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We have studied the mutual neutralization reaction of atomic iodine ions (i.e. I+ + I− → I + I) in
a cryogenic double electrostatic storage ring apparatus. Our results shows that the reaction forms
iodine atoms either in the ground state configuration (∼40%) or with one atom in an electronically
excited state (I(6s 2[2]), ∼60%), with no significant variation over the branching ratios in the studied
collision energy range (0.1-0.8 eV). We estimate the total charge transfer cross section to be of the
order of 10−13 cm2 at 0.1 eV collision energy. Ab initio relativistic electronic structure calculations
of the potential energy curves of I2, suggest that the reactions takes place at short internuclear
distances. The results are discussed in view of their importance for applications in electric thrusters.

I. INTRODUCTION

Electric thrusters for space vehicles have been devel-
oped across the world since the 1960s. Since then, they
have been deployed on hundreds of satellites and space
exploration probes [1, 2]. Thanks to the recent increase in
available power on spacecraft [1], the full potential of elec-
tric propulsion is now achievable. This is demonstrated
by the emergence of all-electric communication satellites
and projects requiring the deployment of large constella-
tions of small electric-powered satellites [1–3] (see also [4]
and references therein).

The basic physical principles of electric thrusters are
the following: a plasma is formed by ionizing the pro-
pellant, and the ions created are accelerated by electro-
magnetic fields. The ejection of the accelerated ions pro-
duces a thrust to the spacecraft through the conservation
of momentum. The efficiency of these systems depends
strongly on the total ion density formed in the plasma.
An efficient propellant should therefore have high atomic
mass and be easy to ionize, in order to yield high ion
fluxes and exert a large force on the spacecraft. Xenon is
currently the propellant of choice (see e.g. [5] and refer-
ences therein), owing to its high atomic mass and fairly
low ionization potential. However, xenon is rare, expen-
sive, and must be stored either in high-pressure tanks
or at cryogenic temperatures, significantly impacting the
useable volume in satellites.

The iodine molecule is an interesting candidate to re-
place xenon [6–9] since it also has high atomic mass and
low ionization potential. In contrast to xenon, iodine is
cheap and exists in the solid state at standard pressure
and temperature. These properties result in a storage
density of iodine that is three times higher than that of
xenon under equivalent conditions. In an iodine plasma
thruster, the electric energy is used to ionize the iodine

molecules to form the plasma. In addition to this ioniza-
tion, some energy is also inevitably dissipated in other
processes, leading to various atomic and molecular io-
dine species, both neutral and charged. Only ions can be
accelerated electrically to participate in the propulsion.
However, various reactions taking place in the volume of
the plasma can lead to the neutralization of the species,
thus causing substantial power loss. There is currently
no data available on these processes, thus impeding the
description and modeling of such thrusters.

As a first step to address these issues, we have studied
a key reaction in iodine plasmas [10], the mutual neutral-
ization (MN) reaction of atomic iodine ions:

I+ + I− → I + I + EK . (1)

where EK is the kinetic energy released in the process.
Recent modeling suggests that this reaction is of impor-
tance to the performance of thrusters [10]. However, the
model relies on input from experimental studies that are
associated with large uncertainties regarding the actual
MN collision partners and the related rates in iodine plas-
mas [11]. Furthermore, the atoms formed in MN colli-
sions can undergo further reactions [6], which rates may
depend strongly on the final states of the reaction prod-
ucts. The present study is therefore needed to improve
the modeling of iodine plasma.

In MN reactions, the kinetic energy released EK , is
related to the initial- and final-state distributions of the
atoms. By measuring EK , the branching ratios for the
different channels in this reaction were determined at the
collision energies of ∼0.1 eV and ∼0.8 eV. Our results
show that i) the reaction leads to two different sets of
product pairs: either a pair of atoms in the ground state
configuration, or a pair in which one atom is in its ground
state while the other is in the 6s 2[2] excited state; ii)
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these pairs have a population of roughly 40%/60% with
no significant dependence on the collision energy in the
studied range; and iii) the total charge transfer cross sec-
tion is of the order of 10−13 cm2 at 0.1 eV collision energy.
Furthermore, insights into the electron dynamics taking
place during the collision are provided by potential en-
ergy curves for I2, which we have calculated by means of
multi-reference ab initio relativistic electronic structure
methods. These suggest that the relevant curve cross-
ings leading to the observed final states occur at short
internuclear distances.

The outline of the article is the following: in sec-
tion II, we briefly describe the theoretical and experi-
mental methods employed to study the mutual neutral-
ization reactions of iodine ions. In section III, the ab
initio potential energy curves of I2 are discussed and the
experimental branching ratios for the different channels
in this reaction are reported. The article ends with a
summary of this work (section IV).

II. METHODS

A. Theory

The ab initio calculations of the electronic states of I2
were performed with the DIRAC19 release [12] and with
a development version (hash 1e798e5) of the DIRAC
relativistic electronic structure package[13]. In all cal-
culations we employed the 4-component Dirac-Coulomb
(DC) Hamiltonian, which accounts for scalar and spin-
orbit effects at the mean-field level. We employed an un-
contracted triple-zeta quality basis set, including three
diffuse functions (t-aug-dyall.v3z[14]), in order to accu-
rately compute the Rydberg and ion-pair (IPr) states.

The ground and electronically excited states consid-
ered here were obtained with the multi-reference con-
figuration interaction (MRCI) method, as implemented
in the KRCI module [15] of DIRAC. In the reference
configuration for MRCI we employed 10 electrons dis-
tributed over 12 spinors. This includes the valence
σ1/2, π1/2, π3/2, π

∗
1/2, π

∗
3/2 and σ∗1/2 molecular spinors

arising from the p5 manifold of each atom, and ensures a
qualitatively correct dissociation behavior for large inter-
nuclear distances. We calculated 109 single point ener-
gies within the range of 1.9-10 Å for the potential energy
curves (PECs) and sixty-three molecular states in total,
for the Ω = 0g, 0u, 1g, 1u, 2g and 2u symmetries. Spec-
troscopic constants for the different (bound) electronic
states have been derived from the calculated PECs with
the LEVEL [16] program.

As our electronic structure calculations account for
spin-orbit coupling from the outset, and we are dealing
with systems possessing linear symmetry. Thus, instead
of employing the commonly used LS-coupling notation
to characterize the symmetry of the molecular electronic
states, we label them by the value of the projection of
the total electronic angular momentum along the inter-

nuclear axis (Ω). For example, the first Ω = 0+g state

corresponds to the 1Σ+
g ground-state (for further details

on how the DIRAC code handles the attribution of such
quantities see Ref. [13]).

B. Experimental details

Asymmetric ring

Symmetric ring

PMT

MCP

I+

I−

Drift tubes

Pick upsCMOS

FIG. 1. Schematic of the double electrostatic ion beam stor-
age ring DESIREE. I+ and I− ion beams are created from
two different ion sources (see text), and injected into the two
rings. In the merged section (drift tubes), the ions interact
and the resulting neutrals are detected by means of a three-
dimensional imaging detector consisting of a micro-channel
plate/phosphor screen based detector (MCP), a CMOS cam-
era, and a PMT.

The experiments were carried out at the double elec-
trostatic ion beam storage ring facility DESIREE (Stock-
holm University, Sweden), an ultra-high vacuum de-
vice operated at cryogenic temperatures of about 13 K.
This experimental setup has been described previously
in Thomas et al.[17] (design and technical description),
Schmidt et al.[18] (first commisioning) and Eklund et
al.[19] (first mutual neutralization experiment) and is
only briefly discussed here.

Positive iodine ions were produced from pure iodine
in an electron cyclotron resonance (ECR) ion source and
negative iodine ions were produced from magnesium io-
dide compounds in a cesium sputtering (SNICS) source.
Bending magnets at the exit of the sources were employed
to select the ions of interest, after which the two oppo-
sitely charged ion beams of 127I were accelerated and in-
jected into the two storage rings.

As shown in Fig. 1, the two rings share a common
section in which interactions between the two species
may occur. Pick-up electrodes, located at the entrance
and exit of this merged section, measure the beam posi-
tions and were used to optimize the overlap of the two
ion beams. The collision energy Ec.m. of the reaction
was then fine tuned through the biasing of drift tubes.
This applied voltage decelerates/accelerates the nega-
tive/positive ions to the desired velocities in a small sec-
tion of this merged region (the biased region), allowing to
constrain the region of low collision energy interactions
(here chosen to be approximately 16 cm long).

A microchannel-plate (MCP) detector[20] located at
1.5 m from this biased region was used to detect the
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FIG. 2. MRCI PECs of 51 electronic states (including Rydberg and IPR) of I2, classified in terms of projection of the total
electronic angular momentum Ω. 12 (Ω = 0)−g and (Ω = 0)−u states are not shown here since there is no I+(3P2) + I−(1S0)
state with this symmetry. The energies (in eV) have been scaled so that the zero corresponds to twice the energy of the 2P3/2

ground state of the isolated iodine atom. See Table III for the energies of the different asymptotes. Detailed views of the PECs
at short internuclear distances are shown in Fig. 6 in the appendix.

neutralized particles arising from mutual neutralization
events and residual gas collisions. Each of these events
produced light spots on a phosphor screen located behind
the MCP. The resulting photons are guided via optics
to a complementary metal oxide semiconductor (CMOS)
camera and a multi-anode photomultiplier tube (PMT),
which record the positions and relative arrival times of
the particles. This PMT system can detect events with
an arrival time difference up to 200 ns. In the unbiased
region of the merged section, the relative velocity of the
two ions is such that the arrival time differences are well
outside this time window. Thus, these events do not
interfere with the data from reactions occurring in the
biased region.

C. Branching ratios calculations

For an MN event occurring at a distance L from the
detector, the separation between two neutral particles
formed in the reaction, as recorded by the detection sys-
tem, is given by

r =
√
r2‖ + r2⊥ ≈

√
2(EK + Ec.m.)

µ

L

v
(2)

where r‖ is the projected transverse distance, recorded
by the camera, r⊥ ≈ v∆t an approximation of the third

dimensional component (v being the average velocity of
the reactants), and µ the reduced mass of the ions. Here,
Ec.m. is the center-of-mass kinetic energy before the in-
teraction and EK is the kinetic energy released in the
specific reaction channel.

This particular three-dimensional imaging technique of
two particles was first introduced by Z. Amitay and D.
Zajfman[21] for the study of the dissociative recombina-
tion reaction[22–24] but has since then been employed
for a number of MN systems, such as Li+/D−[19, 25],
Mg+/D−[26], and O+/O−[27, 28]. The resulting spec-
trum represents a distribution of the final-state center-
of-mass kinetic energy, over the longitudinal extension
of the interaction region and the collision energy spread.
By simulating these distributions using the Monte Carlo
method and fitting these to the data, the branching ra-
tios can be extracted[19, 29]. These are corrected for the
energy dependent efficiency related to the angular ac-
ceptance of the detectors (for more details see reference
[28]).

Table 1 shows the experimental parameters used dur-
ing the three experimental runs: In the first run, data
were acquired using slower ion beams in order to inves-
tigate the low kinetic energy release (EK) channels in
detail; in the two other runs, data were acquired with
the aim of measuring the final state distributions of all
energetically open channels at two different collision en-
ergies.
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FIG. 3. Yield of neutral pairs as a function of the separation r between the products at center-of-mass collision energies 0.07 eV
(a), 0.1 eV (b) and 0.8 eV (c). The top scale shows the corresponding center-of-mass kinetic energy after the reaction (equation
2). The full curve results from a fit of the simulated distributions of ground state/excited state pairs (blue line, equation 3)
and ground state configuration pairs (red line, equation 4). The asterisks indicate contributions from metastable cations (not
included in the fit). The background has been subtracted (see Figure 5 in the Appendix for original spectra).

TABLE I. Experimental parameters used during the data ac-
quisitions. These show the energies (Ei) and currents (Ii) of
the positive (A) and negative (B) ion beam, the potentials
applied to the interaction region (U) and the center-of-mass
collision energy obtained (Ec.m.).

EA EB IA IB U Ec.m.

Data set (keV) (keV) (nA) (nA) (V) (eV)

1 13 12 3 8 500 0.07±0.01

2 35 30 15 30 1275 0.10±0.02

3 35 30 15 30 1060 0.80±0.10

In order to maximize the range of product kinetic en-
ergies that could be detected and obtain satisfying rates,
higher beam energies and currents were used in the two
later data sets, resulting in larger background contribu-
tions. These mainly arise from collisions between stored
ions and residual-gas molecules as well as false coinci-
dences. The majority of the background could be filtered
out by excluding events for which the center-of-mass po-
sition of the two products on the imaging detector were
outside a 5 mm range. However, a non-negligible number
of events remained after this selection, in particular for
measurements with low signal/background ratios. The
filtered-out events were then used as a model for this re-
maining background and subsequently subtracted from
the spectra. For more details see Appendix C.

D. Reaction cross section estimate

In order to determine MN reaction cross-section, it is
necessary to determine the spatial distributions of the
interacting particle beams. Currently, a method to de-
rive this overlap (form factor) with high precision is not
available at DESIREE. Additionally, it may vary between

different experiments since the storing of merged beams
requires adjusting the ion optics based on the mass ratio
and energies of the two ions. The cross section may there-
fore only be roughly estimated based on the observed
rates relative to other previously studied systems with
known cross sections, and is subject to large uncertain-
ties. However, given the absence of any experimental or
theoretical estimate for this particular collision system,
we have done such an evaluation, which is presented in
the results section.

III. RESULTS AND DISCUSSION

Theoretical results

In order to get insights into the MN dynamics, we re-
port the potential energy curves of I2 in Figure 2 (a de-
tailed discussion of these curves is given in the appendix).
At the collision energies investigated in this work, elec-
tronic processes take place mainly around the avoided
crossings. Assuming the system starts in the lowest ion-
pair state (i.e. I+(3P2) + I−(1S0), blue curve in Fig. 2)
one can, in principle, study the paths to a given final
state for each symmetry. Since the asymptotic energy
of the ion-pair state lies above the excited/ground state
pair, the reaction may result in the formation of an elec-
tronically excited iodine neutral atom, i.e

I+ + I− →

{
I(6s 2[2]3/2) + I(5p5 2P◦3/2) + 0.44 eV

I(6s 2[2]5/2) + I(5p5 2P◦3/2) + 0.62 eV
(3)

As there are too many avoided crossings between the
states, an appropriate simulation of the collision dynam-
ics is necessary to study the pathway to these channels.
However, the path to the lowest states of I2 are fairly sim-
ple: for all symmetries the lowest ion-pair state exhibits
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first an avoided crossing with the curves corresponding
to I(2P◦3/2) + I(6s) (here shown in red) at an interatomic

distance between 2.5 and 3 Å. At shorter interatomic
distances, these curves can cross the ground state config-
uration curves, resulting in the following channels:

I+ + I− →


I(5p5 2P◦1/2) + I(5p5 2P◦1/2) + 5.51 eV

I(5p5 2P◦1/2) + I(5p5 2P◦3/2) + 6.45 eV

I(5p5 2P◦3/2) + I(5p5 2P◦3/2) + 7.39 eV

(4)

Therefore, the simplest path to the lowest states of I2 is
through a highly excited state followed by a de-excitation
of the excited iodine atom at closer distances between the
collision partners.

We note that avoided crossings between the lowest ion-
pair state and these excited/ground state pair ones also
occur at larger internuclear distances (∼ 23 Å). How-
ever, using a Landau-Zener approach and the Olson semi-
empirical model (see [30], equation 13), we estimate that
the electronic couplings at these avoided crossings are
negligible. The dynamics of the reaction are therefore
expected to take place at the avoided crossings presented
in Fig. 2, for which more advanced modeling is necessary
as the current approach is not applicable to non-isolated
crossings occurring at short internuclear distances.

Experimental results

The yield of neutral pairs as a function of the separa-
tion r between the products for the three acquired data
sets (see Table I) are shown in Fig. 3(a), 3(b), and 3(c)
respectively. As different beam energies and collision en-
ergies were used for the different data sets, the measured
separations then correspond to different final kinetic en-
ergies (see equation 2) as highlighted in the top scales of
the figures, and hence different final states (equation 3
and 4)

For the first spectrum, Fig. 3(a), at 0.07±0.01 eV col-
lision energy, slower ion beams were used in order to re-
solve the channels resulting in iodine in the 6s 2[2] excited
state. Thus the separations correspond to kinetic ener-
gies only up to 3 eV. The two channels (equation 3), cor-
responding to the spin-orbit splitting of this excited state,
can be clearly distinguished in the spectrum, with the
J=5/2 state found to dominate. In the second data set,
Fig. 3(b), a similar collision energy was achieved, namely
0.10±0.02 eV. The same two peaks (from Fig. 3(a)) are
then located at lower separations (around 1 cm), due to
the higher beam energies used but are no longer resolved.
However, a second peak appears at larger separations,
corresponding to pairs of iodine atoms in the ground state
configuration (equation 4). Since the broadening of the
distributions scales with kinetic energy, the individual J-
state pairs are not resolved, but the width of the peak
indicates that contributions from all three channels are
present.

The observed rate for this measurement was found to
be commensurate to the O+/O− collision system previ-
ously studied at DESIREE[28], for which the cross sec-
tion is well known[27]. We therefore estimate the cross
section to be in the range of 10−13 cm2 (±1 order of
magnitude) at this collision energy (∼ 0.1 eV).

In the third measurement, Fig. 3(c), the same beam
energies as in Fig. 3(b) were used, but the drift-tubes
were biased to yield a slightly higher collision energy, i.e
0.80±0.10 eV. This results in a lower count rate, due
to the expected 1/Ec.m. cross section dependence on the
collision energy, as well as additional broadening and a
shift in the separations. However, the two main peaks
are still fully resolved and within the detectable range.

For the three spectra, the result from the fits of the
simulated distributions are shown as full black lines, with
the individual distributions shown in colored lines: blue
for the excited/ground state pairs and red for the differ-
ent ground state configuration pairs. While the peaks are
found to become broader as the collision energy increases,
the relative intensities appear to be mostly unchanged.
In addition, two small features appear to not correspond
to any of the channels: One at short separations, below
the lower energetic channels, is believed to be an artifact
of the background model used. The second one, around
1.5 eV, is likely to be a contribution from the first fine-
structure state of the cation, namely I+(3P0). Since the
state is about 0.8 eV above the ground state, it can be
expected to be populated to some degree when produced
in an ECR source. The observed peak positions (marked
with an asterisk in the spectra) are found to correspond
to the channels of equation 3 with this additional en-
ergy. In the higher collision energy measurement 3(c),
the peak is not observed as it cannot be resolved from the
main peak. Storage of up to 20 seconds did not reveal
any change in the signal, suggesting that the latter lives
for a longer time. This can be explained by the neces-
sity of a quadrupole transition (∆J = 2) for decay to the
ground state.

Based on the fits, the branching ratios were extracted,
with the lower collision energy measurement (Ec.m ∼ 0.07
eV) used to determine the relative intensity of the two
excited channels at 0.1 eV collision energy. This is moti-
vated as the branching ratios are not expected to change
drastically over such a small range of collision energies.
The results are presented in Fig. 4 with the full details
presented in Table II.

All energetically open channels are found to be popu-
lated to some extent, with the 2[2]5/2 + 2Po

3/2 channel

found to dominate at the measured collision energies.
For the ground state configuration pairs, the 2P◦1/2 +
2P◦3/2 is favoured, while a lower population is observed

for the J=1/2 pair compared to the J=3/2 pair. As the
individual channels are not fully resolved, the branch-
ing ratios have rather large uncertainties, as indicated
by the error bars. The two main peaks are, however,
clearly separated and thus their total branching ratios
can be determined directly by evaluating the area under
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TABLE II. Experimental branching ratios of the different
channels at the collision energy of 0.1 and 0.8 eV.

Product channel EK (eV) Exp 0.1 eV Exp 0.8 eV
2[2]3/2 + 2Po

3/2 0.44 21±3% 16±6%
2[2]5/2 + 2Po

3/2 0.62 44±3% 45±8%
2Po

1/2 + 2Po
1/2 5.51 4±2% 8±4%

2Po
1/2 + 2Po

3/2 6.45 20±5% 20±6%
2Po

3/2 + 2Po
3/2 7.39 11±4% 11±5%

2[2] + 2Po ∼0.5 eV 65±1% 61±3%
2Po + 2Po ∼ 6.5 eV 35±1% 39±3%

the respective peaks. The uncertainties are then given by
the counting statistics and the error in the background.
These smaller errors are shown in the last two rows of
the table. The results show that the branching ratios do
not differ significantly for the two energies considered.

IV. SUMMARY

In this work, we have studied the mutual neutraliza-
tion of I+ with I−, using ab initio relativistic electronic
structure calculations and merged beam techniques at
the double electrostatic ion beam storage ring DESIREE.
We have measured the branching ratios for the different
channels using product-imaging methods combining po-
sition and timing information. Our results show that the
reaction either forms high-kinetic-energy iodine neutral
pairs in the ground state configuration or slow neutral
pairs with one iodine atom in the 6s 2[2] excited state,
through avoided crossings at short internuclear distances.
Experimentally, these two channels were found to have a
population of about 40%/60%, with no significant depen-
dence on the collision energy in the studied range (0.1-

0.8eV), and with an observed rate commensurate with
a previously studied system[28] (cross section of ∼10−13

cm2 at 0.1 eV collision energy). These results are rele-
vant to the modeling and diagnostics of low temperature
iodine plasmas [31], which are promising candidates as
propellants for electric space propulsion. Data on recom-
bination processes are essential to model these plasmas,
as these reactions can have substantial effects on the ef-
ficiency and ignition time of the engines [32]. Further-
more, the atoms formed after MN can undergo further
reactions. For example, in [6]and [10] the authors con-
sider atomic iodine excitation and ionization by electron
impact as well as surface recombination. However, they
used data that were obtained for iodine in the ground
electronic state. The cross sections of these reactions
are expected to be different for electronic excited states
of iodine. Knowledge of the final state distribution of
MN reaction, as provided in the present study, is there-
fore essential to obtain a more accurate description of
iodine plasmas. The results discussed here will be com-
bined with theoretical calculations in order to develop
and improve the accuracy in modeling mutual neutral-
ization reactions involving iodine species, efforts which
will be extended to include more complex reactions in-
volving molecular ions.
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VI. APPENDIX

Table III lists the five lowest dissociation limits of
I2. When considering spin-orbital coupling, there are
three valence channels for I(5p5) + I(5p5): 2P◦3/2+ 2P◦3/2,
2P◦1/2+2P◦3/2, 2P◦1/2+2P◦1/2 as well as two Rydberg chan-

nels for I(5p46s1) + I(5p5): 2[2]5/2 + 2P◦3/2 and 2[2]3/2
+ 2P◦3/2. The corresponding energy gaps of the 2P◦3/2 -
2P◦1/2 and 2[2]5/2 - 2P◦3/2 are 1.0 eV and 6.63 eV, which

are in reasonable agreement with experimental value of
0.94 eV and 6.77 eV, respectively. On the other hand, for
the separation of the 6s Rydberg state 2[2]3/2 - 2[2]5/2,
the computed value 0.62 eV is higher than the available
experimental value of 0.18 eV.

A. Valence states

There are a total of 22 valence states corresponding
to the lowest three dissociation limits, and as it can be
seen from Figure 2, most of the molecular states are ei-
ther repulsive states or quasi-bound states except for four
states: X 0+g , A 2u, A 1u and B 0+u , which are consistent
with experimental results. The spectroscopic constants
of these four states including equilibrium distance Re,
adiabatic excitation energy Te, and vibrational constant
ωe are compared to experimental data and recently com-
plete active space with second order perturbation theory
correction (CASPT2) results in Table IV. It can be seen
from the table that our calculations predict Te rather
well, showing average errors no larger than 200 cm−1. For
the equilibrium distance, the difference between MRCI
and the experimental value is nearly identical with those
of CASPT2.

Apart from these valence excited states, we also ob-
serve several Rydberg states at energies around 56000,
61000 and 67000 cm−1. We note the Re of such Ryd-
berg states are around 2.66 Å, that is close to the Re of
ground state X2Π3/2g of I+2 [33]. So they may belong to a
Rydberg series, which converge on the ionization energy
threshold associated with the ground state of I+2 .

B. Ion-Pair states

The ion-pair states exhibit dominantly a repulsive
Coulomb character. We also fit the corresponding spec-
troscopic constants of the bound states by LEVEL ac-
cording to the PECs. The result of Te and Re are then
collected in Table V for comparison.

The total of 18 IPr states correspond to four different
atomic states of I+: 3P2, 3P1, 3P0, and 1D2. There is a
systematic difference for Re. The computed Re values are
larger than the experimental ones by about 0.1 Å. For the
adiabatic excitation energy, the deviations for most states
are about 1000 cm−1. Our computations also reproduce
a pattern indicated in CASPT2 calculation [34], that is,

the difference of Re between gerade states are smaller
than that of the ungerade states.

C. Background subtraction

The experimental distributions prior to background
subtraction are shown in Figure 5. This signal corre-
sponds to the data for which the center-of-mass of the two
particles are within a 5 mm radius, and contains both MN
events and background. Outside this radius, the signal
should only contain background. Assuming the center-
of-mass distribution of the background is random, this
signal may be used as a model for the background. An
initial fit was therefore made with this model, which is
shown as a gray line in the figure. This background model
was then subtracted to yield the background-corrected
spectra presented in Figure 3.
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TABLE III. Dissociation relationships of I2. The molecular state is identified by the projection of total electronic angular
momentum(Ω). The number of states for each symmetry of Ω state is given in the parenthesis.

Dissociation limits Molecular states Energy level (eV)

MRCI (this work) Exp [35]
2P◦

3/2+ 2P◦
3/2 2g(1),1g(1),0g(2),2u(1),1u(2),0u(2) 0 0

2P◦
1/2+2P◦

3/2 2g(1),1g(2),0g(2),2u(1),1u(2),0u(2) 1.04 0.943
2P◦

1/2+2P◦
1/2 0g(1),1u(1),0u(1) 1.99 1.885

2[2]5/2+2P◦
3/2 2g(3),1g(4),0g(4),2u(3),1u(4),0u(4) 6.629 6.774

2[2]3/2+2P◦
3/2 2g(2),1g(3),0g(4),2u(2),1u(3),0u(4) 7.248 6.954

TABLE IV. Spectroscopic constants of the lowest four bound Ω states of I2.

State Te(cm−1) Re(Å) ωe(cm−1) Method

X 0+
g 0 2.717 236.4 MRCI (this work)

0 2.651 215.9 CASPT2 [34]

0 2.666 214.5 Exp. [36]

A 2u 10119 3.124 117.7 MRCI (this work)

3.014 124.0 CASPT2 [34]

10042 3.073 108.3 Exp. [36]

A 1u 11162 3.173 92.0 MRCI (this work)

3.040 114.6 CASPT2 [34]

10907 3.114 93.0 Exp. [36]

B 0+
u 15915 3.089 112.6 MRCI (this work)

2.991 135.3 CASPT2 [34]

15769 3.025 125.7 Exp. [36]

TABLE V. Spectroscopic constants of the ion-pair states of I2. Experimental values (taken from [36] and references therein)
are given in parenthesis.

State Te(cm−1) Re(Å) Dissociation limits

D’2g 40764 (40388) 3.712 (3.594) 3P2 + 1S0

β1g 41438 (40821) 3.721 (3.607) 3P2 + 1S0

D0+
u 42314 (41026) 3.737 (3.584) 3P2 + 1S0

E0+
g 42499 (41411) 3.773 (3.647) 3P2 + 1S0

γ1u 42315 (41621) 3.814 (3.683) 3P2 + 1S0

δ2u 42162 (41787) 3.900 (3.787) 3P2 + 1S0

f0+
g 47971 (47026) 3.692 (3.574) 3P0 + 1S0

g0−
g 48717 (47086) 3.672 (3.572) 3P1 + 1S0

F0+
u 48961 (47217) 3.712 (3.600) 3P0 + 1S0

G1g 48694 (47559) 3.654 (3.549) 3P1 + 1S0

H1u 49327 (48280) 3.749 (3.653) 3P1 + 1S0

h0−
u 49467 (48646) 3.899 (3.780) 3P1 + 1S0

F’0+
u 54363 (51706) 3.557 (3.479) 1D2 + 1S0

1g 55934 (53216) 3.623 (3.522) 1D2 + 1S0

f’0+
g 58306 (55409) 3.963 (3.825) 1D2 + 1S0
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FIG. 5. Spectra of Fig. 3 prior to background subtraction. The background model, which is based on the excluded events in
the data analysis, as described in Appendix C, was fitted to the data and is shown here as a full grey line.
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