
J. Chem. Phys. 153, 074310 (2020); https://doi.org/10.1063/5.0015603 153, 074310

© 2020 Author(s).

Complete characterization of the 3p
Rydberg complex of a molecular ion: MgAr+.
I. Observation of the Mg( )Ar+ B+ state
and determination of its structure and
dynamics
Cite as: J. Chem. Phys. 153, 074310 (2020); https://doi.org/10.1063/5.0015603
Submitted: 29 May 2020 . Accepted: 19 July 2020 . Published Online: 20 August 2020

Dominik Wehrli , Matthieu Génévriez , Stefan Knecht , Markus Reiher , and Frédéric Merkt 

ARTICLES YOU MAY BE INTERESTED IN

Complete characterization of the 3p Rydberg complex of a molecular ion: MgAr+. II. Global

analysis of the A+ 2  and B+ 2 + (3 ) states

The Journal of Chemical Physics 153, 074311 (2020); https://doi.org/10.1063/5.0015608

Correlations in rotational energy transfer for NO–D2 inelastic collisions

The Journal of Chemical Physics 153, 064301 (2020); https://doi.org/10.1063/5.0019472

Threshold photoelectron spectroscopy of the methoxy radical
The Journal of Chemical Physics 153, 031101 (2020); https://doi.org/10.1063/5.0016146

https://images.scitation.org/redirect.spark?MID=176720&plid=1085727&setID=378408&channelID=0&CID=358608&banID=519893960&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=994cc3a39dfad055e97600b55d242e72d9bc8924&location=
https://doi.org/10.1063/5.0015603
https://doi.org/10.1063/5.0015603
https://aip.scitation.org/author/Wehrli%2C+Dominik
http://orcid.org/0000-0002-6885-8674
https://aip.scitation.org/author/G%C3%A9n%C3%A9vriez%2C+Matthieu
http://orcid.org/0000-0002-0738-5033
https://aip.scitation.org/author/Knecht%2C+Stefan
http://orcid.org/0000-0001-9818-2372
https://aip.scitation.org/author/Reiher%2C+Markus
http://orcid.org/0000-0002-9508-1565
https://aip.scitation.org/author/Merkt%2C+Fr%C3%A9d%C3%A9ric
http://orcid.org/0000-0002-4897-2234
https://doi.org/10.1063/5.0015603
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0015603
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0015603&domain=aip.scitation.org&date_stamp=2020-08-20
https://aip.scitation.org/doi/10.1063/5.0015608
https://aip.scitation.org/doi/10.1063/5.0015608
https://doi.org/10.1063/5.0015608
https://aip.scitation.org/doi/10.1063/5.0019472
https://doi.org/10.1063/5.0019472
https://aip.scitation.org/doi/10.1063/5.0016146
https://doi.org/10.1063/5.0016146


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Complete characterization of the 3p Rydberg
complex of a molecular ion: MgAr+. I. Observation
of the Mg(3pσ)Ar+B+ state and determination
of its structure and dynamics

Cite as: J. Chem. Phys. 153, 074310 (2020); doi: 10.1063/5.0015603
Submitted: 29 May 2020 • Accepted: 19 July 2020 •
Published Online: 20 August 2020

Dominik Wehrli, Matthieu Génévriez, Stefan Knecht, Markus Reiher, and Frédéric Merkta)

AFFILIATIONS
Laboratory of Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland

a)Author to whom correspondence should be addressed:merkt@phys.chem.ethz.ch

ABSTRACT

We report on the experimental observation of the B+ 2Σ+ state of MgAr+ located below the Mg+(3p 2P3/2) + Ar(1S0) dissociation asymptote.
Using the technique of isolated-core multiphoton Rydberg-dissociation spectroscopy, we have recorded rotationally resolved spectra of the
B+ 2Σ+(v′) ← X+ 2Σ+(v′′ = 7) transitions, which extend from the vibrational ground state (v′ = 0) to the dissociation continuum above the
Mg+(3p 2P3/2) + Ar(1S0) dissociation threshold. The analysis of the rotational structure reveals a transition from Hund’s angular-momentum-
coupling case (b) at low v′ values to case (c) at high v′ values caused by the spin–orbit interaction. Measurements of the kinetic-energy release
and the angular distribution of the Mg+ fragments detected in the experiments enabled the characterization of the dissociation mechanisms.
The vibrational levels of the B+ state above v′ = 6 are subject to predissociation into the Mg+(3p 2P1/2) + Ar(1S0) continuum, and the fragment
angular distributions exhibit anisotropy β parameters around 0.5, whereas direct dissociation into the continuum above the Mg+(3p 2P3/2)
+ Ar(1S0) asymptote is characterized by β parameters approaching 2. Molecular ions excited to the B+ state with v′ = 0–6 efficiently absorb a
second photon to the repulsive part of the 2Σ+ state associated with the Mg+(3d 2D3/2,5/2) + Ar(1S0) continua. The interpretation of the data is
validated by the results of ab initio calculations of the low-lying electronic states of MgAr+, which provided initial evidence for the existence
of bound vibrational levels of the B+ state and for the photodissociation mechanisms of its low vibrational levels.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015603., s

I. INTRODUCTION
The ground electronic states of a large number of small molec-

ular cations have been characterized following the development
of ion-beam and ion-spectroscopy techniques.1–10 Data concerning
their electronically excited states are, however, much scarcer, in par-
ticular concerning their Rydberg states, the behavior of which is by
far not as well understood as in the case of neutral molecules.

Rydberg states of neutral molecules can be described, in first
approximation, as consisting of a molecular ion core in a given
rovibronic state and a weakly bound Rydberg electron moving in
a distant hydrogen-like nℓmℓ orbit. The potential-energy functions
of Rydberg states, thus, resemble those of the corresponding ion-
core electronic state. The interaction between the Rydberg electron
and the ion core rapidly decreases with an increase in n or ℓ values

so that decay by predissociation and autoionization is suppressed at
high n or ℓ values. The ground electronic state of most singly charged
molecular cations is typically bound, either covalently or through the
leading, attractive terms of the long-range electrostatic interaction
series. The corresponding Rydberg states are, thus, also bound, with
spectral positions following approximately Rydberg’s formula,

ν̃ = EI(α+)
hc

− RZ2

(n − δℓ)2 . (1)

In Eq. (1), ν̃, EI(α+), R, Z, and δℓ represent, respectively, the term
value of the Rydberg state, the ionization energy of the molecule
leading to the formation of the cation in the α+ state, the Rydberg
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constant, the charge number of the ion core (i.e., Z = 1 for neu-
tral molecules), and the quantum defect of the Rydberg states with
orbital angular momentum quantum number ℓ.

This overall picture of Rydberg states is also valid for molecu-
lar cations, however, with two qualitative differences, discussed here
with the example of a diatomic cation AB+, for which the ioniza-
tion energy of A is higher than the ionization energy of B, as illus-
trated in Fig. 1. First, removal of an electron from AB+ leads to a
dication [Z = 2 in Eq. (1)]. Depending on whether the ionization
energy of A is higher than that of B+ or not, the ground state of
the dication AB2+ is bound and correlates asymptotically to A + B2+

[see Fig. 1(a)] or strongly repulsive and correlates asymptotically to
A+ + B+ [see Fig. 1(b)]. Between these two limiting cases, sev-
eral intermediate cases can be distinguished,11 characterized by
(avoided) curve crossings between the attractive [(i) in Fig. 1] and
repulsive [(ii) in Fig. 1] potential-energy curves and by specific
dynamical behaviors ranging from strongly predissociative to ther-
modynamically stable (see Fig. 2 of Ref. 11). Second, Rydberg states
with a doubly charged ion core AB2+ exhibit a broader range of
dynamical phenomena than those with a singly charged ion core.
Whereas Rydberg series with ion-core character (i) in Fig. 1 fol-
low Eq. (1) with Z = 2 and correlate diabatically to dissociation
asymptotes A + [B2+]nℓ, those with ion-core character (ii) in Fig. 1
may follow Eq. (1) with either Z = 1 or 2 depending on the value
of n and the internuclear distance and may correlate to either
[A+]nℓ + B+ or A+ + [B+]nℓ. Near-resonant charge-transfer pro-
cesses are ubiquitous in this case. The Rydberg series with ion-
core characters (i) and (ii) may overlap spectrally and interact,
leading to situations where the decay processes can be simulta-
neously thought of as predissociation, autoionization, and charge
transfer.

Molecular systems of the kind depicted in Fig. 1(a) are the most
promising for experimental studies of Rydberg states of molecular
cations. At the lowest n values, one, indeed, expects most electronic
states of the singly charged cation to support metastable rovibra-
tional levels because of the bound nature of the electronic ground
state of AB2+ and the attractive long-range electrostatic interactions

FIG. 1. Schematic representation of the electronic states of AB2+ dissociating in
A + B2+ and A+ + B+ fragments for the cases where the ionization energy of B+

is lower than that of A [panel (a)] and vice versa [panel (b)]. The horizontal bars
indicate atomic Rydberg series converging to the atomic ions A+ (red), B+ (green),
and B2+ (blue).

between the fragments. One can further anticipate that the align-
ment of the Rydberg-electron orbital with respect to the internu-
clear axis affects the bond strengths and the equilibrium internuclear
separations of the corresponding molecular states more strongly
than is the case in neutral systems. Resonant multiphoton excita-
tion sequences through these metastable, low-n Rydberg states, thus,
offer the prospect of accessing higher-lying Rydberg series of the
cations over a broad range of internuclear separations and energies,
all the way to the second ionization thresholds.

MgAr+ is an ideal system for a global investigation of the Ryd-
berg states of a molecular cation. The lowest molecular states of
MgAr+ derived from Mg+ 3s, 3p, and 3d configurations possess Ryd-
berg character in the sense of Mulliken,12 and their overall energy-
level structure follows that of Mg+. The ionization energy of Ar
[127 109.842(4) cm−113] lies higher than that of Mg+ [121 267.65(6)
cm−114], corresponding to the situation depicted in Fig. 1(a). MgAr+

has only 29 electrons, and accurate ab initio calculations can be
carried out, also for electronically excited states, to guide the experi-
mental investigations. Potential energy functions have been reported
for several of the low-lying electronic states of MgAr+.15–22 These
states can be labeled by the state of the Mg+ or Ar+ ion at the dissoci-
ation asymptote in addition to the usual letters and term symbols
used to designate electronic states of diatomic molecules. In this
nomenclature, the first electronic states of MgAr+ are the Mg(3s)Ar+

X+ 2Σ+, Mg(3pπ)Ar+ A+ 2Π1/2 and 2Π3/2, and Mg(3pσ)Ar+ B+ 2Σ+

states, which are referred to below as X+, A+
1/2, A+

3/2, and B+ states.
These labels are independent of the angular-momentum coupling
cases, which depend on the internuclear separation, as discussed
in Sec. IV A. The A+

1/2, A+
3/2, and B+ states form the 3p Rydberg

complex discussed in this article. The Rydberg states of MgAr+ asso-
ciated with the Mg+ 3p, 3d, and 4s dissociation asymptotes are
easily accessible from the X+ ground state through single-photon
or resonant two-photon excitation processes involving commer-
cial UV lasers (see Fig. 2). The first electronically excited state, the
A+

Ω (Ω = 1/2, 3/2) state, has a binding energy of more than 0.5 eV
and an equilibrium internuclear distance of 2.40 Å. It is metastable,
and several of its vibrational levels have been observed by high-
resolution spectroscopy.23–27 The other member of the 3p Rydberg
complex, the B+ state, is expected from calculations to be only very
weakly bound and to have a much larger equilibrium separation
(∼4.37 Å, see Sec. III). In the case of a sufficiently long lifetime of
the B+ state, the members of the 3p complex would provide a set
of intermediate states ideally suited to access higher Rydberg states
of MgAr+ over a broad range of internuclear distances. The com-
plete characterization of this complex, which is the subject of this
article and Paper II,28 represents the first step in our efforts toward
obtaining a global picture of the Rydberg series of a molecular
cation.

The present article reports on the experimental observation of
the B+ state of MgAr+ and on the characterization of its structure
and predissociation dynamics. The experimental setup and methods
used to record spectra of the B+ state and to study its predissociation
are described in Sec. II. Section III presents the computational meth-
ods that have been used to calculate the potential-energy functions
of the low-lying electronic states of MgAr+ ab initio. The exper-
imental data obtained on the B+–X+ band system, which include
high-resolution spectra for the determination of rovibrational
level energies and fragment time-of-flight (TOF) spectra for the
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FIG. 2. Potential-energy curves of the ground and lowest-lying excited states of
MgAr+ obtained from relativistic EOM-CCSD/X2Cmmf/5Z∗ calculations. The inset
presents an enlargement of the B+ state curve. The configuration and term sym-
bol of the resulting Mg+ ion in the asymptotic limit are indicated for each group
of molecular electronic states. Ar is in its 1S0 ground state in each case. The
solid arrows indicate the laser excitation scheme used in the experiment, and
the dashed arrow presents a possible pathway of resonant multiphoton dissoci-
ation. The spectral regions designated (i), (ii), and (iii) in the inset are introduced
in Sec. IV B.

determination of dissociation energies and β parameters, are pre-
sented, analyzed, and discussed in Sec. IV. These data, together with
similar data obtained on the A+–X+ band system of MgAr+, form
the basis of the global analysis of the 3p Rydberg complex of MgAr+

summarized in Paper II.28 Together, these two articles complete our
first step toward the characterization of the Rydberg spectrum of a
molecular cation.

II. EXPERIMENT
The experimental setup has been described in detail in Refs.

14 and 29. It consists of a laser-ablation source of Mg atoms, two
Nd:YAG-pumped pulsed dye lasers (pulse duration ∼5 ns), and a

detection system for the photoions produced following photoexci-
tation. In the source, the ablated atoms were entrained in a super-
sonic beam of Ar, in which MgAr molecules were formed in the
Mg(3s3p)Ar a 3Π0 state and rotationally cooled to below 5 K. The
formation of MgAr in the metastable Mg(3s3p)Ar a 3Π0 state was
first described by Bennet et al.,30 who used a similar laser-ablation
source and also observed the MgAr singlet ground state.31 The
molecular beam passed through a 3-mm-diameter skimmer and
entered the photoexcitation chamber, where it was intersected by
two laser beams at right angles. Photoexcitation took place within an
electrode stack that allowed the application of pulsed electric fields
to field ionize high Rydberg states and extract photoions into a time-
of-flight (TOF) mass spectrometer at the end of which they were
detected using a micro-channel-plate (MCP) assembly.

The output of the first laser was frequency-tripled using two
BBO crystals and set to a wave number ν̃1 = 39 334.8 cm−1. The
frequency-tripled radiation had a bandwidth of ∼0.15 cm−1, and the
laser pulse energy was ∼0.5 mJ. The wave number ν̃2 of the second
laser, after frequency doubling with a BBO crystal, was tunable in
the range from 36 100 cm−1 to 36 700 cm−1. The frequency-doubled
radiation had a bandwidth of ∼0.1 cm−1, the beam diameter was
∼1 mm, and the pulse energy could be adjusted from below 1 μJ
up to ∼0.5 mJ. The wave numbers of the lasers were calibrated
using a commercial wavemeter with a specified absolute accuracy
of 0.02 cm−1.

The first laser was used to excite MgAr to [X+(v′′ = 7)]nℓ Ryd-
berg states with principal quantum numbers around n ∼ 135. After
∼10 ns, the ionic core of the MgAr Rydberg molecules was excited
from the X+(v′′ = 7) to the B+ state using the second laser (see the
solid arrow in Fig. 2). Dissociation of the ion core in the B+ state,
either by direct or indirect mechanisms as discussed below, led to the
formation of Mg atoms in high Rydberg states.27 Photoions gener-
ated in the photoexcitation region by the laser pulses (prompt ions)
could be separated from the Mg Rydberg atoms by applying a ∼5-
μs-long electric-field pulse of −1.7 V/cm, the magnitude of which
is not large enough to efficiently field ionize Rydberg states with
n ∼ 135. A subsequent electric-field pulse with field strengths in the
range from 50 V/cm to 170 V/cm field ionized the Rydberg states for
detection. The spatial separation of the high Rydberg states and the
prompt ions enabled us to distinguish the two sets of ions by their
times of flight. Recording the pulsed-field-ionization yield of Mg+ as
a function of the laser wave number allowed the background-free
measurement of transitions from a state-selected vibrational level
of the X+ electronic ground state of MgAr+ to electronically excited
levels,27 in the present case the MgAr+ B+ state.

Using extraction field pulses of 50 V/cm, we observed a struc-
ture in the TOF spectrum of field-ionized Mg+ ions reflecting the
velocity and the angular distribution of the dissociation products.
The situation is depicted schematically in Fig. 3, which presents
the photoexcitation region and the TOF mass spectrometer. Neu-
tral Mg Rydberg fragments flying toward or away from the detector
had different times of flight because of (i) the different distances to
the detector after dissociation resulting from the ∼5-μs-long cloud
expansion following photoexcitation and (ii) the different extrac-
tion potentials they were subjected to, resulting from the different
positions in the electrode stack. In the case where the dissociation
fragments were preferentially released along the extraction axis, two
distinct peaks were observed in the TOF spectrum, an example of
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FIG. 3. Schematic representation of the photoexcitation region and the TOF mass
spectrometer. After excitation with the second laser (indicated by ν2), the MgAr
molecules dissociate at position z0, and the Mg-Rydberg-fragment cloud expands
until the atoms are ionized by a pulsed electric field, which accelerates the Mg+

ions to the MCP. The angular distribution of the dissociation products leads to TOF
spectra such as the one shown at the bottom right (see text for details).

which is shown at the bottom right of Fig. 3. Conversely, in the case
where the dissociation fragments were preferentially released per-
pendicular to the extraction axis, only one broad peak was observed
in the TOF spectrum.

We developed a model that allowed us to determine from the
TOF spectra the angular distribution of the dissociation fragments
and the kinetic-energy release (KER) resulting from the dissociation.
The velocity of the Mg+ fragments after the dissociation is related to
the KER by

v =
√

2 ⋅ KER ⋅mAr

mMg(mMg + mAr)
, (2)

where mMg and mAr are the masses of Mg and Ar, respectively. We
designate the position of the dissociation event in the electrode stack
as z0 (see Fig. 3) and the difference between the time at which dis-
sociation occurs and the time at which the large electric field pulse
is applied to field ionize the Rydberg atoms and accelerate the ions
toward the detector as Δtprep. The vertical position z of the Mg+

fragments in the stack at the time of extraction is given by

z = z0 + Δtprep(v cos θz − vbeam), (3)

where θz is the angle between the z axis and the direction of disso-
ciation and vbeam is the velocity of the molecular beam. The time of
flight tTOF resulting from an extraction field with magnitude F(=V/l)
is in good approximation, given by

tTOF(z) = t0 +
dTOF + 2z√
2qFz/mMg

, (4)

where t0 is the extraction time, dTOF is the distance between the elec-
trode stack and the MCP, and q = +e is the charge of Mg+. The angu-
lar distribution of the fragments after one-photon direct dissociation

is given by32

dI(Ω) = I0

4π
[1 + βP2(cos θ)]dΩ, (5)

where I0 is the total intensity, β is the anisotropy parameter, θ
denotes the angle between the direction of dissociation and the
direction of polarization of the laser beam, P2 is the Legendre poly-
nomial of second order, and dΩ denotes the solid-angle differential
element. In our experiments, the laser polarization was either par-
allel or perpendicular to the z axis. Using Eqs. (3) and (4) and inte-
grating over the azimuthal angle around the z axis, we can express
dI as a function of tTOF, which, for a laser polarization parallel to the
z axis, gives

dI(tTOF) =
I0

2Δtprepv
[1 + βP2(

z(tTOF) − z′0
Δtprepv

)]

× ∣ dz
dtTOF

∣dtTOF. (6)

In Eq. (6), z′0 = z0 −Δtprepvbeam. The expression for dI(tTOF) when the
laser polarization is perpendicular to the z axis is obtained by replac-
ing β by −β/2 in Eq. (6) (see Appendix A). The finite intersection
volume of the molecular and the laser beams has a significant effect
on the TOF spectra and was taken into account following the pro-
cedure presented in Appendix A, which consisted in summing the
TOF profiles originating from different parts of the photoexcitation
volume. After a baseline correction with a second-order polynomial,
we could determine β and the KER in a nonlinear least-squares fit of
the experimental TOF spectra. The extraction time t0 and the effec-
tive distance dTOF [see Eq. (4)] of the electrode stack to the MCP
were calibrated by matching simulated TOF spectra to experimental
TOF spectra recorded at known KERs.

The model described above relies on the use of Eq. (5), which is
not valid for multiphoton dissociation.33 Therefore, we also used an
alternative method for determining the KER, which is independent
of the exact form of the angular distribution. The KER is related to
the photon wave number ν̃2 and the dissociation limit ED (given in
the wave number unit cm−1) by KER/(hc) = ν̃2 − ED. We consider
the case where the laser polarization is parallel to the z axis. By defin-
ing ΔtTOF = tTOF(z(θ)) − tTOF(z(−θ)), where tTOF(z) is defined as in
Eq. (4), we find for ΔtTOF a function of the form

Δt2
TOF(ν̃2) = a2(ν̃2 − ED) + b2(ν̃2 − ED)3 + 2ab(ν̃2 − ED)2 (7)

in the limit of low KER. The TOF differences ΔtTOF can be deter-
mined from experimental TOF spectra, as shown in Fig. 3. The quan-
tities a, b, and ED were determined in a nonlinear least-squares fit of
Eq. (7) to ΔtTOF values measured at different wave numbers ν̃2.

III. QUANTUM-CHEMICAL CALCULATIONS
A. Computational methodology

To characterize the ground and low-lying excited states of the
MgAr+ ion, we carried out relativistic ab initio calculations with vari-
ationally treated spin–orbit coupling (SOC) at various Mg–Ar inter-
nuclear distances. As wave-function models we chose relativistic
equation-of-motion coupled-cluster with singles and doubles exci-
tations (EOM-CCSD),34 Kramers-restricted multi-reference config-
uration interaction with singles and doubles excitations (KR-MRCI-
SD),35,36 and relativistic matrix product states (MPS) optimized with
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the density-matrix-renormalization-group (DMRG) algorithm.37,38

All three models have different advantages and disadvantages.
Whereas the EOM-CCSD calculations are considered to be very
accurate in combination with a large single-particle basis set, the
multi-reference and DMRG calculations probe the validity of the
EOM-CCSD wave-function model, but require us to resort to
smaller basis sets so that only semi-quantitative accuracy can be
achieved in the latter calculations.

All DMRG and KR-MRCI-SD calculations were carried out
within a four-component Dirac Hamiltonian framework including
two-electron Coulomb contributions [denoted as Dirac–Coulomb
(DC) in the following] and with uncontracted aug-cc-pVDZ basis
sets39 (denoted as DZ∗) for Mg and Ar, respectively. Furthermore,
they share a common reference wave function, which was obtained
from an average-of-configuration self-consistent-field calculation40

for the open-shell MgAr+ ion, namely, by taking into account all pos-
sible configurations of one electron in 26 Kramers-paired spinors.
In the ensuing correlation step, all electrons originating from the
outer-valence Ar 3p and Mg 3s shell were correlated in an orbital
space spanned by 47 Kramers pairs (corresponding to 94 molecular
spinors). In contrast to the DMRG approach, the correlation space
for the KR-MRCI-SD approach was further divided into two orbital
spaces. For KR-MRCI, the reference space comprised all spinors
of the Ar 3p shell as well as the corresponding 26 spinors of the
average-of-configuration space of the preceding self-consistent-field
step. The second orbital space then contained all remaining, ener-
getically lowest-lying 62 spinors while taking into account at most
singles and doubles excitations between the two orbital spaces. The
DMRG calculations delivered a full configuration interaction model
in the given orbital space and served as a qualitative reference for
the KR-MRCI-SD model near the dissociation limit at an internu-
clear distance of R = 50 Å. In the relativistic DMRG calculations, the
maximum virtual bond dimension m was set to m = 1024 in combi-
nation with orbitals ordered according to their energy, a maximum
of 15 back-and-forward sweeps as well as a random guess for the
initial MPS.

For the EOM-CCSD model, a closed-shell reference wave func-
tion was obtained for each of the three distinct cases described
below from self-consistent-field calculations for a doubly ionized
MgAr2+ molecular ion. This allowed us to calculate the electronic
ground and electronically excited states of MgAr+ as the electron-
attached states to MgAr2+. We then performed three types of EOM-
CCSD calculations: the first one, EOM-CCSD/DC/2Z∗, comprised
the same Hamiltonian, DZ∗-type one-particle basis sets, and a cor-
relation space of seven electrons in 94 spinors as described above for
the KR-MRCI-SD and DMRG models. In contrast, our second set
takes into account the full correlation space, i.e., correlating all 29
electrons of the MgAr+ molecular ion in the complete set of molec-
ular spinors spanned by the atom-centered, uncontracted DZ∗-type
basis sets for Mg and Ar. Finally, our third type of EOM-CCSD cal-
culations, denoted as EOM-CCSD/X2Cmmf/5Z∗, was based on a
molecular-mean-field (mmf) exact-two-component (X2C) Hamilto-
nian41 including two-electron Coulomb and Gaunt contributions in
combination with very large, fully uncontracted aug-cc-pV5Z basis
sets39 (denoted as 5Z∗) for Mg and Ar [similar to the second set, all
electrons of Mg (ion) and Ar (atom) were correlated within the set
of molecular spinors up to an energy threshold of 100 Hartree that
result from the 5Z∗ basis sets for Mg and Ar in their uncontracted
form].

All EOM-CCSD and the KR-MRCI-SD calculations were car-
ried out with a development version of the DIRAC19 program
package.42,43 This program also provides an interface that steers
relativistic DMRG calculations with the DMRG software pack-
age QCMAQUIS.

38,44,45 Molecular constants have been derived by a
least-squares fit of the potential energy curves to a fifth-order
polynomial by means of the TWOFIT utility program available
in DIRAC19.

B. Numerical results
Table I presents the atomic low-lying excited-state spectrum

of Mg+ at the dissociation limit of MgAr+, as obtained from

TABLE I. Energy levels of the Mg+ ion obtained from molecular four-component KR-MRCI-SD/DC/DZ∗, DMRG/DC/DZ∗, and EOM-CCSD/DC/DZ∗ as well as molecular-mean-
field two-component EOM-CCSD/X2Cmmf/5Z∗ calculations for MgAr+ at an internuclear distance of R = 50 Å. All term values are reported relative to the ground state in
cm−1.

Methoda

Conf. Term J KR-MRCI-SD/DZ∗ DMRG/DZ∗ EOM-CCSD/DZ∗ EOM-CCSD/DZ∗c EOM-CCSD/5Z∗ Referenceb

3s 2S 1/2 0.0 0.0 0.0 0.0 0.0 0.0
3p 2P 1/2 34 703 34 703 34 680 35 013 35 579 35 669

3/2 34 793 34 793 34 769 35 104 35 670 35 761
4s 2S 1/2 68 131 68 131 68 097 68 494 69 618 69 805
3d 2D 5/2 70 861 70 861 70 818 71 300 71 294 71 490

3/2 70 861 70 861 70 819 71 300 71 295 71 491
4p 2P 1/2 80 308 80 308 80 270 80 735 80 411 80 620

3/2 80 344 80 344 80 306 80 772 80 442 80 650

aThe notation indicating the dependence on the Hamiltonian has been dropped in the labeling of the methods.
bData taken from the NIST Basic Atomic Spectra Database; see Ref. 46.
cEOM-CCSD/DC/DZ∗ calculations with full correlation space.
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molecular KR-MRCI-SD/DC/DZ∗, DMRG/DC/DZ∗, and EOM-
CCSD/DC/DZ∗ and EOM-CCSD/X2Cmmf/5Z∗ calculations car-
ried out at an internuclear distance of R = 50 Å. The calculated
excited-state data for Mg+ are, in general, in reasonably good agree-
ment with the corresponding reference data taken from the stan-
dard NIST atomic spectra database.46 As expected, we find a clear
improvement of the calculated results when switching from the
small DZ∗ basis sets to the basis set limit achieved by the uncon-
tracted 5Z∗ basis set.

As can be seen from Table I, the largest absolute deviation of
∼1700 cm−1 (corresponding to a relative error of 2.5%) with respect
to the reference data is found for the 4s excited state of Mg+ in the
case of the EOM-CCSD/DC/DZ∗ model and, similarly, for the KR-
MRCI-SD/DC/DZ∗ and DMRG/DC/DZ∗ approaches. The DMRG
data exactly match with KR-MRCI-SD for the Mg excited states
because these states are effectively one-electron states at the dissoci-
ation limit with little to no Ar 3p correlation contributions. In other
words, both approaches yield results of near full-configuration-
interaction quality for the Mg-dominated states at the dissociation
limit because of the chosen correlation space. The situation changes
for the charge-transfer states, which will be discussed in future
work.

The deviation of 2.5% reduces to less than 0.3% for our EOM-
CCSD/X2Cmmf/5Z∗ reference model. A further comparison with
the EOM-CCSD/DC/DZ∗ model illustrates that this considerable
improvement within our reference model is a combined result of
both the enlarged one-particle basis sets and the inclusion of core–
valence and core–core electron correlation. For example, solely tak-
ing into account the latter correlation effects within the EOM-
CCSD/DC/DZ∗ approach (seventh column in Table I) reduces the
relative error to only 1.9% for the previously discussed 4s excited
state of Mg+. Moreover, resorting to fully uncontracted aug-cc-
pCV5Z basis sets47,48 (c5Z∗, not shown in Table I), which include
in addition to the 5Z∗ sets of primitive functions optimized tight
core-polarizing basis functions, further reduces the deviation for
the 4s excited state of Mg+ from 0.3% (EOM-CCSD/X2Cmmf/5Z∗)
to 0.1% (EOM-CCSD/X2Cmmf/c5Z∗). In general, we find that
the inclusion of tight core-polarizing basis functions improves the
description of the Mg-dominated excited states, i.e., leading to an
even closer agreement with the reference data, with excitation-
energy shifts ranging from 35 cm−1 (the 3s03p12P term) to 158 cm−1

(the 3s03d12D term).
Particularly noteworthy is that all computational approaches

considered in this work yield spin–orbit splittings of both low-
lying 2P atomic terms, corresponding to a 3s03p1 and 3s04p1 con-
figuration of the Mg+ ion, respectively, that are in excellent agree-
ment with their respective experimental reference values, as shown
in Table I.

Figure 2 shows the low-lying potential energy curves of the
ground and lowest-lying excited states of MgAr+ obtained with the
EOM-CCSD/X2Cmmf/5Z∗ approach. Note that we here only con-
sider those electronic states of the MgAr+ ion which correspond,
in the asymptotic limit, to an argon atom in its ground state and
a Mg+ ion in its ground and excited state up to the Mg+ 3s04p1 con-
figuration. Electronic states with a predominant Ar →Mg+ charge-
transfer character, which correspond, in the asymptotic limit, to an
Ar+ ion (the 3s2p5 2P term) and a Mg(3s2) ground-state atom, will
be discussed in future work.

As can be understood in view of Fig. 2, the lowest-lying elec-
tronically excited 2Π and 2Σ+ states arise from excitations to a Mg+

3p orbital, which can exhibit perpendicular (pπ) and parallel (pσ)
orientations with respect to the molecular axis. Hence, electrostatic
interactions in the excited A+

1/2,3/2 states are expected to be rela-
tively strong because of the orientation of the involved Mg pπ orbital,
which effectively exposes a doubly positive Mg core to the Ar atom.49

In contrast, as a result of on-axis electron-density contribution orig-
inating from the occupation of on-axis σ-type orbitals, electrostatic
binding is reduced in the Mg 3s-like X+ ground and excited 3pσ-like
B+ states. In the latter, a greater shielding is to be expected relative
to the ground state.24 Consequently, we expect the A+

1/2,3/2 states to
be more strongly bound than the X+ ground state, giving rise to a
redshift of the A+

1/2,3/2 ← X+ electronic transitions with respect to
the atomic resonance line. Likewise, as a result of weaker electro-
static interactions, the excited B+ state is more weakly bound than
the ground state. The latter implies a blue-shifted B+ ← X+ transi-
tion relative to the atomic resonance.24 Similar qualitative consid-
erations hold for the higher-lying 2Σ, 2Π1/2,3/2, and 2Δ3/2,5/2 states of
MgAr+ that correlate, in the asymptotic limit, with an Ar ground-
state atom and a Mg+(4s), Mg+(3d), and Mg+(4p) excited-state ion,
respectively.

In agreement with the above qualitative considerations, inspec-
tion of Fig. 2 reveals that the spin–orbit split Ω = 1/2 and Ω = 3/2
components of the A+

1/2,3/2 state are more strongly bound than the
X+ ground state. In addition, we find that their excited-state equi-
librium internuclear distance of Re(A+) = 2.396 Å is considerably
shorter than the predicted ground-state equilibrium internuclear
distance of Re(X+) = 2.803 Å. Both of these results are, therefore,
consistent with the qualitatively expected redshift of the A+

1/2,3/2
← X+ electronic transitions discussed above. Based on these find-
ings, our EOM-CCSD/X2Cmmf/5Z∗ data yield an estimate for the
A+ ← X+ transition of 31 402 cm−1. This value agrees very well with
the corresponding data for the spin–orbit averaged ν̃00 transition of
31 477 cm−1 obtained from resonance-enhanced multiphoton dis-
sociation measurements.27 Considering the calculated ν̃00 transition
as a reference, we, therefore, predict a redshift in the MgAr+ spec-
trum for the corresponding Mg+ 3p 2P1/2,3/2 ← 3s 2S1/2 transition
in the bare ion to be approximately 4300 cm−1. Our calculated result
matches closely the experimental data mentioned above, which yield
a redshift of 4253 cm−1. Moreover, our estimate for the dissociation
energy D0 = 1220.2 cm−1 of the X+ ground state is in very good
agreement with the experimental value of D0 = 1246.0(12) cm−1

reported in Paper II.28

Turning to the excited-state manifold corresponding, in the
asymptotic limit, to a Mg+ 3s03d1 configuration, as shown in Fig. 2,
we find that the spin–orbit splitting of the 2Π and 2Δ states is too
small to resolve the spin–orbit-split components in Fig. 2. In agree-
ment with the qualitative considerations given above, the 2Π1/2,3/2
and 2Δ3/2,5/2 states (displayed with yellow and pink lines in Fig. 2,
respectively) are more strongly bound than the X+ state because of
the off-axis electron density that results from the occupation of 3dπ-
or 3dδ-like orbitals of the Mg+ ion. Interestingly, the 2Σ state origi-
nating from a Mg+ 3s03d1 configuration (the cyan line) undergoes an
avoided crossing at an internuclear distance of ∼2.8 Å, with a higher-
lying 2Σ state (the upper green line) that correlates, in the asymptotic
limit, to a Mg+ 3s04p1 configuration.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Energy-level structure

We have measured the photodissociation spectrum of the
MgAr+ X+(v′′ = 7) state via the B+(v′) state using the method
of isolated-core (multi)photon Rydberg-dissociation spectroscopy.27

Our measurements include overview spectra of the complete vibra-
tional progression of the B+ state as well as high-resolution mea-
surements of each vibrational band, in which the rotational struc-
ture could be partially resolved. The assignment of the vibrational
quantum number was derived from the comparison with the corre-
sponding spectrum of 26MgAr+ (not shown), as explained below.

Figure 4 depicts an overview spectrum of the 24MgAr+ B+(v′)
← X+(v′′ = 7) transitions recorded at high laser-pulse energies
(∼0.5 mJ per pulse). The vibrational progression exhibits a drop
in intensity around v′ = 6 and extends all the way to the dissoci-
ation continuum, the onset of which is indicated by a rise in the
signal around 36 409 cm−1. The intensity maxima of the strongest
vibrational bands, in particular, v′ = 1, 3, and v′ ≥ 9, are approx-
imately the same, which suggests that the spectrum was recorded
under saturating conditions, which were necessary to observe all
vibrational levels of the B+ state, especially those of low v′ val-
ues. Although the overview spectrum in Fig. 4 only allows the
unambiguous assignment of B+ levels up to v′ = 17, several lev-
els beyond v′ = 17 could be identified with the help of spectra
recorded at lower pulse energies and higher resolution (see below).
The analysis of the vibrational intensity distribution is presented
in Sec. IV D.

To assign the vibrational quantum numbers, we determined the
positions ν̃i(v′) (i = 24, 26) of the band maxima for both 24MgAr+

and 26MgAr+ and extracted the isotopic shifts of the B+(v′) levels
using

Δν̃(v′) = Δa + (ν̃24
X+(7) − ν̃26

X+(7)) + (ν̃24(v′) − ν̃26(v′)). (8)

In Eq. (8), Δa = 0.38 cm−1 is the isotopic shift of the MgAr a
3Π0(v = 0) state, estimated from the results of ab initio calculations
reported in Ref. 21, and ν̃iX+(v′′ = 7) denote the iMgAr+ X+(v′′

= 7) ← iMgAr a 3Π0(v = 0) transition wave numbers.29,49 For
instance, the isotopic shift we observed for v′ = 7 is Δν̃(7)
= 3.3(3) cm−1. This standard analysis of isotopic shifts50 did not
only yield an unambiguous vibrational assignment but also values
for the harmonic [ωe = 35.43(30) cm−1] and anharmonic [ωexe

FIG. 5. High-resolution spectrum of the MgAr+ B+(v′ = 1) ← X+(v′′ = 7) band.
The initial and the final states are well described by Hund’s case (b), leading to
two branches that overlap in the spectrum. The branches are denoted by ΔN ′ N ′′

= N′ − N′′ = 1 (R-branch) and ΔN ′ N ′′ = −1 (P-branch), where N′′ and N′ are
the rotational-angular-momentum quantum numbers of the initial and final states,
respectively. The simulation was performed assuming a rotational temperature of
2 K.

= 1.21(20) cm−1] vibrational constants of the 24MgAr+ B+ state,
which adequately describe the observed structure up to v′ = 12.

The upper panel of Fig. 5 shows a spectrum of the B+(1)
← X+(7) band recorded at high resolution. The spectrum exhibits
a strong line on the high-wave-number side and a progression of
transitions to different rotational states of the B+ state with intensi-
ties decreasing toward the low-wave-number end of the spectrum.
This spectrum is typical of what we observed for transitions to the
lowest vibrational levels of the B+ state. Beyond v′ = 7, the spec-
tra revealed a different rotational structure, examples of which are
shown in the upper panel of Fig. 6 for v′ ≥ 13. In this region, the
vibrational bands comprise more lines. We attribute this change
to the increasing importance of the spin–orbit interaction as the

FIG. 4. Overview spectrum of the 24MgAr+ B+(v′)← X+(v′′ = 7) transition recorded at high laser-pulse energies (∼0.5 mJ per pulse). The sharp rise around 36 409 cm−1

indicates the onset of the dissociation continuum of the B+ state. In this spectrum, only vibrational levels up to v′ = 17 are resolved. The positions of the remaining vibrational
levels, indicated along the assignment bar, were derived from the high-resolution spectrum shown in Fig. 6.
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FIG. 6. High-resolution spectrum of the
MgAr+ B+(v′ = 13–21) ← X+(v′′ = 7)
bands. In this range, the final states
are well described by Hund’s case (c),
leading to four rotational branches. The
branches are denoted by half-integer val-
ues of ΔJ ′ N ′′ = J′ − N′′, where N′′ is
the rotational-angular-momentum quan-
tum number of the initial state and J′
is the total angular momentum of the
final states. The simulation was per-
formed assuming a rotational tempera-
ture of 3 K.

internuclear separation R increases and the resulting mixing of the
B+ and A+

1/2 states at large R values. This mixing leads to a transition
from Hund’s case (b) at short internuclear distances and low val-
ues of v′, characterized by integer values of the rotational-angular-
momentum quantum number N′, to Hund’s case (c) at large inter-
nuclear distances and high values of v′, characterized by half-integer
values of the total angular momentum quantum number J′. A com-
plete model of the spin–orbit interaction in the Mg(3p)Ar+ Rydberg
complex is presented in Paper II.28

For each of the v′ = 0–3 and v′ = 7–16 bands, we were able to
identify several isolated rotational lines and determined their posi-
tions ν̃ by fitting them with Gaussian line-shape functions. We then
determined rotational constants and the band origin ν̃v′7 by per-
forming nonlinear least-squares fits of the appropriate expression
for the transition energy. Because of the progressive evolution of the
rotational structure from Hund’s case (b) at low v′ values to Hund’s
case (c) at high v′ values, the choice of the appropriate Hund’s
case for intermediate v′, namely, v′ = 8–12, was not completely
unambiguous. Up to v′ = 8, we used the following expression:

ν̃ = ν̃v′7 + B′v′N
′(N′ + 1) − B′′7 N′′(N′′ + 1), (9)

describing a Hund’s-case-(b)-to-Hund’s-case-(b) transition at the
low N′ and N′′ values probed experimentally. In Eq. (9), B′v ′ , N′

and B′′7 (=0.1121 cm−128), N′′ are the rotational constants and rota-
tional quantum numbers of the final and initial states, respectively.
The band origins and rotational constants determined in this way
are listed in Table II and were used to calculate the spectra for
comparison with experimental results. An example is shown for v′

= 1 in Fig. 5 for a rotational temperature of 2 K. The spectrum
consists of two overlapping branches, denoted by ΔN ′N ′′ = N′

− N′′ above the assignment bars. The ΔN ′N ′′ = 0 branch is miss-
ing, as expected for a Σ+–Σ+ transition. The degradation of the band
intensity profile toward low wave numbers results from the different
rotational constants of the initial (B′′7 = 0.1121 cm−1) and final states
(B′1 = 0.0550 cm−1). Whereas the calculated spectrum in Fig. 5
assumes a thermal distribution, the experimental spectrum was
recorded from the nonthermal distribution generated with the laser
driving the X+(7) ← a 3Π0 transition. Therefore, the intensity

distribution of the calculated spectrum does not reliably describe
the measured intensity distribution, and the effect is particularly
pronounced near the R-branch bandhead.

Beyond v′ = 8, we used the standard expression for transitions
between a Hund’s case (b) initial level and a Hund’s case (c) final
level,

ν̃ = ν̃v′7 + B′v′[J′(J′ + 1) −Ω′2] − B′′7 N′′(N′′ + 1), (10)

where J′ is the total angular momentum of the final state and
Ω′ = 1/2. The band origins and rotational constants determined in
least-squares fits based on Eq. (10) are given in Table II. Calcula-
tions of the rotational structure of Hund’s-case-(b)-to-Hund’s-case-
(c) transitions for v′ ≥ 13 at a rotational temperature of 3 K are
shown in the lower panel of Fig. 6, with explicit rotational assign-
ments for the v′ = 14 band. Each band consists of four branches,
denoted as ΔJ ′N ′′ = J′ − N′′, instead of two at low v′, which explains
the different appearance of the bands observed at low and high v′

values.
For the v′ = 4–6 vibrational states, we could not resolve individ-

ual rotational lines. To determine the band origins listed in Table II,
we simulated the band contours assuming a Hund’s-case-(b)-to-
Hund’s-case-(b) transition and rotational constants obtained by
polynomial interpolation of the rotational constants listed in Table II
and shifted the calculated spectra along the wave-number axis
until agreement with the experimental observations was reached.
From the B′v ′ values determined for the v′ = 0–8 vibrational lev-
els, a Be value of 0.0608(7) cm−1 was derived. This corresponds
to an equilibrium bond length Re of 4.301(25) Å, which is in rea-
sonable agreement with the theoretical value of 4.374 Å. From
the origin of the B+(0) ← X+(7) band [ν̃07 = 36 148.43(20)]
and the onset of the dissociation continuum in Fig. 6, i.e.,
ED = 36 409.0(10) cm−1, we estimate the dissociation energy of the
B+ state to be D0 = 260.6(10) cm−1. Using the vibrational con-
stants listed above, we derive an equilibrium dissociation energy
of De = D0 + ωe/2 − ωexe/4 = 278.0(10) cm−1 for the B+ state.
These values of D0 and De are in reasonable agreement with the val-
ues of 237.7 cm−1 and 253.2 cm−1, respectively, predicted theoret-
ically based on data obtained with our EOM-CCSD/X2Cmmf/5Z∗

reference model. Given the weakly bound nature of the B+ state,
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TABLE II. Measured values ν̃v′7 of the observed B+(v′)← X+(v′′ = 7) transitions of MgAr+ and the respective vibrational term values Tv ′ and rotational constants Bv ′ of the
final states. All values are in cm−1.

v′ ν̃v′7 Tv ′ B′v ′ v′ ν̃v′7 Tv ′ B′v ′

0 36 148.43(20) 0.00(28) 0.0608(10) 11 36 379.13(20) 230.70(28) 0.0324(10)
1 36 181.34(20) 32.91(28) 0.0550(20) 12 36 386.73(20) 238.30(28) 0.0293(10)
2 36 211.78(20) 63.35(28) 0.0543(10) 13 36 392.74(20) 244.31(28) 0.0212(10)
3 36 240.31(20) 91.88(28) 0.0521(10) 14 36 397.68(20) 249.25(28) 0.0203(10)
4 36 265.99(20) 117.56(28) 0.050a 15 36 401.25(20) 252.82(28) 0.0187(10)
5 36 289.44(20) 141.01(28) 0.048a 16 36 403.92(20) 255.49(28) 0.0190(20)
6 36 310.23(20) 161.80(28) 0.045a 17 36 405.95(40) 257.52(45) 0.013b

7 36 328.53(20) 180.10(28) 0.0420(10) 18 36 407.28(40) 258.85(45) 0.010b

8 36 344.53(20) 196.10(28) 0.0388(10) 19 36 407.80(40) 259.37(45) 0.007b

9 36 358.28(20) 209.85(28) 0.0359(10) 20 36 408.25(40) 259.82(45) 0.005b

10 36 369.52(20) 221.09(28) 0.0358(10) 21 36 408.85(40) 260.42(45) 0.005b

aEstimated by interpolation of the other measured rotational constants B′v ′ .
bEstimated by extrapolation of the other measured rotational constants B′v ′ .

additional diffuse basis functions might be required in the respective
atomic basis sets for Mg and Ar to further improve the accuracy of
our reference EOM-CCSD/X2Cmmf/5Z∗ model described in detail
in Sec. III.

The vibrational bands with v′ ≥ 17 lie so close to each other that
their rotational structures overlap. It is, therefore, not possible to
assign rotational lines to specific vibrational bands in this range nor
to use Eq. (10) to determine band origins and rotational constants.
Instead, we estimated the rotational constants using a polynomial
extrapolation of the values given in Table II and successively added
the contributions of Hund’s-case-(b)-to-Hund’s-case-(c) transitions
with an increase in the v′ value to reproduce the experimental spec-
trum. In this process, the band origins were adjusted to give the best
agreement between experiment and simulation, as given in Table II.
Although the simulation allows the identification of a few individual
rotational lines, we could not determine rotational constants of the
final states with v′ ≥ 17 in this way because they are so small that the
rotational structure of the spectra is essentially determined by the
rotational constant of the initial state.

The data presented in Table II and in Figs. 4–6 provide a com-
plete picture of all bound levels of the MgAr+ B+ state and form
the basis for the global analysis of the Mg(3p)Ar+ Rydberg complex
discussed in Ref. 28.

B. Dissociation mechanisms
We have measured the TOF spectra associated with the KER

and angular distributions of the dissociation products for the B+

v′ = 0–5, v′ = 8–13 states and above the B+ dissociation limit up
to 36 700 cm−1. All measurements were performed for parallel and
perpendicular laser polarizations with respect to the TOF axis.

A selection of TOF spectra is presented in the upper panel of
Fig. 7. In all TOF spectra that were recorded with the laser polar-
ization parallel to the TOF axis, we observed two distinct peaks,
which are well suited for the determination of the KER, whereas in
the case of perpendicular polarization, the TOF distributions con-
sisted of a single broad peak. In the remainder of this section, we

focus the discussion on the spectra measured with the laser polar-
ization parallel to the TOF axis, although similar considerations also
apply to the spectra recorded with the polarization perpendicular to
that axis. Starting from v′ = 0 and up to v′ = 5, one observes an
increase in the separation ΔtTOF of the two peaks. At v′ = 8, the TOF
profiles abruptly change to a much narrower distribution, which
broadens again for increasing vibrational levels. As the B+ dissoci-
ation limit is crossed, one observes another sudden narrowing of the
TOF distribution followed by a broadening as the wave number of
the laser increases. These observations suggest that different disso-
ciation mechanisms are at play in the three spectral regions (i) v′

= 0–5, (ii) v′ = 8–13, and (iii) above the dissociation limit. For each
measured TOF spectrum, we determined the associated KER using
the models described in Sec. II. In the regions (i) and (ii), the KERs
were averaged over three independent measurements. The KERs are
shown as a function of laser wave number in the lower panel of Fig. 7,
in which the three regions described above are labeled with (i), (ii),
and (iii). These regions are also depicted in the inset of Fig. 2.

In region (iii), direct photodissociation into the B+ con-
tinuum takes place. The dissociation threshold ED(B+ ← X+(7))
= 36 408.6(10) cm−1 of the B+ state with respect to the X+(v′′ = 7)
state, shown as the dotted vertical line in Fig. 7, is accurately known
from the analysis of the spectra presented in Paper II.28 Therefore,
the KER and, thus, the Mg+ fragment velocity v are known accu-
rately, and the measurements in region (iii) were used to calibrate
the values of the model parameters t0 and dTOF in Eq. (4), which
were not known accurately. The data points displayed in region (iii)
correspond to the analysis using Eq. (6). Their linear extrapolation
to zero KER (red dashed line) yields a dissociation threshold of ED
= 36 404.7(7) cm−1, where the specified error does not include sys-
tematic errors but corresponds to the 1σ uncertainty of the extrap-
olation. The gap of data points around 36 480 cm−1 originates from
the fact that the photodissociation cross section is too small in
this range to record TOF spectra with a sufficient signal-to-noise
ratio.

In region (ii), the TOF measurements were analyzed using
Eq. (6) and the values of t0 and dTOF determined in region (iii).
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FIG. 7. Upper panels: typical TOF spec-
tra recorded with laser polarization par-
allel (black) and perpendicular (red) to
the TOF axis. The lower panel shows
the KER determined from the TOF spec-
tra as a function of the laser wave num-
ber, which suggests different dissociation
mechanisms for the regions (i)–(iii). The
vertical dashed line indicates the disso-
ciation limit of the A+

1/2 state, and the
vertical dotted line indicates the dissoci-
ation limit of the B+ state of MgAr+. The
labels (1)–(5) indicate the positions at
which the TOF spectra presented in the
upper panels were recorded.

The extrapolation of the KER to zero yielded a dissociation thresh-
old with respect to the X+(v′′ = 7) state of ED = 36 318(2) cm−1,
where the specified error corresponds to an uncertainty of 1σ of the
fit. This value is in good agreement with the Mg+(3p 2P1/2) + Ar(1S0)
dissociation asymptote of the A+

1/2 state, which lies at 36 317.0(10)
cm−128 and is shown as a vertical dashed line in Fig. 7. In region
(ii), the A+

1/2 dissociation continuum is accessible by predissociation
from the B+(v′) states through the nonadiabatic effects caused by the
spin–orbit interaction. Hence, the predissociation has the same ori-
gin as the transition from Hund’s case (b) to Hund’s case (c) of the
B+ state discussed in Sec. IV A, namely, the mixing of the B+ and
A+

1/2 states induced by the spin–orbit interaction.
In region (i), the TOF measurements were analyzed using

Eq. (7). We first fitted the parameters a and b of Eq. (7) to Δt2
TOF

values measured in region (iii) and subsequently kept these parame-
ters fixed to determine the dissociation threshold ED from the KERs
measured in region (i). The fit was only successful when assuming
a two-photon dissociation, i.e., replacing ν̃2 by 2ν̃2 in Eq. (7). The
two-photon dissociation threshold with respect to the X+(v′′ = 7)
state was determined to be ED = 72 135(5) cm−1 (the specified uncer-
tainty corresponds to 1σ of the fit). This value is in good agreement
with the expected positions of the Mg+(3d 2D3/2,5/2) + Ar(1S0) dis-
sociation asymptotes at 72 138.8(10) cm−1 and 72 137.9(10) cm−1,
respectively, calculated using the cycle ED(B+ ← X+(7)) + E(Mg+

3d 2D3/2,5/2) − E(Mg+ 3p 2P3/2) and atomic term values from Ref.
46. The two-photon excitation, indicated by a dashed arrow in
Fig. 2, takes place in the repulsive part of the Mg(3d)Ar+ 2Σ+ state
and causes dissociation to the Mg+(3d 2D3/2,5/2) + Ar(1S0) asymp-
totes. In principle, two-photon dissociation is also possible in region
(ii). However, in the TOF spectra we recorded, two-photon dis-
sociation only gave rise to a broad and weak background, which

suggests that the two-photon dissociation is much less efficient
than predissociation at the laser intensities used to record the TOF
spectra.

Our data, thus, unambiguously reveal three distinct dissocia-
tion mechanisms over a range of only ∼300 cm−1. In region (i),
the molecules dissociate following two-photon resonance-enhanced
absorption, producing Mg+ ions in the 3d 2D3/2,5/2 states. In region
(ii), they predominantly predissociate into the A+

1/2 continuum, pro-
ducing Mg+ ions in the 3p 2P1/2 state. In region (iii), fragmen-
tation occurs by direct photodissociation into the B+ continuum,
producing Mg+ ions in the 3p 2P3/2 state.

C. Dissociation dynamics and angular distributions
In the analysis of the TOF spectra presented in Fig. 7 for regions

(ii) and (iii), we also obtained the values of the anisotropy parame-
ter β, which are presented in Fig. 8. Figure 9 shows, as examples,
the results of fits based on Eq. (6) to TOF spectra measured at the
position of the predissociating v′ = 12 level (36 386.6 cm−1, left col-
umn) and above the dissociation threshold at 36 542.8 cm−1 (right
column), respectively. The fits (dashed line) were performed using
the spectra recorded with the laser polarized parallel to the TOF axis
(upper panels). For v′ = 12, we obtained a β value of 0.4, which
is typical for the values we determined for predissociating states.
In region (ii), the values of β were averaged over three indepen-
dent measurements for each value of v′ and varied between ∼0.2
and ∼0.5, with an average of 0.4, as shown on the left-hand side
of Fig. 8.

In the continuum [region (iii)], we typically determined β val-
ues between ∼1.4 and ∼1.7 with an average of β ≈ 1.5, as illustrated
on the right-hand side of Fig. 8. The fit shown in the upper right
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FIG. 8. Experimentally determined values of the anisotropy parameter β for regions
(ii) and (iii) of the spectrum of the B+(v′)← X+ transition of MgAr+. The markedly
different values of β in the two regions originate from the different dissociation
mechanisms that occur in these regions.

panel of Fig. 9 corresponds to the β value of 1.6. The origin of the
rather different β parameters in regions (ii) and (iii) is discussed
below. The spectra in the lower panels of Fig. 9 were recorded with
the laser polarization perpendicular to the TOF axis under other-
wise identical conditions, and the only parameter that was adjusted
in the fit was the overall intensity I0. The same β values, thus, ade-
quately describe the measurements carried out with parallel and
perpendicular polarization.

In direct dissociation, one approaches the axial-recoil limit,
β = 2, for sufficiently low angular momenta and sufficiently high

FIG. 9. Examples of TOF spectra observed following dissociation of MgAr+ and the
corresponding fits based on Eq. (6) (the dashed line) to determine the KER and
β for v′ = 12 and in the continuum at 36 542.8 cm−1. The fit parameters for the
cases where the laser was polarized perpendicular to the TOF axis (lower panels)
are the same as for the cases where the laser was polarized parallel to the TOF
axis (upper panels), except for an overall intensity factor. The fits in the left and
right columns correspond to β ≈ 0.4 and ∼1.6, respectively.

KERs.32 In the case of a 1Σ–1Σ transition, this limit corresponds to
a difference δN ′′+1 − δN ′′−1 = π of the phase shifts of the continuum
nuclear wavefunctions accessed from a given initial-state rotational
level with rotational quantum number N′′ in the expression derived
by Zare,32

β ≈ 2(N′′2 + N′′ + 1) − 6N′′(N′′ + 1) cos(δN′′+1 − δN′′−1)
(2N′′ + 1)2 . (11)

In the present case, we consider the transition between a 2Σ state
and a mixed 2Σ1/2–2Π1/2 state, which has predominantly 2Σ1/2 char-
acter in the relevant range of internuclear distances (see below).
We, therefore, do not expect a strong deviation from 1Σ–1Σ pho-
todissociation because of the weakly coupled nature of the elec-
tron spin. From the internuclear potential determined in Paper
II,28 we computed the phase shifts of the continuum wavefunc-
tions using Numerov’s method51 and obtained the values of β
by averaging them over the initial-state rotational distribution at
3 K. For a KER of 12 cm−1, which corresponds to the low-
est KER considered in the analysis of region (iii), we obtained
β = 1.88. For higher KER, we calculated β ≳ 1.9, with monotonically
increasing values of β for increasing KERs. At a KER of 300 cm−1,
corresponding to the highest KER considered in the analysis of
region (iii), we obtained β = 1.98. The β values determined exper-
imentally are systematically lower than the theoretical ones by about
∼0.4. We attribute this discrepancy to the fact that our model for the
TOF distributions does not perfectly reproduce the observed asym-
metry between the two lobes of the distributions nor the position of
the minimum between these lobes (see upper panels of Fig. 9). We,
thus, believe that the fitted β values represent lower bounds of the
actual values. The experimental values of β determined in the con-
tinuum (∼1.5) are significantly higher than the value of 1.03 ± 0.05
determined at a KER corresponding to 580 cm−1 by Hoshino et al.52

The spin–orbit predissociation observed in the range from
v′ = 7 to the dissociation threshold [region (ii)] leads to a markedly
different angular distribution of the fragments compared to direct
dissociation, as reflected in the value of the measured anisotropy
parameter β ≈ 0.4. The fact that the rotational structure of the predis-
sociative B+(v′) states is partially resolved (see Fig. 6) indicates that
predissociation broadening is smaller than the spacing of adjacent
rotational energy levels. Classically, this means that the timescale
associated with the rotational motion of the molecular ion is compa-
rable to, or shorter than, the predissociation lifetime. The anisotropy
of the angular distribution is expected to be reduced by the rota-
tional motion compared to direct photodissociation in the axial-
recoil approximation.53 Moreover, the measured spectral lines do
not exhibit asymmetric Fano profiles, indicating that direct photoex-
citation to the dissociation continuum (A+

1/2 in the present case) is
negligible compared to excitation to levels of the B+ state followed
by predissociation. A more detailed analysis of the lifetimes of the
predissociating states is presented in Paper II.28

Following a theoretical procedure similar to that introduced by
Pernot et al.,54 the β parameter associated with the excitation from
a given X+(v′′, N′′) rovibrational level to a B+(v′, J′) predissociative
level can be expressed within second-order perturbation theory as
(see Appendix B)
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βN′′J′ =
∑J′′ βJ′′J′S(iΛ′′S′′N′′J′′; eΩ′J′)
∑J′′ S(iΛ′′S′′N′′J′′; eΩ′J′)

. (12)

In Eq. (12), S(iΛ′′S′′N′′J′′; eΩ′J′) is the transition line strength
from a state described by Hund’s coupling case (b), with a projection
quantum number of the orbital angular momentum on the inter-
nuclear axis Λ′′, a spin angular momentum quantum number S′′, a
total angular momentum quantum number without spin N′′, a total
angular momentum quantum number J′′, and a set of other good
quantum numbers i, to a predissociative state described by Hund’s
coupling case (c) with a total angular momentum quantum num-
ber J′ and its projection quantum number Ω′ onto the internuclear
axis, and a set of other good quantum numbers e. The anisotropy
parameters βJ ′′ J ′ associated with each J′ ← J′′ transitions are known
analytically (see, e.g., Ref. 54) and tend to values of 1

2 for J′ = J′′ ± 1
(P and R branches) and −1 for J′ = J′′ (Q branch) in the limit of large
J′′ values. The total βN ′′ J ′ parameter is, therefore, the weighted sum
of the β parameters of the transitions from the various J′′ sublevels
of a given N′′ level, with weights given by the relative strengths of
the different branches.

The transition line strengths S(iΛ′′S′′N′′J′′; eΩ′J′) depend a
priori on the extent of the 2Σ1/2–2Π1/2 mixing in the upper state,
caused by spin–orbit interaction and responsible for the Hund’s-
coupling-case-(c) nature of the high vibrational levels of the B+ state.
These case-(c) states, written as |eΩ′J′M′⟩, can be expanded in terms
of case-(a) functions |eΛ′S′Σ′Ω′J′M′⟩ as

∣ev′Ω′J′M′⟩ = ∑
Λ′

cΛ′(R)∣eΛ′S′Σ′Ω′J′M′⟩, (13)

where Σ′ is the projection quantum number of the spin on the
internuclear axis and M′ is the projection quantum number of
the total angular momentum onto the z axis of the laboratory-
fixed frame. The R-dependent expansion coefficients cΛ′ (R) are
obtained by diagonalization of the spin–orbit interaction matrix
in the case (a) basis, as described in Paper II.28 The transition
line strengths S(iΛ′′S′′N′′J′′; eΩ′J′), thus, involve several vibronic

transition moments of the form

∫ dR cΛ′(R)χ∗Λ′v′J′(R)MΛ′(R)χv′′N′′(R), (14)

where χv ′′N ′′ and χΛ′v′J′ are the vibrational wave functions of the
initial and predissociative states, respectively, and MΛ′ (R) is the
R-dependent electronic transition dipole moment. The vibrational
wave function of the initial X+(v′′ = 7) state considered in the
present study has a non-negligible amplitude only in the range from
R ≈ 4.5 a0 to R ≈ 7.5 a0. In this region, the Σ–Π mixing is very
small in the B+ state and, to a good approximation, cΛ=0 = 1 and
c|Λ|=1 = 0. Therefore, the line strengths correspond to transitions
from Hund’s-coupling-case-(b) 2Σ+ states to Hund’s-coupling-case-
(a) 2Σ+

1/2 states, which can be calculated analytically.55 In this way,
the anisotropy parameter βN ′′ J ′ can be calculated for arbitrary N′′

and J′ values.
The experimental β parameter for the v′ = 12 vibrational band

was recorded at a wave number of 36 386.60 cm−1. Three rotational
transitions lie within the 0.1 cm−1 laser bandwidth, and the exper-
imental result corresponds to the sum of the three individual βN ′′ J ′
values (0.71, 0, and 0.70, respectively, in the order of increasing wave
number) weighted by the product of the corresponding line intensi-
ties with the spectral intensity of the laser light at the transition wave
numbers (0.14, 0.16, and 0.70, respectively). The total calculated β
parameter is 0.58, in reasonable agreement with the experimental
value of ∼0.4. A β parameter of 0.5 is expected for high J′ values
(see above). However, for the low J′ values considered in the present
case, this argument is not valid, and the origin of the β = 0.5 value
lies rather in the dynamic averaging caused by the overlapping rota-
tional transitions. A similar agreement between the measured and
calculated anisotropy parameters was obtained for the v′ = 8–13
predissociating states.

D. Intensities of the vibronic transitions
Panels (a) and (b) in Fig. 10 present overview spectra of the B+

← X+(v′′ = 7) transition extending from v′ = 0 up to ∼300 cm−1

FIG. 10. Panels (a) and (b): overview
spectra of the B+(v′) ← X+(v′′ = 7)
transition of MgAr+ recorded at laser
pulse energies of ∼0.5 mJ and <1 μJ,
respectively. Panel (c): two-photon
(upper trace) and one-photon (lower
trace) Franck–Condon factors, after
convolution with a Gaussian line shape
function with a FWHM of 2 cm−1. The
Franck–Condon factors of the two-
photon transitions and the single-photon
transition to the B+ continuum (dashed
curve) were scaled by 8000 and 300,
respectively, to be visible on the scale of
the figure (see text for details).
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above the dissociation threshold, recorded with laser pulse energies
of ∼0.5 mJ and <1 μJ, respectively. We refer to them below as the
high-intensity and low-intensity spectra, respectively. In the regions
designated as (i)–(iii) in Fig. 10, which are the same as in Fig. 7, these
spectra exhibit very different patterns.

The high-intensity spectrum in regions (i) and (ii) in Fig. 10(a)
is the same as in Fig. 4 and exhibits an intensity minimum around
v′ = 6. The continuum region [region (iii)] in Fig. 10(a), i.e., above
36 409 cm−1, reveals an intensity minimum around 36 480 cm−1

and a broad maximum around 36 600 cm−1. The low-intensity spec-
trum, presented in Fig. 10(b), only possesses nonzero intensity in
region (ii).

The intensity patterns apparent in panels (a) and (b) of Fig. 10
can be explained with the dissociation mechanisms described in
Sec. IV B when considering the Franck–Condon factors of the cor-
responding transitions. We have determined these factors using
the potential of the X+ state published in Ref. 29, the potential
of the B+ state reported in Paper II,28 and the potential of the
Mg(3d)Ar+ 2Σ+ state calculated ab initio, as described in Sec. III
(see also Fig. 2). The vibrational wavefunctions were calculated by
solving the nuclear Schrödinger equation using a Legendre–Gauss–
Lobatto discrete-variable-representation technique in combination
with exterior complex scaling (ECS).28,29,56–58 The Franck–Condon
factors of the B+ ← X+ one-photon transition and the Mg(3d)Ar+

2Σ+ ← B+ ← X+ resonant two-photon transition are shown in
Fig. 10(c) as black and orange curves, respectively, after convolution
with a Gaussian line shape function with a FWHM of 2 cm−1. In
the latter case, the Franck–Condon factors represent products of the
Franck–Condon factor of the B+ ← X+ transition and the Franck–
Condon factor of the Mg(3d)Ar+ 2Σ+ ← B+ bound-to-continuum
transition determined as explained in Appendix C. To account for
the very different efficiencies of the different excitation processes, the
Franck–Condon factors of the two-photon transitions and the direct
dissociation [region (iii)] had to be enhanced by factors of 8000 and
300, respectively, compared to the one-photon transitions to the pre-
dissociative levels of the B+ state. This analysis confirms that the
high-intensity spectrum in panel (a) was recorded under saturating
conditions.

In region (i), the Franck–Condon factors calculated for the res-
onant two-photon transitions suggest that two-photon dissociation
is much more efficient in this region than in regions (ii) and (iii),
as discussed in Sec. IV B. Moreover, they qualitatively reproduce
the drop in intensity toward v′ = 6 observed in the high-intensity
spectrum [Fig. 10(a)] and the weaker intensity of the transition
to v′ = 2.

In region (ii), the relative intensities of the observed lines
are not well described by the calculated Franck–Condon fac-
tors of the B+ ← X+ transition (black curve). In the case of
the high-intensity spectrum [Fig. 10(a)], we attribute the con-
stant intensities of transitions to the highest vibrational levels to
the saturation of the transitions, whereas the relative intensities
measured in the low-intensity spectrum are governed by the pre-
dissociation dynamics. Except for v′ = 7, the calculated predisso-
ciation widths also support this finding (see supplementary mate-
rial in Paper II28). The fact that we observe a signal in region
(ii) but not in region (i) at low intensities is another indication
of the proposed one- and two-photon dissociation mechanisms,
respectively.

The high-intensity spectrum [Fig. 10(a)] exhibits stronger max-
imal intensities in region (iii) than in region (ii). Moreover, the lobe
around 36 600 cm−1 is significantly broader than predicted by the
Franck–Condon analysis. This behavior can also be explained by sat-
uration. Whereas in region (ii), the populations of the initial and
final states equilibrate, in region (iii), the entire initial-state popu-
lation yield may be drained into the photodissociation continuum,
which leads to a higher Mg+ yield. As described in Paper II,28 the
spectrum in region (iii) was used to optimize the repulsive part of the
B+ potential curve such that the calculated positions of the intensity
minimum and maximum matched the positions observed experi-
mentally. In the low-intensity spectrum [Fig. 10(b)], no dissociation
products were observed in region (iii), as expected from the low
Franck–Condon factors.

V. CONCLUSIONS AND OUTLOOK
In this article, we have reported on the first step of a systematic

investigation of the Rydberg states of a molecular cation, MgAr+,
which consisted in the observation and full characterization of the
B+ 2Σ+ state of MgAr+ located below the Mg+(3p 2P3/2) + Ar(1S0)
dissociation threshold. This state and the two spin–orbit compo-
nents (Ω = 1/2 and 3/2) of the A+ 2ΠΩ state of MgAr+ form a
low-lying 3p Rydberg complex, which can be regarded as the first
stepping stone toward ionization12 of MgAr+ and the formation of
the doubly charged ion MgAr2+. Whereas previous theoretical work
had emphasized the repulsive nature of the B+ state at short range,21

new ab initio calculations carried out in the realm of the present
investigation indicated a potential well at long range (Re ≈ 4.4 Å)
able to support several vibrational levels.

Using the method of isolated-core (multi)photon Rydberg-
dissociation spectroscopy,27 we have recorded rotationally resolved
spectra of transitions from the selected X+(v′′ = 7) state of MgAr+

to all vibrational levels of the B+ state from v′ = 0–21, from which
we have extracted an extensive set of molecular constants. The rota-
tional structure of the vibrational levels of the B+ state undergoes a
transition from Hund’s angular-momentum coupling case (b) at low
v′ values to case (c) at high v′ values, which we attribute to a mixing
of the B+ and A+

1/2 states at large internuclear distances induced by
the spin–orbit interaction.

We have also identified the mechanisms through which high
Rydberg states of Mg are produced following photodissociation of
the isolated state-selected MgAr+ ion core by measuring the kinetic-
energy release upon dissociation and the corresponding β param-
eters. These mechanisms include (i) resonant two-photon disso-
ciation, via the lowest vibrational levels of the B+ state, to the
Mg+(3d 2D3/2,5/2) + Ar(1S0) dissociation continua accessed through
the repulsive branch of the potential of the 2Σ+ state of the 3d com-
plex; (ii) predissociation of the vibrational levels of the B+ state with
v′ ≥ 7 to the Mg+(3p 2P1/2) + Ar(1S0) dissociation continuum medi-
ated by the spin–orbit interaction; and (iii) direct photodissociation
to the Mg+(3p 2P3/2) + Ar(1S0) continuum of the B+ state. Finally,
we have observed a broad intensity oscillation in the photodissocia-
tion continuum of the B+ state, which we have quantitatively inter-
preted in terms of Franck–Condon densities for bound–continuum
transitions (see Appendix C).

In the next steps of this investigation, we intend to present a
global model of the 3p Rydberg complex of MgAr+28 and the analysis
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of isolated-core Rydberg-dissociation spectra in the region of the 3d
and 4s complexes.
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APPENDIX A: DETAILS OF THE ANALYSIS OF THE TOF
DISTRIBUTIONS

In this section, we provide the details of the derivation and
application of Eq. (6). In order to apply Eq. (5) to analyze TOF dis-
tributions recorded with a linear TOF spectrometer, one needs to
perform two subsequent changes of variables, namely, θ → z and z
→ tTOF. The first transformation involves the integration over the
azimuthal angle around the z axis and depends on the laser polariza-
tion. We discuss the cases θz = θ (polarization parallel to the z axis)
and θz = θ + π/2 (polarization perpendicular to the z axis) separately.

θz = θ: In the case of parallel polarization, we have z − z0
′

= r cos θ and the surface element is dzdϕz/r, where r = Δtprepv and
ϕz is the azimuthal angle of the angular distribution, which coincides
with the azimuthal angle around the z axis. The angular distribution
as a function of z can then be obtained by

dI(z) = ∫
2π

0

I0

4πr
[1 + βP2((z − z′0)/r)]dzdϕz

= I0

2r
[1 + βP2((z − z′0)/r)]dz. (A1)

θz = θ + π/2: In the case of perpendicular polarization, we have
cos θ =

√
r2 − (z − z0)2/r sin ϕz and the surface element is again

dzdϕz/r. Integration over ϕz yields

dI(z) = I0

4πr ∫
2π

0

⎡⎢⎢⎢⎢⎣
1 + βP2

⎛
⎝

√
r2 − (z − z′0)2

r
sinϕz

⎞
⎠

⎤⎥⎥⎥⎥⎦
dzdϕz

= I0

2r
[1 − β

2
P2((z − z′0)/r)]dz, (A2)

which is identical to Eq. (A1) after replacing β by −β/2.
Inversion of Eq. (4) yields the required dependence of z on tTOF

for the second change of variables,

z(tTOF) =
(bt2

TOF − 4dTOF) ±
√
(bt2

TOF − 4dTOF)
2 − 16d2

TOF

8
, (A3)

where b = 2qF/mMg. The choice of sign in Eq. (A3) depends on how
far the cloud of dissociation products extends within the electrode
stack. If the dissociation products exceed z = dTOF/2, one has to make
a careful distinction between particles for which z < dTOF/2 and par-
ticles for which z > dTOF/2. In the present experiments, the condition
z < dTOF/2 was always fulfilled, and thus, only the negative sign in
Eq. (A3) was relevant. Using

dz = ∣ dz
dtTOF

∣dtTOF, (A4)

one obtains Eq. (6) from Eqs. (A1), (A3), and (A4).
Because the molecules occupy a finite volume rather than a sin-

gle point z0
′, one has to take into account the initial distribution of

photoexcited molecules by computing the weighted sum,

dI(tTOF) = ∫ dI(tTOF, z′0)p(z′0)dz′0, (A5)

for each value of tTOF. In Eq. (A5), p(z′0) is the distribution of disso-
ciating molecules, which is governed by the laser profile and is well
described by a Gaussian distribution in our experiment.

APPENDIX B: PREDISSOCIATION ANGULAR
DISTRIBUTION

The angular distribution of fragments following predissoci-
ation of a diatomic molecule has been investigated by a num-
ber of authors.33,53,54,59–61 We follow here an approach similar to
those of Mukamel and Jortner59 and Pernot et al.,54 which we
adapted to the present case. We consider the transition from an
initial state described by Hund’s coupling case (b) to a final state
described by Hund’s coupling case (c) via a predissociative state
also described by Hund’s coupling case (c). The initial state is
denoted by |iΛ′′S′′N′′J′′M′′⟩ and has an energy EiN ′′ . The final
state is denoted by |dΩk⟩, where k is the momentum vector of the
fragments corresponding to a KER of μk2/2. The predissociative
state is denoted by |eΩ′J′M′⟩ and has the energy EeJ ′ and a pre-
dissociation rate ΓeJ ′ . All wave functions are expressed within the
Born–Oppenheimer approximation. Within lowest-order perturba-
tion theory and neglecting direct excitation to the dissociation con-
tinuum, the differential cross section dσ

dΩ for photodissociation by a
photon with energy h̵ω can be written as59

dσ
dΩ
= (2π)

2

h̵c

×
RRRRRRRRRRR
∑
eJ′M′

⟨dΩk∣Hv ∣eΩ′J′M′⟩⟨eΩ′J′M′∣ϵ̂ ⋅ μ∣iΛ′′S′′N′′J′′M′′⟩
EiN′′ + h̵ω − EeJ′ + i

2ΓeJ′

RRRRRRRRRRR

2

.

(B1)

The operator Hv represents the coupling of the intermediate
state to the dissociation continuum and will be left unspecified in
the following for the sake of generality. In the present case, it rep-
resents the non-adiabatic spin–orbit coupling between the B+ and
A+

1/2 states responsible for spin–orbit predissociation. ϵ̂ ⋅ μ is the
electric-dipole transition operator.

Expression (B1) can be simplified in several ways. First, we
write the continuum wave function as a partial-wave expansion,32

⟨dΩk∣ = ∑
JM
(2J + 1)1/2iJe−iδJDJ

MΩ(ϕ, θ, 0) ⟨dkΩJM∣, (B2)

where ϕ, θ are the angles between the vectors ϵ̂ and k, DJ
MΩ repre-

sents a Wigner rotation matrix, and δJ is the scattering phase shift.
The total angular momentum quantum number J′ of the intermedi-
ate state and its projection quantum number M′ are conserved upon
predissociation. Moreover, since predissociation is unaffected by the
orientation of the molecular ion in the lab-fixed frame, the corre-
sponding matrix element should be independent of M′. We combine
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these two properties by writing

⟨dkΩJM∣Hv ∣eΩ′J′M′⟩ = RJ′

eΩ′ ,dkΩδJ′JδM′M . (B3)

In a second step, we assume that the broadening of the transition
resulting from predissociation (full width at half maximum ΓeJ ′ ) is
significantly smaller than the energy spacing between adjacent rota-
tional levels so that the rotational structure of the intermediate state
can be resolved. Therefore, when the photon energy is resonant with
a transition, only the term associated with this transition contributes
significantly to the sum in Eq. (B1), and other off-resonant terms can
be neglected.

In a third step, we rewrite the squared norm of the transition
dipole matrix element in terms of the transition line strength S(iN′′;
eJ′), giving

∣⟨eΩ′J′M′∣ϵ̂ ⋅ μ∣iΛ′′S′′N′′J′′M′′⟩∣2

= ( J′ 1 J′′

−M′ 0 M′′)
2

S(iΛ′′S′′N′′J′′; eΩ′J′) (B4)

in the case of linear polarization. Equation (B1) can now be rewritten
as

dσ
dΩ
= (2π)

2

h̵c

(2J′ + 1)∣RJ′

eΩ′dΩ∣
2

(EiN′′ + h̵ω − EeJ′)2 + ( ΓeJ′2 )
2

× S(iΛ′′S′′N′′J′′; eΩ′J′)

× ( J′ 1 J′′

−M′′ 0 M′′)
2

∣DJ′
M′′Ω(ϕ, θ, 0)∣

2
, (B5)

where we used the fact that M′ = M′′ for a dipole transition with
linear polarization along the z axis of the laboratory frame.

The total differential cross section is obtained by summing over
the relevant initial and final states. In the present case, there are
two dissociation continua with Ω = ±1/2. We use the fact that the
squared norm of the Wigner D matrix in Eq. (B5) is independent of
the sign of Ω.62 Moreover, Fermi’s golden rule allows one to relate
the predissociation matrix element RJ′

eΩ′dΩ to the predissociation rate
ΓeJ ′ ,

1/2

∑
Ω=−1/2

∣RJ′

eΩ′dΩ∣
2
= ΓeJ′

2π
. (B6)

Finally, we assume that all degenerate levels associated with the
initial ground state are equally populated. This leads to

dσ
dΩ
= (2π)

2

h̵c
(2J′ + 1)

(2S′′ + 1)(2N′′ + 1)

× 1
π

1
2ΓeJ′

(EiN′′ + h̵ω − EeJ′)2 + ( ΓeJ′2 )
2

×
N′′+S′′

∑
J′′=∣N′′−S′′ ∣

S(iΛ′′S′′N′′J′′; eΩ′J′)

×∑
M′′
( J′ 1 J′′

−M′′ 0 M′′)
2

∣dJ
′

M′′ ∣Ω∣(θ)∣
2
, (B7)

where dJ
′

M′′ ∣Ω∣ is a small-d Wigner matrix. The sum over M′′ on the
right-hand side of the above equation is known analytically and can
be written as 1

2(1 + βJ′J′′P2(cos θ)). The corresponding formulas for
βJ ′′ J ′ have been tabulated by Zare63 (see also the work of Pernot
et al.54). Other terms on the right-hand side of Eq. (B7) include
the ratio between the degeneracies of the final and initial states, a
Lorentzian function describing the transition line shape, and a sum
of the angular distribution of all degenerate J′′ levels belonging to a
given N′′, weighted by the respective line strengths. Equation (12)
can be obtained from Eq. (B7).

APPENDIX C: CALCULATION OF THE
FRANCK–CONDON FACTORS

The Franck–Condon factors f bb of transitions between bound
states presented in Fig. 10(c) were calculated in the usual way as

fbb = ⟨v′∣v′′⟩2, (C1)

where |v′′⟩ and |v′⟩ correspond to the vibrational wavefunctions
of the initial and final states, respectively, obtained by solving the
nuclear Schrödinger equation. For transitions to continuum states,
we computed the Franck–Condon density,64

f
df
dν̃
(ν̃) = ⟨̃ν∣v′′⟩2, (C2)

where we label the energy-normalized continuum state ∣ν̃⟩ with the
transition wave number ν̃. Although the expressions in Eqs. (C1) and
(C2) are widely used to discuss transition intensities, they do not
allow for a direct comparison of transition probabilities to bound
states and continuum states because of their different meaning.
To obtain the Franck–Condon factors of transitions to continuum
states that are directly comparable with Eq. (C1), we integrated the
Franck–Condon density over the bandwidth of the laser radiation
responsible for photodissociation,

fbc(ν̃L) =
1
Ĩ0
∫

df
dν̃
(ν̃)Ĩ(ν̃)dν̃. (C3)

In Eq. (C3), Ĩ(ν̃) is the laser spectral intensity distribution, Ĩ0 is
the maximum laser spectral intensity, and ν̃L is the corresponding
central wave number. Continuum Franck–Condon factors f bc, thus,
depend on experimental conditions. Assuming that the laser spectral
intensity is well described by a Gaussian function and the Franck–
Condon density is approximately constant over the laser bandwidth
Δν̃, the integral can be approximated by

fbc(ν̃L) ≈
1
Ĩ0

df
dν̃
(ν̃L)∫ Ĩ(ν̃)dν̃ =

√
πΔν̃

2
√

ln 2
df
dν̃
(ν̃L). (C4)

In our calculations, we used exterior complex scaling (ECS)28,58

to compute the continuum solutions of the nuclear Schrödinger
equation. Within the framework of ECS, the Franck–Condon den-
sity can be computed as65

df
dν̃
(ν̃) = 1

π
Im∑

vθ

⟨vθ∣v′′⟩2

Evθ − Ev′′ − hcν̃
, (C5)

which is a continuous function of ν̃. In Eq. (C5), θ designates
the complex-rotation angle, Ev ′′ denotes the energy eigenvalue of
the initial state, and Evθ is the complex energy eigenvalue of the
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continuum state |vθ⟩. The Franck–Condon factors of the B+(v′)
← X+(v′′ = 7) transitions were calculated using Eqs. (C1) and
(C4) for the bound–bound [regions (i) and (ii)] and the bound–
continuum transitions [region (iii)], respectively. The Franck–
Condon factors f2p(ν̃v′v′′) of the resonant Mg(3d)Ar+ 2Σ+ ← B+(v′)
← X+(v′′ = 7) two-photon transitions were calculated as products
of the bound–bound Franck–Condon factor ⟨v′|v′′⟩2 for the first
excitation step and the bound–continuum Franck–Condon factor
defined in Eq. (C4) for the second, dissociative transition, i.e.,

f2p(ν̃v′v′′) = ⟨v′∣v′′⟩2 ⋅
√
πΔν̃

2
√

ln 2
df
dν̃
(ν̃v′v′′), (C6)

where Δν̃ = 0.1 cm−1 in our experiment.
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