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Abstract. We present a detailed experimental study of the D1Π state of the NaRb molecule by means
of Fourier transform spectroscopy of laser induced fluorescence. The entire data field for the D1Π state
of Na85Rb and Na87Rb consists of rovibrational levels with v′ = 0−39 and J ′ = 1−200. The data were
incorporated into a direct fit of a single potential energy curve to the level energies using the Inverted Per-
turbation Approach method. The D1Π state q factors, which describe the Λ-doubling, have been obtained
in a wide range of rotational and vibrational quantum numbers. Analysis revealed several perturbation
regions in the D1Π state.

PACS. 31.50.Df Potential energy surfaces for excited electronic states – 33.20.Kf Visible spectra – 33.50.Dq
Fluorescence and phosphorescence spectra

1 Introduction

The renewed interest to the Na+Rb atomic pairs as
a candidate for cold collision studies [1] and forma-
tion of two-species Bose-Einstein condensate [2] has ini-
tiated detailed experimental investigations of the ground
X1Σ+ state of the NaRb molecule in a wide range of inter-
nuclear distances [3,4]. In reference [4] the D1Π −X1Σ+,
C1Σ+ − X1Σ+ and B1Π − X1Σ+ laser induced fluores-
cence (LIF) transitions were studied by Fourier transform
spectroscopy (FTS) leading to an accurate ground state
potential and providing rich spectroscopic information on
the upper excited electronic states, particularly on the
D1Π state. We present here the D1Π state analysis based
on these data.

Up to now spectroscopic information on the D1Π state
dissociating to the Na(3p3/2) + Rb(5s1/2) atomic asymp-
tote is limited. Molecular constants for the bottom of
the potential were estimated for the first time in refer-
ence [5] from transition frequencies in the D–X LIF spectra
as well as their intensity distributions. A few rovibronic
levels of the D1Π state with vibrational quantum num-
bers v′ = 0−13 and rotational quantum numbers between
J ′ = 11 and 100 were studied. A similar approach was
applied in reference [6] where experimental D–X LIF in-
tensities and rovibronic term values were simultaneously

� Supplementary tables (Tabs. I–V) are only available in elec-
tronic form at http://www.eurphysj.org

a e-mail: ferber@latnet.lv

embedded in a non-linear least-square fitting procedure to
refine the D1Π potential. Both cited works [5,6] incorpo-
rate only a few v′, J ′ levels measured with relatively low
accuracy.

Accurate measurements of the Λ-splitting energy ∆e/f

of particular rovibronic levels of the D1Π state by means
of the Radio Frequency – Optical Double Resonance
(RF-ODR) method were performed in reference [7]. The
measured ∆e/f values were used to determine the per-
manent electric dipole moment, which is of the order of
6D (2.54D = 1 ea0), for a number of v′, J ′ levels employ-
ing dc Stark effect studies in the D1Π state [7]. Recently
the spontaneous lifetimes (about 20 ns) have been deter-
mined for a number of D1Π v′, J ′ levels from LIF decay
after pulsed excitation [8].

On the theoretical side two papers are especially im-
portant for our study. The most comprehensive theoret-
ical studies of the NaRb molecule have been reported
in reference [9] where potential energy curves (PEC) for
the ground and several excited states, including the D1Π
state, up to their atomic asymptotes are given (see Fig. 1).
Note that the PEC’s in reference [9] are calculated with-
out spin-orbit effects which cause the 17.196 cm−1 fine-
structure splitting between the Na(3p3/2) and Na(3p1/2)
levels [10]. In reference [6] ab initio calculations of the 11
lowest electronic states potential energy curves, transition
dipole moments for a number of electronic transitions, and
L-uncoupling matrix elements between 1Π and 1Σ+ states
with respective Λ-doubling constants are presented.
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Fig. 1. Potential energy curves for the low lying singlet (solid
lines) and triplet (dashed lines) states of NaRb from ab initio
calculations [9].

In this paper we report a new study of the D1Π state
providing abundant and precise spectroscopic data. Apart
from the description of the obtained term energies by
means of molecular constants and a potential energy
curve, detailed analysis of the observed Λ-doubling for var-
ious rovibrational levels is presented.

2 Experiment

Laser induced fluorescence spectra of NaRb were recorded
using a Bruker IFS 120 HR Fourier transform spectrom-
eter with a typical resolution of 0.03 cm−1. The exper-
imental set-up has been described in more detail in ref-
erence [4]. Briefly, the NaRb molecules were produced in
a single section heat-pipe oven similar to that in refer-
ence [11] by heating 5 g of Na (purity 99.95%) and 10 g
of Rb (purity 99.75 %, natural isotopic composition of ca.
72% 85Rb and 28% 87Rb) from Alfa Aesar. The oven was
operated at temperatures between 560 K and 600 K and
typically with 2 mbar of Ar as buffer gas. At these con-
ditions apart from the atomic vapour all three types of
molecules were formed — Na2, Rb2 and NaRb. The mix-
ture was illuminated by an Ar+ ion laser or by a frequency
doubled Nd:YAG laser.

The Ar+ ion laser was operated either in a single-
mode (typical power 100–500 mW) or in a multimode

(typical power 0.5–3 W) regime. The 514.5 nm, 501.7 nm,
496.5 nm, 488.0 nm, and 476.5 nm laser lines efficiently
induced the D–X fluorescence in NaRb. Overall 130 pro-
gressions were assigned. The range of vibrational quantum
numbers v′ observed in the D1Π state with the Ar+ laser
lines is v′ = 0−39.

A tunable single mode, frequency doubled Nd:YAG
laser with a typical output power of 70 mW at 532.2 nm
was also used to excite D1Π – X1Σ+ transitions in NaRb.
The laser frequency was varied between 18787.25 cm−1

and 18788.44 cm−1 giving rise to 38 D–X progressions.
The range of vibrational levels excited in the D1Π
state by the Nd:YAG laser is v′ = 0−16. A list of
the NaRb D–X LIF progressions, excited by Ar+ and
Nd:YAG lasers can be found in Table I in the supple-
mentary Online Material.

Due to the presence of the argon buffer gas and the
very good signal-to-noise ratio some strong fluorescence
lines were accompanied by a large number of collisionally
induced satellites with ∆J up to ±30. For enriching the ro-
tational relaxation spectra some recordings were made at
10 mbar buffer gas pressure. In a few spectra collisionally
induced transitions from the neighbouring vibrational lev-
els were also observed. The analysis of rotational satellites
has enlarged the data set of the D1Π state significantly.

As has been already discussed, e.g. in reference [11], by
exciting the molecular sample with a single mode laser and
by observing the fluorescence in a direction parallel to the
laser beam, the resulting fluorescence does not suffer from
Doppler broadening. The line frequencies, however, can be
shifted from the Doppler-free values within the Doppler
profile. As a result, the overall uncertainty of determin-
ing the absolute term value from the transition frequen-
cies is generally limited by the Doppler broadening (about
0.03 cm−1 FWHM for the typical working temperatures).
On the other hand, in the present experiment most of the
information on the D1Π state comes from strong lines
with abundant rotational satellites. Such strong lines are
unlikely to be excited at large detuning from the centre of
the parent line. Therefore we initially adopted the exper-
imental uncertainty value of 0.01 cm−1 which was later
justified by our data analysis.

3 Data analysis

3.1 Term values

The assignment of the excited D1Π state levels for the
observed LIF progressions was made in two steps. First,
a rotational and isotopic assignment was established by
using the X1Σ+ state PEC [4]. Then the energy of the
excited level was obtained by adding the experimental
transition frequencies to the respective ground state term
values calculated with the PEC. The vibrational num-
bering for v′ ≤ 12 was obtained with the help of the
D1Π state Dunham constants and corresponding RKR
potential from reference [6]. For higher levels a graphical
analysis of the term energies as a function of J ′(J ′+1)−1
helped us to unambiguously establish the continuation
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Fig. 2. Plot of the D1Π state experimental term energies
against J ′(J ′ + 1) − 1. Solid lines show the calculated term
energies, obtained with the IPA potential from Table 2.

of the vibrational numbering. Such plot giving also an
overview of the data field is shown in Figure 2.

Overall from the analysis of the Fourier spectra we
obtained 1182 term values of Na85Rb and 314 term values
of Na87Rb for the D1Π state. The range of vibrational and
rotational quantum numbers is v′ = 0−39 and J ′ = 1−200
respectively. A full list of the experimentally derived term
values is given in Table II in the supplementary Online
Material.

3.2 Λ-doubling and q factors

The D1Π – X1Σ+ rotational relaxation spectra appeared
due to collisional populating of neighbouring rotational
levels in the D1Π state preferably with the same symme-
try (e or f ) and subsequent D–X emission according to
selection rules for electric dipole transitions. Q lines were
typically accompanied by Q satellites, whereas the dou-
blet lines were accompanied by P, R doublet satellites.
However, in a number of cases the strongest parent lines
had additional satellites coming from the neighbouring ro-
tational levels of the opposite symmetry. Thus, a strong
Q line had not only a Q satellite branch, but also the P
and R satellites (see Fig. 3). This opened the opportunity
to establish directly the Λ-splitting of rotational levels of
the D1Π state. From the analysis of the Q lines we ob-
tained f level energies, whereas from the analysis of the
P and R lines we obtained the energies of e levels. Then
the evaluation of q factors is straightforward:

Ee − Ef = ∆e/f = qJ ′(J ′ + 1). (1)

This allowed us to obtain q factor values and their sign for
20 vibrational levels in the interval v′ = 0−35 in a wide
range of rotational quantum numbers (J ′ = 20−122).

For most of the vibrational levels q factors are around
0.9 × 10−5 cm−1. As q factors are calculated from the
Λ-splitting energy ∆e/f (1), q factor uncertainty is de-
termined by the uncertainty of the Λ-splitting energy of
about 0.004 cm−1. The latter arises mainly from two
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Fig. 3. P, Q, R collisionally induced rotational satellites
accompanying the parent Q transition (D1Π(13, 59) →
X1Σ+(30, 59)) excited with the Ar+ laser line 488.0 nm.
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Fig. 4. The dependence of ∆e/f/J ′(J ′ + 1) on J ′ for v′ = 10
level in Na85Rb (triangles) and Na87Rb (open circles). The
arrow marks the q factor determined from the RF-ODR exper-
iment, see Table 1.

sources: the uncertainty of the experimental D–X transi-
tion energy difference (0.003 cm−1) and the uncertainty of
the calculated energy difference between the ground state
levels (0.003 cm−1, as stated in Ref. [4]). Note, that the q
factor uncertainty scales with 1/J ′(J ′ + 1).

In few cases an anomalous behaviour of the
Λ-splittings was observed, clearly indicating a local per-
turbation in the D1Π state. Figure 4 presents an example
of such a perturbation for the vibrational level v′ = 10
with the perturbation center around J ′ = 31 for Na85Rb.

Analysis of q factors outside the local perturbation re-
gions in v′ = 0−30 range did not reveal a vibrational
or isotopomer dependence within our accuracy, whereas a
slight decrease of q factors with J ′ was observed. Thus it
was possible to describe the whole set of q factors by one
J ′-dependence

q = q0 + q1J
′. (2)
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Fig. 5. D1Π state unperturbed q factors (circles), averaged
for different vibrational levels and isotopomers. The solid line
corresponds to the fitted linear dependence q̄ = [1.079 −
0.00230J ′ ]10−5 cm−1 and the dashed lines denote the 95%
confidential region. Full triangles are ab initio q factors from
reference [6]. Open triangles are RF-ODR q factor values (see
Tab. 1).

Figure 5 presents ca. eighty q factors plotted as a func-
tion of J ′. These q values are obtained from about 1000
experimental q factors after a weighted average for a
given J ′. The large scatter of q values for low J ′ comes
from the very small Λ-splittings, which are comparable
with the experimental uncertainty. The resulting fit pa-
rameters in (2) are q0 = 1.079(14) × 10−5 cm−1 and
q1 = −2.30(15)× 10−8 cm−1. A list of the experimentally
derived q factors is given in Table III in the supplementary
Online Material.

The q factors measured in this work are consistent with
the RF-ODR measurements [6], which are of higher ac-
curacy, but cover a very limited set of measured levels
with J ′ ≤ 52. The values qRF−ODR presented in Table 1
and Figure 5 have been recalculated using experimental
Λ-splitting values from reference [7] and the recently es-
tablished correct J ′ assignment from reference [4].

A comparison between the experimental q factors
and the ab initio calculations from reference [6] is in-
cluded in Table 1 and Figure 5. The ab initio q factors
were obtained from the electronic structure calculations
performed by means of the many-body multipartition-
ing perturbation theory (MPPT), using the singlet-
singlet approximation, i.e. the Λ-splitting is determined by
electronic-rotational perturbations caused by distant sin-
glet 1Σ+ states. Analysis of L-uncoupling matrix elements
between the D1Π state and the X, A, C and E1Σ

+
states

showed that the Λ-splitting in the D1Π state is mainly
determined by the interaction with the C1Σ+ state. The
calculated q factors are in good agreement with the exper-
imental data, but slightly larger (see Fig. 5), probably be-
cause of neglecting the influence of the 1Σ+ states higher
than the E1Σ+ state in the calculations.

Note that the only experimental q factor in Table 1
showing strong deviation from calculations is the one for

Table 1. The D1Π state qRF−ODR factors (in 10−5 cm−1) ob-
tained from the RF-ODR experiments in reference [7] and re-
calculated for correct J ′ values; J ′ in parentheses corresponds
to the previous assignment from reference [7]. The given un-
certainty is one standard deviation. qab initio are the calculated
values from reference [6].

Isotopomer v′ J ′(J ′[7]) qRF−ODR qab initio

Na85Rb 0 44(44) 0.971 ± 0.003 +1.20
Na85Rb 1 8(7) 0.93 ± 0.09 +1.22
Na85Rb 4 27(25) 0.93 ± 0.02 +1.17
Na85Rb 4 43(41) 0.989 ± 0.002 +1.16
Na85Rb∗ 6 47(44) 0.992 ± 0.003 +1.13
Na87Rb 10 37(36)∗∗ 1.723 ± 0.002 +1.10
Na85Rb 12 52(50) 1.0101 ± 0.0012 +1.06
∗ Isotopomer changed compared to reference [7]
∗∗ Perturbed level

the level v′ = 10, J ′ = 37. Present measurements (see
Fig. 4) support the statement already proposed in ref-
erence [6] that this discrepancy is attributed to a local
perturbation.

3.3 Construction of PEC

The D1Π state for both isotopomers of NaRb is described
in the adiabatic approximation with a single potential en-
ergy curve. The potential was defined as proposed in ref-
erence [12] as a set of points {Ri, U(Ri)} connected by
cubic spline functions. The values of the potential U(Ri)
were adjusted in an iterative procedure which searches for
best agreement between the experimentally observed and
calculated term values. In order to avoid unphysical oscil-
lations in the regions not sufficiently determined by the
experimental data, we applied the regularization proce-
dure recently suggested in reference [13].

As initial guess for the potential curve we took the
RKR potential constructed using molecular constants
from reference [6]. Since the shift of the f levels under
the influence of higher Σ− states is expected to be very
small, the potential fit was based on the f levels consid-
ered as “unshifted”. The e levels were also included in the
fit after subtracting from their experimental term energies
the value of the Λ-splitting q(J ′)J ′(J ′ + 1) determined in
the previous section. Levels showing deviations more than
0.03 cm−1 (7% of the whole data set) were not included
in the final fitting procedure, these levels are considered
either as perturbed (see Sect. 3.4 below) or as Doppler
shifted levels. Taking into account the q(J ′) dependence
of equation (2), the final potential fits all unperturbed en-
ergy levels of both isotopomers with a standard deviation
of 0.008 cm−1 and a dimensionless standard deviation of
0.78. It consists of 35 points and is given in Table 2. In or-
der to interpolate the potential, a natural cubic spline [14]
through all 35 grid points should be used. Note, that if
the J ′ dependence of the q factors is neglected and a sin-
gle averaged q factor (0.87 × 10−5 cm−1) is used, we get
a standard deviation of 0.009 cm−1 and a dimensionless
standard deviation of 0.88.
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Table 2. List of the grid points of the potential energy for
the NaRb D1Π state. Energies are given with respect to the
minimum of the ground state [4].

R (Å) U(R) (cm−1) R (Å) U (R) (cm−1)

2.80000 26088.574 5.28571 20599.728

2.97500 23892.559 5.42857 20762.635

3.15000 22416.175 5.57143 20916.356

3.32500 21452.447 5.71429 21058.223

3.50000 20753.769 5.85714 21186.491

3.60000 20448.239 6.00000 21300.660

3.70000 20203.231 6.29429 21491.459

3.80000 20013.336 6.58857 21630.673

3.90000 19872.445 6.88286 21729.052

4.00000 19775.498 7.17714 21798.073

4.14286 19703.369 7.64762 21870.204

4.28571 19697.224 8.11810 21915.936

4.42857 19744.947 8.58857 21945.594

4.57143 19835.458 9.05905 21964.683

4.71429 19958.393 9.52952 21977.465

4.85714 20104.327 9.86476 21984.053

5.00000 20264.751 10.20000 21989.488

5.14286 20432.036

Rout = 9.94559 Å D = 22003.868 cm−1

C6 = −1.5046 × 107 cm−1 Å6

C8 = 3.4178 × 109 cm−1 Å8

C10 = −1.6265 × 1010 cm−1 Å10

Potential minimum

Rm = 4.2279 Å Tm = 19692.564 cm−1

Initially, the PEC was constructed in a pointwise form
up to 10 Å. In order to ensure the proper asymptotic be-
haviour of the potential we connected the PEC with a
long-range (LR) branch, for which we adopted the usual
dispersion form

U(R) = D − C6R
−6 − C8R

−8 − C10R
−10 (3)

with coefficients C6 and C8 taken from reference [15]. The
dissociation asymptote D of the D1Π state correlating to
the Na(3p3/2) + Rb(5s1/2) atomic limit was calculated
from the Na(3p3/2) level energy [10] (neglecting hyperfine
structure, referred to the hyperfine center of gravity) and
the X1Σ+ state dissociation energy. We used the ground
state dissociation energy value 5030.50(10) cm−1 which
differs from the published one [4], because it is the result of
a new combined evaluation of the X1Σ+ and a3Σ+ states
which will be published elsewhere [16]. The connecting
point Rout and the C10 parameter were varied in order
to ensure a smooth connection with the pointwise poten-
tial. Thus, the C10 parameter presented here should be
considered as an effective coefficient.

In Figure 6a the experimental IPA potential is com-
pared with the ab initio potential from reference [9] (full
circles). Also the difference based potential U(D)dif =
U(X)exp + (U(D)ab initio – U(X)ab initio) suggested in ref-
erences [6,17] as an improved estimate from ab initio re-
sults is given in Figure 6a (open circles). It is produced
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Fig. 6. (a) Comparison of the new determination of the
D1Π state IPA potential (solid line) with the corresponding
ab initio potential by Korek et al. [9] (full circles) and the
difference based potential (open circles), moved to the correct
atomic limit. (b) Difference of the IPA potential U IPA with
respect to the difference based potential (triangles) and to the
RKR potential URKR from reference [6] (solid line).

from the difference of the ab initio D1Π and X1Σ+ state
potentials given in reference [9], which is then added to
the experimental ground state potential U(X)exp given in
reference [4]. As can be seen, the difference based potential
is much closer to the IPA potential than the ab initio one.
Similar conclusions are obtained in references [17,18], in
which the A1Σ+−b3Π complex and the C1Σ+ state of the
NaRb molecule were studied. The difference between the
IPA potential and the RKR potential from reference [6] is
shown in Figure 6b.

For the convenience of simple spectroscopic estima-
tions we have also fitted a Dunham expansion with
the conventional Ylk coefficients to the unperturbed en-
ergy levels, where, l, k are powers of (v′ + 1/2) and
[J ′(J ′ + 1) − 1], respectively. The levels are described
with a standard deviation of 0.009 cm−1 and a dimen-
sionless standard deviation of 0.87 for both isotopomers.
The Dunham parameters, rounded as described in refer-
ence [19], are listed in Table 3. It is worth mentioning that
the Te = 19692.06 cm−1, Re = 4.2155 Å, ωe = 73.26 cm−1

and Be = 0.05244 cm−1 values from reference [6] for
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Table 3. Dunham parameters (in cm−1) of the Na85Rb D1Π
state for v′ ≤ 39, J ′ ≤ 200, valid also for Na87Rb employing
the conventional mass relations.

Te 19692.5496

Y (0,0) –0.019

Y (1,0) 73.10306

Y (2,0) –0.281142

Y (3,0) –0.53893 ×10−2

Y (4,0) 0.11707 ×10−3

Y (6,0) –0.40941 ×10−6

Y (7,0) 0.18988 ×10−7

Y (8,0) –0.3688 ×10−9

Y (9,0) 0.27 ×10−11

Y (0,1) 0.5212303 ×10−1

Y (1,1) –0.221455 ×10−3

Y (2,1) –0.62437 ×10−5

Y (3,1) 0.33948 ×10−6

Y (4,1) –0.30585 ×10−7

Y (5,1) 0.1196 ×10−8

Y (6,1) –0.252 ×10−10

Y (7,1) 0.20 ×10−12

Y (0,2) –0.105723 ×10−6

Y (1,2) –0.12890 ×10−8

Y (2,2) 0.202 ×10−10

Y (3,2) –0.473 ×10−11

Y (5,2) 0.423 ×10−14

Y (6,2) –0.104 ×10−15

Y (0,3) 0.2124 ×10−12

Y (3,3) –0.1245 ×10−15

Y (4,3) 0.1342 ×10−16

Y (5,3) –0.345 ×10−18

Y (0,4) –0.118 ×10−17

Y (1,4) –0.141 ×10−18

Y (4,4) –0.95 ×10−22

Na85Rb are rather close to the ones in the present work.
The Dunham parameters and the potential grid points
are also given in Table IV in the supplementary Online
Material.

3.4 Perturbations

As stated above, the obtained PEC fits most of the ob-
served levels with a standard deviation of 0.008 cm−1.
However, we have measured a number of v′, J ′ levels whose
experimental term values deviate from the calculated ones
by more than 0.03 cm−1 indicating a possible presence of
local perturbations. In cases where a long series of rota-
tional satellites was observed we could follow how both e
and f components behave in the particular local perturba-
tion region. In Figure 7 differences between the observed
term values (Eexp) and energies calculated with the PEC
(Ecalc) are shown for vibrational levels v′ = 23 and 10. It
is obvious that both e and f components are perturbed in
the presented J ′ ranges.
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Fig. 7. The difference between observed and unperturbed (cal-
culated from the IPA potential) term energies for vibrational
levels v′ = 23 (a) and v′ = 10 (b) of the D1Π state.

This means that perturbations are caused by nearby
triplet states, apparently the d3Π or the e3Σ+, see Fig-
ure 1. For higher vibrational levels the additional influence
of the E1Σ+ state cannot be excluded.

We have to confess that we were not able to study per-
turbations systematically due to the accidental character
of optical excitations of different v′, J ′ levels by fixed-
frequency laser lines. Nevertheless, we have found more
than 10 perturbation regions in the v′ = 0−39 interval.
The largest observed deviation of a term value reached al-
most 2 cm−1 for v′ = 38, J ′

e = 79. A list of perturbation
regions is given in Table V in the supplementary Online
Material.

4 Conclusions

In this paper the NaRb D1Π state is studied by laser in-
duced fluorescence Fourier transform spectroscopy. More
than 1400 D1Π state level energies with accuracy of
0.01 cm−1 were obtained in a wide range of vibrational
and rotational quantum numbers.

A pointwise PEC, as well as a Dunham expansion were
fitted to the experimental energies of the unperturbed
D1Π state levels. The present FTS measurements charac-
terize 93.5% of the D1Π state potential well of the NaRb
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molecule. The D1Π state dissociation energy obtained in
the present experiment is 2311.30(14) cm−1. The accu-
racy of the derived D1Π state dissociation energy is asso-
ciated with the accuracy of the X1Σ+ state dissociation
energy [16] and the estimated uncertainty of 0.1 cm−1 of
the D1Π state potential minimum value. The dissocia-
tion energy with respect to the first bound level (v′ = 0,
J ′ = 1f) is 2274.79(10) cm−1.

A large set of q factors in the D1Π state was obtained
allowing one to derive their dependence on the rotational
quantum number J ′. No vibrational dependence of q fac-
tors was observed within the accuracy of present measure-
ments. In several cases an anomalous behaviour of a q fac-
tor was observed, clearly indicating a local perturbation
in the D1Π state.

Analysis of perturbation regions revealed that both e
and f components are perturbed, thus testifying to the
triplet character of perturbing state. Apparently, either
the d3Π or the e3Σ+ state perturbs the D1Π state.
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