IV. FINGERPRINTS OF THE NODAL STRUCTURE OF

THE VIBRATIONAL AUTOIONIZING RESONANCE
STATES OF NeJ(2s) IN THE KINETIC
where the electronic states have all dropped out. A detailetBNERGY DISTRIBUTIONS
account of the derivation of Eq6) can be found in the
Appendix. The notation -(-)g implies integration over the

.

Im E,, [meV]

In Fig. 3 we represent our results for the complex eigen-
. . b values,E,[223 Ne;]. As one can see, the eigenvalues of
|nterat9m|c .dlgtancR The states(Ef[Neé _] in qu ©) are o Lclear H;mi%nian are divided into two groups. One
the d|§somat|ve+ nuclear wave functions with - energygrq 5 is associated with the 11 vibrational autoionizing reso-
Ef_[NPﬁz ] of N&" in its ground electronic state. The €oU- nance states. Their characteristic energy spacings are of the
pI|ng2 °+f t?esg to the vibrational resonance statesyger of 10 meV, the typical decay width is about 1 meV.
Xo[2 Zzul\‘%; < dezsc+r|be9 by the matrix element The second group is associated with the dissociative autoion-
(x,[272 N J|ITH 225 [ Ne; 1(R)| xe [N€& ' 1)r, where a izing resonance states. The discreteness of the dissociative
nuclear-dependent complex phase factor accompanying thgart of the spectrum is due to the use of the finite box ap-
square root of the local decay widif{ 223 ;Ne; ](R) has  proximation in our numerical calculations. We assured of
been neglected for simplicity. The integration over thecourse that our final results far are converged in all sig-
Ne&" energy in Eq.(6) takes into account all possible nificant figures. It is interesting to notice that the dissociative
final states of the Ne fragments. Note in passing autoionizing states form a branch cut of resonarises Fig.
that (xo[ Nez]|x,[2 23 s Ne; 1) r=(xo[Ne2]| x,[2°Z;Ne; )r  3), as in the case of electron scattering from the hydrogen
and (,[2°2 Ne; JIT¥1223 Ne; I(R) [ xe [N& ))r  molecule?® In the latter case the lifetime of the autoionizing
=<XEf[N%2+]|F1/2[2 23 'Ney 1(R)|[x,[2 22 s Ney g, since  states is sufficiently small, such that the branch cut of reso-
in our calculationsyo[ Ne,] and XEf[N%W are real eigen- nances Ie_ads to interfere_nce phenomena which make the
functions of Hermitian Hamilton operators. structure in the cross sectlon_ be mo_st pro_nou_nce_:d. .
o(Ey,) is proportional to the probability that an ICD As we have argued previously, in an |9n|zat_|on experi-
electron with kinetic energ¥,, is emitted in the relaxation ment e_ach O_f the resonances shown in F.'g' 3 |s_popylated
process of cationic Ne dimer in the?2. state. In the fol- according to its Franck—C.ondon overlap with the vibrational
lowing we refer too as “kinetic energy distribution” or ground state wave fuqct|ppy0[Ne2] of the neutr'al neon
“spectrum” of the ICD electrons. d!mer. The resulting d|str|put|9n of thg populatlon Qf the
different resonance states is displayed in Fig. 4. Notice that
only the vibrational autoionizing states are significantly
populated. The ninth vibrational autoionizing state has the
The results we obtained by the use of non-Hermitianlargest overlap withyo[ Ne,] and is referred to in the follow-
guantum mechanics could be obtained, of course, also withimg as “most populated resonancéMPR).
the framework of the Hermitian approach to quantum me-  The wave packet on the cationic inner-valence surface of
chanics. The numerical advantage in using the timethe neon dimer resulting from the population of the vibra-
independent non-Hermitian quantum scattering theory igional autoionizing states decays by electron emission. How-
clear. It enables us to use the adiabatic approximdtiotin ever, in order to illustrate the underlying physics of this pro-
complex potential energy curyealthough autoionization cess, we treat the decay of a single excited vibrational
takes place and the Born—Oppenheimer approximation dexutoionizing state first. This will help to illuminate the more
veloped for Hermitian quantum mechanics is not applicablecomplex behavior of the entire wave packet. As an illustra-

B. Technical comments
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0.4 most populated kinetic energy spectrum of the ICD electron. Since the local
] decay ratel'[223 'Ne, | is a nonconstant function of the
resonance (MPR) \ interatomic distance, the relative k height f
03 . , pea eights o
8 |W e 2 23 S Nej ]|? are modulated under the mapping onto
A ) the ICD energy space. The finding that the mapping is not
2 027 ) complete and the number of peaks in the wave function is
;w’ . not equal to the number of peaks in the ICD spectrum is due
& 014 to the fact that the 23 ' Nej and the N&" electronic poten-
) . . tial energy curves cross R=2.1 A. This crossing marks the
%3 04 e e . et electron emission threshold. Below this interatomic distance
v electron emission is energetically not possible. This leads to
an abrupt truncation of the ICD electron kinetic energy dis-
lee 48.7 48.8 489  tribution.
Re E,. (relative to ground state of Ne,) [eV] The reflection of the autoionizing vibrational structure in

the ICD spectrum should be distinguished from the well-
%nown reflection phenomendhA structure in the cross sec-
tion has been observed in photodissociation of molecules
where a molecule in its ground electronic but vibrational
excited bound staté.e., nonautoionizing and nonpredisso-
tive example we have selected the MPR wave functionCiative statgis excited to a repulsive electronic state which
though the conclusions which can be drawn are not restricte@l0€s not support any bound vibrational states. The structure
to this particular choice. is understood by using the Franck—Condon approximation.

In Fig. 5 we show the structure of the MPR wave func- ~ The mapping in the ICD process is particularly spectacu-
tion, |Wywed 225 Nes |2, and the kinetic energy distribu- lar because the nodal structure of the vibrational wave func-
tion, oypr, Of the ICD electron resulting from the decay of tion is magnified onto an electron volt scale. The typical
the MPR state. An eye-catching feature of this figure is theSpacing between peaks in the ICD spectrum is about 0.5 eV!
fact that the nodal structure inypg reflects the structure in  Measuring the kinetic energy distribution of the ICD electron
|W e 223 P Ne; ]|2. There is a one-to-one mapping of the would therefore allow the experimentalist to investigate de-
peaks and nodes of the vibrational wave function onto théa"S of vibrational autoionizing states with hlgh resolution.
This distinct magnification effect is based on two factors.
First, the cationic inner-valence surface is rather flat, thus
leading to spatially extended eigenstates. Second, these wave

FIG. 4. The Franck—Condon overlaps of the vibrational ground state wav
function yo of Ne, and the complex vibrational wave functioys of the
decaying 23! electronic state of N

¥yl functions are mapped via the dicationic final state curves,
T which are very steep due to the CoulombiR behavior(see
G, oy [2rb. uniits] Fig. 5. - : : I
— One possibility to selectively prepare a single vibrational

resonance was already mentioned previously, by resonant
one-photon excitation from, for example, théHg state of
Ne, . Another approach is based on an ionization experiment
on the neutral Ne dimer. By measuring the kinetic energy of
the photoelectron ejected from the inner-valence with a reso-
lution high enough to distinguish between individual au-
toionizing vibrational states, one can select one of these and
measure the kinetic energy distribution of the corresponding
ICD electron in coincidence.

In a standard photoionization experiment, though, not
only a single vibrational resonance is populated. As we have
already shown in Fig. 4, several resonance states have a sig-
nificant overlap with the vibrational ground state wave func-

[ 3 tion of neutral Ng. Figure 6 depicts the ICD spectrum re-
15 2 25 3 35 4 45 5 sulting from the individual contributions of each
distance (Ne-Ne) [Angstrom] autoionizing vibrational state weighted by its respective
FIG. 5. Mapping of the peaks and nodes of the vibrational resonance wav%ram:k_concIon factor. Thls s_pectrum would be Obtame.d i
function (here the most populated vibrational resonance MBRo the the system under consideration were exposed to a time-
kinetic energy spectrunuyer) of the ICD electron. Note that there are two dependent noise leading to fast randomly fluctuating phases
factors magnifying the mapping. First, because of the weak bonding irof the different vibrational and dissociative autoionizing

clusters the potential curve of the decaying state is shallow and hence tf}eesonances Thus the guantum interference of these states
wave function is extended in coordinate space. Second, because of the two- )

site nature of the final dicationic state, the corresponding potential curve iyvoqld be destroyed. It is out of the scope of this work t'O
steep. design such a noise. However, we took its effect into consid-

T
o
)

“E,,, (ICD electron) [eV]

- 2.
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15 ing from the initial ionization process. In the neon dimer,

1 total spectrum without however, there is a strong competition between electronic
resonance interference effect decay and nuclear dynamics, i.e., both take place on the
/ same time scale. Therefore, indications for the Gaussian-type

wave packet in the ICD spectrum are noticeable only in the
kinetic energy range between 2.5 and 4 eV. At lower kinetic
energies a nodal structure is visible, which can again be at-
tributed to the features of the excited autoionizing vibrational
most populated
P — states.
resonance, G5 In fact, due to nonlocal effects not included in E§),
the experimentally observed ICD spectrum should be ex-
pected to possess an even more pronounced and complicated
structure at low kinetic energies. The Rydberg state surfaces
of Ne, converging to the repulsive dicationic potential en-
ergy surface support dissociating autoionizing states. In the
E,(ICD electron) [eV] local picture the corresponding width functiohigéR) vanish.
In reality, however, because energy can be transferred be-
FIG. 6. The spectrum of the kinetic energy of the ICD electron computediween nuclear and electronic motion, the resulting Rydberg
without taking into account the interference effects of the vibrational résO-giates can electronically decay. These dissociative reso-
nances. Also shown is the spectrumpg of the most populated resonance. . . . .
ovpr is the spectrum obtained if only orithe MPR vibrational resonance nances can interact with a vibrational resonance on the
is initially excited. 223, ' surface if their total energy is equal to that of the latter
state. In analogy to other dissociative processes, the coupling
is non-negligible only in the vicinity of the dicationic final
eration by taking the sum of the absolute values of the constate surface. This can be understood by reference to Fig. 5.
tributions of the resonances o rather than by taking the The Rydberg state surfaces under consideration are essen-
absolute value of the sufsee Eq(6)]. As one can see from tially parallel to the steep repulsive dicationic surface which
Fig. 6, the total ICD spectrum without resonance interferenceéhey converge to. Such dissociative Rydberg states are char-
effects possesses the same pronounced structure as that spgsterized by quickly oscillating nuclear wave functions. Only
trum which is obtained from the sole contribution of the close to the dicationic final state surface are the oscillations
most populated vibrational resonan@dPR). This marked  slow enough to give rise to appreciable interaction with a
structure is a manifestation of the nodal pattern of the resoyibrational resonance on the inner-valence surface. A similar
nances underlying the vibrational wave packet on th&2  argument applies to the coupling of these Rydberg states to
surface of Ng. those states associated with two dissociating ftagments
If the coherence of this wave packet is conserved duringind a free electron. As a consequence, the Rydberg states can
the experiment, Eq6) can be applied directly and the ki- decay, but only by emission of an electron close to threshold,
netic energy distribution of the ICD electron looks as dis-j.e., with basically zero kinetic energy.
played in Fig. 7. By analyzing Eq6) in detail it is possible In an experiment it might be easier to observe the reflec-
to show that for large decay widths the ICD spectrum istion of the nodal structure of the autoionizing vibrational
baSically identical to the Gaussian—type wave paCket resultvvave functions of 22:Ne‘; in the Spectrum by measuring
the kinetic energy distribution of the Nefragments rather
than measuring the ICD electron kinetic energy distribution.
| all resonance contributions Such a technique was already successfully employed by
| taken into account Thissenet al®* for investigating the energy transfer process
in inner-valence ionized rare gas dimers. We calculated the
kinetic energy distribution of the Nefragmentsg(E;), by
replacing the integratiofii.e., summation in our numerical
calculation$ over the final vibrational state energi&s in
Eqg. (6) by the integration over the kinetic energy;, of the
ICD electron. In Fig. 8 we represent our resultsdgEs). In
order to compare these to the kinetic energy distribution of
resonance, Gy, the ICD electron discussed previously, one should note that
both kinetic energy spectra are basically complementary. If
an ICD electron is emitted at an internuclear distance only
slightly larger than the curve crossing pointR#=2.1 A, its
e S—— kinetic energy is necessarily almost zero. On the other hand,
because of the steep dicationic potential energy curve, the
kinetic energy of the Né fragments is at its maximum in
FIG. 7. The kinetic energy spectrum of the ICD electron. Here, all interfer-this case. Taking this into account we subtracted the kinetic
ence effects of the vibrational resonances are taken into account. energy of the Né fragments from the maximum value this

-
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1.5 the underlying electronic potential energy curve of the de-

1 caying state in the cluster. We hope that our results will
E' = E,,(ICD electron) stimulate experiments.

We would like to emphasize that interesting results are

1_'E“=5.o eV - E,, (Ne' fragments) / also expected for larger clusters. In those systems the life-

. time of the electronic autoionizing states of the cationic clus-

..... = 3 ters is predicted to be smaller than in dim&Bue to the

' enhanced lifetime broadening the vibrational autoionizing

\ states will energetically overlap stronger than in the dimer,

0.5 | and this is expected to give rise to more pronounced inter-
1 . ference effects. We also anticipate an increase of the cou-

\ pling between the electronic and nuclear motions as the size

\ of the cluster is increased. The interplay of shorter lifetimes

o(E") [arb. units]

¥ and larger electronic—nuclear couplings may cause the ap-
00 T pearance of further interesting phenomena like dynamical
E* [eV] trapping of the ICD electron at specific energies.

FIG. 8. The spectrum of the kinetic energy of the ‘Neagments after
Coulomb explosior(solid line) compared to the spectrum of the ICD elec- ACKNOWLEDGMENTS
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V. CONCLUDING REMARKS APPENDIX: KINETIC ENERGY DISTRIBUTIONS

In this paper we have investigated in detail the relaxation ~ Eduation(é) has been derived on the basis of the non-
behavior of the van der Waals system neon dimer following'ermitian scattering theory developed by Moiseyev and co-
inner-valence ionization. We have shown that an interatomic/orkers. In this paper we have demonstrated a novel appli-
electronic decaylCD) takes place, which is a manifestation C&tion of this technique, namely, to the reaction

of an efficient energy transfer between™2s) and Ne. The Ne,+hw—[Nej * +e"—[Ne& +e (ICD)]+e”
relevant potential energy surfaces of Néle;, and Ng* . B
have been presented as well as the electronic decay width for —2Ne"+2e",

the 223} inner-valence state of lje Electron emission and \yhere the electronically excited cationic dimgXe;]*, has
dynamics of the atomic nuclei have been found to take placg nole in its inner-valences2type molecular orbital st

on comparable time scales, which are of the order of 100 fS=or the sake of clarity and completeness we present in this
Using non-Hermitian quantum scattering theory we calcu-appendix the derivation of the expressions for the kinetic
lated the kinetic energy distributions of Nand of the free  gnergy distributions of the emitted ICD electron and of the
ICD electron that result after an inner-valence electron hagie* fragments.

been removed from the neutral neon dimer in its ground  \yithin the framework of the Born—Oppenheim@O)

vibrational and electronic state. The essential point to notgpnroximation the initial state, that is, the ground state of
here is the interatomic Coulombic character of this electronigeytral neon dimer, is given by

decay process. We have shown that there is a pronounced |

structure in the kinetic energy distributions of the ICD elec- ~ VolN&]({rin,R)=#**INe]({rin:R) xo[ N&I(R).

tron as well as of the Nefragments which reflects the nodal (A1)
vibrational structure of the autoionizing state of the elec-N=20 is the number of electron§;}, is the notation for the
tronically excited cationic neon dimer. The peaks in the ki-coordinates of theN electrons,#**{Ne,] is the adiabatic
netic energy distributions are separated by a relatively largelectronic wave function in the electronic ground state of
energy of approximately 0.5 eV compared to the vibrationalNe,, and xo[Ne,] is the vibrational eigenfunction of the
energy spacings of about 10 meV in the decaying statesiuclear Hamiltonian with the electronic ground state poten-
Both the Coulombic explosion of @é and the soft mode tial energy surface.

nature(i.e., close to dissociatigrof the metastable autoion- Utilizing electromagnetic radiation from a synchrotron
izing states of Ng(2s) act as magnifying factors in this source, for instance, an inner-valence electron can be ejected
mapping process. Because of this magnification, the kinetiand a superposition of autoionizing states of,Nie the
energy distributions studied are very sensitive to details oR 3| electronic state is generated. We can approximate
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these resonance states by the BO solutions only when thehere (|-), indicates integration over the electronic coordi-
non-Hermitian approach is taken and the potential energypates,e denotes the charge of an electron, ads a unit
surface obtained from the electronic structure calculationsector along the polarization axis of linearly polarized light.
is  complex, E[223/Ne;|(R)=ReE[225/Ne;](R)  The symbolA is used to emphasize that the product state of
—(i/2)I[223 ' Ne, J(R). Under these circumstances the au-cation and photoelectron must be properly antisymmetrized.

toionizing states o[Ne2+]* can be factorized into an elec- The wave packe@WP[ZZEjNej] undergoes electronic
tronic and a nuclear part, decay according to the ICD mechanism. The products of this
i issociative 2Nein its electronic
W 225 Ne (.1 .R relaxation process are dissociative 5 lein its electron
o[22y Ne I(riv-1.R) ground state and a free ICD electron in stétgp with ki-
=y®°1223 [Ne; J({rn-1.R) X, [2 2 N&; I(R). netic energyEy, . Within the framework of the BO approxi-

A2) mation the final states can be written as

Exposing Ne to radiation with photon energfw sig-  V{N&"+e (ICD)]({r}n-1,R)
nificantly above the inner-valence ionization threshold can

— ele + . +
lead to formation of a wave packet of thsl{ 1)-electron = A{picop™*INE, ]}({r}Nfl’R)XEf[N%Z 1(R). (AS)
+
system[Ne; ]*, The dissociative nuclear wave functio;a§f[N%+] are asso-
OY223 INe; 1({rin-1,R) ciated with continuous energi&s[Ne2*]. Therefore the en-
ergy of the statel[Ne5*+e~ (ICD)] is Eyn+ E{[Ne5 .
= (x,[222Nej 1| (R)| xo[ Nes)r We treat the coupling between the ICD electron and the

v dication by means of the Lippmann—Schwinger equation ex-

XW,[223 0 Ney 1({rin-1,R), (A3)  tended to non-Hermitian Hamiltonians:
and a photoelectron in statgpg, which in the sudden ap- q’f[Ne§]=(1+é(Ekin+ Ef[N%*])\A/)
proximation does not interact with the Neation. Thus the oy
dipole transition momeng(R) is given by XWNe"+e (ICD)]. (A6)

N

(dW 225 "Ney ]|P¢[Ney]) is the probability amplitude
. ele N
e, ez’eb Ne,]

+ that the wave packe®"V7223 "Ne;] decays into Ng"
r with energyEf[Neéﬂ and an ICD electron with enerds;, -
(A4)  The expression explicitly reads

w(R)=| A{y®*1223 | Ne; | dpet

(xoNesl| w(R) | x,[2 25 i Nes 1) r(P,[2 23 Nej 1| V[P ([NeS + e (ICD)]), s

OV 223 "Ney ]| P¢[Ney ]) = (AT)
(@MT223 [ Ne ]| @[ Ne; ]) = X E T E[NE]—E.[275 Ne]
|
What remains to be discussed is the determination of the d(R)=¢'¢(R /F(R). (A11)
interaction matrix elements ¥(,[2 23 7 Nej ||V| W [ Ne5"
+e (ICD)]), g. V is defined as HereI'(R)=T'[22%[Ne; ](R) is the local electronic decay
o ’ A width of inner-valence ionized neon dimer agdR) is the
V=H[223Nej]-H[N&"+e (ICD)]. (A8)  phase of the resonance width amplitude.

. The kinetic energy distribution of the ICD electrons,
As explained in the texﬂﬂ[ZZEAjNej] is a complex, non-  5(E,,), is obtained by adding up all decay probabilities
Hermitian Hamiltonian wheredd[Ne5" +e~ (ICD)] is Her-  |(®WA 223 "Nej]|®¢[Nej])|? that are associated with an
mitian. By using the BO expressions fok,[2 23 Ne; ] ICD electron of energ¥,;, in the final state,
[Eq. (A2)] and ¥(Ne&"+e (ICD)] [Eq. (A5)] it is

straightforward to derive that
g (B~ | IEING (@225, Nef b [Nef )2

(W,[225 [ Ne; 1| VW [Ne5" +e7(ICD)]); (A12)
=(x,[2°2Ne; 1[d(R)| xe [N& g, (A9)  Assumingu(R)=1 and¢(R)=1, Eq.(6) follows immedi-
ately by inserting EqQ4A7), (A9), and(A11) into Eq.(A12).
where In a similar fashion the kinetic energy distribution of the'Ne
d(R)= (41225 Ne; 1|V Af $icorINE 1)), fragments(Ey). s given by
(A10)
~ _ Wi 2% + + + 2
Moiseyev and co-workers have shoWwf®that, apart from a U(Ef)_f dEygn| (P2 2%/ Ne; ]| @ ([Ne; )|
multiplicative constant, in the local approximation (A13)
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