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Dissociation of molecular chlorine in a Coulomb explosion: Potential curves, bound states,
and deviation from Coulombic behavior for Cl2
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Highly charged molecular ions are generated in Coulomb explosion experiments involving multielectron
dissociative ionization, but little is known about the precise mechanisms involved in their formation. To help
improve the understanding of such experiments, potential energy curves are calculated in this paper for
diatomic chlorine (Cl2) and its ions Cl2

n1 , wheren51,2,3,4,6,8,10. Bound vibrational states are obtained in
three low-lying electronic states for Cl2

21 and one state for Cl2
31 . Vertical excitation energies are given for

stepwise excitations up to Cl2
101 . For all the ions examined there is a significant energy defect (D) from the

corresponding Coulomb potential, in one case reaching magnitudes of over 20 eV. We analyze the origin of
these energy defects in terms of residual chemical bonding, and discuss the contribution of strongly bonding
configurations at short internuclear distance. Finally, we present a simple physical model which describes the
qualitative behavior ofD(R,Q). @S1050-2947~99!01606-6#

PACS number~s!: 42.50.Hz, 33.80.Gj, 31.15.2p, 33.40.1f
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I. INTRODUCTION

Coulomb explosion imaging, first introduced in 1979@1#,
provides a general approach to measuring the geometr
small molecules. The image is obtained by~i! removing
many electrons from a molecule with the nuclei confined
their own inertia and~ii ! collecting all fragment atomic ions
and measuring their charge and velocity vector@2#. The abil-
ity to deduce a range of possible initial molecular geomet
requires knowledge of the potential surface of the hig
charged molecular ion. The term Coulomb explosion im
ing refers to the assumption that the internuclear poten
energy surface can be approximated by the Coulomb in
action between the fragment atomic ions.

The assumption that Coulomb repulsion describes the
ternuclear force in highly charged molecules is central to
of the approaches to Coulomb explosion imaging. We
the validity of this assumption for Cl2

n1 . We show that
there are very large deviations from the Coulomb poten
even when most of the bonding electrons are removed.
calculations set a practical limit on the measurement ac
racy that Coulomb explosion imaging can ultimate
achieve.

In Coulomb explosion imaging experiments, electron
moval is usually accomplished by passing a high kinetic
ergy molecular ion through a sub-100 Å gold foil. During th
0.1–1-fs transit time through the foil the weakly bound ele
trons are stripped. Recently, however, another approach

*Author to whom correspondence should be addressed. Electr
address: jim_wright@carleton.ca
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been introduced: Very high power femtosecond laser pu
can remove many electrons from a molecule within the
ration of the laser pulse, which can be short as 5 fs@3#.

Because of the simplicity of laser techniques, Coulom
explosion imaging will be transformed by laser method
Furthermore, optical techniques allow molecular dynamics
be initiated with a pump pulse and observed in real time w
a probe pulse. A Coulomb explosion experiment of this ki
has recently been done@4#.

Ideally, optical Coulomb explosion imaging will use las
pulses so short that the ion motion will occur on a field-fr
potential surface. However, even with the shortest opt
pulses currently available, there is time for some motion
the light elements on the strongly repulsive potential surfa
and the presence of a strong laser field will severely dis
the potential energy surface of the ion. With the poten
energy surfaces established in this paper, modeling
changes caused by dissociation on laser-distorted pote
energy surfaces will be the subject of a following paper.

Already there is a wealth of experimental data on Co
lomb explosions initiated with moderately short pulses. O
notable observation from these experiments is that the
netic energy release is significantly less than that expe
from purely Coulombic behavior arising from vertical exc
tation at the equilibrium internuclear distance of the u
charged diatomic, and is surprisingly insensitive to the pu
duration. Deviation from Coulomb behavior caused by
sidual bonding is not a surprise@5–9# and has been studie
by many authors. Ours is the first systematic study, howe
up to very high charge states. We show that even for Cl2

101

the deviation from the Coulomb potential can be as large
13 eV at the equilibrium distance of the neutral molecule
ic
4512 ©1999 The American Physical Society
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PRA 59 4513DISSOCIATION OF MOLECULAR CHLORINE INA . . .
Since molecules have never been exposed to such in
sities before, it would not be surprising if new phenome
emerged. Laser-induced bonding of highly charged m
ecules@10#, dynamic screening@11#, and a high sensitivity of
the ionization rate to the internuclear separation@12# are
three examples of phenomena that have been propose
explain the surprisingly large energy defect. There is now
need for a systematic theoretical work to discriminate
tween possible models. By showing that large deviatio
from a Coulomb potential are characteristic of high-charg
states of the halogen molecules, we quantify one import
but often underestimated, reason for this ‘‘energy defect.’
forthcoming paper will consider the polarizability of th
even-charged ions, the effect of the laser field on their
tential energy curves~multielectron laser-induced bonding!
and attempt a complete modeling for the Coulomb explos
experiment for Cl2

n1 .

II. METHOD OF CALCULATION

Diatomic chlorine Cl2 and its monocation Cl2
1 have been

well studied experimentally@13–15#. Among the most im-
portant spectroscopic parameters are the dissociation en
D0, the equilibrium internuclear distanceRe , the harmonic
vibration frequencyve and the vertical ionization potentia
IP. Theoretically, these parameters can be obtained by
culating the total energy at selectedR and then fitting the
data to an appropriate functional form, e.g., a 3-param
Morse function of the formV5De@12exp(2bx)#22De,
wherex5(R2Re). These forms are appropriate to the ne
tral Cl2 and the monocation Cl2

1 . In the present work we
wish to fit curves of more complex shape, including me
stable minima, so the data were interpolated using nat
cubic splines. These potential curves were then used as i
to a Numerov-Cooley procedure@16# for solving the Schro¨-
dinger equation to obtain the vibration-rotation energy lev
Ev,J . For Cl2 and Cl2

1 the resulting energy levels were fit t
a standard spectroscopic expression of the formEv,J5(v
1 1

2 )ve2(v1 1
2 )2vexe1BJ(J11)2a(v1 1

2 )(J11), where
vexe is the anharmonicity constant andB and a are rota-
tional and rotation-vibration constants, respectively. The
ference between the zero-point energyE0,0 and the dissocia-
tion limit is the dissociation energyD0. In the case of Cl2
and Cl2

1 ,D0 is ~to a good approximation! related to the well
depthDe by De5D01 1

2 ve2 1
4 vexe .

In calculating the entire potential curve, and especially
the higher-charged ions, traditional quantum-chemistry p
turbation techniques@17# such as Moller-Plesset secon
order perturbation theory~MP2! and fourth-order~MP4! are
unreliable, since they are based on single-determinant w
functions. Instead, multireference configuration interact
~MR-CI! methods which provide suitable configuration mi
ing en route to dissociation are preferred. A very thorou
MRD-CI study of the electronically excited and first-ionize
states of the chlorine molecule was given by Peyerimh
and Buenker in 1981@18#, where the notation implies singl
and double excitations from a chosen set of reference c
figurations. These authors used a basis set consistin
5s5p2d contracted functions on Cl derived from the prim
tive Gaussian basis of McLean and Chandler@19#. They also
added (s,p) bond functions to describe polarization effec
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and diffuse (s,p) Rydberg functions midway between th
two nuclei to describe Rydberg series. In our calculations
expanded the basis of contracted functions to 10s7p2d on
each Cl atom and included extra (s,p) functions with expo-
nent 0.5 midway between the Cl atoms. Using 6-compon
d functions, our basis contains a total of 90 functions@20#.
The MRD-CI program package of Buenker and co-work
@21,22# was used in this study.

Several features of the MRD-CI treatment are comm
to all the ions treated here. For neutral Cl2, for example,
SCF-MO’s were generated from the ground-state configu
tion for Cl2, corresponding to the MO occupatio
@Ne#2(4sg)2(4su)2(5sg)2(2pu)4(2pg)4. Here@Ne#2 is the
closed-shell core containing 20 electrons. For all calcu
tions, the 20 core electrons were frozen in the 10 low
MO’s, and the corresponding 10 highest-lying MO’s we
discarded, leaving 142n electrons (Cl2

n1) to be correlated
in the MRD-CI calculation involving 70 MO’s. An energy
selection threshold of 5mhartree was chosen for the CI en
ergy extrapolation in all calculations. Single- and doub
excitations from the reference configurations, followed by
perturbation selection procedure led to selected CI space
dimension ca. 6000–16 000 spin and symmetry-adap
functions~SAF’s!. In general, reference configurations we
included in the calculation whenever their~squared! contri-
bution to the final CI eigenvector exceeded 0.002. This led
CI expansions which generally~for all ions! contained
>90% contribution~on a coefficient-squared basis! from the
reference configurations over the whole range of internuc
distances. The root of the diagonalization was then extra
lated to zero selection threshold and corrected for quadru
excitations in the usual way with the multireference ana
of the Langhoff-Davidson correction@23# to obtain the final
total energy, which for simplicity we denote simply the ‘‘C
energy, orECI , ’’ from which the spectroscopic constan
were derived. The grid of data values was taken in inc
ments of 0.2 bohr from 2.0–4.2 bohr, with additional poin
at 4.5, 5.0, 6.0, 8.0, 10.0, and 20.0 bohr.

In order to present the characteristics of the CI treatm

TABLE I. Species, electronic state, number of reference c
figurations, dominant reference configuration and formal bond or
~B.O.! for the ions Cl2

n1 .

Species State No. Ref. Dominant Ref. B.O.

Cl2
1Sg

1 4 (2pu)4(2pg)4 1.0
Cl2

1 2Pg 13 (2pu)4(2pg)3 1.5
Cl2

21 3Sg
2 6 (2pu)4(2pg)2 2.0

Cl2
21 1Dg 28 (2pu)4(2pg)2 2.0

Cl2
21 1Sg

1 28 (2pu)4(2pg)2 2.0
Cl2

31 2Pg 12 (2pu)4(2pg)1 2.5
Cl2

31 2Su
1 14 (2pu)4(2pg)1 2.5

Cl2
41 1Sg

1 14 (2pu)4 3.0
Cl2

61 3Sg
2 8 (2pu)2 2.0

Cl2
61 1Dg 22 (2pu)2 2.0

Cl2
81 1Sg

1 30 (5sg)2(2pu)0 1.0
Cl2

81 3Sg
2 9 (5sg)0(2pu)2 1.0

Cl2
81 1Dg 30 (5sg)0(2pu)2 1.0

Cl2
101 1Sg

1 30 (4sg)2(4su)2 0.0
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4514 PRA 59J. S. WRIGHTet al.
in a compact form, Table I shows the~dominant! configura-
tion, electronic state, number of reference configurati
used for that state, and MO bond order. The starting M
used to generate the CI states may sometimes vary from
dominant configuration, and the state may change its cha
ter along the potential curve; these effects are discusse
context. The same general approach and basis set was
for the calculation of all ions up to110. The accuracy of the
calculations may begin to degrade for the higher-char
states, however. This occurs for two reasons. First, the in
2s22p6 electrons are more strongly perturbed when
charge is very high, and it would be desirable to correl
them as well in the CI calculation~not done here!. Second, as
the number of 3p electrons decreases, the 3p orbital be-
comes more compact. This leads in turn to a stronger s
orbit interaction. The latter is certainly present at both atom
and molecular levels, but the difference between them m
also become larger. In other words, spin-orbit effects wh
were neglected in our treatment will become more import
for n56, 8, 10. The Cl atom has a rather small spin-or
interaction, however, and these effects will probably not
fluence any of our conclusions.

III. RESULTS

Cl2 and Cl2
1 . For Cl2(X1Sg

1) and Cl2
1(X2Pg) the

SCF-MO’s used to construct the CI space were gener
from the Cl2 ground-state configuration given in Tab
I, i.e., . . . (4sg)2(4su)2(5sg)2(2pu)4(2pg)4. Since
(4sg,5sg,2pu) are bonding MO’s and (4su,2pg) are anti-
bonding, and defining in the usual way the formal bond or
~B.O.! as@number of electrons in bonding molecular orbita
2 number of electrons in antibonding molecular orbitals#/2,
the B.O. of Cl2 is 1.0 and Cl2

1 is 1.5, so a decrease in bon
length and an increase in well depth is expected on ion
tion. Table II shows the spectroscopic parameters for Cl2 and
Cl2

1 obtained from the MRD-CI calculation.
In Table II the result forDe in Cl2 is slightly above the

TABLE II. Well depth De , internuclear distanceRe , and spec-
troscopic parameters D0 ,ve ,vexe for Cl2 (X 1Sg

1) and
Cl2

1 (X 2Pg).

Quantity Calc’d. Ref.@18#a Expt.b

Cl2:
De (eV) 2.573 2.490 2.514c

Re (bohr) 3.820 3.817 3.757
D0 (eV) 2.539 2.455 2.479
ve (cm21) 560 552 560
vexe (cm21) 2.87 2.67
Cl2

1 :
De (eV) 3.697 ;3.40d 4.030
Re (bohr) 3.642 3.628 3.574
D0 (eV) 3.659 ;3.36c 3.990
ve (cm21) 620 620 646
vexe (cm21) 2.65 3.02

aFrom theoretical calculation of Peyerimhoff and Buenker@18#.
bExperimental data in Tables I and II from Ref.@13#.
cUsing De5D01ve/22vexe/4.
dEstimated from Fig. 2 of Ref.@18#.
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experimental value and not quite as close as the calcul
value of Peyerimhoff and Buenker@18#. Note, however, that
if spin-orbit interaction is included the value ofDe will be-
come smaller, further improving the agreement with the
perimental value. The anharmonicity parametervexe is also
in good agreement with experiment, showing that the pot
tial curve is well described at large displacements from eq
librium. The equilibrium internuclear distanceRe is slightly
long for both Cl2 and Cl2

1 , but the change inRe on ioniza-
tion is negative, as expected, and almost perfectly calcula
(DRe520.094 Å calculated vs20.097 Å experimental!.
The dissociation energyD0 in the ion Cl2

1 is somewhat
underestimated~3.66 vs 3.99 eV!, but closer than the value
we estimated from the calculated potential curve in Ref.@18#.
The vertical ionization potential calculated from our two p
tential curves is 11.36 eV, which is close to the experimen
value of 11.50 eV. For the situation where the poten
curves are known experimentally, then, the MRD-CI a
proach and basis set used is giving a generally satisfac
description.

Cl2
21 . There have been several reports in the literat

on the experimental observation of the dication Cl2
21 . Mea-

surement of the energy release of the dication in a dou
mass spectrometer by Beynonet al. @24# led to the conclu-
sion that a metastable state was formed. A combin
experimental/theoretical study by Fournieret al. @25# using
double charge transfer and MRD-CI techniques similar
those in the present paper led to identification of seve
bound states. Most recently McConkeyet al. @26# have ob-
served vibrational transitions in the ground state and m
have seen vibrational transitions in the first excited state
well.

The analogous member of the halogen family F2
21 has

been shown in theoretical work by Senekowitch and O’N
@27# to have a local minimum bound by an effective barr
height Deff50.40 eV. These authors argued that the lo
~metastable! minimum can be explained in terms of the mi
ing of a normal bound Morse potential similar to the isoele
tronic molecule dioxygen, plus the Coulomb repulsion ar
ing from the lower dissociation limit F11F1 ~chemical
bonding 1 Coulomb repulsion model! @28#, and obtained
good fits to the calculated data using this model. Anot
view of the cause of the metastable minimum in diatom
dications@29–31# is that it arises from an avoided crossin
between the repulsive potential curve correlating with1

1F1 and the attractive potential curve correlating with
1F21, the latter asymptote lying ca. 18 eV above the form
The origin of the attraction for the asymmetric channel is
charge-induced polarization of the F atom by the F21 ion.
The same considerations apply to Cl2

21 , where the channe
separation is only 11 eV and hence the interaction is str
ger, possibly leading to a more deeply bound metasta
minimum.

The electron configuration of the dication~Table I! has
bond order52.0. The electron configurationpg

2 leads to
three electronic states3Sg

2 , 1Dg and 1Sg
1 . In addi-

tion, the strongly bonding excited configuratio
. . . (5sg)2(2pu)4(5su)2 may contribute to the creation of
local minimum in the1Sg

1 state. For this reason and becau
these three states were found to be metastable by Fou
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et al. @25#, potential curves were calculated for both t
ground electronic state3Sg

2 and the low-lying electronic ex
cited states1Dg and 1Sg

1 .
SCF-MO’s for both states were generated from the trip

ground-state configuration of Cl2
21 . Figure 1 shows the

threelow-lying electronic states obtained along with the C
lomb potential corresponding to (11)(11)/R, i.e., the
channel corresponding to Cl11Cl1 treated as point charges
It is clear from Fig. 1 that beyond 10 bohr, the Coulom
potential approaches an exact representation of the inte
tion potential. Properties derived for the three electro
states by this procedure are shown in Table III. This ta
includesRmax, the internuclear distance at the maximum
the potential curve, andDeff , the energy difference betwee
the ~metastable! minimum atRe and the potential energy a
Rmax.

The Cl2
21 dication is isoelectronic with diatomic sulfur

and the two molecules have some common features, w
are also shared by diatomic oxygen. The ground stat
3Sg

2 , which lies nearly vertically below the first excite

TABLE III. Properties of the potential curves for Cl2
21 in the

three lowest-lying electronic states.

Property 3Sg
2 1Dg

1Sg
1

Re (bohr) 3.568 3.624 3.676
Rmax (bohr) 5.304 5.147 4.971
Deff (eV) 1.701 1.154 0.784
ZPE (eV) 0.039 0.036 0.035
v01 (cm21)a 626 585 569
No. v levels 27 20 13
Te (eV) 0.00 0.611 1.003

av01 is the energy spacing~in cm21) between the first two bound
vibrational states.

FIG. 1. Potential curves for Cl2
21 , showing the three electroni

states derived from the MO configuration. . . (pg)2. Dashed line:
Coulomb potential. Inset: Deviation from Coulomb potential for t
two lowest-lying states of Cl2

21 .
t

-

c-
c
e

ch
is

state (1Dg), which in turn lies nearly vertically below the
next excited state (1Sg

1). The term energiesTe ~Table III!
also show a relative spacing almost identical to O2, which
hasTe5(0.000, 0.982, 1.636 eV) or (0.0:0.60:1.00)@13#.

Each of the three electronic states in Cl2
21 is metastable

and will support a manifold of bound vibrational states. A
shown in Table III, the effective classical barrier heigh
~i.e., without considering zero-point energy! are 1.70, 1.15,
and 0.78 eV, deep enough to support 27, 20, and 13 bo
levels, respectively. Unlike O2 and other neutral diatomics
the potential is very harmonic for the first few vibration
states: in fact, there is a slightincreasein the transition fre-
quency on excitation, i.e., (626, 630, 634, 632 cm21) in
the3Sg

2 state for 0-1, 1-2, 2-3, and 3-4, respectively.
For comparison, consider the theoretical results

Fournier et al. @25#. This work was very broad in scope
giving potential curves for states of all symmetry types a
including purely repulsive states, but at the cost of us
smaller basis sets for the~many! potential curves. Their
smaller basis~basis A! was used to generate the potent
curves. This consisted of the chlorine basis described ab
@18#, i.e., 5s5p2d1bond functions1Rydberg functions.
Their larger basis B, used only for vertical excitation en
gies, contained 8s5p1d1 f contracted AO’s on the nuclea
centers, plus (s,p) bond functions; this is similar to the bas
set we used. Using basis A these authors reported pote
curves for 3Sg

2 , 1Dg and 1Sg
1 states which contain dee

minima, as well as shallow minima for a number of oth
states. They do not report the effective well depth for the
states, but we estimate from their published potential cur
~see also Ref.@26#! that the well depths are 2.1, 1.2, and 0
eV for the three states. This is close to our own resu
except that their3Sg

2 state is more deeply bound~by 0.4
eV!.

Another measure of the accuracy of the calculated po
tial curves is comparison with the observed vibrational tra
sitions in the 3Sg

2 manifold. McConkeyet al. @26# report
vibrational transitions between adjacent levels over the ra
v50 –4 to be approximately 80 meV. Our own calculatio
of the bound states for the transitions 0→1, 1→2, etc.,
gave 77.6, 78.1, 78.6, and 78.4 meV~see above!, in excellent
agreement with their experimental data.

Obviously the three bound states in Cl2
21 show a signifi-

cant deviation from purely Coulombic behavior. This dev
tion is plotted in the inset to Fig. 1 for the3Sg

2 ~solid line!
and 1Dg ~dashed line! states. For this plot the Coulomb po
tential was obtained by equating the total energy at 20 b
~noninteraction region! to the MRD-CI value, whereE205
2918.30679 hartree, so thatE`5E202(11)(11)/205
2918.35679 hartree, and then usingER5E`11/R. In each
case the maximum deviation occurs near 3.38 bohr, whic
slightly inside the value forRe(3.56, 3.62 bohr). The devia
tion from Coulombic behavior is substantial, reaching
maximum value of 4.83 eV for3Sg

2 ~at R53.41 bohr), and
4.14 eV for 1Sg

1 ~at R53.36 bohr).
Cl2

31 . Very recently the TOF mass spectrum of the thr
halogen trications Cl2

31 , Br2
31 , and I2

31 by some of the
present authors has proven that all three are metastable@8#.
In the latter work we gave a theoretical treatment of Cl2

31

using an MRD-CI method@21–23# similar to that in the
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4516 PRA 59J. S. WRIGHTet al.
present paper and reported a metastable minimum for C2
31

@8#; other recent work also discussed the metastability
I2

31 @33,9#. There are few such examples of metastable
atomic trications, although a very recent one is the obse
tion of TiF31 @34#. Here we give more details on the Cl2

31

system.
SCF-MO’s were generated using the triplet configurat

for Cl2
21 . The ground electronic state of the trication h

MO occupation. . . (2pg)1 and state symmetry2Pg ~Table
I!, corresponding to a nominal bond order of 2.5. Anoth
MO configuration with the same bond order corresponds
the excitation 2pg→5su , i.e., the excitation from one anti
bonding orbital to another~higher-lying!. The resulting2Su

1

state may also contain a potential minimum.
Figure 2 shows the potential curves for Cl2

31 along with
the Coulomb potential for Cl21 interacting with Cl1. The
Coulomb potential was obtained as in the dication by pinn
the Coulomb curve to the MRD-CI value at 20 bohr. In th
case the Coulomb potential arises from the repulsion
tween 12 and 11 ions and has the formER5E`12/R,
where E`52917.50879 hartree. The properties deriv
from the metastable ground state are given in Table IV.

There is clearly a metastable state formed for2Pg , al-
though not for 2Su

1 ; in fact, we found no other double

TABLE IV. Properties of the potential curve for Cl2
31 in its

lowest-lying 2Pg electronic state.

Re (bohr) 3.622
Rmax (bohr) 4.731
Deff (eV) 0.447
ZPE (eV) 0.033
v01 (cm21) 529
No. v levels 9

FIG. 2. Potential curves for Cl2
31 , showing metastable mini

mum for the ground state2Pg . Dashed line: Coulomb potentia
Inset: Expanded view of the potential minimum region, show
bound vibrational states.
f
i-
a-

n

r
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e-

states which were metastable. AtR53.60 bohr ~near the
potential minimum! the CI wave function is dominated b
the ground state configuration . . .pg

1 , which is present in
amount 80%~square of coefficient representing this config
ration in the CI expansion50.8). Thus this strongly bonding
description dominates the wave function, in spite of the13
charge; this can be termed ‘‘residual chemical bonding
Near the maximum in the effective barrier at 4.8 bohr, ho
ever, there is very strong configuration mixing. At this po
thepu

4pg
1 configuration~bond order 2.5! represents only 50%

of the CI wave function. An additional 20% arises from th
configuration pu

2pg
3 ~bond order 1.5! and the remainder

arises from more highly excited~antibonding! configura-
tions. Thus the residual bonding effect is damped and
deviation from the Coulombic potential is reduced.

Bound vibrational states for the ground state2Pg were
computed as in the dication and are shown in Fig. 2 as
inset. The 0-1 transition occurs at 529 cm21, and there are 9
bound states behind the effective barrier. The height of
effective barrier~relative to the potential minimum! is 0.447
eV in the current treatment, compared to 0.288 eV in o
previous work@8#. The reason for the deeper well obtained
the current treatment is due mostly to the use of a better b
set; the basis set used previously gave only ca. 70% of
well depth of the neutral Cl2 molecule. However, the posi
tion of the minimum is close to that of the previous treatme
~3.62 in the current treatment vs 3.67 bohr, previously!.

The deviation from the Coulombic potential for the tw
electronic states is shown in Fig. 3. The maximum deviat
of 7.28 eV occurs for2Pg at 3.14 bohr. Compared to th
dication Cl2

21 , the deviation from Coulombic behavior ha
increased and the position of the maximum has shifted
wards. The2Su

1 state shows much smaller deviations fro
the Coulombic potential forR>3 bohr. By R56.0 bohr
both deviation curves approach zero, showing the disapp
ance of bonding effects at this internuclear distance.

FIG. 3. Deviation from Coulomb potential for the two lowes
lying states of Cl2

31 .
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Note that both potential curves show very largenegative
deviations at smallR. This is a general feature of molecula
potential curves—at smallR, the repulsion will always be
greater than the Coulombic potential characteristic of
ions formed on dissociation. The reason for this increa
repulsion is that as the atomic electron clouds overlap
repulsion between the positive cores becomes increasi
unshielded, resulting in a rapidly rising potential. In Co
lomb explosion experiments there is no mechanism wh
causes sampling of these regions of smallR, so these nega
tive deviations are not observed.

Cl2
41 . The ground electronic state of the14 ion has a

closed-shell MO occupation with state symmetry1Sg
1 and

bond order 3.0, the maximum possible ground-state b
order for main-group elements built froms andp electrons in
the outer~valence! shell. This ion is therefore an ideal can
didate to show strong residual chemical bonding and sign
cant deviation from a purely Coulombic potential. This c
occur in spite of the high charge which causes maxim
repulsion in the symmetric dissociation channel leading
Cl211Cl21(14/R), and is still significant in the asymmetri
channel Cl311Cl1(13/R). As with the dication there is a
high-lying asymetric channel corresponding to Cl411Cl
which will be attractive due to charge-induced polarizati
(22a/R4, wherea is the static dipole polarizability of Cl!;
mixing of this state with the other more symmetric config
rations at smallR may induce a metastable minimum. The
excited channels lie rather far above the ground state~16 and
56 eV above the charge-symmetric channel for13,11 and
14,10, respectively; see Table VI!, however, which weak-
ens the interaction. Also, it must be considered that in Cl2

41

there is a much stronger asymptotic repulsion than in
trication or dication, which must be overcome by any
sidual bonding effect plus mixing with the attractive chann
in order to create a local minimum.

SCF-MO’s were generated using the ground-state sin

FIG. 4. Potential curve for Cl2
41 in the lowest-lying electronic

state. Dashed line: Coulomb potential.
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MO occupation given in Table I. At 20 bohr the electron
energy is2916.45875 hartree, and the Coulomb potentia
given by ER5E`14/R, where E`52916.65875 hartree
Figure 4 shows the potential energy curve for this state al
with the Coulomb potential. There is obviously a shoulder
the potential curve showing the effects of residual bondi
At R53.8 bohr~near the vertical excitation from Cl2) the
configuration description is predominantly~73%! that of the
strongly bonding. . . (5sg)2(2pu)4, with ca. 10% contribu-
tion from the excitationpu

2→pg
2 ~less strongly bonding,

B.O.51.0). In other words, there is relatively little mixin
with less strongly bonding excited configurations and the14
ion has retained the ‘‘memory’’ of its strong-bonding co
figuration in this region. However in this case the Coulom
repulsion is too strong to be overcome and no metasta
minimum is formed. The defectD, which now exceeds 10
eV, is shown on the composite Fig. 6.

Cl2
61 . The 16 ion has MO occupation. . . (2pu)2,

leading to three low-lying states of3Sg
2 , 1Dg and 1Sg

1 sym-
metry, each with B.O.52.0. Figure 5 shows the two lowes
electronic states3Sg

2 and 1Dg , and the Coulomb repulsion
potential for two ions of charge13. The two electronic
states are almost superimposed, and on the scale of the d
ing the 1Sg

1 would be almost coincident with the other two
All three electronic states therefore show a significant dev
tion from the Coulomb potential. The maximum in this d
viation occurs nearR53.0 bohr, and in this region the C
wave function for the triplet state contains the ground-st
configuration . . . (5sg)2(2pu)2 with 90% weight, i.e., es-
sentially a single-configuration description. AtR54.0 bohr
the single-configuration description has only dropped
77%, consistent with the fact that the deviation from t
Coulombic potential is still substantial. AtR58.0 bohr and
larger, the deviation from the Coulomb potential is negligib
for all three electronic states.

Cl2
81 . The 18 ion has MO occupation

FIG. 5. Potential curves for Cl2
61 in the two lowest-lying elec-

tronic states. Dashed line: Coulomb potential.
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4518 PRA 59J. S. WRIGHTet al.
. . . (5sg)2(2pu)0, leading to an electronic state of1Sg
1

symmetry. Another MO occupation which should be cons
ered is . . . (5sg)0(2pu)2, particularly since the 2pu MO is
more strongly bonding than the 5sg @35#. Two low-lying
electronic states formed from this configuration are3Sg

2

and1Dg . The bond order is now reduced to 1.0 in both cas
i.e., little residual bonding is expected in the18 ion.

SCF-MO’s were generated for the triplet (pu
2) configura-

tion and used in all cases. The ground state over most o
range is the1Sg

1 state~solid line!, although both the3Sg
2

and 1Dg states lie~slightly! lower for R<3 bohr. The two
excited electronic states~at R > 3 bohr! lie very close to-
gether. For all three states the deviations from the Coulom
potential are substantial. A maximum deviation of 17.03
is reached for1Sg

1 at 2.61 bohr, and 19.31 eV for3Sg
2 , also

at 2.61 bohr. A plot ofD for the lower-lying 1Sg
1 state is

shown in Fig. 6.
Cl2

101 . The110 ion has a formal bond order of zero, s
no residual bonding is expected. There may still be dev
tions from the Coulomb potential, however, e.g., along
inner wall of the potential. For this ion the SCF-MO’s we
generated from the closed-shell configuration given in Ta
I. Inspection of the Coulomb deviation in Fig. 6, howeve
shows that there is still significant deviation even for the c
where the bond order is formally zero.

IV. DISCUSSION

A. Vertical ionization potentials/excitation energies

The calculated equilibrium internuclear distance for ne
tral diatomic chlorine (Cl2 ,X1Sg

1) is Re53.820 bohr~expt.
3.757 bohr, Table II!. Since data values were taken at 3
bohr, this value ofR was used to obtain an estimate of t
vertical excitation energies to create the various char
ions. ~More rigorous treatment would require correction f

FIG. 6. Composite graph of deviations from Coulomb poten
for the diatomic chlorine ions Cl2

n1 in their ground states.
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zero-point energies, but in the bound molecules includ
neutral Cl2 these corrections do not exceed 0.04 eV!. Table
V gives the MRD-CI energy for each ion up to Cl2

121 in its
ground electronic state, including the ions Cl2

51 and Cl2
71 ,

along with the stepwise excitation energy.
For the first two ionizations these data can be compare

the theoretical vertical excitation values of Fournieret al.
@25# and to the experimental appearance potentials. Us
their larger basis B Fournieret al. obtained 11.36 eV and
19.25 eV for IP1 and IP2, respectively. These are close to o
own values in Table V but below the experimental appe
ance potentials@26#, which appear for the dication at IP1
1IP2531.13 eV by 0.52 eV@25# or 0.65 eV~our calcula-
tion!. Note, however, that because of the significant shift
Re it is possible that a ‘‘hot band’’ may have been observ
in the experiment, which would serve to increase the app
ance potential.

From Table V a useful generalization emerges: there is
increment of 1062 eV on successive ionizations, i.e., th
first ionization requires approximately 10 eV, the second
quires 20 eV, etc. This trend would only be expected
continue as long as valence electrons from the 3p-manifold
are being removed; two such electrons remain in Cl2

81 ,
which has a total of 6 remaining valence electrons. Theref
the next two ionizations forming Cl2

91 and Cl2
101 should

require ca. 90 and 100 eV, respectively. To check this
energy of Cl2

101 was found to be 200 eV above the ener
of Cl2

81 , close to the simple prediction of 190 eV. Beyon
Cl2

101 there will be a jump in ionization energy since th
next four electrons are being removed from MO’s built pr
dominantly from 3s AO’s. Thus the energy of Cl2

121 was
calculated to lie 266 eV above the energy of Cl2

101 ~Table
V!. Still further ionization beyond Cl2

141 will enter a very-
high energy regime where inner-shell electrons are being
moved.

B. Symmetric and asymmetric dissociation channels

One of the features of high-energy Coulomb explosion
the possibility of multiple dissociation channels, e.g., bo

TABLE V. Absolute and relative energies for diatomic chlorin
ions at 3.8 bohr. TheDE’s in the table correspond to Cl2

(n)1

→Cl2
(n11)1 , i.e., the vertical excitation energy~excluding zero-

point energy! calculated at 3.8 bohr.

Ion ~state! ECI
a DE

~hartree! ~eV!

Cl2(1Sg
1) 2919.35648 0.000

Cl2
1(2Pg) 2918.93941 11.35

Cl2
21(3Sg

2) 2918.23639 19.13
Cl2

31(2Pg) 2917.17189 28.97
Cl2

41(1Sg
1) 2915.79223 37.54

Cl2
51(2Pu) 2913.92091 50.92

Cl2
61(3Sg

2) 2911.70183 60.38
Cl2

71(2Pu) 2909.06836 71.66
Cl2

81(1Sg
1) 2906.06553 81.71

Cl2
101(1Sg

1) 2898.70646
Cl2

121(1Sg
1) 2888.92459

aIncludes the Langhoff-Davidson correction@23# to the MRD-CI
energy.

l
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symmetric and asymmetric channels. For example, Cl2
81

can dissociate into the symmetric channel (41,41) or the
asymmetric channels (51,31),(61,21), etc. and one of
the observables in these experiments is the ratio of the
produced in each channel@36,1#. The energies of the variou
dissociative channels from tabulated values for the exp
mental ionization potentials@37# are given below in Table
VI. These ion channel energies correspond to the dissoci
ions in their ground electronic states. Thus Cl2

21 dissociates
into 2Cl1 ions; since this is the lowest energetic state for
dication ~which is metastable! it is assigned a relative valu
of 0.00. The channel corresponding to Cl1Cl21 lies 10.846
eV above 2Cl1, etc.

In every case, the symmetric channel is energetically
lowest-lying. The first excited channel for the four cases l
only 11–16 eV above the symmetric channel which is l
enough in energy to allow mixing into the CI wave functio
when permitted by spin and symmetry selection rules. En
gies of the more asymmetric channels rise rapidly.

C. Deviation from Coulomb potential and residual
chemical bonding

A composite graph for the deviation from a Coulomb
potential is shown in Fig. 6, for the ions12,13,14,16,
18 and110. The most striking observation is that the Co
lomb deviations are huge, reaching over 20 eV in the cas
the 110 ion. This is even more remarkable when one c
siders that the formal bond order for the110 ion is zero, so
no deviation at all was expected. A second observation
that there is a general inward shift in the position of t
maximum inD. These observations are the most import
results in this work, and we inquire here into their physic
origin.

The corresponding bond order for the ground-state c
figuration is 2.0, 2.5, 3.0, 2.0, 1.0, and 0.0, respective
On that basis alone, the deviationD should increase on goin
from Cl2

21 (B.O.52.0) to Cl2
41 ~maximum B.O.53.0)

and then begin to decrease, reaching zero for the ion Cl2
101 .

Furthermore, since the bond distance is inversely relate

TABLE VI. Relative experimental energies of the symmet
and asymmetric dissociation channels for the even-charged
atomic chlorine ions.

Species Ion channel Erel (eV)

Cl2
21 11,11 0.000

12,0 10.846
Cl2

41 12,12 0.000
13,11 15.796
14,0 56.294

Cl2
61 13,13 0.000

14,12 13.855
15,11 57.841
16,0 141.904

Cl2
81 14,14 0.000

15,13 14.335
16,12 71.755
17,11 162.137
18,0 497.449
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the bond order, the equilibrium internuclear distanceRe

should shift inwards as the charge increases, provided th
single-configuration description of the CI wave function is
reasonable representation near the potential minimum. T
would be expected to cause an inward shift in the position
the maximum inD with increasing bond order, and a subs
quent outward shift as the bond order is reduced in the m
highly charged ions.

Figure 6 shows that there is some validity to these sim
predictors, as well as some surprises. First, consider
asympotic properties ofD. As explained earlier, at smallR
the value ofD will be negative due to penetration of the io
cores and the consequent increased repulsion. At largeR, D
will approach zero~true for all potential curves and obviou
in Fig. 6! as the interaction resembles point charges at la
internuclear distance. At intermediateR the deviationD will
go through a maximum provided that the molecular ion
tains residual chemical bonding. The general shape ofD(R)
is therefore known in advance of calculation.

Second, consider the position of the maximum inD along
the internuclear coordinate, as a function of ion charge. T
deviationD will continue to increase as long as the slope
the Coulomb potential is larger than that of the true poten
curve. Since the slope of the true potential is minimal~or
zero! nearRe and remains smaller than the Coulomb cur
for some range ofR,Re , this causesD to maximize atR
,Re .

A simple physical model which shows these general f
tures is the following: A single electron is placed midwa
between two like charges1Q separated by a distanceR. The
electrostatic energy is thenV5(Q224Q)/R. The kinetic en-
ergy is approximated by a particle in a 3D box whose dim
sion is (R2a), wherea is an adjustable constant which a
lows for the fact that the box length is somewhat sma
than R. The kinetic energy is thenT53h2/8ml2, where l
5R2a, and m is the electron mass. In atomic unitsT
53(2p)2/8(R2a)2. The difference between the Coulom
potential Q2/R and the molecular potentialT1V is then
given by D5const@4Q/r 23(2p)2/8(R2a)2#, where const
is a scale factor to bring the axis into correspondance w
Fig. 6. Usinga51 bohr and const50.25 for all the diatomic
ions, Fig. 7 shows the plot ofD(R) vs R for the ions of
charge12 through110. The attenuation ofD with R is
much slower than that shown in Fig. 6 for the true system
but the general behavior is correct: There is an appro
mately linear increase inD with Q, and there is an inward
shift in the position of the maximum with increasingQ.

A third, and much smaller effect, is the shift in the valu
of Re as the bond order increases on ionization from neu
Cl2. There is a small inward shift inRe on ionization from
neutral Cl2, going from 3.82 bohr in Cl2 ~calculated value,
Table II! to 3.64 bohr in Cl2

1 to 3.57 bohr in Cl2
21 ~Table

III !. This is consistent with the increasing bond order~1.0,
1.5, 2.0, respectively!. However, the position of the mini
mum shifts outward again in Cl2

31 to 3.62 bohr, in spite of
the fact that the bond order has further increased to 2.5
order to understand these results, it is necessary to con
the composition of the CI wave function, which is changi
with internuclear distance, as well as the asympotic beha
of the Coulomb deviation.
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In the case of Cl2
21 , below R53.0 the wave function

contains >90% of the ground-state configuratio
. . . pg

2 (bond order52.0). At R54.0 the composition has
dropped to 83% ofC1, the maximally bonding configura
tion, and contains 4% of the configuration corresponding
the double excitationpu

2→pg
2 ~zero bond order!. At 5.0 bohr

which is near the potential maximum the contribution ofC1
has dropped to 61% and additional excitations of the fo
sg

2→su
2 enter strongly~bond order zero!. Here the total wave

function becomes roughly an equal mixture of bonding a
nonbonding configurations, necessary to allow dissocia
into Cl11Cl1. Finally, at largeR the contribution ofC1
approaches zero.

The general result is that the position of the minimum
the potential curve will only continue to move inward
bond order increases, so long as a pure~maximum bonding!
single-configuration description remains valid. For Cl2

41 for
example, in its ground state1Sg

1 , at R54.0 bohr the
strongly bonding configuration . . .sg

2pu
4 is only 63% of the

CI wave function, and the double excitationspu
2→pg

2 al-
ready make important contributions. When this situat
holds, the bond order is less than the nominal value predi
from simple MO theory, and the position of the minimum
the potential curve will shift to largerR. This is the situation
which is observed in comparing Cl2

31 to Cl2
21 : the decline

of the single-configuration description begins earlier~in R)
for the more highly charged ion.

Finally, consider why there appears to be residual che
cal bonding for Cl2

101 , an ion which has zero formal bon
order. Analysis of the CI wave function for Cl2

101 shows
that at R53.8 bohr, the ~nonbonding! configuration
. . . 4sg

24su
2 does indeed contribute 94% to the total. Mo

ing inwards, atR52.80 bohr, where a shoulder on the pl
of D appears~Fig. 6!, the wave function consists of 88% o
sg

2su
2 ; however, it also contains 4% of the~excited! strongly

FIG. 7. Deviation of simple model from Coulomb potential f
diatomic ions with total charge1n, wheren52Q.
o

d
n

n
ed

i-

bonding configurationsg
2pu

2 and 4% of another bonding con
figuration 4sg

25sg
2 . At R52.20 bohr, which is near the

maximum inD vs R, the wave function consists of 0% of th
nonbondingsg

2su
2 but 96% of the bonding configuratio

sg
2pu

2 . The ion Cl2
101 therefore maintains residual bondin

at small R, and indeed shows its maximum inD at R
52.26 bohr, exactly the region in which an unexpect
bonding configuration is dominant.

The apppearance of strongly bonding configurations
small internuclear distances is exactly what would be p
dicted from the avoided crossing model. In Cl2

21 , for ex-
ample, the asymetric channel correlating with Cl1Cl21 lies
11 eV above the repulsive channel Cl11Cl1. The charge-
induced polarization as asymmetric Cl1Cl21 approach is
attractive, and this diabatic potential curve shows an avoi
crossing with the repulsive potential curve correlating w
the symmetric ions Cl11Cl1. A minimum therefore results
at smallR. When the charge becomes higher the asympto
also lie higher in energy, so the effects persist but mani
themselves at even smaller internuclear distances. T
causes a deviation from the Coulomb potential, which is
served in Fig. 6.

V. SUMMARY AND CONCLUSIONS

Using the MRD-CI approach described in this pap
good results have been obtained for potential curves in
cases where the experimental data were known, namely2
and Cl2

1 . The calculations were extended by the sa
methods to give potential energy curves out to dissocia
for the ions Cl2

21 , Cl2
31 , Cl2

41 , Cl2
61 , Cl2

81 and
Cl2

101 . In each case, sufficient reference configuratio
were used in the CI expansion so that the reference confi
rations contributed>90% to the final CI expansion; thi
ensured smooth behavior of the potential curve out to dis
ciation.

The Cl2
21 dication has at least three bound metasta

states, the most deeply bound of which is3Sg
2 . Calculation

of the vibrational spectrum for this state shows good agr
ment with the measured vibrational spacing@26#. The 3Sg

2

state shows a deviation from the Coulomb potential of
most 5 eV, and at a distance which is close to that aris
from vertical excitation from Cl2. The Cl2

31 ion is meta-
stable in its ground electronic state2Pg , with an effective
potential well of 0.45 eV. This is in agreement with th
reported metastability by experimental measurement@8#. The
Cl2

41 ion has the largest bond order in the series~3.0! and
shows a pronounced shoulder relative to the Coulomb po
tial. The remaining ions Cl2

61, Cl2
81 , and Cl2

101 all show
substantial deviations from the corresponding Coulomb
tentials, with an approximately linear increase withQ, even
though the formal bond order in Cl2

101 is zero. Analysis of
this unexpected result for the110 ion showed that it results
from the dominance in the CI wave function at smallR of
strongly bonding excited configurations which remove t
electrons from antibonding orbitals and effectively increa
the bond order.

As measured by the deviationD from the Coulomb po-
tential, all the ions in this study for12 to 110 show sub-
stantial residual bonding. The use of a simple physical mo
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of an electron midway between two charges1Q and a
particle-in-a-box model for the electron kinetic energy he
to explain trends inD as a function ofR andQ. The extent of
the deviationD can become very large at smallR, with a
maximum value greater than 20 eV for the110 ion. In the
region of vertical excitation~nearR53.80 bohr) the value
of D is near 5 eV for the ions Cl2

21 , Cl2
31 , Cl2

41 , and
closer to 10 eV for Cl2

61 , Cl2
81 , and Cl2

101 .
These data can now be used to help in the interpreta

of Coulomb explosion experiments, and to try to give a co
plete mechanism for dissociation through a manifold of
states in MEDI experiments on diatomic chlorine. What
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mains to be done is to consider the modification of the
tential energy curves for the various ions in an intense la
field. This occurs by interaction with the molecular polari
ability, which can increase the kinetic energy defect, and w
be discussed in a later publication.
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