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Experimental study of the 3 1�g and 4 1�g states of the Rb2 molecule
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We report an experimental study of the highly excited 3 1�g and 4 1�g electronic states of the Rb2 molecule.
Rovibrational levels of the two electronic states were probed using the high-resolution optical-optical double res-
onance technique by exciting 85Rb2 molecules from thermally populated levels of the X 1�+

g ground state through
intermediate levels of the B 1�u electronic state. The 1�g resonances induced by the probe laser were observed
by detecting laser induced fluorescence from collisionally populated triplet states lying near the upper 1�g states
to the a 3�+

u triplet ground state. The 1�g character of the two electronic states was confirmed by showing that
the probe transitions to these states abide by 1� ← 1� dipole selection rules and by observing that their lowest
rotational level is J = 2. A set of molecular constants and a Rydberg-Klein-Rees potential-energy curve were
calculated from the observed term values for each electronic state and compared with ab initio predictions.
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I. INTRODUCTION

Alkali-metal atoms and their diatomic molecules have rel-
atively simple hydrogen-atom-like and hydrogen-molecule-
like electronic structures. This comparative simplicity, cou-
pled with convenient transition wavelengths in the visible and
near-IR, has made them the system of choice for a wide range
of atomic, molecular, and optical physics experiments. The
electronic structure of alkali-metal atoms is well known with
very high accuracy from numerous experimental studies [1].
In contrast, the structure of alkali-metal dimers is less well
studied. However, with the rapid development of applications
and methods for creation of ultracold molecules [2–10] there
is substantial need for additional spectroscopic studies of the
alkali dimers. This is the case specifically for the highly ex-
cited states of the heavier Rb2 and Cs2 alkali dimers for which
systematic experimental explorations are hindered by the high
density of states, as well as by the presence of strong per-
turbations. Nevertheless, highly excited states with ungerade
symmetry have been studied experimentally using polariza-
tion labeling [11–13] and resonance enhanced two-photon
ionization [14] spectroscopy. In both techniques, the excited
electronic states are probed by direct single laser excitation
of ground X 1�+

g state molecules. Since selection rules do
not allow transitions between electronic states with the same
parity of the electronic wave-function inversion operator î, to
study highly excited electronic states with gerade symmetry a
different approach is needed. In our recent spectroscopic stud-
ies of the Rb2 molecule we showed that excited singlet [15,16]
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and triplet [17] states with gerade symmetry originating from
the 5s + 6p and 5p + 5p atomic limits can be explored using
the optical-optical double resonance (OODR) and perturba-
tion facilitated OODR (PFOODR) techniques [18–20]. In the
present work, we extend this approach to higher energies by
observing experimentally the highly excited 31�g and 41�g

states originating from the 5s + 5d and 5s + 4 f atomic limits,
respectively. We report experimentally determined Dunham
coefficients and RKR potential energy curves for these two
states.

II. EXPERIMENT

The experimental setup used in this work is the same as de-
scribed previously [17]. Rubidium metal (Alfa Aesar 10315,
99.75%) with a natural isotopic abundance ratio of 85Rb and
87Rb [21] was placed inside a five arm, stainless steel heat-
pipe oven [22]. Using electric heaters, the oven center was
heated to a temperature of 180◦ C, producing ∼ 1.39 × 10–2

Torr of atomic rubidium and the three isotopologues (85Rb2,
85Rb87Rb, and 87Rb2) of the rubidium molecule at a total
molecular pressure of approximately 1.8 × 10–5 Torr [23]. To
contain the rubidium vapor to the center of the heat pipe and
keep it from condensing on the windows, argon at pressure of
1.4 Torr, measured at room temperature, was used as a buffer
gas in conjunction with chilled water lines wrapped around
the ends of the heat-pipe oven arms.

The present work concentrated on the energy levels of the
31�g and 41�g states of the Rb2 molecule. The excitation
scheme used in the experiment is illustrated in Fig. 1. To
minimize the residual Doppler linewidth, the pump and probe
lasers were in a counterpropagating configuration [24–28].
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FIG. 1. The excitation scheme used in the experiment and the
relevant potential-energy curves of the rubidium dimer molecule.
The pump laser L1 selectively excites molecules from one of the ther-
mally populated rovibrational levels of the X 1�+

g ground state to an
intermediate rovibrational level of the B1�u state. Then, the probe
laser L2 further excites these molecules to rovibrational levels of
the target 31�g and 41�g states. The probe laser resonances are
detected by monitoring fluorescence to the a3�+

u triplet ground state
from collisionally populated triplet states lying near the upper 1�g

states. The potential-energy curves used in this figure are the ab initio
calculations from Ref. [13].

The pump transition was driven by a tunable, continuous-
wave (cw) Coherent 699-29 ring dye laser, operating with
DCM dye. This laser selectively excites molecules from a
thermally populated rovibrational level of the ground X 1�+

g
electronic state [29] to a suitable intermediate level in the
well-known B1�u state [30]. With the pump laser fixed to
a B ← X transition, population was further excited to the
high lying 31�g and 41�g target states by scanning a tunable,
cw Coherent 899-29 ring Ti:sapphire laser. The pump and
probe lasers were calibrated using an iodine cell [31,32] and a
uranium hollow cathode lamp [33,34], respectively.

The probe laser transitions to the 1�g states were ob-
served by detecting laser induced fluorescence (LIF) from
nearby collisionally-populated triplet states [35–37] to the
a3�+

u triplet ground state [38], using a photomultiplier tube
(PMT, R928P Hamamatsu Photonics) with blue-light band-
pass filters (Kopp Glass 5543 and 5562). The PMT housing
and glass filter assembly were attached directly to one of
the arms of the heat-pipe oven. The PMT output was am-
plified using a lock-in amplifier (SR850 Stanford Research)
while the pump laser beam was modulated at a frequency
of 1 kHz using a rotating chopper (SR540 Stanford Re-
search). The amplified signal was recorded as a function

of the probe laser frequency. To determine the probe laser
resonances that originated from the target B1�u(v′, J ′) in-
termediate level, each probe scan was recorded twice; once
with the pump laser tuned to a P branch, B1�u(v′, J ′) ←
X 1�+

g (v′′, J ′′ = J ′ + 1), and once with it tuned to an R
branch, B1�u(v′, J ′) ← X 1�+

g (v′′, J ′′ = J ′ − 1). Only probe
resonances observed at the same probe frequency and with
similar intensity and line shape were considered as originating
from the specific B1�u(v′, J ′) level of interest. In addition,
in the process of determining the � quantum number of the
observed states, a few vibrational Q branch, B1�u(v′, J ′) ←
X 1�+

g (v′′, J ′′ = J ′), pump transitions were also employed.
We label the vibrational levels with the letter v and for the
angular momenta and their projections on the internuclear axis

we follow the standard notations [39];
⇀

L is the total electron

orbital angular momentum with projection �,
⇀

S is the total

electron spin with projection �,
⇀

R is the nuclear rotational

angular momentum, and
⇀

J = ⇀

L + ⇀

S + ⇀

R is the total angular
momentum of the system, exclusive of nuclear spin, with
projection � = � + �.

III. ANALYSIS AND RESULTS

Utilizing the OODR configuration illustrated in Fig. 1, we
were able to observe rovibrational levels of two electronic
states in the energy region 26650 − 27750 cm−1 above the
bottom of the Rb2 ground state potential-energy curve. From
the B1�u intermediate level, only direct excitations to 1�+/−

g ,
1�g and 1�g states are electric dipole allowed [39–41]. We
have observed in the probe laser scans that each vibrational
transition contains P, Q, and R rotational branches of simi-
lar intensity [see Fig. 2(a)]. Since transitions with �� = 0
exhibit rapidly decreasing Q branch intensity with increasing
rotational quantum number, we can rule out the possibility that
the upper states are of 1�g character. Furthermore, 1�+/−

g
character for these states can be ruled out based on the e/ f
parity selection rules, i.e., e ↔ e and f ↔ f for P and R
branch transitions, and e ↔ f for Q branch transitions. This
is because all rovibrational levels of the ground X 1�+

g state
have e parity. Thus, P and R pump transitions only populate
e parity components of the B1�u intermediate levels, whereas
Q branch pump transitions only populate f parity components
of the B1�u intermediate levels. Similarly, rotational levels of
upper 1�+

g or 1�−
g states all have only e parity or only f

parity, respectively. Thus, even though P, Q, and R branches
are allowed, in principle, for 1� ← 1� electronic transitions,
the P and R branches must originate from one parity level
of the B1�u state, while Q transitions must originate from
the other parity level of B1�u. In our experiment, only one
of the e/ f parity components of the intermediate level is
populated in each pump/probe configuration. Therefore, if the
upper state is either 1�+

g or 1�−
g , we would observe either

P and R rotational branches (with no Q branch), or only a Q
branch (with no P or R branches) in our probe laser scans. In
contrast, for 1� ← 1� probe transitions P, Q, and R branch
transitions are all allowed. Since each rotational level of a 1�

state has both e and f parity components, all three branches
will be observed in the probe laser excitations from either e
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FIG. 2. (a) A set of LIF probe laser scans containing the confirmed P10, Q10, and R10 rotational branches for the 41�g(v = 7) ←
B1�u(v′ = 5) vibrational transition with pump laser set on the P11 (blue dashes), Q10 (black), and R9 (red dots) rotational branches of the
B1�u(v′ = 5) ← X 1�+

g (v′′ = 0) vibrational transition. (b) Illustration of the possible OODR excitation pathways and rotational parity of the
levels involved.

or f parity components of the B1�u state, as is illustrated in
Fig. 2(b). Furthermore, since � = 2 for a 1� state, the lowest
rotational levels (R = 0) have a total electronic angular mo-
mentum quantum number of J = 2. We have confirmed this
experimentally for the observed states by recording a set of
probe laser scans for a specific vibrational level of each state
from the lowest three rotational levels (J ′ = 3, 2, and 1) of
the B1�u state (see Fig. 3). For both states, all three rotational
branches are observed in the probe spectrum when a pump
transition to a J ′ = 3 level of the intermediate state is used
[Fig. 3(a)]. However, when the pump laser excites molecules
to a J ′ = 2 level of the B1�u state, the P2 branch is missing
[Fig. 3(b)], and only the R1 branch is observed in the probe
spectrum when a J ′ = 1 level of the B1�u intermediate state
is utilized [Fig. 3(c)]. The lack of P2, P1, and Q1 branches
in the observed spectra in Fig. 3 indicates that the lowest
rotational levels of the excited target states have an angular
momentum quantum number of J = 2. Thus, based on the
electronic and rotational transition selection rules for diatomic
molecules [39–41], the two observed states were identified as
1�g states.

In addition, we have calculated the relative intensities
of the individual rotational branches in the probe laser ex-
citation spectra to compare to experiment. In this work,
the efficiency of the fluorescence detection system is only
very weakly dependent on polarization, and since the upper
state of the detected triplet band fluorescence is popu-
lated by collisions, we do not expect the fluorescence
to be strongly polarized in any case. Under these con-
ditions, it is fair to assume that the fluorescence signal,
measured for a particular choice of pump and probe laser

transitions, [1�g(v, J ) ← B1�u(v′, J ′) ← X 1�+
g (v′′, J ′′)], is

proportional to the upper level population N[1�(v, J )]; i.e.,

Signal ∝ N[1�g(v, J )] =
∑

M

N[1�g(v, J, M )], (1)

where in the last step we sum over the populations in the indi-
vidual M sublevels. Because we use vertically polarized pump
and probe laser light for excitation, we can take the vertical
direction to be the quantization axis, and note that both the
pump and probe lasers can only induce �M = 0 transitions.
Thus, the M levels are uncoupled and no interference effects
occur (i.e., there is only one path to each upper M level).

We can calculate the relative upper M level popula-
tions from the initial (ground state) M ′′ level populations
and the relevant dipole matrix elements |〈ε̂I �

⇀

μ〉|. Following
Lefebvre-Brion and Field [41], Sec. 6.3.2, using a space fixed
coordinate system (XYZ) and with a laser polarization vector
Î , we can write

ε̂I �
⇀

μ = μI = 1
2α+

I μ− + 1
2α−

I μ+ + αz
I μz,

where ε̂I is the (space fixed) laser polarization vector
and the α

j
I ≡ Î � ĵ are direction cosine operator compo-

nents linking unit vectors in the space fixed (XYZ) and
body fixed (xyz) coordinate systems, α±

I = αx
I ± iαy

I and
μ± = ∓ 1√

2
(μx ± iμy). Here I = Z , so ε̂I = ε̂Z and ε̂I �

⇀

μ =
ε̂Z � ⇀

μ = μZ = 1
2α+

Z μ− + 1
2α−

Z μ+ + αz
Zμz. This expression

allows us to factor dipole matrix elements into electronic-
transition-specific, molecule-fixed, nonrotating molecule ma-
trix elements of μ j times rotating molecule matrix elements
of α

j
Z .
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Writing the molecular wave functions as products
|�JM〉|n�S�〉, where n specifies the electronic state and
vibrational level, S is the electronic spin, � and � are
projections of electron spin and electron orbital angular

momenta onto the internuclear axis, � = � + �, and M
is the component of the nuclear rotation J along the lab-
oratory fixed Z axis, it can be shown that for �� = 0
transitions

〈n f (� f = �i )S�|〈(� f = �i )Jf M f |μI |�iJiMi〉|ni�iS�〉
= 〈n f �iS�|〈�iJ f M f |αz

I μz|�iJiMi〉|ni�iS�〉 = μ‖[n f �i, ni�i]〈�iJ f M f |αz
I |�iJiMi〉, (2)

while for �� = ±1 transitions (where both states are not ��=0 states)

〈n f (� f = �i ± 1)S�|〈(� f = �i ± 1)Jf M f |μI |�iJiMi〉|ni�iS�〉 = 〈n f (�i ± 1)S�|〈(�i ± 1)Jf M f | 1
2α∓

I μ±|�iJiMi〉|ni�iS�〉

= 1√
2
μ⊥[n f (�i ± 1), ni�i]〈(�i ± 1)Jf M f |α∓

I |�iJiMi〉. (3)

Here we have used the fact that dipole transitions only couple states of the same S and �; i.e., that S f = Si ≡ S and � f = �i ≡
�. (Note that � here represents the projection of �S onto the molecular axis, and should not be confused with a � state where � =
0.) In these expressions, we label the initial and final states with subscripts i and f , respectively. In addition, μ‖[n f �i, ni�i] ≡
〈n f �i|μz|ni�i〉 always and μ⊥[n f (�i ± 1), ni�i] ≡ 1√

2
〈n f (�i ± 1)|μ±|ni�i〉 for �i, � f > 0. Using e/ f symmetrized basis

functions 1√
2
{|�JM〉|n�S�〉 ± |−�JM〉|n,−�, S,−�〉}, Lefebvre-Brion and Field show that the factor of 1√

2
in Eq. (3) does

not appear for ��=0 → � or � → ��=0 transitions. Symmetrized basis functions must be used because the real e and f energy
levels are eigenvalues of these symmetrized eigenstates.

Applying these results, we find

〈ε̂I �
⇀

μ〉 = μ‖[n f �i, ni�i]〈�iJ f M f |αz
I |�iJiMi〉 (4)

for �� = �� = 0 transitions. For �� = �� = ±1 transitions with �i, � f > 0 (i.e., � → � transitions)

〈ε̂I �
⇀

μ〉 = 1√
2
μ⊥[n f (�i ± 1), ni�i]〈(�i ± 1)Jf M f |α∓

I |�iJiMi〉, (5)

and for �� = �� = ±1 transitions with either �i = 0 or � f = 0 (i.e., ��=0 → � or � → ��=0 transitions)

〈ε̂I �
⇀

μ〉 = μ⊥[n f (�i ± 1), ni�i]〈(�i ± 1)Jf M f |α∓
I |�iJiMi〉. (6)

In the present case, ε̂I = ε̂Z , and we are dealing with a 1� ← 1� transition and a 1� ← 1� transition. Both are �� = �� =
+1 transitions. Thus, the matrix elements we need are

〈ε̂Z � ⇀

μ〉 = μ⊥[n′(�′′ + 1), n′′�′′]〈(�′′ + 1)J ′(M ′ = M ′′)|α−
Z |�′′J ′′M ′′〉

with �′′ = �′′ = 0 for the 1� ← 1� pump transition, and

〈ε̂Z � ⇀

μ〉 = 1√
2
μ⊥[n(�′ + 1), n′�′]〈(�′ + 1)J (M = M ′ = M ′′)|α−

Z |�′J ′(M ′ = M ′′)〉

with �′ = �′ = 1 for the 1� ← 1� probe transition.
The upper state population in sublevel M is proportional to the initial (ground state) M ′′ level population multiplied by the

squares of the pump and probe transition dipole matrix elements. Hence the measured signal is given by

Signal ∝
∑

M

N[1�g(v, J, M )]

∝
∑
M ′′

{
N[X 1�+

g (v′′, J ′′, M ′′)].|μ⊥[B1�u, X 1�+
g ]〈(�′′ + 1)J ′(M ′ = M ′′)|α−

Z |�′′J ′′M ′′〉|2

× 1

2
.|μ⊥[1�g, B1�u]〈(�′ + 1)J (M = M ′ = M ′′)|α−

Z |�′J ′(M ′ = M ′′)〉|2
}

∝ 1

2
|μ⊥[B1�u, X 1�+

g ]|2|μ⊥[1�g, B1�u]|2
∑
M ′′

{N[X 1�+
g (v′′, J ′′, M ′′)]

× |〈(�′′ + 1)J ′(M ′ = M ′′)|α−
Z |�′′J ′′M ′′〉|2|〈(�′ + 1)J (M = M ′ = M ′′)|α−

Z |�′J ′(M ′ = M ′′)〉|2}. (7)
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FIG. 3. LIF probe laser scans for the 41�g(v = 7) ←
B1�u(v′ = 5) vibrational transition with rotational levels of
J ′ = 3 (a), J ′ = 2 (b), and J ′ = 1 (c) for the B1�u intermediate state.
In each figure, spectra with the Q branch rotational pump transition,
B1�u(v′ = 5, J ′) ← X 1�+

g (v′′ = 0, J ′′ = J ′), are indicated with
the black trace, while P and R branch rotational pump transitions,
B1�u(v′ = 5, J ′) ← X 1�+

g (v′′ = 0, J ′′ = J ′ ± 1), are indicated
with blue dashed and red dotted traces, respectively. Transitions that
only appear in one of the three spectra in a given panel, such as
the blue peak at the far left of panel (a), are associated with other
intermediate state levels that happen to be simultaneously populated
at the same pump laser frequency. Arrows indicate the positions of
the missing P1, Q1, and P2 lines. We note that transitions to the 31�g

state display the same patterns.

The μ⊥ terms only depend on the electronic and vibrational
states and thus do not affect the relative intensities of the
rotational transitions. Similarly, we assume that the ground
state M ′′ levels are equally populated initially. Thus the in-
tensities of the rotational level signals depend entirely on
the matrix elements 〈(�′′ + 1)J ′(M ′ = M ′′)|α−

Z |�′′J ′′M ′′〉 and
〈(�′ + 1)J (M = M ′ = M ′′)|α−

Z |�′J ′(M ′ = M ′′)〉 with �′′ =
�′′ = 0 and �′ = �′ = 1.

We can evaluate the matrix elements of α
j
I with the help

of Hougen’s monograph [42]. Hougen tells us (Table 6, page
31) that these matrix elements are given by a product of three
factors:

〈�′J ′M ′|α j
I |�JM〉 = f (J ′J )g jhI , (8)

with each factor taken from the appropriate row of his Ta-
ble VI. In the case of α+

I = αx
I + iαy

I , corresponding to �� =
−1, we note that the factor g+ = gx + igy = 2gx. Similarly,

TABLE I. Matrix elements of direction cosine operator
components (orientation factors) linking unit vectors in the
space fixed (XYZ) and body fixed (xyz) coordinate systems,
〈(�u = � + 1)JuM|α−

Z |�JM〉, for 1�(vu, Ju, M ) ← 1�(v, J, M )
and 1�(vu, Ju, M ) ← 1�(v, J, M ) transitions with �M = 0 (in-
duced by linearly polarized light). The J and M quantum numbers
in the expressions below correspond to the lower level of the tran-
sition. � = 0, and 1 for the 1� ← 1� and 1� ← 1� transitions,
respectively.

〈(�u = � + 1)JuM|α−
Z |�JM〉

1�(vu, Ju, M ) ←
1�(v, J, M )

1�(vu, Ju, M ) ←
1�(v, J, M )

R lines −
√

(J+2)
√

(J+1)2−M2
√

(J+1)
√

(2J+1)(2J+3)
−

√
(J+2)(J+3)

√
(J+1)2−M2

(J+1)
√

(2J+1)(2J+3)Ju = J + 1

Q lines M√
J (J+1)

√
(J−1)(J+2)M

J (J+1)Ju = J

P lines √
(J−1)

√
J2−M2

√
J
√

(2J+1)(2J−1)

√
(J−1)(J−2)

√
J2−M2

J
√

(2J+1)(2J−1)Ju = J−1

for α−
I = αx

I −iαy
I , corresponding to �� = +1, the factor

g− = gx−igy = 2gx.
Table I provides expressions for the matrix ele-

ments of the direction cosine operator components,
〈(�u = � + 1)Ju(Mu = M )|α−

Z |� J M〉 for 1� ← 1� and
1� ← 1� transitions. Spano [43] refers to these matrix
elements as orientation factors, F 0

�→�′ (J, M; J ′, M ′ = M ),
and presents expressions for them for 1� ← 1� and
1� ← 1� transitions in his Tables I and II, respectively. He
also presents expressions for F 1

�→�′ (J, M; J ′, M ′ = M + 1)
and F−1

�→�′ (J, M; J ′, M ′ = M−1) corresponding to

TABLE II. Predicted (via direction cosine operator matrix el-
ements) and experimentally observed probe line rotational branch
signal strength ratios (P:Q:R) for specified J ′ and J ′′ double res-
onance combinations. Note that for each (intermediate state) J ′

specified below, the corresponding (ground state) J ′′ values used are
J ′ + 1, J ′, J ′ − 1 for P, Q, and R pump excitations, respectively.

J ′ Pump Predicted (P:Q:R) Observed (P:Q:R)

10 R 0.54 : 0.65 : 1 0.65 : 0.73 : 1
Q 0.11 : 1 : 0.25 0.34 : 1 : 0.52
P 0.53 : 0.83 : 1 0.80 : 0.97 : 1

3 R 0.11 : 0.26 : 1 0.09 : 0.36 : 1
Q 0.03 : 1 : 0.55 0.03 : (0.45 : 1)a

P 0.10 : 0.54 : 1 0.30 : 0.66 : 1

2 R 0 : 0.13 : 1 0 : 0.18 : 1
Q 0 : 1 : 0.94 0 : (0.66 : 1)a

P 0 : 0.38 : 1 0 : 0.40 : 1

1 R 0 : 0 : 1 0 : 0 : 1
Q 0 : 0 : 1 0 : 0 : 1
P 0 : 0 : 1 0 : 0 : 1

aInconsistent with prediction—possibly due to additional resonances
around the R probe branches, or perturbed upper e parity levels of the
Q probe branches.
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�M = +1 and �M = −1 transitions induced by left
and right circularly polarized light, respectively. Note
that in Spano’s tables, the primed values represent
the upper level and the unprimed values represent the
lower level of the transition. For future reference, in the
Supplemental Material [44], we present matrix elements
〈�′J ′M ′|α j

I |�JM〉 = f (J ′J )g jhI = F�M
�→�′ (J, M; J ′, M ′) for

1� ← 1�, 1� ← 1�, 1� ← 1�, 1� ← 1�, 1� ← 1�,
1� ← 1�, and 1� ← 1� transitions with �M = 0,±1.

Using the expressions in Table I, we can predict ratios of
rotational branch intensities for our double resonance excita-
tion spectra using Eq. (7). We find that these are in reasonable
agreement with observation when evaluated for J ′ = 10 (J ′′ =
9, 10, 11), J ′ = 3 (J ′′ = 2, 3, 4), J ′ = 2 (J ′′ = 1, 2, 3), and
J ′ = 1 (J ′′ = 0, 1, 2). Both the theoretically predicted and the
experimentally observed rotational-branch signal strengths for
the above-mentioned J ′, J" combinations are presented in
Table II as fractions of the largest probe branch intensity for a
given pump excitation.

Finally, by comparing the molecular constants of the ob-
served 1�g states with ab initio predictions [13], we were
able to identify them as the 31�g and 41�g electronic states
originating from the 5s + 5d and 5s + 4 f atomic limits, re-
spectively. We would like to note that triplet states with
singlet admixture were ruled out as potential candidates for
the observed states based on the lack of well-defined Franck-
Condon structures in their bound-free fluorescence [45,46] to
the repulsive part of the a3�+

u triplet ground state potential.
The absence of the characteristic oscillatory Franck-Condon
structures in the resolved bound-free spectra of the LIF (as
illustrated in Fig. 4) indicates that the molecules in the two
observed excited states do not directly radiate to the a3�+

u
state, but instead that the fluorescence is emitted following
collisional transfer of population to multiple vibrational levels
that exhibit singlet-triplet character mixing. This is in contrast
to the bound-free fluorescence from individual levels of triplet
states where well defined oscillations determined by the vi-
brational wave function of the excited state are present, as we
have observed, for example, for the 33�g and 43�+

g states of
the Rb2 molecule [17].

In addition to the direct probe laser excitation lines, we
have observed a number of satellite lines which arise from
collisions of excited B1�u state Rb2 molecules with argon or
rubidium atoms that are also present in the heat-pipe oven [see
Fig. 5(a)]. It is interesting to note that we have observed that
the Rb2 molecules in the intermediate B1�u state experience
collisions where �J can be even or odd. This contrasts with
the case of homonuclear 1� molecules where only collisions
with even �J can be observed [15–17]. The total symme-
try (parity) of the molecule must be rigorously preserved
during transitions, including transitions arising from colli-
sions. Considering that collisions which change the nuclear
spin symmetry are rare [40,47], a propensity for transfer
between symmetric-symmetric (s ↔ s) and antisymmetric-
antisymmetric (a ↔ a) levels exists [40]. Transfer between
symmetric and antisymmetric levels (s � a) is strongly sup-
pressed. Since each rotational level of a 1� state is split
into a symmetric and an antisymmetric component by the
�-type doubling, even and odd J changing collisions, �J =

g v J

g v J

g v J

FIG. 4. The resolved bound-free emission to the repulsive region
of the a3�+

u state potential following double resonance excitation
of several vibrational levels of the 41�g electronic state. The spectra
lack the characteristic bound-free oscillations observed in the spectra
of directly excited triplet states [17]. Furthermore, no significant vari-
ations are observed between the spectra originating from different
vibrational levels. This indicates that the upper levels of the observed
fluorescence are collisionally populated. Very similar behavior of
the bound-free fluorescence was also observed in the case of double
resonance excitation of the 31�g electronic state.

±1,±2, . . ., are possible as shown in Fig. 5(b). Odd J chang-
ing collisions occur between � doublet components with the
opposite e/ f (rotationless) parity while even J changing col-
lisions occur between � doublet components of the same e/ f
parity.

The observed rovibrational energy levels for the 31�g and
41�g states are shown in Fig. 6 and are also listed in the
Supplemental Material at [44]. The rotational assignments
of the term values are based on the confirmed intermediate
state quantum numbers; i.e., probe excitations involving the
B1�u(v′, J ′) level will have the automatic assignments of
JP = J ′ − 1, JQ = J ′, and JR = J ′ + 1, where the subscripts
denote the observed probe branch. The absence of selection
rules for vibrational transitions makes the assignment of the
vibrational quantum number intrinsically difficult. Thus, our
vibrational assignments are derived from the assumption that
v = 0 for the lowest observed level for each state. To rule out
the existence of lower vibrational levels we have extensively
searched, with negative results, the energy range below the
lowest observed vibrational level.

After assigning both the rotational and vibrational quantum
numbers to the observed energy levels of the 31�g and 41�g

electronic states, the data were least-squares fit to the Dunham
expansion [48] given by

Tv,J = Te +
∑
k,l

Yk,l

(
v + 1

2

)k

[J (J + 1) − �2]
l
. (9)

An iterative process of deciding whether to include or exclude
particular observed level energies where levels appear to be
strongly perturbed was executed, in addition to varying the
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FIG. 5. (a) A probe laser excitation spectrum of the 41�g(v = 0) vibrational level following pump laser excitation of the
B1�u(v′ = 5, J ′ = 70) intermediate level. The solid (blue) and dashed (red) trace correspond to pump laser P71 and R69 branch excitations
to the intermediate level from the X 1�+

g (v′′ = 0) ground state vibrational level, respectively. In addition to the main (parent) P70, Q70, and
R70 lines, satellite lines originating from collision-induced even and odd �J rotational energy transfer in the intermediate level are observed.
(b) Schematic illustration of the rotational energy transfer originating from the B1�u(v′ = 5, J ′ = 70) intermediate level. The even and odd
J-changing collisions are given with black dashed arrows while the P71 and R69 pump laser excitations populating the B1�u(v′ = 5, J ′ = 70)
intermediate level are given with solid blue and red dashed arrows.

number of computed Dunham constants to optimize the set of
molecular constants for each electronic state. All data points
were given equal weight in the fitting process since all data
were collected under the same experimental conditions. The
final results of the fitting process for both states are given
in Table III. The residuals for each fitted level are illustrated
in Fig. 7. In Table IV the traditional molecular constants Te,
ωe ≈ Y10, and Be ≈ Y01 of the states are compared with ab

TABLE III. Dunham expansion coefficients (in cm−1) of the
31�g and 41�g electronic states of 85Rb2 obtained by a direct fit of
the experimental data. Note that additional digits, beyond what are
statistically significant, are given to avoid rounding errors. Uncer-
tainties in the final digits are given in parentheses.

k, l Ykl for 31�g Ykl for 41�g

Te + Y00 26 710.37 (51) 26 853.16 (30)
Y10 51.982 (366) 48.638 (379)
Y20 −2.5258 (1088) −5.0470 (14940)×10−1

Y30 2.5976 (1396)×10−1 −6.5968 (23776)×10−2

Y40 −1.2775 (775)×10−2 −4.7777 (16312)×10−3

Y50 2.2581 (1534)×10−4 1.1919 (4020)×10−4

Y01 1.8255 (79)×10−2 1.7509 (47)×10−2

Y11 −2.548 (232)×10−4 −3.985 (532)×10−5

Y21 7.49 (125)×10−6

initio results [13,49]. The Te constant is calculated by sub-
tracting from the Te + Y00 fit result of Eq. (9) the value of Y00,
estimated using the expression [48]

Y00
∼= Y01 + Y20

4
− Y11Y10

12Y01
+ Y 2

11Y
2

10

144Y 3
01

. (10)

The Y00 values for the 31�g and 41�g states are −3.66 ×
10−1 cm−1 and −1.08 × 10−1 cm−1, respectively.

TABLE IV. Comparisons of the experimental molecular con-
stants of the 31�g and 41�g states with theoretical predictions. All
values reported are in cm−1 units.

State Te ωe Be Ref.

26 710.74 51.982 0.0182 55 this paper
31�g 26 697.7 47.4 0.018 09 [13]

27 212 56.5 0.016 68a [49]

41�g 26853.27 48.638 0.0175 09 this paper
26 886.7 43.2 0.016 96 [13]

aCalculated from the listed Re value using the expression Be =
h×10−2

8π2μc
× 1

R2
e
, where Be is in cm−1 units while all physical constants

are in SI units [39].
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FIG. 6. Assigned rovibrational levels of the 31�g and 41�g elec-
tronic states. 480 rovibrational levels spanning from v = 0 to v = 20
and J = 2 to J = 74 were assigned for the 31�g state, and 543
rovibrational levels spanning from v = 0 to v = 16 and J = 2 to
J = 76 were assigned for the 41�g state.

From the final set of Dunham constants the potential-
energy curve of each state was generated with the computer
program RKR1 [50] by implementing the semiclassical
Rydberg-Klein-Rees (RKR) method [51–54]. The RKR cal-
culations include the Kaiser correction [55,56], which consists
of adding the constant Y00 to the vibrational energy and chang-
ing vmin in the f and g integrals from −1/2 to the value that
satisfies the equation Y00 + G(v) = 0. The resulting turning
points, Rmin and Rmax, along with the corresponding values
of the potential-energy functions relative to their minima,

FIG. 7. Residuals (observed energies minus energies calculated
from the fitted Dunham coefficients) for the 31�g (red squares) and
41�g (black circles) states of the 85Rb2 molecule.

TABLE V. RKR potential of the 85Rb2 31�g state generated from
the Dunham coefficients listed in Table III.

v Rmin (Å) Rmax (Å) Gv + Y00 (cm−1)

−0.4930 Re = 4.664009 0
0 4.551179 4.801427 25.025
1 4.476051 4.926103 72.737
2 4.427167 5.023714 117.383
3 4.389453 5.108893 159.967
4 4.358807 5.185375 201.252
5 4.333243 5.254890 241.791
6 4.311430 5.318631 281.951
7 4.292300 5.377627 321.942
8 4.274944 5.432827 361.845
9 4.258572 5.485098 401.635
10 4.242508 5.535216 441.212
11 4.226190 5.583842 480.427
12 4.209681 5.632015 519.109
13 4.193052 5.680492 557.091
14 4.176366 5.729678 594.239
15 4.159665 5.779519 630.478
16 4.142953 5.829369 665.820
17 4.126179 5.877831 700.388
18 4.109217 5.922629 734.449
19 4.091839 5.960586 768.434
20 4.073690 5.987811 802.972

Gv + Y00 = ∑
k

Yk,0(v + 1
2 )

k
, are given in Tables V and VI

for the 31�g and 41�g states, respectively. The tables also
include the effective value of v associated with the potential
minimum of each state (vmin = −0.4930 for the 31�g state
and vmin = −0.4978 for the 41�g state). In Fig. 8 the RKR
curves are compared with ab initio potential-energy curves
from Ref. [13].

TABLE VI. RKR potential of the 85Rb2 41�g state generated
from the Dunham coefficients listed in Table III.

v Rmin (Å) Rmax (Å) Gv + Y00 (cm−1)

−0.4978 Re = 4.762092 0
0 4.637608 4.893615 24.093
1 4.549339 4.996156 71.914
2 4.490204 5.069673 119.190
3 4.443290 5.131024 166.118
4 4.403631 5.185149 212.817
5 4.368876 5.234403 259.340
6 4.337644 5.280182 305.689
7 4.309032 5.323419 351.833
8 4.282408 5.364777 397.715
9 4.257330 5.404727 443.275
10 4.233498 5.443586 488.457
11 4.210736 5.481527 533.227
12 4.188984 5.518582 577.586
13 4.168295 5.554624 621.587
14 4.148839 5.589367 665.345
15 4.130896 5.622356 709.052
16 4.114850 5.652973 752.998
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FIG. 8. Potential-energy curves for the 31�g and 41�g electronic
states of 85Rb2. The ab initio calculations of Ref. [13] are plotted
with solid lines while the RKR generated results from our optimized
sets of Dunham parameters are presented with red squares and black
circles for the 31�g and 41�g states, respectively.

IV. CONCLUSIONS

Our experimental results for the 31�g state are in very
close agreement with the ab initio results of Ref. [13] with
a difference in potential well energy minimum of less than

13 cm−1. The well minimum for the 41�g state is also in fairly
good agreement with ab initio calculations [13] but differs
by about 33 cm−1. Reference [13] predicts ∼ 5 cm−1 smaller
vibrational spacing for both 1�g states than what we observe.
In addition, the experimentally derived rotational constant Be

for both states follow the ab initio predictions closely. From
the residuals of the Dunham fits plotted in Fig. 7 we can infer
that strong perturbations are present throughout the entire
observed range of the 31�g state while in the case of the 41�g

state the perturbations are prevalent only above 27260 cm−1.
This indicates that the 31�g state is globally perturbed by an
unobserved state and that these perturbations also most likely
involve the 41�g levels above the avoided crossing region of
the two states at ∼ 5.2 Å.

In summary, the present work reports the experimental
study of the 31�g and 41�g states of Rb2. We have observed
a large set of rovibrational levels from these states using the
OODR technique. A Dunham fit to our data provides the
desired molecular constants which are then used to construct
RKR potential-energy curves. Our results are in good agree-
ment with the latest ab initio calculations [13].
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