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Carbon disulfide dimers (CS, ), are doubly ionized by an intense 40-fs laser pulse leading to fragmentation into
a pair of CS,™ cations. Unlike previous studies on atomic dimers, their kinetic energy, gained by mutual electro-
static repulsion, deviates strongly from the value determined by applying the Coulomb interaction approximation
to the (CS,),>* ion. An ab initio calculation shows that inclusion of non-Coulombic interactions in (CS, ), is
crucial to account for the observed kinetic energy. These interactions result in 16 (CS, ),2* electronic microstates,
which obstructs accurate determination of intermolecular bond distances in (CS;), from the fragments’ kinetic
energy. The situation will be similar for most other weakly bonded atomic and molecular complexes.
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I. INTRODUCTION

Molecular Coulomb explosion is a process that occurs
when, for instance, an intense fs laser pulse multiply ion-
izes a molecule and the resulting multiply-charged molecular
cation breaks apart into cationic fragments due to their internal
electrostatic repulsion. The structure and spatial orientation of
the molecule at the instant the electrons are removed, define
the emission direction and kinetic energy of the fragments.
Coulomb explosion imaging (CEI) is the technique that aims
at determining molecular structure by recording these experi-
mental observables [1,2].

One focus of CEI is the determination of bond distances
and internuclear wave functions [3-5]. This relies on approxi-
mating the fragments as point charges and thus their potential
energy by the Coulomb interaction. For a two-body system,
the potential energy (atomic units are used throughout) is
V(R) = %, where ¢, and g, are the charges of the fragments
and R their separation. As the fragments move apart, V (R) is
converted into kinetic energy and therefore the initial potential
energy can be determined by measuring the final kinetic en-
ergy Eyi, of the fragments. Hereby, Riyiia is obtained as %,
which will also equal the corresponding bond distance in the
parent molecule provided the electron removal is sufficiently
fast.

A key question is when the point charge approximation
(PCA) of the fragments is sufficiently good that CEI can
provide accurate determinations of bond distances and wave
functions. This has been shown to be the case for Coulomb
explosion of H,™ into two H* [3,4,6,7], and for Coulomb
explosion of a dissociating diatomic molecule, like I, with
R so large that the molecule essentially consisted of two sep-
arated atoms [5,8,9]. In contrast, for most covalently bonded
molecules in their equilibrium geometry, Coulomb explosion
does not capture the bond distances well [10,11] because the
potential curves of the multiply charged molecular cations
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deviate significantly from Coulomb potentials due to residual
molecular bonding [12-14].

Over the past decade, fs laser-induced CEI has also been
applied to van der Waals dimers or larger oligomers. In partic-
ular, homodimers, trimers, and tetramers of noble gas atoms,
and heterodimers composed of a noble gas atom and a di-
atomic molecule were explored [15-21]. Using the PCA for
the recoiling fragment ions, equilibrium structures, including
accurate interatomic distances, were reported and in some
cases, even the interatomic wave function. The validity of the
PCA has, however, never been investigated for such weakly-
bonded complexes.

Here, we address this issue by exploring if fs laser-induced
CEI can be used to determine the equilibrium separation
between the two monomers in a van der Waals dimer of
molecules, and possibly the intermolecular wave function. As
a test case, the crossed-shaped CS, dimer [Fig. 1(a)] is dou-
bly ionized leading to two CS,* fragments. The CS, dimer
was chosen both due to its symmetric shape and because
intermolecular motion following single ionization [22] is neg-
ligible during the laser pulse, due to the rather large mass of
the CS, monomers and the shallow potential of the (CS;),™
cation, see Sec. Al.

II. EXPERIMENTAL SETUP

The experimental setup has been described before [23],
so only a few pertinent details are given. A gas of 80 bar
He is passed over a sample of liquid CS, at room temper-
ature and then expanded through an Even Lavie valve into
the source chamber of a molecular beam instrument. The
molecular beam formed is skimmed and sent into a veloc-
ity map imaging (VMI) spectrometer where it is crossed
by a linearly polarized, focused laser beam. The 40-fs long
(FWHM) pulses in the laser beam (400 nm, 1 x 10'* W/cm?)
ionizes CS, monomers and dimers, the main constituents of
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FIG. 1. (a) Sketch of the CS, dimer structure [26]. (b) Partial
charges in the CS," ion in units of |e|. (¢) Coincidence filtered
(see text) 2D velocity image of CS,™ ions. The probe laser beam
is polarized along the Y axis. (d) Velocity distribution of the CS,*
ions in the detector plane, obtained from the image in (c).

the molecular beam. The VMI spectrometer accelerates the
cations formed onto a MCP detector backed by a phosphor
screen, and thereby the 2D projection of the velocity vector for
each CS,™ ion can be recorded by a CCD camera. The MCP
detector is gated such that only the '>C* S isotopologue is
detected. The velocity projection is denoted by the coordinates
(vi, 0), where v; is the velocity in the detector plane of the ion
hit (proportional to its radius) and 6 its angle with the laser
polarization, kept in the detector plane. The term, frame, de-
scribes the ion hits resulting from a single laser shot whereas
an, image, is the sum of a number of frames. The repetition
rate of the measurements is 200 Hz.

III. RESULTS

The basic experimental data of this work are a 2D velocity
image of CS," ions resulting from the sum of 3.85 x 10°
frames and containing ~1.5 x 107 ion hits. A metal disk
was installed in front of the detector to remove the large
contribution of CS,* ions originating from ionization of CS;
monomers. This explains the central zero-signal area and the
radial stripes, coming from the disk supports, in the ion image
shown in Fig. 1(c). This image is obtained from applying a
coincidence filter to the original image [24]. The filter discards
an ion hit (v, 6)) unless there is a partner ion hit (v, 6>)
in the same frame such that: 179.1° < |6, — 6| < 180.9° and
[vio — vi1| < 48m/s. We identify the ions in the ring with a
radius of ~2 km/s as originating from a (CS,),>* — CS,* +
CS,* Coulomb explosion channel because the filter retains
only CS,™ ions from a symmetric two-body breakup. The
angular anisotropy of the ions in the ring is, we believe, due
to an alignment-dependent double ionization probability [25]

Vpanial Vpoint

FIG. 2. (a) Ey, distributions. Purple curve: experimental result.
Dashed curves are the simulated results with the following potentials.
Yellow: point charge; red: partial charges; blue: quantum chemistry
(QC); black: QC with the spin-orbit interaction and including all
microstates (see text). (b) Rcc distributions. Full curves are the exper-
imental data using the point charge (yellow); partial charge (red); QC
(blue); QC including spin orbit, averaged over all microstates (black)
potential models of the dimer dication. The dashed black curve is
|W,_o(Rcc)|? for the potential curve of (CS;),, shown in Fig. 3(a).

of the dimer." The ring manifests itself as a single peak at
v, = 2 km/s in the radial distribution, Fig. 1(d), of the image
in Fig. 1(c). We now analyze this peak to find out if it contains
information about the intermolecular distance of the dimer
and possibly the intermolecular wave function.

The first step is to determine the kinetic energy distribu-
tion, P(Ey;,) of the CS,™ ions. This involves Abel inverting
the filtered image in Fig. 1(c), and from the inverted image,
extracting the radial velocity distribution, and then converting
to kinetic energy by application of a calibration factor and a
standard Jacobian transform. To determine this factor accu-
rately, the VMI spectrometer was calibrated just prior to the
measurements, see Sec. A. From this calibration, we estimate
an uncertainty in kinetic energy of 2%, limited primarily by
the resolution of the camera. The purple curve in Fig. 2(a)
shows P(Ey,) of the two CS,™ ions. It peaks at ~3.1 eV and
has a FWHM of ~320 meV with a slight asymmetry towards
lower values.

To understand the experimental data, we first calculated
P(Exin) of the CS, ™ ions applying the PCA, i.e., assuming that
the potential curve for (CSy),%t is given by Vyoine = 1/Rcc
[Fig. 3(a)], where Rcc is the intermolecular distance, see

The ionization rate is minimized when the least polarizable axis of
(CS,),, the C-C axis [38], is parallel to the probe pulse polarization
(the Y axis). This explains why the angular distribution of the CS,™
ions has a minimum along the Y axis.
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FIG. 3. (a) Energy diagram of the CS, dimer showing the wave
function of the vibrational ground state and its projection, by multi-
photon absorption from the probe pulse, onto the repulsive Coulomb
potential corresponding to a point charge model of (CS,),>*. (b) The
three potential curves, Vyoints Vpartial, and Ve used to model (CS,),%,
in the region around the equilibrium distance of (CS;),. (¢) The
splitting of V¢ into three groups of potential curves due to different
hole configurations and spin-orbit interaction. The energy splitting,
Eso, between each curve when Rcc — o0 is shown in the legend/on
the lower left corner.

Fig. 1(a). This approximation is the one used in previous
works on Ar,, Ne,, ArO,, ArN,, and XeO, [17-21]. Under
our experimental conditions, the CS, dimers are in the inter-
molecular vibrational ground state [24]. Consequently, for the
initial distribution of Rcc, needed to calculate Ey;, of the CS,™
ions, we used |W,_o(Rcc)|?, where W,_o(Rcc) is the wave
function of the lowest vibrational state in the intermolecular
potential along the Rcc coordinate, see Fig. 3(a). The inter-
molecular potential for (CS;), was calculated at the CCSD(T)
frozen-core level with the aug-cc-pVTZ and aug-cc-pVQZ ba-
sis sets. The results were corrected for basis set superposition
errors by the counter poise method [27] and extrapolated to
the complete basis set limit by an L~3 formula [28]. The basis
set convergence indicates that the shape of the potential en-
ergy curves is converged to within 10 cm~! for Ree > 3.0 A.

To convert the calculated intermolecular distribution,
P(Rcc) to P(Exin), we computed the overlap between W,_
and the continuum wave functions ¢co, pertaining to the
potential Vgicq of (CS5)27+:

2
P(Egin) = ‘ / Gion(Rcc)Wy—o(Rec)dRcc| 9]

Here ¢¢one were calculated with the Numerov method in
the energy range of 2-6 eV. The yellow curve in Fig. 2(a)
shows P(Ey,) of the CS,™ ions determined by the point
charge model, i.e., Vgicat = Vpoine- The calculated distribution
is centered at 4.1 eV, about 1 eV higher than the measured

distribution. The same pronounced disagreement between ex-
perimental and simulated results is evident when the measured
P(Eyin) is converted to P(R¢c¢) using the reflection principle,
ie., P(Rce) = P(Ekm)dvd";‘ The yellow curve in Fig. 2(b)
shows that P(Rcc) peaks at ~4.6 A compared to the peak
at 3.5 A of |W,_o(Rce)|? (dashed black curve). These find-
ings stand in stark contrast to the previous works on Ne,
and Ar,, dimers where the point charge model was reported
to give good agreement between experimental and theoret-
ical interatomic wave functions and equilibrium distances
[17,21].

In contrast to, e.g., an Ar™ ion, a CS,™ ion is an extended
system and thus an improvement of the point charge model
is to place a partial charge on the centers of each of the three
atoms. We determined the atomic partial charges from a fit of
the electrostatic potential to that calculated from the charge
density determined by a DFT method (wB97X-D) using the
diffuse basis set aug-pcseg-1 and the results are given in
Fig. 1(b). Now the intermolecular potential of (CS;),?* can be
expressed as the sum of the nine pairwise Coulomb interaction
terms between the partial charges:

52 5cds 52

—= +4 +4 :
Ree  fRorr, \[Ro+2r,
(2

where we assumed that the CS distance, Rcs, in each CS,
monomer remains constant. The Va1 potential is depicted
in Fig. 3(b).

The red curve in Fig. 2(a) shows P(Eyy,) for the CS,™
ions determined from Viicae = Vpartia- The agreement with the
measured P(Eyi,) has improved but there is still a 0.3 eV
offset between the calculated and the experimental distribu-
tions. Using Vpaiar We also converted the measured P(Ey,)
to P(Rcc), again employing the reflection principle, and as
shown in Fig. 2(b) the deviation from [W,_o(Ree)|? is less but
remains significant.

Finally, we performed a high-level quantum chemistry
calculation of the potential curve, Vgica = Vioc, for the lowest-
energy state, 3%, of (CS;),2*. The doubly charged state was
calculated with a triplet coupling of the two unpaired electrons
with the same level and the same basis sets as the ones used
for the ground state of the neutral dimer. Figure 3(b) shows
that in the region of the equilibrium distance for (CS,),,

c ~3.5 A, Voc lies below both Vigin and Vg This is
due to non-Coulombic effects in the dication. As seen by the
blue curve in Fig. 2(a), P(Exis) determined from V¢ is now
very close to the measured distribution with the calculated
peak position only ~26 meV below the experimental position.
Correspondingly, P(Rcc) obtained from conversion of the
measured P(Ey,) via Voc peaks at 3.47 10\, close to the 3.52 A
center of |W,_o(Rcc)|?, see Fig. 2(b).

Voartiat (Rec) =

IV. DISCUSSION

The non-Coulombic interactions in (CS,),%" can be ra-
tionalized as follows. The ionization of each CS, monomer
removes an electron from the HOMO, a degenerate IT-orbital.
Thus, four hole-configurations are possible for the (CSy), 2t
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ion. Using the coordinate system in Fig. 1(a), they are de-
noted (IT}, M2), (T}, N2), (M}, 13), (1}, M2), and lead to
the formation of four singlet and four triplet states. Spin-
orbit interaction between these states lead to 16 energetically
different microstates. Our calculations with the hole config-
urations and the spin-orbit interaction included, show that
the 16 microstates energetically fall into three groups as
illustrated by the three curves in Fig. 3(c). In the dissocia-
tion limit, the first group (four microstates) converges to the
CS,H 114 /2)—CSZ+(2H1 ,2) channel (dotted line), the second
group (eight microstates) to the CSy*(*I11/2)-CS2 " (*I13/2)
channel (dashed line), and the third group (four microstates)
to the CSy™(*I3/2)-CS2"(*IM3/2) channel (dotted-dashed
line). The calculated spin-orbit splitting for the CS,* ion is
47 meV, which can be compared to the experimental value of
55 meV [29].

Our experiment provides neither information about which
microstates the laser pulse excites nor information about
which fine-structure state (*TT3 /2 Or m 2) the CS,* fragment
ions end up in. We assume that all 16 microstates are excited
with equal probability since the laser-dimer interaction has no
specific dependence on these states. If we furthermore assume
that the fragmentation occurs adiabatically, i.e., without cross-
ing between the 16 microstates, then Ey, of a pair of CS,™
fragments is given by the energy difference at Rcc = 3.5 A and
Rcc — oo of the curve on which the fragmentation occurred.
The resulting Ey;, distribution obtained from the summation
over the 16 fragmentation channels is shown by the black
dashed curve in Fig. 2(a). The agreement between the ex-
perimental and simulated P(Ey;,) is very good in the region
around the peak position. The FWHM of the experimental
curve is, however, ~100 meV larger than of the calculated
curve, notably towards the low energy side. We believe this
asymmetric broadening results from bending excitation of the
CS,™ ions during the Coulomb fragmentation. For instance,
one quantum of bending vibration deposited in each CS,™
fragment removes ~85 meV of kinetic energy, which is com-
parable to the observed broadening.

Our theoretical analysis shows that the experimental
P(Eyiy) is the sum of the 16 kinetic energy distributions pro-
duced by fragmentation on the potential curves for the 16
microstates. Experimentally, we cannot resolve each of these
16 contributions and therefore, the procedure to convert the
experimental P(Eyi,) to P(Rcc) breaks down. As an approxi-
mation we performed the P(Eyi,) — P(Rcc) conversion using
the potential curve resulting from an average over the 16
microstates. Such an approximation may provide the correct
peak maximum but is likely to overestimate the width. The full
black curve in Fig. 2(b) shows that the experimental P(Rcc)
peaks at 3.53 A, which is only 0.3% larger than the center
of the theoretical wave function at 3.52 A. The experimental
P(Rcc) has a larger width (0.40 A) compared to the width
of the theoretical wave function (0.22 A) and an asymmetric
broadening towards lower Rcc values, reflecting the asymmet-
ric broadening of P(Eyiy).

V. CONCLUSION AND PERSPECTIVES

In summary, neither the point-charge nor the partial-charge
Coulomb approximation can account for P(Ey,) of the CS,™

recoil ions produced from double ionization of the CS, dimer.
Similarly, P(Rcc) obtained from conversion of the measured
P(Eyin) using either the point charge or the partial charge
model, deviate strongly from the theoretically calculated
intermolecular wave function of the CS, dimer. Ab initio cal-
culations showed that the lowest electronic state of (CS,),2"
is split into 16 microstates due to different electron (hole)
configurations and the spin-orbit coupling. The peak position
of P(Eyin), determined as the average over the 16 microstates,
agrees very well with the peak of the experimental P(Ei).
However, the 16 states implies that, unlike the Coulomb ap-
proximation case, there is no longer a unique correspondence
between Ey;, and Rcc. Accurate retrieval of the intermolecular
wave function from the measured kinetic energy distribution
is, therefore, not possible.

The closed-shell electron structure of most molecules and
all noble gas atoms, implies that their dimers (or larger
complexes) upon multiple ionization, will exhibit a multi
microstate structure similar to that of (CS;),2t discussed
here (dimers of and complexes with He excluded). At one
hand the sensitivity of Ey, of the fragment ions from
Coulomb explosion to the microstates may provide informa-
tion about the non-Coulombic interactions in the multiply
charged dimer cations. On the other hand, the presence of
multiple microstates will in general obstruct accurate con-
version of the measured kinetic energy distribution into
interatomic/intermolecular distances and wave functions, see
Appendix A3.

To substantiate this statement, we calculated the poten-
tial curves for the lowest electronic state of the Ar,2t ion
and found that non-Coulombic effects lead to 36 microstates,
see Sec. A2. Assuming, as for (CS,),2", that the fragmen-
tation of Ar,?* occurs adiabatically into the three possible
final channels, Art(* Py 2)-Art(CPi2), Art P p)-Art CPs ),
Art(Ps2)-Art(*Py)2), we find that Ey, of the pair of Ar"
ions lies between 3.52 and 3.64 eV. By comparison, frag-
mentation via a pure Coulomb curve would give 3.79 eV.
Converting a measured P(Ey,) via the PCA is therefore
expected to introduce an error of ~0.2-0.4 A in the po-
sition and width of P(R) compared to |W,_o(R)|® of Ar,.
Nonadiabatic crossings between the microstates during frag-
mentation can increase the error further. These considerations
have implications for the interpretation of previous works on
CEI of weakly bonded dimers [17-21], where the multiply
charged molecular cation was modelled by a single Coulomb
curve.

The significance of non-Coulombic effects can be min-
imized by ionizing dimers, or other molecular systems, to
higher charge states, ideally empting the valence shell. High
intensity fs x-ray pulses from free-electron lasers seem well-
suited for this [30-32] and may provide opportunities for
Coulomb explosion imaging [32-34].
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APPENDIX

1. Energy calibration

The Abel inversion to reconstruct the 3D momentum dis-
tribution was computed with the polar onion peeling method
[35] and then converted to the kinetic energy distribution by a
standard Jacobian transformation. To determine the constant
of proportionality between the illuminated pixels of the CCD
camera and the kinetic energy of the ions, we calibrated
the VMI spectrometer using I atoms with a well-defined
velocity, obtained by dissociating I, molecules through a two-
photon transition into either an I(>P3 /2)-1(2P3 /2) pair (I-I) or
an I(>P32)-1(Py 2) pair (I-I*). The iodine atoms were then
ionized 150 ps later by an intense 35-fs, 800-nm laser pulse,
and their velocities projected onto the detector. The calibration
included measurements at A = 640, 660, 680, and 700 nm
of the dissociation pulse. The two final states have a dis-
sociation limit energy of Dy = 1.543 eV [36] for (I-I) and
D, = 2.485 eV [36] for (I-I*) and the relative spacing be-
tween the two final states therefore gives an energy calibration
independent of the wavelength of the dissociation pulse.

2. Intermolecular dynamics of the (CS,),* dimer

In this section, we calculate if there is any change of Rcc
after the first ionization and before the second ionization oc-
curs. Any such change of Rcc would lead to a blurring or shift
of P(Eyy,) of the CS,™ ions compared to that expected for
directly projecting |W,—o(Rcc)|? onto (CS;),%". To describe
Rcc of the (CS;), dimer after single ionization by the probe
pulse, we solve the time-dependent Schrodinger equation on
a 1D potential. For this purpose, we use the split-operator
method and we apply the kinetic energy operator in the mo-
mentum space and the potential energy operator in Rcc space

during the propagation of the wave function [37]. The algo-
rithm then solves the equation:

W(Ree, t + At) = FUp FUp F ' Us FW(Ree, t), (Al)

132
Us = exp (—iﬂm/z), (A2)
Uy = exp(—iV (Rce) A1), (A3)

where  is the reduced mass of (CS,),, F and F~! stand
for the Fourier transform and the inverse Fourier transform
operation, P and V(R) are the momentum and the potential
energy operator, respectively, and W(Rcc, t) is the intermolec-
ular wave function. We use a grid size for the momentum and
the Rcc space of 16384 points to facilitate the Fourier trans-
formation algorithm and a time step of Af =1 x 107" s,
The Rcc grid starts at 2.4 A and ends at 9 A. Fig. 4(a)
shows the described process where W, _o(Rcc) gets projected
through multiphoton absorption onto the potential curve of
the electronic ground state of (CS,),*. The description of
the dynamics is then based on the calculated potential of the
first cationic state (with a similar method and basis set as in
the main article) following Eq. (A1) and using W, —¢(Rcc) for
(CS;); as the initial input. The density of the wave function
in Rcc and in velocity, Ve, space is shown in Figs. 4(b) and
4(c), respectively. It can be seen that the wave packet moves
towards lower value of Rcc as expected from the shape of
the (CS,),* potential. The distribution peaks at a negative
velocity and gets more confined as a mean velocity is reached
for all components of the wave function. This is expected
since a Fourier relationship links the Rcc and Ve spaces.
On each panel, the dashed line shows the mean Rcc position
and the mean V¢ as a function of time. It can be observed
that the mean Rcc position changes from 3.52 to 3.512 A
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TABLE L. Ey, of the Ar" fragment ion pairs for the six groups of microstates according to the three possible Ar*-Ar" final channels. The
numbers in red are the kinetic energies (expressed in eV) that result from an adiabatic fragmentation.

Group (degeneracy)
Final States 1(4)

2(8) 3(8) 44) 5(8) 6(4)
Art (P ) + Art (P ) 3.6409 3.4667 3.4055 3.2955 3.2379 3.1834
Art@Py ) 4+ Art(2Py)) 3.8110 3.6368 3.5756 3.4656 3.4080 3.3535
ArtCPsy)) 4+ Art (2P ) 3.9811 3.8069 3.7457 3.6357 3.5781 3.5236

in 20 fs and reaches 3.502 A in 30 fs. At the 400 nm of
the probe pulse, (CS;), is ionized due to absorption of four
photons and (CS,)," due to absorption of five photons. The
high non-linearity of these multiphoton processes implies that
they both occur close to the peak of the 40 fs long probe pulse,
probably within 20 fs of each other. Since our calculation
shows that Rcc changes to only 3.512 A from the initial 3.52 A
in 20 fs, we conclude that the motion in the Rcc coordinate
after single ionization of (CS,), is negligible with our 40 fs
probe pulse.

3. Microstates of the argon dimer dication

In double ionization of Ar, by the probe pulse, each of
the Ar atoms is single ionized by removal of a 3p electron.
Thus nine hole configurations are possible for the Ar,>* ion
and they can be denoted: (p}, p2), (p}, p2), (P}, P2), (pL, )
Py, ) (Py. P2, (L D), (pl. py), and (pl, p?). Here the
index 1,2 labels the two atoms, and the index x, y, and z the
triply degenerate p orbital. The nine hole-configurations lead
to the formation of 9 singlet and 9 triplet states for a total of
36 microstates, of which 13 are doubly degenerate. Our calcu-
lations, performed at the same computational level as for the
(CS,),*" ion, show that the 36 microstates energetically fall
into six groups around the Ar, equilibrium distance of 3.8 A,
as illustrated by the six curves in Figs. 5(a) and 5(b). In the
dissociation limit the six potential curves converge to the final
Art-Ar" channels:

group 1 (four microstates) — Art(2P;2)-Art Py 2),

group 2 (eight microstates) — Art(2Py 2)-Art (2P3)2),

group 3 (eight microstates) — Ar*(>Py2)-Art (2Ps)2),
group 4 (four microstates) — Art(>Ps2)-Art(CPs)2),
group 5 (eight microstates) — ArJr(2P3/z)—Ar+(2 Ps/2),
group 6 (four microstates) — Ar™(*P;p)-Art(?Ps)p).

Table I shows the final Ey;, of the Ar* ion pairs. Similar
to the CS, dimer case, they are determined by the energy
difference at R = 3.8 A and R — o0 of the curve on which
the fragmentation occurred. The red numbers results from
assuming adiabatic fragmentation, i.e., dissociation without
any crossing between the 36 microstates, and give rise to Ey,
between 3.52 and 3.64 eV as stated in the main text. The num-
bers in black are the kinetic energies that would result from
nonadiabatic fragmentation. Clearly such nonadiabaticity in
the fragmentation will cause a larger spread of Ey, of the Ar™
fragments.

4. Microstates of dimer dications—general considerations

The microstates arise from the coupling of electronic spin
in different orbital occupancy in each of the two ionized frag-

ments and spin-orbit coupling, and the number of microstates
thus follows from the electronic spin and the orbital degener-
acy of the isolated ionized fragments. If the ionized fragments
are nondegenerate, such as Na™ created from fragmentation
of Na,?* ions, the two singlet states (of Nat) can only couple
to a total singlet state, and thus only one microstate is possible
(of Nay?™). If the ionized fragments are electronic doublet
states with doubly degenerate orbitals, such as CS,™ created
from fragmentation of (CS,),>", the coupling of the two hole
configurations leads to four singlet and four triplet states,

3 5 3 . 2 ()
P1/2 P1 2 P1/2 I:’3/2 _ _|?§/_2_ _F_)(:}/_Z_ I
I Eco = 170 meV |
Rccﬁoo
33 :
4 6 8
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35.6F e |
33541 B S S ]
=~ ~_ | T ’
o - T
) s - B SO
T = e T §
35} S
--15
6
34.8 : : '
3.6 3.7 3.8 3.9 4
R (A)

FIG. 5. (a) Potential curves for the six groups of microstates of
the lowest electronic state of the Ar,?>*. At R — oo, the six groups
converge to the three final Art-Ar" channels as indicated above. The
energy splitting Eso between the curves when R — oo is shown in
the legend/on the lower left corner. (b) Close-up of (a) in the region
around the equilibrium distance of Ar,, 3.8 A. The numbering of the
six potential curve is shown on the right y axis of (b). This numbering
is used in Table 1.
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for a total of 16 microstates. In the absence of spin-orbits
effect, these 16 microstates have six different energies, while
addition of spin-orbit effects leads to 12 different energies. If
the ionized fragments are electronic doublet states with triply
degenerate orbitals, such as Ar™ created from fragmentation
of Ar,?*, the coupling of the two hole configurations leads to
nine singlet and nine triplet states, for a total of 36 microstates.
In the absence of spin-orbit effect, these 36 microstates have
12 different energies, while addition of spin-orbit effects leads
to 23 different energies.

These examples cover the most common cases. A more
complex system would be (Ceo)22+ fragmenting into two Cgo ™
ions, where the electronic doublet states with five times degen-
erate orbitals would lead to 25 singlet and 25 triplet states, for
a total of 100 microstates.

The energy splitting due to different orbital occupancies
depends strongly on the inter-fragment distance, while the
spin-orbit splitting in addition depends strongly on the atomic

number. For Ar,2* at the van der Waals distance (3.8 A), the
orbital splitting is ~3000 cm~! (energy difference between
lowest and highest state), while the spin-orbit splitting is
~1300 cm™!, leading to a total splitting of the microstates by
~4400 cm ™!, see Fig. 5(b). For dispersion bound dimers, one
expects orbital splitting of the same magnitude as for the Ar
dimer, while the orbital splitting will be much larger for sys-
tems with a chemical bond. The spin-orbit splitting depends
on the atomic number, and Ar,2t can thus be considered as
a system where the two effects are of comparable magnitude.
For Ne,2t, the orbital splitting will dominate, while for the
Kr,>* dication, the spin-orbit splitting will dominate. For
most multiply charged dimers (or larger oligomers) of atoms
and molecules we, therefore, expect a number of microstates
that deviate significantly from the corresponding Coulomb
potential. As a result, the conversion of measured kinetic en-
ergy distributions of fragments to interatomic/intermolecular
distances is obstructed.
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