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Several diatomic transition metal oxides, rare-earth metal oxides, and fluorides have the unusual
property that their bond dissociation energy is larger than their ionization energy. In these molecules, bound
levels above the ionization energy can be populated via strong, resonant transitions from the ground state.
The only relevant decay channel of these levels is autoionization; predissociation is energetically not
possible and radiative decay is many orders of magnitude slower. Starting from translationally cold neutral
molecules, translationally cold molecular ions can thus be produced with very high efficiency. By
populating bound levels just above the ionization energy, internally cold molecular ions, exclusively
occupying the lowest rotational level, are produced. This is experimentally shown here for the dysprosium
monoxide molecule DyO, for which the lowest bond dissociation energy is determined to be 0.0831(6) eV
above the ionization energy.
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The process in which an electronically excited atom A�
interacts with a ground state atom B to form the atomic ion
Bþ and a deexcited atom A plus a free electron has been
reported upon by Penning almost hundred years ago [1].
This process can compete with the formation of a bound
molecular ion ABþ plus a free electron, known as asso-
ciative ionization [2]. Associative ionization can also occur
when two electronically excited atoms interact [3]. A less
considered process is that of associative ionization of
ground state atoms, i.e., Aþ B → ABþ þ e− [4]. At low
collision energy, the latter process is only possible when the
bond dissociation energy (D0) of the molecule AB is larger
than its ionization energy (IE). For the vast majority of
diatomic molecules, IE is larger than D0 and associative
ionization cannot occur. However, there are exceptions, and
the cations of several transition metal oxides and rare-earth
metal oxides as well as of some fluorides can be produced
from the ground state atoms via associative ionization [5,6].
These cations can be produced in yet another unique way,
namely via autoionization of the neutral molecules from
bound levels between IE and D0, adding to the various
processes to generate cold molecular ions [7].
The specific energy level structure of some diatomic

transition metal oxides and rare-earth metal oxides, fluo-
rides and their ions, together with the relativistic nature

(high Z) of the metal atom, makes them ideal candidates for
a variety of fundamental physics studies [8]. We outline
here that laser preparation of these strongly bound neutral
molecules in highly excited levels, that is, preparing these
molecules with an energy above their IE but below D0,
can be exploited to produce cold molecular ions via
autoionization. Different from other schemes in which
autoionization of Rydberg states [9] or threshold photo-
ionization [10] is used to produce ions, there is no
competition with predissociation; this channel is closed
in these molecules under these conditions. As autoioniza-
tion will be many orders of magnitude faster than radiative
decay, all molecules that are laser prepared in these levels
will therefore turn into a cation. This production of ions
only involves resonant electronic transitions between
bound levels in the neutral molecule and is therefore highly
efficient. In particular, this scheme can be used to produce
the cations exclusively in their lowest rotational state. We
here demonstrate this on the dysprosium monoxide (DyO)
molecule but note that these advantages generally hold for
all neutral molecules with an IE below D0. Based on the
literature values for IE (6.395 eV; [11]) and D0 (6.72 eV;
[12]) of ThF, we expect this scheme to work for the
preparation of cold ThFþ cations, for instance, the species
to be used in one of the next generation experiments in
search of the electron’s electric dipole moment [13]. For
TaOþ, the other proposed molecular ion for searches of
physics beyond the standard model [14], the best known
literature value for D0 (8.70 eV; [15]) is also above IE
(8.61 eV; [16]).
To determine IE when this is below D0 is nontrivial as

there will be many excited electronic states in the region
around the ionization threshold, obscuring a clear ioniza-
tion onset. A spectroscopic determination of D0 can be
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equally complicated when this is in the ionization con-
tinuum. Dissociation limits can normally be recognized
from the orders-of-magnitude change in lifetime when
going from bound levels to dissociating levels [17].
When the bound levels can autoionize, however, this will
occur on a similar timescale as dissociation and it is not
a priori clear how to identify D0.
In the present study we accurately determine both IE and

D0 of the DyO molecule. From recent measurements it had
been concluded thatD0 of DyO is 0.33� 0.02 eV below its
IE [18]. We show that D0 of DyO is actually 0.0831�
0.0006 eV above its IE, and that there are many bound,
non-Rydberg levels of the neutral molecule in the region of
IE. Ground state DyOþ cations can be produced via
autoionization from these laser-prepared, highly excited
levels that are below D0 in DyO.
We have performed laser ionization studies on a pulsed,

jet-cooled beam of DyO molecules. Details of the exper-
imental setup are given elsewhere [19,20]. Several of the
low-lying electronic states of DyO have been well char-
acterized [21]. In these states the sum Ω of the projections
of the total electron spin S and of the total electron angular
momentum L on the internuclear axis is well defined. The
ground state of DyO has Ω ¼ 8 and is referred to as the X8
state. The lowest rotational level in X8 has a total angular
momentum of J ¼ Ω ¼ 8 [21]. The electronically excited
states of DyO are labelled according to their energy in
cm−1=1000, put in square brackets, followed by the value
ofΩ, when known. The X8 state is closest to a 7H8 state, i.e.
with S ¼ 3 and L ¼ 5. The ground state of the DyOþ

cation is 6H7.5 [18].
In our experiments, we use the accurately known rota-

tional transitions in the ½17.1�7 ← X8 band of DyO for the
initial excitation [21]. This band is known to be a v0 ¼
0 ← v00 ¼ 0 band. Dysprosium has four main isotopes
(161−164Dy) with similar abundance; the abundance of
160Dy is one order of magnitude less. We use a reflectron
time-of-flight mass spectrometer and can detect and fully
separate these five DyOþ isotopologs. From time-delayed
two-color ionization measurements, the lifetime of the
[17.1]7 state is found as about 50 ns.
Using pulsed laser radiation with a bandwidth of

0.07 cm−1, all DyO isotopologs are simultaneously excited
on the Pð8Þ line of the ½17.1�7 ← X8 band. From there,
resonance enhanced multiphoton ionization (REMPI) is
performed with a second pulsed dye laser, time delayed by
some tens of nanoseconds. When this second laser is
scanned around the wavelength of the first, preparation
laser, the spectra shown in Fig. 1 are obtained. The lines
observed in the spectra of 164DyO, 163DyO, 162DyO, and
160DyO are due to resonant excitation to levels that are
some 34 100 cm−1 above the ground state with subsequent
ionization from there (scheme I). The width of the lines is
mainly determined by the bandwidth of the second dye
laser. We have identified that the ½34.1� state has Ω ¼ 8 and
that the lines with an asterisk are Rð7Þ lines of the

½34.1�8 ← ½17.1�7 band. The anomalously large isotope
shifts indicate that [34.1]8 contains about 0.75 eV of
vibrational energy, implying that Δv in this band is very
large; similar observations have been made for HfF [22].
The spectrum observed for 161DyO is fundamentally

different: the frequency of the Rð7Þ line of the ½34.1�8 ←
½17.1�7 band of 161DyO coincides with the frequency of the
first, preparation laser, indicated by the red vertical line. The
first laser thus already excites 161DyO from J ¼ 8 in X8with
two photons to J ¼ 8 in [34.1]8. The second laser then
performs single-photon ionization from there (scheme II).
The lines observed for 161DyO have Lorentzian shapes and
their widths are indicative of decay of the upper levels in less
than 10 ps.
In the present study, we exploit that we can prepare the

161DyO isotopolog in J ¼ 8 of [34.1]8 with the first,
preparation laser. Using delayed ionization with the second
laser, we have measured the lifetime of this level to be about
270 ns. By keeping the frequency of the first laser fixed and
by using a time delay of about 200 ns for the second laser, we
exclusively obtain single photon ionization spectra from
161DyO, starting from J ¼ 8 in [34.1]8. This starting level is
34 112.45� 0.05 cm−1 above J ¼ 8 in X8. Although this
scheme is fortuitous and might appear unique, we have
found and employed a similar scheme for 162DyO, in that
case starting from J ¼ 9 in X8. The results obtained for IE
and D0 for 162DyO are within the error bars the same as the
results reported here for 161DyO. In the text, we will refer to
161Dy16O as DyO from now on, and explicitly note it when
another isotopolog is meant.
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FIG. 1. Spectra obtained for five DyO isotopologs via (1þ 1)-
REMPI from the laser-prepared J ¼ 7 level in [17.1]7 (scheme I).
Asterisks denote Rð7Þ lines of ½34.1�8 ← ½17.1�7. For 161DyO
resonant two-photon excitation occurs with the first laser to the
J ¼ 8 level in [34.1]8. The second laser then probes rapidly
decaying levels above IE (scheme II).
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In Fig. 2, the excitation spectrum starting from J ¼ 8 in
[34.1]8 of DyO is shown. The intensity of the ion signal is
recorded as a function of laser frequency over a 2500 cm−1

spectral range in 0.05 cm−1 steps. Laser excitation is
performed in zero electric field and a pulsed extraction
field F of about 300 V=cm is switched on with a time delay
of 0.5 μs. The frequency needed for the third photon to
reach the field-free IE is indicated as such. A first estimate
for this frequency is extrapolated from the observed onset
of ion signal for various values of F, assuming a square-
root dependence [23]. The field-free IE of DyO is deter-
mined much more precisely from multiple Rydberg series,
some of which can be recognized in area A of Fig. 2. These
will be discussed below, just as the region around IE, area B
in Fig. 2. The frequency at which the third photon reaches
the first dissociation limit, corresponding to ground state
Dyð5I8Þ and Oð3P2Þ atoms, can be recognized by an abrupt
disappearance of the rich spectral structure around
16 843 cm−1, indicated by D0. The indicated Oð3P1Þ and
Oð3P0Þ limits are 158 cm−1 and 227 cm−1 higher, respec-
tively, whereas the next limit due to Dyð5I7Þ and Oð3P2Þ is
4134 cm−1 higher and no longer on this scale. The total
number of electronic states of DyO converging to each of
these limits is determined by LO ¼ 1 of the O-atom and
LDy ¼ 6 of the Dy atom via ð2LO þ 1Þð2LDy þ 1Þ, which
is equal to 39. Each of these electronic states will have a
rich substructure with manyΩmanifolds and ro-vibrational
levels. Many of the 117 electronic states that converge to
the Dyð5I8Þ plus Oð3PJ; J ¼ 0; 1; 2Þ limits will be attrac-
tive, some will be repulsive, and if these states have the
same symmetry, avoided crossings can occur. This is the
rationale for the gap in the spectrum around the energy of

the three O-atom limits and this might be a defining feature
to determineD0 in these rare-earth metal oxides. There also
is a clear increase in the widths of many lines in the
spectrum, from a value that is never larger than 0.30 cm−1

for lines below D0 to values of 0.6–1.2 cm−1 for lines
above D0, as shown in the inset to Fig. 2. The lines above
IE and below D0 are slightly broadened by 0.1–0.2 cm−1

due to autoionization, which is concluded to take place on a
timescale of tens of picoseconds. AboveD0, many lines are
broadened further due to dissociation, taking place on a
time-scale of 5–10 ps. The value we thus conclude upon
for D0 is 50 955 cm−1, with an estimated uncertainty
of �5 cm−1.
In the 16 000–16 150 cm−1 frequency range, several

clear Rydberg series have been identified. For this, exci-
tation is performed in zero electric field and only after
1.5 μs an electric field of several hundred V=cm is switched
on to field-ionize molecules that remain in long-lived
levels and to extract the ions. In Fig. 3, a 30 cm−1 section
of these Rydberg series centered about 100 cm−1 below IE
is shown as the black curve. Because of the large electronic
angular momentum in [34.1]8 of at least L ¼ 5, core-
nonpenetrating Rydberg states with high angular momen-
tum values l that have no detectable quantum defect are
preferentially excited. The energies Eðn; JÞ of the members
of the Rydberg series with principal quantum number n that
converge to the rotational level J in the cation can therefore
be expressed as

Eðn; JÞ ¼ IEþ B0½JðJ þ 1Þ − 63.75� − RyðDyOÞ
n2
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FIG. 2. Intensity of the 161DyOþ signal as a function of photon energy, when exciting from J ¼ 8 in [34.1]8 at 34 112.45 cm−1. The
photon energies needed to reach the field-free IE and D0 are indicated by vertical dashed lines. In the inset, the full width at half
maximum (FWHM) of isolated lines is shown. The spectral regions A and B are shown enlarged in Figs. 3 and 4.
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where B0 is the rotational constant in the electronic and
vibrational ground state of DyOþ and where RyðDyOÞ ¼
109 736.977 cm−1 is the Rydberg constant of DyO. Rydberg
series converging to the lowest eight rotational levels in the
cation, i.e., from J ¼ 7.5 to J ¼ 14.5, are indicated. These
overlapping series can be detected and resolved in the range
from n ¼ 25–45. Fitting about 100 well-resolved Rydberg
peaks to Eq. (1) yields a value of IE ¼ 50 284.57�
0.07 cm−1 for DyO; the frequency needed for the third
photon to reach IE starting from J ¼ 8 in [34.1]8 is
16 172.12� 0.03 cm−1. The rotational constant is found
as B0 ¼ 0.3791� 0.0001 cm−1.
The particular region shown in Fig. 3 is interesting as the

Rydberg peaks Eðn − i; J þ iÞ with n ¼ 33 and J ¼ 7.5 all
fall within 1 cm−1 for i ¼ 0–6. On either side of these
overlapping Rydberg peaks, there is a region of about
6 cm−1 that is completely void of Rydberg peaks. The
Rydberg peaks Eðn − i; J þ iÞ with n ¼ 32 and J ¼ 7.5
can be recognized as a series of redshifted peaks for
i ¼ 0–6, while for n ¼ 34 and J ¼ 7.5 a series of blue-
shifted peaks is seen for i ¼ 0–6. In the red curve, the
spectrum is shown when a delay of 50 ns is used between
excitation and field-ionization and extraction. This spec-
trum shows transitions to many other, high-lying levels in

the DyO molecule. By scanning the time delay between the
excitation laser and the switching on of the electric field,
the lifetime of most of these extra levels is found to be in the
50–200 ns range. To distinguish these levels from the long-
lived Rydberg levels, we will refer to these as the “short-
lived levels.” The lifetime of the short-lived level indicated
by an asterisk is shown in the inset as a function of a weak,
dc electric field. The lifetime of this level is seen to be
around 100 ns and to remain at this value for electric fields
below 50 V=cm, but to increase rather abruptly for electric
fields larger than this. We attribute this to interaction of this
short-lived level with the Stark-shifted components of the
neighboring Rydberg levels. For the hydrogen atom in an
external electric field, the high-field seeking Stark compo-
nents of the n ¼ 34 level cross the low-field seeking Stark
components of the n ¼ 33 level for an electric field of
about 40 V=cm; this is the so-called Inglis-Teller limit.
Although the level indicated with an asterisk is furthest
away from any Rydberg level, it cannot escape the lifetime
lengthening due to the interaction with the Rydberg levels
when the electric field is very similar to this value. For all
other “short-lived levels” in this spectral region the life-
times abruptly increase at much lower values of the electric
field already.
The electric field of the Inglis-Teller limit scales with the

distance to IE to the power −2.5, and for levels that are less
than 20 cm−1 below IE an electric field of 1 V=cm is
already sufficient to cause severe mixing of the short-lived
levels with nearby Rydberg levels. This explains the
observations shown in Fig. 4, when prompt ions and ions
that are produced via field ionization after a certain time-
delay are separately detected. Normally, the prompt ions
show a steep ionization onset whereas the signal of the
delayed ions appears as a somewhat broadened peak just
below IE, caused by field ionization of high-n Rydberg
levels [24]. Instead, the signals due to the delayed ions and
the prompt ions shown in Fig. 4 just appear as a continuous
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spectrum. It is the excitation spectrum, starting from the
J ¼ 8 level in [34.1]8, to the many short-lived, highly
excited non-Rydberg levels of neutral DyO around IE, that is
observed in different channels. For levels below IE, theweak
electric field of 1 V=cm that is needed to separate the prompt
and delayed ions is sufficient to mix them with Rydberg
levels. This makes them long-lived and appear in the
delayed, field-ionized ion channel. Levels above the effec-
tive IE in 1 V=cm, which is about 6 cm−1 below the field-
free IE, can autoionize and appear in the prompt ion channel.
The strongest peak in the spectrum in Fig. 4 is less than

0.4 cm−1 above the field-free IE as determined from the fit to
the Rydberg series, as shown enlarged in the inset. When
exciting on this peak under field-free conditions, DyOþ is
efficiently produced via autoionization. These ions will
exclusively populate the J ¼ 7.5 level, as this is the only
level that is energetically accessible; the J ¼ 8.5 level is
more than 6 cm−1 higher in energy. Excitation can also be
performed in a weak electric field, tuned such that a strong
transition to a level just above the effective IE in that field can
be used for excitation and autoionization. When an electric
field of 1 V=cm is used, for instance, any of the peaks
observed in the spectrum shown in Fig. 4 that lie between the
dashed vertical lines can be used to produce DyOþ ions that
are exclusively in their lowest rotational state.
In summary, we have accurately determined IE of DyO

as 6.234 495(9) eV, about 0.15 eV higher than the best
known value thus far [25]. The rotational constant in the
vibrational ground state of 161Dy16Oþ has been found as
0.3791ð1Þ cm−1, corresponding to an internuclear separa-
tion of 1.748(1) Å; the theoretical bond length ranges
between 1.712–1.758 Å [18]. We have determined D0 of
DyO as 6.3176(6) eV, slightly below the literature value of
6.37 eV [15], placingD0 of DyO 0.0831(6) eVabove its IE.
From the thermochemical cycle D0ðDyOÞ þ IEðDyÞ ¼
D0ðDyOþÞ þ IEðDyOÞ together with the accurately known
value for IE of the Dy atom of 5.939 064(6) eV [26] we find
that D0 of DyOþ is 6.0222(6) eV, considerably larger than
recently reported [18]. Molecules that have their IE below
D0, will have many bound, non-Rydberg levels in the
region around IE. As shown here for DyO, these levels can
be populated via strong transitions and enable the efficient
production of state-selected, internally cold molecular ions
via autoionization, their only relevant decay channel.
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