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We report an upper bound to the ionization energy of 33Rb, of 31 348.0(6) cm™', which also provides a lower
bound to the dissociation energy Dy of °RbJ of 6307.5(6) cm™'. These bounds were measured by the onset
of autoionization of the excited states of ®Rb, below the 5s + 7p atomic limit. We form % Rb, molecules via
photoassociation of ultracold #*Rb atoms and subsequently excite the molecules by single-photon uv transitions

to states above the ionization threshold.
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I. INTRODUCTION

The ionization energy, also known as the ionization poten-
tial, is the minimum energy required to ionize a ground-state
atom or molecule. In the case of molecules, one can distinguish
between two kinds of ionization energy: the “adiabatic”
ionization energy (AIE) and the “vertical” ionization energy
(VIE). The AIE is the energy required to reach the lowest
ionization threshold, i.e., the rovibrational ground state of the
ion, as shown in Fig. 1(a). The VIE is the lowest observed
ionization energy and often correlates to a rovibrationally
excited ionization threshold. The VIE is greater than or equal
to the AIE and depends on the Franck-Condon factor for the
ionizing transition and the limit of experimental signal-to-
noise. The AIE, therefore, is a more fundamental quantity, and
so we refer to it here as the ionization energy (E;).

The ionization energy of Rb; is currently not well known.
Although measurements [1-4] and calculations [5—12] exist,
they have large uncertainties. This is in contrast to other alkali-
metal dimers, e.g., Li, [13], Na, [14], K, [15], and Cs, [16],
where the E; values have been measured to accuracies between
0.02 and 2 cm™! (see Ref. [17] for a review). In an effort to
measure the E; of Rb,, we have performed spectroscopy of
ultracold Rb;, in the energy region corresponding to the bottom
of the ground-state potential well of the Rb,™ molecular
ion. This measurement also allows us to search for efficient
pathways for the production of ultracold Rb,* in selected
rovibrational levels of its ground state (e.g., vt = Nt = 0).
Part of the appeal of working with molecular ions is that they
share many of the features of neutral molecules and have the
added benefit of long trapping lifetimes in ion traps.

There are several methods to measure E; values, such as
the extrapolation of a Rydberg series or the observation of
the onset of direct photoionization or autoionization (Ref. [15]
contains examples of each of these methods). These methods
rely on two distinct ionization mechanisms, direct photoion-
ization and autoionization [18]. Direct photoionization, or
photoionization for short, proceeds through a single step,

Rb, + hv — Rb, ™ + e, (D)

whereas autoionization,
Rb; + hv — Rb,™ — Rb, " + e, (2)
proceeds through an intermediate state that spontaneously

ionizes. Here the notation Rb,** denotes “superexcited” levels
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PACS number(s): 33.15.Ry, 33.80.Eh, 67.85.—d, 33.20.Lg

of the molecule above the ionization threshold as shown in
Fig. 1(b). Transition (1) is bound-free and generally shows
broad continuum features, while transition (2) includes a
bound-bound step and can show sharp features. Neither
transition is possible unless the photon energy is above the
ionization energy.

The E; of Rb, is related to the dissociation energy of its
molecular ion, Dy(Rb, ™), the dissociation energy of the neutral
molecule, Dy(Rb;), and the E; of the atom, E;(Rb), via the
relationship,

E;i(Rb,) + Do(Rb>™) = E;(Rb) + Do(Rby), 3)

as is shown graphically in Fig 1(a).

We use a variation of Eq. (3) to account for the fact that we
photoexcite from an excited state instead of from the absolute
ground state of Rb, (X 'Z,*,v” = J” = 0). Therefore,

E;(Rby) = hv + Eg + Do(Rby), “4)

where hv is the energy of the applied photon and Ej is the
(negative) binding energy of the initial state, defined with
respect to the 5s + Ss atomic limit. The energy of the observed
superexcited state corresponds to hv 4+ Ep. By adding the
dissociation energy Dy(Rb,), we shift the energy reference
from the atomic limit to the X 'Z,* (v = J” = 0) level.

We are not aware of any direct measurements of Dy(Rb,).
We can however calculate accurate values for Dy(Rb,) and
Ep using the LEVEL8.0 program [20] and potential energy
curves based on fits to numerous spectroscopic measurements
[19,21-24]. The most recent work in this series of spectro-
scopic measurements and fits, by Strauss er al. [19], reports
accuracies of 50 MHz for deeply bound levels and a few MHz
for levels near the dissociation limit.

II. EXPERIMENT

The apparatus used for this measurement has been de-
scribed previously [25] and is only briefly summarized here.
The starting point is a magneto-optical trap (MOT) that traps
about 8 x 107 atoms at a peak density of 1 x 10! cm™3 and a
temperature of 120 uK. The MOT is continuously irradiated
by a photoassociation (PA) laser to convert a fraction of
the trapped atoms into molecules. After we photoassociate
atoms into excited-state molecules, they decay radiatively and
populate the metastable a *¥, " state. We form molecules in
specific vibrational levels of the a 3%, state via PA through
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FIG. 1. (Color Online) (a) Definition of various ionization and dissociation energies. E;(Rb,) is the energy interval between the ground
state of the molecule (X '+, v” = J” = 0) and the ground state of the molecular ion (X >Z, ", vt = N* = 0). VIE and AIE are the vertical
ionization energy and adiabatic ionization energy, respectively. (b) Relevant potential energy curves (from Ref. [19] and this work). In our
measurement the initial state for photoexcitation is a *%,*, v” = 35. The dashed line indicates the energy region of the autoionizing levels

observed in our spectra.

the 1(0,7) (v/ =~ 173, J' = 1) level, detuned 17.1 cm™~'! below
the 5s + 5pj o atomic limit [26]. This results in the formation
of a3¥,™ state molecules primarily in the (v’ =35, J" =
0) and (v =35, J” =2) levels, bound by —0.806(2) and
—0.794(2) cm™', respectively. Averaging the energy over
the two rotational levels yields a binding energy of Ep =
—0.800(6) cm~! for v” = 35 molecules. The distribution
of vibrational levels was measured to be 70% in v” = 35
and around 10% each in the neighboring vibrational levels
v” = 34, 36, and 37. This distribution was determined by
fitting line shapes to the resonantly enhanced multiphoton
ionization (REMPI) spectra of Ref. [26]. It is important to
measure this distribution, rather than using calculated Franck-
Condon factors for radiative decay, because the PA laser
strongly modifies the distribution of the uppermost vibrational
levels [27].

Although molecules are continuously produced in the MOT
by the PA laser, they are also continuously lost because they are
not well trapped by the MOT. We periodically photoexcite the
molecules that remain with a pulsed uv laser. The steady-state
number of molecules within the ~4-mm-diameter uv laser
beam is approximately 100. This small number of molecules is
sufficient due to the high quantum efficiency of ion detection.
The uv light is tuned around 365 nm and is produced by
frequency doubling an infrared pulsed dye laser. The pulsed
dye laser is operated using a LDS750 dye solution and
pumped by a doubled Nd:YAG laser (532-nm, 10-ns pulses
at a 10 Hz repetition rate). A frequency doubler (Inrad
Autotracker IIT) produces the second harmonic of the pulsed
dye laser with roughly 25% efficiency, yielding a uv pulse
energy of ~1 mJ/pulse. The measured uv pulse linewidth
is 0.9 cm~!, about twice that of the fundamental infrared
pulse.

After the atoms and molecules are ionized, they travel to
an ion detector where Rb™ and Rb,™ ions are distinguished
by their time of flight. A boxcar integrator monitors the arrival
of Rby™ ions 15 us after the uv pulse. We switch off the
MOT lasers 20 pus before the arrival of the uv pulse, so
as to depopulate the atomic |5p3/;) state and suppress the

production of Rb™ ions. Any Rb* thus produced originates
from two-photon off-resonant ionization. Rb,™ is produced
by one-photon processes as discussed below.

III. AUTOIONIZATION SPECTROSCOPY AND RESULTS

By scanning the uv laser and monitoring the production
of Rb,™, we obtain the spectrum shown in Fig. 2(a). The
laser power dependence of the signal is linear, as shown in
Fig. 3, confirming that a one-photon transition is responsible
for the ionization. Furthermore, the absorption of a second
photon would further excite the molecules to an energy
region dominated by repulsive curves of electronically excited
Rb;r [12]. This would be expected to dissociate the molecule
without producing a Rb,™ signal. By ruling out two-photon
transitions, we confirm that the observed lines are above the
one-photon ionization threshold.

There is no evidence for direct photoionization in the
spectrum, as there is no broad Rb,™ background signal or
continuum threshold. The lack of photoionization indicates
that high-n Rydberg states are probably not populated, because
of the continuity of oscillator strength across the ionization
threshold. More specifically, the oscillator strength per unit
energy to the continuum just above the ionization threshold is
equal to the oscillator strength to high-n Rydberg states just
below the threshold [28]. A further indication that Rydberg
states (high-n or low-n) are not being observed is that
the spacing between lines is nearly regular and does not
correspond to the 1/n3 spacing of a Rydberg series. The
absence of photoionization suggests that higher molecule
numbers will be necessary to accurately measure the ionization
energy through the onset of photoionization or Rydberg series
extrapolation. Also, the absence of photoionization allows
us to place an upper bound to the photoionization cross
section of the initial state (6 < 5 x 107! cm?). Although
photoionization and autoionization can simultaneously occur
above the ionization threshold, autoionization has been more
prevalent than photoionization in ultracold experiments to date
(see, for example, Refs. [29-31]).
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FIG. 2. (a) Autoionizing levels of 3°Rb, photoexcited from the v” = 35 level of the a >, * state. The horizontal axis is the sum of the
photon energy and the binding energy of the initial level, which gives the energy of the autoionizing levels above the 5s 4 5s atomic limit. An
arrow ({) shows the lowest-energy line reproducible via autoionization. A star (x) marks the line used to study power dependence. A triangle
(V) labels a line originating from two-photon ionization of Rb through the |7p; ;) state. This atomic transition is strong enough to create a
spurious signal in the Rb,* time-of-flight window and marks the position of the 55 + 7 p) , atomic limit. (b) Simulated spectrum generated by
plotting the Franck-Condon factors (FCFs) between the initial v = 35 level and various vibrational levels of the excited state, as a function
of the excited-level energy. We have shifted the simulated spectrum energy to match the position of the 5s + 7p;,, atomic limit. The FCFs
and vibrational level energies were calculated using the LEVELS.0 program [20]. Correlations between the observed and simulated spectra are

discussed in the text.

In an effort to assign the observed spectrum, we calculated
ab initio potential energy curves (PECs) leading to the 55 + 7p
atomic limit using the method of Allouche and Aubert-Frécon
[32]. We extended the basis set used in Ref. [32] by adding
one f orbital, with exponent 0.1, and set the cutoff parameter
of the core polarization potential for the f orbital to 2.5025a.
We include the eight PECs (', ™, 3%, *, ', °I1,, ', T,
3%, T, M, °,) that correlate to the 5s + 7p atomic limit,
and the Rb, ™ ground-state PEC also calculated for this work,
as Supplemental Material to this paper [33].

We can rule out transitions to the four ungerade excited
states by applying the u <> g electric dipole selection rule.
In Fig. 2(b) we plot a simulated spectrum generated from
the PECs of the initial a®%, " state and the excited >, "
state. Although transitions to the other three gerade excited
states are, in principle, allowed, the observed spectrum does
not correlate well with simulated spectra from these PECs.
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FIG. 3. Power dependence of a selected spectral line [marked by
a star (%) in Fig. 2(a)], along with a straight line fit.

The simulated spectrum to the 3Eg+ state reproduces three
features of the observed spectrum: (1) the large line spacings
between 24400 and 27700 cm™' as shown by the dashed
vertical lines, (2) the high density of lines between 27 700 cm ™!
and the atomic limit at 27 835 cm™', and (3) the presence of a
quasibound level just above the atomic limit.

Lines in Fig. 2(b) below 27700 cm™! correspond to the
inner well of the excited state, while lines above 27 700 cm™!
correspond to both the inner and outer wells of the excited state.
The closely spaced lines between 27700 and 27 800 cm™!
correspond to transitions from the outermost lobe of the initial-
state wave function (at the outer turning point). The closely
spaced lines between 27 800 and 27 835 cm™! correspond to
transitions from the second-to-last lobe of the initial-state wave
function. This simulated spectrum does not include effects
such as an R-dependent transition dipole moment, spin-orbit
coupling effects, tunneling between wells, or avoided crossings
between PECs. Further analysis of this spectrum will be the
subject of future work.

Regardless of the spectral assignment, we can use the
spectral line with the lowest observed energy to place an upper
bound on the E;. This line, identified by an arrow in Fig. 2(a),
corresponds to a photon of energy 27 384.0(3) cm ™! exciting
amolecule bound by Epz = —0.8(5) cm~'. We have increased
the uncertainty in the binding energy of the initial level from
+0.006 to £0.5 cm™', to account for the small possibility
that the signal may originate from vibrational levels adjacent
to v” = 35. These adjacent levels are populated in small
quantities as discussed in Sec. II. We use this line energy and
a calculated value of Dy(®Rb,) = 3964.74(2) cm™! derived
from Ref. [19] in Eq. (4) to set an upper bound to E;(**Rb,)
of 31348.0(6) cm~!. This upper bound is more constraining
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FIG. 4. Experimental and theoretical ionization energies of Rb,.
(a) Experimental measurements with the present measurement la-
beled by a square (m). References [1,4] are measurements of vertical
ionization energies and hence upper bounds to the ionization energy.
Reference [2] describes a measurement of the ionization energy, but
is characterized in Ref. [17] as a vertical ionization energy instead.
(b) Theoretical calculations with the present calculation labeled by a
bullet (o). References [3,5-12] report dissociation energies of Rb, ™,
which we convert to ionization energies (see text). The two values
reported in Ref. [11] correspond to different approximations used.

than previous measurements [1-4] and is plotted in Fig. 4(a).
With the same line energy and E;(®Rb) = 33690.797 5(2)
cm~ ! [34], we can set a lower bound to Dy(3°Rb, 1) of E; (3'Rb)
— (hv + E) =6307.5(6) cm ™.

The presently calculated Rb,* ground-state PEC has a
theoretical dissociation energy Dy(®*Rb,T) = 6200 cm™!,
computed using LEVEL8.0. It is difficult to accurately know
the uncertainty for this value. Nevertheless we can estimate
the theoretical uncertainty by comparing differences between
theoretical and available experimental dissociation energies
as was done in Ref. [32]. Doing this, we find an average
error in the dissociation energy of 1.9% of the well depth,
corresponding to 120 cm™! for Dy(®*Rb,*) = 6200 cm™!.
Using Eq. (3) we can easily convert this dissociation energy
into an ionization energy, with negligible increases in uncer-
tainty, as Dg(®’Rb,) and E;(®Rb) are known to within 60
and 6 MHz, respectively. This yields a theoretical E;(®Rby)
of 31456 £ 120 cm™! which we plot in Fig. 4(b) alongside
previous theoretical values [5-12].
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If we assume that the theoretical E; values and associated
uncertainties are accurate, we can alternatively use the ob-
served onset of autoionization to determine which vibrational
levels are populated in the molecular ion. Our theoretical lower
bound of E;, 31336 cm™!, is below the observed onset by only
12 cm™!. This difference is smaller than the vibrational spacing
of 46 cm™! for the first few vibrational levels, implying that
the produced ions are possibly in the v = 0 level.

We expect these ions to be slightly hotter than the atoms in
the MOT, due to the energy released when Rb,** autoionizes
into Rb,*. This heating should, in principle, not significantly
reduce the trapping lifetime for deeply trapped ions and can
be minimized by ionizing as close to the threshold as possible.

It should be noted that we have also photoexcited a 3,7t
(v” = 0) molecules to the same spectral region. We produced
a’%,t (v = 0) molecules via blue-detuned photoassoci-
ation at short internuclear distances [35]. In the case of
photoexcitation starting from v” = 0, we observed an onset
of autoionization 98.1 cm~! higher than that observed when
starting from v” = 35. The measurement starting from v =0,
therefore, provides a less constraining bound, despite the fact
that photoexcitation occurs at shorter internuclear distances.

IV. CONCLUSION

We report an improved upper bound to the ionization energy
of 8Rb,, E;(¥Rb,) < 31348.0(6) cm™', and a corresponding
lower bound to the dissociation energy of the molecular ion
85Rb,*, Do(®RbyT) > 6307.5(6) cm™'. Measuring the E;
directly rather than setting an upper limit will require a
measurable photoionization signal at threshold or alternatively
a well-resolved series of Rydberg states. Such a signal may
become observable by replicating the experiment in an optical
trap, where the number and density of molecules are orders of
magnitude greater than in the present experiment.
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