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The repulsive Coulomb barri¢éRCB) for electron emission is a general property of multiply charged anions.
When an electron is emitted from a multiply charged anion, the electron experiences short-range attraction by
the nuclei and long-range repulsion from the remaining negatively charged system giving rise to the RCB.
Although the RCB is dominated by the electrostatic forces present, it is argued that the exact potential, which
the electron experiences, is nonlocal and energy-dependent. The theory of the RCB is outlined and related to
the theory of Green’s functions. Since it is complicated to compute the nonlocal and energy-dependent poten-
tial, approximation schemes are introduced that conveniently allow for calculation of local energy-independent
RCB potentials. Three approximation schemes of complementary nature are proposed. The physical meaning
of these schemes, the underlying approximations, and their possible weaknesses are discussed in detail. The
local approximation schemes are used to calculate the RCB of atomic dianforan& G, and of the linear
carbon cluster dianions & (n=2,4,6,8). The atomic dianions serve as objects with which to study the basis
set dependence of the local approximation schemes. The computed local potentials of the carbon dianions are
used to calculate their lifetimes in the framework of Wentzel-Kramer-Brioullin theory. We have found that the
lifetime of the linear carbon dianions grows markedly when going frosi- Go Gg, and that the latter
should be the only observable species in a mass spectrometer. This agrees with the available experimental
findings.
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I. INTRODUCTION ized from the different point of view of electron scattering
from a negatively charged target, a point of view that will
When an electron is detached from a neutral atom or molplay a role in the present work. Being spatially far away from
ecule, a positively charged ion is formed, and thus the interthe target, the projectile electron experiences only the total
action between the outgoing electron and the residual catiocharge of the target, which is negative. Since their long-
is attractive due to their strong Coulomb attraction. Detachfange interaction is mainly electrostatic repulsion, the poten-
ment of a singly charged anion results in an electron and #al energy increases as the electron approaches the target.
residual neutral system, whose long-range interactions arférom a certain distance on the electrostatic attraction be-
usually weak but also mainly attractive in nature. The situatween the nuclei of the target and the scattered electron over-
tion is different for detachment of multiply charged anions.comes the above described repulsion, and the potential en-
When an electron is detached from a multiply charged aniorergy of the system decreases. Combining the long-range
the residual system is still negatively charged and, therefor@gpulsion and short-range attraction, the scattering potential
the long-range interaction between the outgoing electron anthat the electron experiences is a repulsive Coulomb barrier.
this system is dominated by electrostatic repulsion. Combin- Repulsive Coulomb barriers play a role in other processes
ing this long-range electrostatic repulsion with the short-as well, for instance, imv decay of nucleisee, for example
range binding energy of the electron, a repulsive Coulomij1]). An « particle that departs from a radioactive nucleus
barrier(RCB) emerges that has to be passed by the outgoingxperiences a potential barrier analogous to that described
electron during its detachment process. above, although the energy scales and lengths are entirely
The existence of a repulsive barrier can also be rationaleifferent. The short-range binding of theparticle is due to
the strong interaction and at large distances the electrostatic
repulsion between the residual nucleus and ¢hearticle
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Multiply charged anions are well known in solids and lation schemes, which allow one to compute local approxi-
solutions. The question of whether small multiply chargedmations of the exact RCB.
anions exist as free entities, i.e., in the gas phase, and what This paper is organized as follows. In Sec. Il we will
electronic and structural properties they may exhibit hagutline the theory of the RCB, where we first consider the
been attracting attention for a long time. New experimentainteraction energy between a point charge and a charged
techniques and theoretical considerations have resulted in tiBodel sphere to illustrate the above-described qualitative ar-
discovery of various kinds of free multiply charged anionsguments for the existence of the RCB. Then we will present

and given birth to an attractive and active field of researctn €xact theory for the RCB, based on the Green'’s function
[2-11]. formalism. In the subsequent subsections we will introduce

_local approximation schemes with the help of which one can
dstraightforwardly compute energy-independent local RCB
potentials. A theoretical analysis of these potentials will be
given in terms of multichannel scattering of distinguishable
. _ . . _ particles. These local approximation schemes are used in
tron aff|n!ty of G~ have negative valugd4-17, i.e., Go Sec. lll to calculate the repulsive Coulomb barrier of atomic
cannqt bind a second eI(.actr_onﬁoﬁf. has peep found to be a and molecular dianions. We focus here on the atomic dian-
long-lived gas phase dianion with a lifetime longer thanjyns of fluorine and oxygen, as well as on the molecular
103 s[18-20. This inconsistency between experiment andgianions of the linear carbon clusters,’C (n=2,4,6,8).
theory could be qualitatively explained by the existence ofryrthermore, we make use of the computgtlinitio RCB

the repulsive Coulomb barrier, which the outgoing electromotentials to estimate the lifetimes of the metastable species.
has to pass during its emission. In the case of the fullerene

dianion, the energy of the electron lies above the threshold
for detachment but far below the top of the RCB, thus de- II. THEORY OF THE REPULSIVE COULOMB BARRIER

In the context of multiply charged anions, the RCB ap
peared in the literature for the first time, when Compton an
others examined multiply charged fullerene ani¢Bsl2—
15]. Although the theoretically predicted values for the elec-

tachment of this electron embodies an unlikely tunneling POTENTIAL
process. The fullerenegsg ~ is therefore a metastable long- A. Preliminary considerations
lived dianion. '

Recently, very important and fundamental progress in the In the introduction we have rationalized the existence of
experimental examination of multiply charged anions washe RCB by considering the electrostatic forces that an elec-
made by Wangt al, who managed to measure the first pho-ron experiences, which is emitted from a r_nultlply charged
toelectron spectrdPES of multiply charged anions. They &nion or, equwalently,_ scattered from an anion. T_hese forc_es
used the electrospray ionization technique to generate tHef® long-range repulsion and short-range attraction combin-
free anions, and after mass selection the negative ions wel@d to the repulsive Coulomb barrier. To corroborate this
intercepted by a laser beam, and the kinetic energy of théimple qualitative arguments and to get an idea of the height,
photodetached electron was measured with a magnetic-bottfédth, and shape of the RCB, we preliminarily examine the
photoelectron analyzé21]. Using this new technique, they INteraction energy between a negative point charge gnd an
investigated, for example, dicarboxylate dianion®0cC-  N-fold negatively charged sphere, the center of which is
(CH,),-COO™ (n=2-6 [22-24, ML~ dianions M Z-fold positively chargedN>2Z). Th|s. primitive qugl sys-
=Re, Os,Ir, PtL=Cl, Br) [25], and the tetra-anion of the tem roughly_reflects the eIe_ctrostatlc characte_rlstlcs of the
copper phthalocyanine tetrasulfon&®,27. When examin- above-de_scrl_bed ele_ctron-anlon system, especially when the
ing the PES of the copper phthalocyanine tetrasulfonate tef2r9et anion is atomic. _ _
raanion, Wanget al. observed a negative binding energy of The interaction po.tentlal between a negative point charge
the excess electrons, i.e., they measured photodetached el@0d the above-described model sphere is given by
trons with higher kinetic energy than the energy of the laser
beam. This observation is direct experimental proof of the V(r)=-— EJFJ
existence of the RCB, since the excess electrons of the tetra- r
anion are unbound but metastable with respect to emission.

Their emission is hindered by the repulsive Coulomb barrier.

A similar observation of a negative binding energy may ofwhere the first term describes the electrostatic attraction be-
course also be possible when the PES of the above describasleen theZ-fold positively charged nucleus of the sphere,
fullerene dianion is measured. while the second is the interaction energy between the point

From a theoretical point of view, the appearance of thecharge and the exact charge distribution of Mheregative
RCB is clearly dominated by the electrostatic interaction becharges of the sphere. Obviously(r) depends on the
tween the outgoing electron and the residual anion. Neverchoice of the charge distribution, and there are several pos-
theless, the exact potential is, in analogy to scattering potersible distribution models, but here we concentrate on the
tials, a nonlocal energy-dependent potential and, for thisollowing two.
reason, neither straightforward to compute nor depictable in The first model is a “hard” sphere in which tHé nega-
nature. The aim of this work is to illuminate the nature of thetive charges are homogeneously distributed over the volume
repulsive Coulomb barrier of multiply charged anions, to dis-of a sphere with the radiuR. Its charge distributiomp,(r)
cuss its general appearance, and to introdiz@itio calcu-  reads

P oy (1)
Ir—r’|
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(r) N O(R-r) 2 2
ry= -r),
Ph 47R3 1 —— static ab initio potential
10 R "hard" sphere poten_tial V,
where®(R—r) is the well known step function. © . [ooo oftfsphere potential V,
A second and more realistic model for the charge distri- o i
bution is a “soft” sphere, in that the charge distribution 3 8
dgcreases exponentially. This charge distributifr) is £7 '
given by 2 6
5 5
(1= — p( r) @
r)y= expg ——|. '
Ps 8ma’ a 3
2
Herein, a represents a strength parameter of the exponentia ,
decrease of the charge. Substituting these two equat®ns e . ‘ . . ' ' .
and(2') into Eq. (1) and solving the integration, one readily 1 2 3 4 5 & 7 8 9
obtains the potentials the point-charge experiences in bott, distance in a.u.

model cases. They read FIG. 1. Analytical RCB potentials of the “hard”-sphere and

“soft”-sphere models for @ are shown together with theab initio

- r=R local static RCB potential of & (obtained with the LSA at the
B r level of CCSD; see Sec. )ll The zero point of the energy scale
Vi(r)= Z N/r\2 3N —r (33 corresponds to the energy of the free monoanion O
S — —_— r<
r 2R\R 2R

potentials are only simple approximations of the RCB in
multiply charged anions, but give us an idea of the height
and width that we have to expect when we investigate the
RCB usingab initio approaches.

for the “hard”-sphere case and

N—-Z r
VS(r)zT—Nex - -+ —

r Z2a (3b)

B. The exact potential

for the “soft"-sphere case. Green’s function§GF) provide powerful tools to investi-

To plot thgse analytical potentials, we have choger ate properties of many- and several-body systi8s-30.
andN =9, which are the nucleus charge and electron numbefymerous successful applications have been performed for
of an oxygen anion. The potentials that we pbtaln are the’%olids [31,32, nuclei [33,34, and atoms, molecules, and
approximate pictures for the RCB of detaching an electron,sterg[35-3. In connection with the scattering theory, a
from an atomic oxygen dianion. Furthermore, we have takem,ticylarly useful result has been obtained for the one-
R as the experimental value of the radius of Qwhich is  haricle Green's function, which is the simplest in the hier-

known from crystallography to Pe 140 pm, i.e,, 2.65 a.U.archy of the Green's functions. The kernel of this function
Introducing this radiuR into the “hard”-sphere model and  (see’pelowis anexactone-particle potential for a scattering
adjusting the strength parameter of the “soft”-sphere modeleciron[39]. As we have argued in the Introduction, the
a such that the maxima of both potentials are at the SaMRCR can also be seen as the potential that an electron expe-
position, one obtains the potentials shown in Fig. 1. Th&jences, which is scattered from a negatively charged target.

model potentials/y(r) andV(r) are plotted together with  £o this reason, we can use the one-particle Green'’s function
the local staticab initio RCB of O, which will be intro- {4 evaluate the RCB.

duced later and discussed in detail in Secs. IID1 and llA.  The Green's functions are defined as theelectron

While the positions of the maxima of the model potentialsyround state expectation value of a time-ordered product of

and of theab initio static potential are in good agreement, creation and annihilation operators. The one-particle GF that
the barrier heights are markedly different. It is clear that thejescribes an elastic scattering process reads

barrier of the “hard”-sphere model must be higher than the

barrier of the *soft’-sphere model, since the negative Gaﬁ(t,t’)z—i(‘PB‘|T{ba(t)b;(t')}|\If§), (4)
charges are strongly localized around the nucleus in the case

of the “hard” sphere. Thus, the attraction of the nucleus iswhere\lfg is the exactN-electron ground state of the target
shielded more strongly by the negative charges of theindb,(t) andbj(t') denote annihilation and creation op-
“hard” sphere than by the “soft” sphere. The barrier height erators for projectiles in projectile stateg and¢, respec-
of the staticab initio potential is even smaller than that of the tively. T represents Wick’s time ordering operai{@8,29.
barrier of the “soft”-sphere model due to the high diffuse- This one-particle GF is subject to the well known Dyson

ness of the charge distribution of the oxygen anion. equation, which after Fourier transformation from time into
Summarizing our short preliminary considerations, weenergy space reads in matrix notation

have obtained analytical expressions for the interaction en-
ergy of a negative point charge with a charged sphere. These G(E)=GO(E)+GO(E)2(E)G(E). (5)
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Here, G(O(E) is the GF calculated with the unperturbed have been introduced very recently and applied to compute
Hamiltonian, i.e., the Hamiltonian without particle-target in- the RCB of the dianion Befz~ [46]. See also an application
teraction. E is the energy of the scattering system. Theof the second scheme to the metastable £tChianion in
Dyson equation(5) relates the GFs for inelastic scattering Ref.[11]. All three schemes possess the great advantage of
G(E) to the free GFs via its kernél (E), which is called yielding local potentials that are depictable. These local po-
self-energy. The Dyson equation can be formally solved extentials will help us to get a better understanding of the na-

actly by inversion giving ture of the repulsive Coulomb barrier.
. In the first approach, the RCB is calculated directly by
G(E)=[El-e—-X(E)] . (6)  using the Hartree-Fock ground-state wave function of the

. . . . L __dianion. Let the dianion havbdl+ 1 electrons. We use the
The unit matrix1, thg d'ago”a' 'mat.nx of projectile energies molecular orbitals of the dianion and take out one electron
e and3(E) are matrices in projectile space. from the highest occupied orbital, the orbital from which the

The self-energy represents an effective, in general CoMgjactron is emitted. Then we calculate the electrostatic poten-
plex, energy-dependent one-particle potential caused by COfy| py summing up the nucleus-electron attraction and
relation effectd39]. If we neglect these correlation effects, electron-electron repulsion via

the self-energy reduces to the well known static-exchange

potential [40] evaluated with respect to the Hartree-Fock K 7 N dF &,

(HF) potential. The self-energy consists of a static Rart) VorosAl)=— 2 1+, f —~dr. (9
not depending of and a dynamic part depending Bi37]: a=1lr=Rd =1 ) rril

S(E)=3()+M(E). (7) In this equation the first term of the right-hand side describes
the electrostatic attraction betwekmuclei and the outgoing
The static part has a simple interpretation. In spatial repreelectron, while the second term corresponds to the electro-

sentation it can be written as static repulsion between the outgoing electron and\the-
o maining electrons in their molecular orbitals of the dianion.
) . [ p(rir) — p(r,r’) Using this approach we make several approximations. We
(') =W+s(r—r )f | dr— |’ (8 circumvent the energy dependence of the exact RCB by for-

mally setting the energy of the outgoing electron to the nega-

wherep is the exact one-particle density of the ground statdiVe Of the electron detachment energy. Furthermore, we ne-
of the target(here, of the anionand W is the interaction glect the exchange |r_1teract|o_n betv_veen the outgoing electron
potential of the projectile with the nuclei. The static part can@nd those of the residual anion. Since we use the molecular
thus be seen as the static-exchange interaction of the incorRrbitals of the dianion that do not interfere with the emitted
ing electron with thecorrelatedtarget. An analysis of the €lectron, we call this method of calculating the RCB the
physical origin of the dynamic part of the self-energy hasdianion frozen orbital static approackDFOSA). This ap-
been given in Refl41]. The self-energy.(E) represents an proach is closely related to the static without exchange and
exact potential which a projectile, e.g., an electron, experiPelarization approximation, which is widely used in scatter-
ences when it is elastically scattered from a target, e.g., a9 theory. Strictly speaking, if we were to use in £9) the
anion. All inelastic scattering channels are contained in th@Ptimized orbitals of the monoanion instead of those of the
elasticS,(E) by losses of the elastic scattering cross sectiorflianion, we would exactly make such a static calculation for
[42]. In the case of the anionic targets, we can obviousl)fhe scattering of an electron from the corresponding monoan-
identify the self-energy with the repulsive Coulomb barrier'0": _ _ _
(RCB). Applications of the self-energy to scattering of elec- A Second possible method of calculating the RCB in a
trons by neutral molecules can be found in RE#S—45. straightforward and _natwal way is to compute the Fotal en-
In conclusion, there exists an exact theory for the RCBE'@Y Of the monoanion in the presence of a negative point
based on the one-particle Green’s functions. UnfortunatelySharge, which may represent the outgoing electron. If the
the exact self-energy, i.e., an exact RCB, is not straightfor'®gative point charge is placed at varying distanc&sthe
ward to compute. Furthermor&,(E) is energy-dependent, monoanion, one readily obtains a_complete potenna] energy
nonlocal and probably complex, and, for these reasons, ngtrface, which reflects the repulsive Coulomb barrier. The
easily depictable. Calculations Bf(E) are, of course, desir- RCB iS then given by the simple equation
able, but out of range at the moment. Since we want to illus- Y _E £ 10
trate here the nature of the RCB and make first systerahtic pem(") = Eo(r) —Eo. (10
initio calculations, we have to introduce some approxima-

tions to circumvent the energy-dependence and the nonIocE\erg’EO(r) corresponds to the tqtal energy of the monoan-
character of the RCB. ion in the presence of the negative point charge at the dis-

tancer, while E; is the total energy of the free monoanion,
i.e., in the absence of the negative point charge. Using this
approach to calculate the RCB, one takes into account elec-
In this section we discuss three local approximationtron relaxation and can easily apphp initio methods be-
schemes with the help of which one can easily compute apyond Hartree-Fock. It is, for example, possible to use the
proximateab initio RCB potentials. Two of these schemes coupled clusters single and doubl@&CSD method, which

C. Local approximations of the RCB potentials
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makes correlation between thielectrons of the monoanion 1. The point charge matrix and point charge potential

accessible. Furthermore, the exchange energy between theseyithin a local theory it is assumed that when an electron
N electrqn§ are also taken into account. Bgsed on thesg emitted by a multiply charged anion, say dianion, the
groundS It Is Clear that th&l e|ectr0n SyStem IS deSCI’Ibed Hamilton Operator for the Outgoing electron reads

correctly by the point charge mod@CM) at large distances

between the point charge and the monoanion. The PCM re- H=h(r)+V(r), (12
veals the correct shape of the RCB far away from the o

monoanion. At short distances this method, of course, pos¥hereh(r) represents the kinetic energy of the electron and
sesses weaknessésee also Sec. IllA For example, the V(r) is the potential that Fhe electron experiences, which cor-
monoanion is allowed to statically polarize when the electrof€SPonds to the repulsive Coulomb barrier. In the point

approaches. This is only appropriate, if at all, when the decharge model the RCB is calculated via the equateee

taching electron moves very fast, which may not be necessec' 1o
sarily correct. Thus, the quality of the RCB can be low at Veen(F)=Eo(r)—Eq, (13)

shorter distances.

Comparing the DFOSA method and the PCM, the lattefyhere Ey(r) denotes the energy of the monoanion in the
reveals the correct shape of the RCB at large distances bgresence of the point charge, whilg, corresponds to the
tween the residual anion and the outgoing electron, becausgergy of the free monoanion. Multiplying by the ground-
the anion is described correctly for this situation. DFOSAstate wavefunctiofi¥;r) of the monoanion in the presence
yields a more reliable RCB in the inner region, when theof the point charge at from the right gives
detaching electron is close to the anion, since the orbitals of
the dianion are used within the DFOSA approach. Both Veem(N|Wo;r)=[Eo(r)—Eo]|¥o;r). (14
methods seem to complement one another to give a complete ) . .- o
picture of the repulsive Coulomb barrier. ince|W;r) obeys the following Schidinger equation:

The third approach.to Fhe RCB conS|_sts of directly com- [Hr+vere(r) +vk(D) ] Wo:r)=Eo(D)|Toir), (15
puting the local contribution of the static self-energy. Ne-
glecting in Egs.(7) and (8) the dynamic part and the ex- whereH is the Hamiltonian of the target anion, one can use
change of the electron with the target anion, one obtains thghis equation to eliminatEq(r) in Eq.(13), which now takes
local static potential on the following appearance:

K N
Za p(rvr) —

Visa==2, +| T—=dr. (1 . . .

LA a=1 [r—Ry [r—r| Herein, veo(r) and vi(r) are the electrostatic interaction

energies between the point charge at positicend theN
electrons an nuclei of the monoanion, respectively. They
The one-particle density of the anion can be computed read
with any ab initio method (see also Sec. 1ID)2 The re- N K
sponse of the target's density to the projectile electron in- 1 Za
cluded in the PCM is, of course, absenMpg (r). However, Ue|e(f):i21 ik vk(r)= _321 Ra 1]’
it will be shown below that the latter potential has advan-
tages in that it does not suffer from some of the basic WeakExpanding|\If0;r> in the stateg®;} of the free monoanion,
nesses of the other schemes. i.e., in the eigenstates of;,
Finally, we would like to mention that in all three local
approaches discussed above, the exchange interaction be-
tween the electron and the anion can, in principle, be taken |‘1’oif>=2 Cjo|¢j> (18
into account by using local approximations like those done in )
density fun'ct|onal theories. To bg spguﬂc, we have refralne%nd inserting into Eq(15) gives
from applying these approximations in the present work.

VPCM(r)|q]O;r>:[HT+UeIe(r)+UK(r)_E0]|\P0;r>tl6

17

Veem(r) 2 Cjol @j)=[Hr+vee(r) +vk(r)
D. Analysis of the point charge potential ]

In the following subsections, we analyze in detail the eSS @
PCM discussed in the preceding subsection and outline its o] j CJ°| i
relation to multichannel Green’s function theory to obtain
insight into the physical meaning of this attractive approachBy multiplying by (®;| from the left and integrating over the

Correlations to the local static potential will be made. Wetarget electrons, we obtain the matrix eigenvalue equation
will show how the latter can be computed widlb initio or

other methods that do not provide the one-particle denpsity (P—=Vpculc=0 (20

(19
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for the eigen\_/alues\/qu(r). vaiously, there is a point . Pij(r):<q)i|HT+UeIe(r)+vK(r)_E0|q)j>- (21)
charge potential associated with each of the target electronic

states. In Eq(20) 1 represents the unit matrig,is the matrix

of expansion coefficients, and the matrix element$are  The matrixP, which we refer to as thpoint charge matrixn

defined by the following, takes on the following appearance:
|
Aoo Aor Aoz e Aom
Ao Ant(Ei1—Ep) Az
b /'\.20 Az Azt (Ex—Ep) . . 22
Amo Aum+(Em—Ep)
|
The point charge matrif can be split into two matrices, N 1 K .
V=7 2, (25)

P=A+E. 23 Sl & Rarl)
E is a diagonal matrix with the elemens—E, along the Thus, the point charge matrRR takes on the following ap-

diagonal, whereE; is theith energy of the free anion. The Pearancgsee Eq(20)]:
matrix elements\;;(r) of the matrixA are defined as

7A00 A0 7A02
Aij(r):<q)ilve|e(r)+vK(r)|q)j>' (24) " 7]A10 ’)7A11+(E1_E0) 77A12
1A% 7A nAz+ (Ex—Eop)

The diagonal elements;;(r) are the so-calledocal static

potentials A;;(r) is the interaction energy between a point B

charge and the exact charge density of the monoanion in the (26)

state®; . In particular,Aqg(r) is identical to the local static

potential introduced in the preceding subsecfisee also Eq. Its eigenvalues can be evaluated using perturbation theory,

(8)]: Vi sa(r)=Ao(r). These potentials correspond to the and the first eigenvalue, for example, is given by

exact static potentials for scattering an electron from the

monoanion including the exchange and correlation of all Aon(N)An(r)

electrons of the monoanion but without the exchange be- Vacm(r) = 7Ag(r)+ 7”2 (ET)JFOWS)-

tween the scattered electron and the target electrons. " no-o 27)
When diagonalizing the point charge matRxwe obtain

the eigenvalue¥pcu(r), which are the result of the point

charge model calculation, one RCB for each state of th

monoanion. These potentials take into account the response 1

of the monoanion on the presence of the point charge, i.e., . _

the monoanion is allowed {Oo polarize. The rﬁaﬁxonnegcts lim - VEcu(r) = Aol 1)- (28)

the static potentials to the point charge model potentials.

M

é?)ividing by 7, the equation reads in the limit of—0

7—0

The local static potentialyo(r), which describes the inter-
action between a full point charge at positioand the free
The evaluation of the static potentials is straightforwardmonoanion in its ground state, can be calculated by perform-
when the one-particle density of the target anion is knowning a PCM calculation using an infinitesimal point charge.
However, this density is not explicitly available in some For brevity, we call this tricky modification of the point
computer codes foab initio methods beyond Hartree-Fock. charge model théocal static approachLSA) in the follow-
One can easily circumvent this difficulty with a tricky modi- ing. This approach is of general applicability, since every
fication of the point charge model. When we use not a fullelectronic state of the target can be used in the calculation to
point charge in the PCM calculation but an infinitesimal generate the local static potential for the corresponding state.
point chargez, no response of the monoanion is expected.The infinitesimal point charge can be negative as well as
The interaction potentiaV7(r) between the infinitesimal positive, and evergb initio method that yields a total energy
point charge and the monoanion then reads can be applied.

2. The point charge matrix and static potential

049904-6



ERRATA PHYSICAL REVIEW A 63 049904E)

3. Relation to multichannel scattering Green’s function theory  loosely speaking, corresponds to its kinetic energy. Selting
In Sec. 1B the one-particle Green’s function for elastic formally equal to 0, i.e., neglecting the kinetic energy of the

scattering was introduced and an exact theory for the repufcattered electron, the matrix is equal to the point charge
sive Coulomb barrier was outlined. Since we use a poinf@trix P. We have thus shown that the PCM represents the

charge in the PCM to approximate the outgoing or, equivaa_dia_\bati_c approximgtion of the exact thgory for scattering a

lently, the scattered electron, this “electron” is distinguish- distinguishable particle from an electromc target. In reverse,

able from the electrons of the target. To analyze the PCM i€ PCM can be used to calculate the eigenvalues and eigen-
terms of Green’s functions, we have to compare the poin§tates of the exact multichannel matrix in the adiabatic ap-

charge model with the Green’s function theory for scattering?roXimaton. Subsequently, the Hamiltoniaof the free par-

of nonelectronic particles from electronic targft?], i.e., ticle can be added and a multichannel scattering calculation

the scattered particle is distinguishable from the electrons dpeyond the adiabatic approximation can be performed.
the target.

As usual, the total Hamiltonian for a scattering process;; caLCULATION OF THE REPULSIVE COULOMB
reads BARRIER POTENTIALS

H=Hi+h+Hp, (29 In this section we present our results obtained fram
initio calculations on the repulsive Coulomb barrier of mul-
tiply charged anions. Here, we want to make first estimates
of the barrier potentials in the framework of the local ap-
proximations introduced in the preceding sections, although
_ we know that the exact barrier potentials are nonlocal and
Hrp=veie(r) +u(r). (30 energy dependent. As we have shown above, the exact po-
Using this total Hamiltonian and the inelastic one-particletentials can be obtained from Green’s function methods, but
GF, it has been shown in Rd#2] that a generalized Dyson these are, unfortunately, so far not straightforward to com-
equation can be obtained that reads in matrix notation pute. For this reason, we use the DFOSA, the PCM, and the
LSA introduced in Sec. IIC and analyzed in Sec. IID to
G(E)=GE)+G(E)AG(E). (31  calculate the RCBs of various dianions.
Results on the atomic dianioné Fand G~ and on the
finear series of the carbon cluster dianions?>C (n
=2,4,6,8) are shown. In Sec. Ill A we study the atomic di-

whereH is the targetfree monoanionHamiltonian,h rep-
resents the projectile Hamiltonian, and the interaction be
tween projectile and target electrony see Eq(16)]

This generalized Dyson equation relates the inelastic GF
G(E) to the free GFG(O(E) via a super matriA, which is

given by anions, discuss the basis set dependence of the local approxi-
K 7 N 1 mation schemes, and outline their possible weaknesses. Sec-
Aij(r):<q)i| _ 2 i +2 = |¢j>_ (32) t|pn _III B deals v_wth the examination of the mole_cula52C
a1 [Ra—r| & ri—r| dianions. Therein, we use the local RCB potentials to calcu-

) _ ) ) late detachment lifetimes for the carbon dianions in the
The scattering amplitude;(r), which fully describe the framework of WKB theory.

inelastic scattering procesB,— ®;, are given by the fol-

lowing set of equations: o )
A. Atomic dianions and the induced electron detachment by

the point charge

E—h—(E,—Ep)]d;—A;Hi(r)=0, 33
zj: il (Bi=Bo)]oi = Ay j(r) 33 As a first step we have studied the RCB of the atomic

dianions B~ and G~ with special emphasis on the basis set
where E is the total energy of the projectile plus target sysgependence of the local approximation schemes. We have
tem. In analogy to Eq(19), this set of equations can be chosen atomic dianions merely as practical objects. The cal-
written as a matrix vector multiplication and takes on thecu|ation times are Short, and h|gh|y diffuse basis sets are
fO”OWing appearance: eas”y emp|oyed_
B We have computed the repulsive Coulomb barrier of the
(R=1E)F=0, (34 F2- and G dianions with the help of the DFOSA method
at the level of restricted open-shell Hartree-FQ&OHF
and restricted Hartree-FodiRHF), respectively. The PCM
and the LSA calculations have been performed using the
Rij(r)=A;;(r)+[h+(E—Ep)15; . (35)  coupled cluster singles plus doubléSCSD metho_d[47].
The basis set dependence of the RCB of the dianions has
Equation(33) is an exact equation, i.e., its solutions are exacteen checked by starting with the standard double-zeta plus
scattering amplitudes that give exact elastic and inelastipolarization basis s€DZP) comprising Dunning’$48] con-
scattering cross sections. Comparing the maRiwith the  tractions of Huzinaga's primitive sefd9], which have been
point charge matrixP of Eq. (19), we easily see that these gradually augmented with one (DZRp), two (DZP
matrices are identical apart from h, which appears onR.in  +2s2p), and three (DZPR 3s3p) sets of diffuses- and
h represents the Hamiltonian of the projectile particle andp-type functions. The initial exponents for the diffuseand

wherel is the unit matrix,F is the matrix of scattering am-
plitudes, and the elements of the matRxare defined as

049904-7



ERRATA PHYSICAL REVIEW A 63 049904E)
14
1
13 —— DzZP — bzp
12 -~ DZP+sp 10 - DZP+sp
---- DZP+2s2p ---- DZP+2s2p
il —-— DZP+3s3p N —-— DZP+3s3p
10
z 9 z 8t
£ 8 £
Do > 7 F
j= j=
g 7 :
o 6 o 6 F
5
5 E
4
3 4 F
2
3 E
1
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
distance in a.u. distance in a.u.
19 16
17 — DZP 5 —— DzP
e DZP+8D 14 —-— DZP+3s3p
15 ---- DZP+2s2p 13 ---- DZP+2s2p
——- DZP+3s3p 12 —-— DZP+3s3p
13 1
> > 10
e g
-3 -3
=] 2 8
s 9 e
> & 7
7 6
5
5 4
3
3
2
1 1

distance in a.u. distance in a.u.

FIG. 2. Basis set study of the local static RCB potentials%f F FIG. 3. Basis set study of the RCB potentials 6f Fupper
(upper part and &~ (lower par} obtained with the LSA. Both part and G~ (lower par} obtained with the PCM. The RCB gradu-
RCB potentials are essentially converged as a function of basis selly decreases with increasing diffuseness of the basis set within the
when the DZP-sp basis set is used. The energy of the free PCM calculations, i.e., the PCM is strongly basis set dependent.
monoanion is set to zero. Note that the angular-momentum barrier
has been added to the?O potentials(see text ical point of view, the local static RCB potential has to be

basis set independent once the target anion is properly de-
p-type functions for fluorine have been 0.085 and 0.074, rescribed, because the static RCB depends only on the charge
spectively, and 0.068 and 0.045 for oxygen. The second andistribution of the target aniofsee Eq.(11) in Sec. 11C.
third sets of diffuse functions were added in accordance witfObviously, this is already the case for these atomic dianions
the even scaling rulgs0]. The use of basis sets of triple-zeta when the DZP-sp basis set is used.
quality is not necessary, since their effect on the RCB is In Fig. 3 the RCB potentials for¥ and G~ are dis-
negligible. played, which have been calculated using the point charge

The local static RCB potentials that have been obtaine@gnodel. The RCBs of both atomic dianions decrease with
using the local static approach as described in Sec. Il D aricreasing diffuseness of the basis sets and seem to disappear
displayed in Fig. 2. To plot the actually three dimensionalin the limit of an infinite basis set. In the PCM a negative
spherically symmetric potentials in one dimension, one hagoint charge is brought up to the target anion, and for this
to respect the angular momentum of the outgoing electrorreason, the height and width of the RCB is determined by the
Since the outgoing electron from the? O dianion is ap  ability of the monoanion to react on the presence of the point
electron, one has to add the angular-momentum barrier to theharge. When an electron approaches an anion, the target
RCB potential to obtain the correct one dimensional RCBanion polarizes and a weakly bound anion may also be ion-
plot. For the fluorine dianion there exists no angular-ized. Due to the strong electrostatic repulsion between the
momentum barrier, as the departing electron is afectron.  point charge and the extra electron of the anionic target,

One can see in Fig. 2 that the static potentials for Bnd  electron detachment of the anionic target electroaligays
O?~ have already essentially converged as a function of bainduced within a PCM calculation below some positioaf
sis set, when the DZPsp basis set is used. From a theoret- the point charge. This is, of course, physically not correct
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and is the major weakness of the point-charge model.

To make this induced electron detachment by the point 1

charge more clear, we consider the PCM calculation for O :2 o B§E+sp
as the target. O possesses a bourfdP,,, ground state that 1" o ng:izgp
has an electron detachment ene(BYE) of 1.461 eV[51]. 10 - P

When approaching the Oground state with a point charge,
the state gets unbound due to the electrostatic repulsion beg
tween the excess electron of the anionic target and the poing
charge. This happens when the Coulomb repulsion is greates
than the binding energy of the electron. For the oxygen an-
ion, this is the case when the distance between anion ani
point charge is smaller than about 10 A, according[ta ]
=<14.395/EDEeV]. Clearly speaking, we detach the excess
electron of O by approaching it with the point charge. The
detachment of O can be “observed” during a PCM calcu- ; ST T e
lation at the level of Hartree-Fock by the orbital energy of distance in a.u.

the anionic electron. When the point charge is farther away . . - .
than D A | the orbital energy is negative, i.e., the electron is 16

- N W P OO N D

bound, and when the distance becomes shorter, the orbite :i —— pzP
energy gets positive, i.e., the electron is unbound. This in- cis-
duced electron detachment is the major weakness of the 4, —-— DZP+3s3p

point charge model, because independently of how strong the 14
anionic electron is bound, i.e., what kind of system we ex-3% 10
amine, the detachment of the anionic electron is always in-<
duced when the point charge is spatially close enough to theg
anionic target. Then the anion—point-charge system repre®
sents an unbound resonance state. Returning to the basis <
dependence of this model, it is now clear that the greater the
detall in which the basis set can describe this unbound reso
nance state, i.e., the more diffuse the basis set is, the heigt
of the barrier decreases.

Finally, we have examined the basis set dependence of th
DFOSA method, and the DFOSA potentials that have beern distance in a.u.

obtaziged for 8~ and G~ are displayed in Fig. 4. The RCB [ 4. Basis set study of the DFOSA potentials &f Rupper
of F*~ decreases markedly when the first set of diffuse funcpary and G- (lower pan. While the B~ potentials converge to

tions is added, but increases again with the addition of theéne |ocal static RCB with increasing diffuseness of the basis set, the
second and third set. This behavior of the RCB can be UNRCB of &~ vanishes.
derstood when one analyzes the DFOSA method and%he F
dianion. In the DFOSA calculation, which has been de-of DFOSA when more and more diffuse basis sets are used.
scribed in Sec. I C, we use the Hartree-Fock orbitals of theAgain, we describe an unbound resonance state with the
dianion to sum up the electron-electron repulsion and théound-state RHF method. Because the RHF method treats
nucleus-electron attraction. The Hartree-Fock orbitals arelectrons witha and 8 spin equally, i.e., all orbitals are
generated in the framework of the ROHF method, becausdoubly occupied, the bound-state calculation can only con-
F?~ is an open-shell system. When the unbouRd Bianion  verge to solutions in which electron pairs are retained. There-
is calculated with the bound-state ROHF method and théore, the solution of the RHF calculation for?O using an
employed basis set is getting more and more diffuse, thénfinite basis set can only be a neutral O atom and two un-
method tends to describe a bound &nion and an unbound bound electrons with zero kinetic energy. Consequently, the
electron. Hypothetically using an infinite basis set, we wouldRCB disappears when we use these orbitals in the DFOSA
exactly get the HF orbitals of Fand an unbound electron calculation.
with zero kinetic energy. Using these orbitals of the monoan- Summarizing the basis set dependence of the local ap-
ion, i.e., its correct one particle density at the level ofproximations, only the LSA is basis set independent once the
Hartree-Fock, in the DFOSA calculation, we would, of basis set is sufficiently large to appropriately describe the
course, obtain the local static RCB at the theoretical level oknionic target. The PCM and the DFOSA methods are
HF. That means that the RCB of an open-shell multiplystrongly basis set dependent, since within these schemes un-
charged anion calculated with the DFOSA method convergebound states are calculated with bound-state methods. Based
towards the local static RCB with increasing diffuseness obn these grounds, the use of the PCM and the DFOSA meth-
the basis set. ods makes sense only when not too diffuse basis sets are
In contrast to the open-shelfF dianion, the RCB of the employed. A good choice of the basis set is of general im-
closed-shell & dianion vanishesFig. 4) in the framework  portance in any quantum chemical calculation, and thus one

©
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has to define a basis set selection criterion for the approxithough the peak of £~ is one of the most abundant peaks
mation schemes. The only reasonable criterion is the basis the mass spectrum of the carbon dianions, the dianion has
set independence of the local static approach. For this reasopeen found to be adiabatically unstable with respect to elec-
the first basis set for which the local static approach is contron emission by about 0.1 eN6]. In contrast, G~ , which
verged should be the basis set in all further RCB Ca|CU|ais the smallest observed carbon dianion, possessespa D
tions. Here, it has been the DZRp basis set, since this is starlike structure and is electronically stab%,58, but its
the smallest basis set for which the local static RCBs%f F peak in the mass spectrum is less intense than thagof.C
and G~ have convergedsee Fig. 2 The RCB potentials of the linear carbon dianions have
To apply the local approximation schemes successfullybeen calculated using all three methods discussed in Sec.
one has to reflect the underlying approximations and the systC. PCM and LSA have been employed at the CCSD level
tems that are to be examined with these methods. Becaug@d DFOSA at the level of restricted Hartree-Fock. All ge-
we neglect exchange between the extra electron and the tagmetries of the examined carbon dianions have been opti-
get(monoanionin all three schemes and exchange is impor-mized at the CCSD level using the DZRp basis set and
tant for the spatially small atomic systems, we may not exhave been held fixed in the RCB calculations. In analogy to
pect quantitative accuracy in our calculations on atomighe atomic dianiongSec. 1l A), we have checked the basis
dianions. But nonetheless, atoms are reasonable objects Bgt dependence of the RCB of the molecular dianions. As an
which to Study the weaknesses and the limits of applicabilityexamp|e, we have Computed the RCB Q‘FC using all three
of the local approximation schemes. Furthermore, we maygca| approximation schemes starting with the DZP basis set.
suggest the use of the density-functional the@¥T) within - The pasis set has then been gradually augmented with one
the models, because exchange is approximately contained &r[bZPJFSp) and two (DZP+2s2p) sets of diffuses- and

the DFT method. . -
. -type functions, the exponents of which have been
In view of the above findings concerning the PCM andp ype tincl XP - i v
DFOSA, one may ask whether these actually physically a 9'040 893 and 0.027 188, respeciively.
ealin 'methodsymake any sense at all. As gi?cu};sed gbolz/e In analogy to the atomic dianions, the local static ap-
b 9 Y ' foach has already converged when the BAP basis set is

the system can be viewed to be in an unbound resonan(g%ed, i.e., the monoanion is appropriately described by this

state and several technique; are a_vaila_ble to compute SUfasis set. The DZPsp basis is therefore chosen to be the
resonance$52-54. By analytic continuation into the com- tandard basis set for the calculations of the RCBs of all

plex energy plane, the energy of the resonance becomesa o
E,..=E,—il'/2, whereE, is the real part of the resonance éxamined carbon dianions. As expected, the RCB of the

energy and” the decay width {=#/T" is the lifetime of the closed-shell ¢*~ gradually decreases Whgn the DFOSA
resonance[52,53. In the present context the appropriate method and the point-charge model are applied and more and

) X .~ more diffuse basis sets are used. It is worth noting that the
technique will lead to complex DFOSA and PCM potentials, _~. S .
to takg into account the p%ssible losses due to tﬁe inducet%’]aSIS set dependgnce of these local appro%qmatlon schemes is
ionization by the point charge. Another possibility is to view mgcmhs Iﬁiifé%ﬂglﬁggfg; g‘ehgoé%gf;“sedtgaggg[ﬂtgeev
the resonance as a discrete state embedded in the continuu%. : . y

nd 3.5 eV in the DFOSA and PCM calculations, respec-

This discrete state can be computed using stabilization tech}- . . )
. . : tively, when going from the DZP to the DZPsp basis set, it
nigues employing compact basis s¢if|. In the present . only 0.55 eV and 0.3 eV for £ This gives us confi-

context the scheme to choose an appropriate compact ba%j’gnce that we can obtain reliable potentials for extended sys-

set for DFOSA and PCM calculations is in line with the . - .
stabilization technique. tems like molecular dianions with the help of local calcula-
tion schemes.
o, The RCB potentials are, of course, three dimensional, but
B. Molecular dianions: G, (n=2,4,6.9 rotationally symmetric for the linear & dianions. For il-

In the preceding subsection we have seen that exchangelisstration, a two dimensional picture of the RCB 0§’C
important for the spatially small atomic systems and sinceobtained using the DFOSA method is shown in Fig. 5. The
exchange is neglected in the local approximation scheme&CB is highly anisotropic. The maxima of the potential are
the obtained RCBs provide only crude estimates of theat the ends of the &~ molecule, where the excess charges
“true” RCBs. In this subsection we turn to the examination are located. The minima are placed along the horizontal mir-
of molecular dianions. These systems are more extended amdr plane of the molecule. These minima correspond to the
exchange plays a minor role, and we expect that the use eohinimum energy path for electron emission from thg C
the local approximation schemes yields reliable RCBs ofdianion. The RCBs of all linear even-numbered carbon dian-

molecular dianions. ions possess this typical shape, but the shorter the chain
We have examined the repulsive Coulomb barrier of thdength, the higher the RCB in all directions due to the in-
linear carbon dianions &~ (n=2,4,6,8), of which >~ creased electrostatic repulsion between the excess charges. A

was observed experimentally in 1990 by Schaateal. [55]. comparison of the RCB potentials of the linear carbon cluster

We have chosen these dianions for two reasons. On orgianions along the minimum energy path for electron emis-

hand, they are experimentally and theoretically well studiedsion is shown in Fig. 6. These potentials have been calcu-
and ample data is available in the literatiB8,56—-58. On lated with the DFOSA method using the DZRp basis set.

the other hand, there is still a puzzle concerning C Al- As expected, the height of the RCB decreases systematically
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g -------- these systems in the framework of the semiclassical WKB
5 theory. The tunnel probability is given by the formula

0 _______

-5 -

P=ex;< —%frlz 2m[E—-V(r)]dr |,

8 i

; whereE is the energy of the electrol,(r) the RCB, and 1

5 andr2 define the width of the barrier at energy The life-

4 time of the dianion can finally be calculated using the for-
3 mula

2

1 2

0 20 T= P(J) 1

where w is the frequency with which the electron hits the
RCB. This frequency can be obtained by solving the equa-
tion of motion for the electron with the assumption that the
-20 potential in the inner region is dominated by the electrostatic
attraction between the nucleus and the outgoing electron, i.e.,
FIG. 5. Two-dimensional picture of the RCB of€ calculated  the potential has the shapeofl. The use of this semiclas-
in the framework of DFOSA. The potential is strongly anisotropic sical approach is limited to one-dimensional potentials and
and, as one can easily see, the minimum energy path for electranctually the RCB are, as already mentioned, three-
emission from the dianion is along the horizontal mirror plane ofdimensional. We solve this conceptual problem by assuming
the D.., symmetric dianion. Contour lines are projected onxtlye  that the electron leaves the dianion via the minimum energy
plane for several heights of the barrisee legend The energy is  path outlined above. A three dimensional calculation of the
given in eV, and the lengths are given in A . lifetime would be desirable to improve the reliability of the
numbers, but this is beyond the scope of this work. Here, we
with the size of the system. We find a decrease of about 2.8re only interested in estimating the lifetimes and investigat-
eV from G2~ to Gg2~. ing their dependence on the chain size. A tedious three di-
We have used the RCB potentials of the carbon dianionsnensional calculation would certainly be justified when us-
to calculate the tunneling probability and the lifetime of ing a more accurate potential such as the one discussed in
Sec. IIB.
; ; . . ; ; ‘ ‘ ‘ To study the influence of the potential on the lifetime, i.e.,
a5l 1 how the lifetime depends on the approximation schemes
used to compute the potential, we have calculated the life-
time of G2~ for energies between 0.1 and 2.0 eV using the
LSA, DFOSA, and PCM potentials. The calculated lifetimes
are displayed together with the corresponding potentials in
Fig. 7. The investigation shows that the lifetime depends
much more on the energy of the outgoing electron than on
the potential. Although the shapes of all three potentials are
quite different, the results for the lifetime at a given energy
are quite similar and vary at most by a factor of 2. It seems
that the errors embodied in the different approximation
schemes are canceling each other when calculating the life-
time. This encourages us to assume that the obtained life-
3 times are more reliable than the potentials themselves. Fur-
T T thermore, one can see that for electron energies below 0.35
distance in a.u. eV, which corresponds to an electron detachment energy of
—0.35 eV, the dianion lives markedly longer than £0s,
which is the limit for experimental observation in a mass

5 10

energy in eV
n

-05 |

FIG. 6. Comparison of the RCB potentials of the linear carbon
dianions G2~ (n=2,4,6,8) along the minimum energy path for
electron emission calculated with the DFOSA method using thespectrometer. 2 o
DZP+ sp basis set. The vertical electron detachment energies of the /alts and Bartlett have found that thg"C dianion is
dianions computed at the level of CCSD/DE8p are indicated by verpcally stable with respect to electron emission, but adia-
horizontal bars on which the corresponding calculated lifetimes fofoatically unstable by about 0.1 eV. Assuming 0.1 eV to be
vertical electron detachment of the respective dianions are given ithe energy of the outgoing electron, we obtain a tunneling
seconds. The lifetimes have been calculated in the framework difetime of about 2<10' s for the G2~ system, thus no
semiclassical WKB theorysee text The zero point of the energy significant electronic decay should be observed in the experi-
scale corresponds to the energy of the respective monoanions. ment. Since the linear isomers of the carbon dianions are
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T ‘ ‘ detachment energies of,&, C,27, and G®> are —3.81

] —len ] eV, —2.12 eV, and-0.77 eV, respectively. The correspond-
" B v DFOSA ing vertical energy of ¢~ has been calculated to be 0.33

” ¢~~~ PCM eV at the CCSD level of theory, i.e.,g& is stable with

1 respect to vertical electron emission and has an infinite life-
time (in contrast to the case of adiabatic electron emission;
see above The obtained lifetimes of the linear carbon dian-
ions for vertical electron emission arex40 1° s 1.5
x10 ¥ and 1. 10 ° sfor C,27, C,27, and G2, re-
spectively. From that point of view, all three dianions are too
short lived to be observable in a mass spectrometer, which is
in agreement with the experiments.

107
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IV. SUMMARY AND CONCLUSIONS

0 05 1 15 2 . : .

energy in eV In this paper we have examined the repulsive Coulomb
' ' ' ‘ ‘ barrier for electron emission of multiply charged anions. The
RCB is a general phenomenon in multiply charged anions: it
arises due to the combination of long-range repulsion be-
tween the emitted electron and the residual anion and short-
range attraction of the nuclei. Although the RCB is domi-
nated by the electrostatic forces present, it is a nonlocal
energy-dependent potential, which is neither easy to compute
nor depictable in nature. Since the RCB is closely related to
scattering potentials, there exists an exact theory for the RCB
that is founded on the Green’s function formalism for scat-
tering processes. We have shown that the RCB can be cor-
related with the self-energ;(E). The self-energy is an op-
tical potential connecting the Green’s function for scattering
with the free one according to the well known Dyson equa-

energy in eV

; tion.
t 2 8 4 5 6 7 8 9 SinceX (E) is so far not straightforward to compute, we
distance in a.u. have introduced local approximation schemes. These are the

FIG. 7. In the upper part the computed lifetimes of thg Cc ~ dianions frozen orbital static approximati¢gBFOSA), the
dianions are displayed as a function of the energy of the emitted0int charge mode[PCM), and the local static approach
electron. For the calculation of the lifetime we have used the LSA(LSA). In a DFOSA calculation, the nuclei-electron attrac-
(full line), DFOSA (dotted ling, and PCM(dashed lingpotentials.  tion and the electron-electron repulsion are summed up using
These potentials are displayed in the lower part. Although the pothe frozen orbitals of the respective dianion. In the PCM
tentials are quite different, the computed lifetimes are quite similacalculation, a full point charge is brought up to the anion in
and vary at most by a factor of 2. For electron energies below 0.3%he PCM calculation, and the total energies of the anion-
eV (indicated by the horizontal line in the lower parthe lifetime  point charge system and the free anion are subtracted to ob-
of the G~ dianion has been found to be longer thani@ for all  tain the RCB. In contrast, the local static potential is ob-
three potentials. A lifetime of about 16 s is typically needed to  tained as the interaction of a point charge with the correlated
observe a system in a mass spectrometer experiment. electron density of the anion. Technically, this potential can

be obtained within the derived LSA. In the LSA method an
thermodynamically more favorable than the branched isoinfinitesimal point charge approaches the anion and after-
mers such as £, it is now clear that the abundance of the wards the obtained potential is scaled up to a full point
peaks of G2~ and G2~ in the mass spectrum is determined charge.
by the thermodynamically committed generation rate and not A thorough theoretical analysis of the PCM and the LSA
by the electronic stability of these dianions. methods has proven their relation to the multichannel scat-

For completeness, we have calculated the tunneling lifetering Green'’s function theory. While the PCM represents an
times for G?~, C,27, and G2~. Since the specific local adiabatic approximation to the exact theory of scattering a
approximation scheme used plays only a minor role in deterdistinguishable particle from an electronic target, the LSA
mining the lifetime, we have used the DFOSA potentida.  method yields the local static potential of the target anion,
6). In contrast, the quality of the energy of the outgoingwhich corresponds to a diagonal element of the scattering
electron is of great importance, thus we have used the vertimatrix. These approaches are of general applicability, since
cal electron detachment energy calculated at the level ofvery ab initio method can be employed, including those
CCSD (DZP+sp) by substracting the computed total energy methods that do not compute or do not explicitly provide the
of the dianion from that of the monoanion. These verticalone-particle density of the monoanion.
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We have applied the local approximation schemes to indent than those of the atomic systems. Not surprisingly, the
vestigate atomic and molecular dianions. The atonfic F repulsive Coulomb barrier decreases as the carbon dianion
and G~ dianions are reasonable objects by which to studyyrows due to the decreasing electrostatic repulsion of the
the basis set dependence of the local schemes. While thcess charges. This lowering of the barrier is accompanied,
DFOSA and PCM potentials strongly depend on the emhowever, by an increase in the electron binding energy of the
ployed basis set, the LSA has been found to be basis sekcess electron. Using the calculated RCB potentials, we

independent at sufficiently large basis sets. We have used tiiRwe estimated the lifetimes of the metastable carbon dian-
LSA to define a criterion for basis set selection for the othelions with the help of the semiclassical WKB theory. We

methods. The smallest basis set for which the LSA has comave calculated the tunneling lifetime along the minimum

verged is chosen to be the one in all other local RCB calcuenergy path for electron emission, which is along the hori-
lations. This criterion, as well as the behavior of the VariOUSzonta| mirror p|ane of the Q1 Symmetric systems. We have
potentials as a function of basis set size, are understood afgund that the lifetime for vertical electron emission grows
discussed theoretically. markedly from 9<10"* s to 1.5<10 ** s and 1.%10°°

The atomic dianions serve merely as study objects. Sinc&hen going from G2~ to C,>~ and G2~ . The dianion G~
exchange between the electron and the target anion is ngs vertically stable, but adiabatically unstable. We have esti-
glected in the local schemes, and this interaction is importangated its lifetime with respect to adiabatic electron emission
for the spatially compact atomic systems, the calculated RCly be very long (%10 s), however. Based on these
potentials for B~ and G~ are only crude estimates of the grounds, only @~ should be experimentally accessible in
exact RCB. To remedy the situation, we suggest using #nass spectrometer research, and no relevant electronic decay
local approximation to the exchange as is common in DFTshould be observed. This is in agreement with the experi-

calculations. _ _mental findings.
Turning to larger systems, the underlying local approxi-

mations become less severe, since the exchange interaction

of the electro_n with the extend_ed target plays a Iess_S|gn|f|— ACKNOWLEDGMENTS

cant role. This makes us confident that we can obtain local

potentials that are more reliable estimates of the exact RCB. The authors would like to thank Professor Nimrod Moi-
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