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Abstract. Radiative lifetimes for 2 < v’ < 44 rovibronic C' XV state levels of NaRb and quenching collision
cross-sections with Rb atoms have been directly measured in a thermal cell by detecting time resolved laser
induced fluorescence after pulsed excitation. Many body multipartitioning theory was applied to calculate
C!Xt—X'X* and C' 2T —A'X" transition dipole moments. The relevant ab initio matrix elements were
converted to the C' X7 state radiative lifetimes. The strong spin-orbit A’ X+ ~ b*IT coupling effect on the
total C — A transition probabilities and lifetimes of the C' X state is discussed. The measured radiative
lifetimes show a decrease from 61 to 34 ns as the v’ values increase, the results being in good agreement
with calculations. The averaged collisional quenching cross-section value o = (3 + 1) x 107** cm? was
determined for NaRb (C'ZT) 4 Rb collisions from the Stern-Volmer plots.

PACS. 33.70.Ca Oscillator and band strengths, lifetimes, transition moments, and Franck-Condon factors

— 33.50.Hv Radiationless transitions, quenching

1 Introduction

The NaRb molecule is among prospective objects for two
species laser cooling and photoassociative studies [1,2].
Designing optimal schemes to create ultracold molecules
in their absolute ground state requires reliable informa-
tion about the ground and excited electronic states in a
wide range of internuclear distances (R) [3,4]. Therefore,
accurate potential energy curves (PEC), permanent and
transition dipole moments, and radiative lifetimes of the
electronically excited states of mixed alkali dimers are of
current interest. During last few years great efforts have
been made to characterize theoretically and experimen-
tally the structure of the NaRb molecule. In reference [5]
the ab initio PECs of the ground and a number of excited
electronic states were calculated up to their atomic asymp-
totes, see Figure 1. In reference [6] the ab initio PECs of
the first 11 lowest electronic states were calculated up to
R = 7 A by applying many-body multipartitioning pertur-
bation theory (MPPT). Presently the ground and several
low lying excited electronic states of the NaRb molecule
are characterized quite well experimentally. A very accu-
rate ground X' Xt state empirical potential was obtained
in [7,8] by means of Fourier transform spectroscopy analy-
sis of the D'IT - X' X+ BT - X' X* and C' X+ - X1 2+
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transitions in laser induced fluorescence (LIF). The B'IT
state was studied in [9,10] by sub-Doppler polarization
spectroscopy. First high resolution spectroscopy data on
the A'X+—b3II complex were obtained in [11]. Recently,
a high resolution spectroscopy study of the DT state was
completed [12]. The C' X state was described in [13] by
combining Fourier transform spectroscopy analysis of C—X
transitions in LIF and polarization labelling spectroscopy
methods. An accurate empirical PEC for the C' X+ state
converging to the Na(3p)+Rb(5s) dissociation limit, see
Figure 1, was obtained in the region of vibrational lev-
els from v’ = 0 to 64 [13]. The experiment confirmed the
existence of the shelf region for the C'X* state, which
started at R ~ 7.5 A as predicted by theory [5]. The shelf
reflects an avoided crossing of the adiabatic C'X* and
E!XT states having strong ionic/covalent mixing charac-
ter.

As to radiative properties of NaRb, in reference [6]
the ab initio MPPT transition dipole moment functions
d(R) for A, C!XT-X13+: B, D' T-X'X*; D' IT-A Y+
and D' IT—BIT electronic transitions, along with respec-
tive PECs, were calculated in the interval R € [3, 7] A.
The relevant matrix elements were converted to radiative
lifetimes 7yqq of the D'IT and B'IT states, and the 7,¢q de-
pendencies on vibrational-rotational v’, J’ levels of these
states were obtained. The progress in spectroscopic anal-
ysis of the NaRb molecule made it possible to perform
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Fig. 1. Ab initio potential energy curves for the low-lying
states of NaRb according to reference [5]. The area within the
dotted horizontal lines shows the energy interval of the C' X+
state covered in present study.

a correct assignment of rovibronic levels under study and
thus stimulated experimental vibrationally and rotation-
ally selective lifetime studies of the excited electronic
states. Collisionless radiative lifetime values for v/, J’ rovi-
bronic levels in the D'IT state within v’ range from 0 to 17
were directly measured in [14], with values monotonically
decreasing from 22.5 to 17.3 ns with increasing v’. These
results were in good agreement with calculated 7,,q9 de-
pendencies [6] as well as with the very first lifetime value
measured in [15]. It is worth noting that the lifetime value
of 17.8 ns of the B'IT state level v’ = 5, J' = 20 measured
in [16] also agrees with its calculated value [6].

Recently Aymar and Dulieu have calculated ab initio
transition moment d(R) functions for several ! X —1 3+
transitions in NaRb in a wide R-range by a core polariza-
tion pseudopotential (CPP) method, see discussion in [13],
where their do_x (R) function was exploited in order to
analyze the applicability of the C' X+ — X! X+ transition
for photoassociation studies.

The present paper is a continuation of our previous
studies [6, 14] of radiative properties of the NaRb molecule.
We report in this work the first lifetime measurements
for the NaRb C'X+ state in a wide ¢’, J’ range, al-
though the highest measured level still lies just below the
shelf region. The experiment is supported by radiative life-
time calculations based on ab initio d(R) functions of the
C'xt - X'¥+ and C' X+ — A' X+ transitions calculated
in the present work with the MPPT method. Experimen-
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tal effective total cross-sections of quenching collisions are
reported as well.

2 Experiment
2.1 Experimental set-up

The experimental set-up has been described in [14],
thus we will mention only some essential points. The
NaRb molecules were produced in a thermal cell made
from alkali-resistant glass by heating a mixture of ru-
bidium (natural composition: 72% %°Rb and 28% %7Rb)
and sodium metals in an approximate proportion 4:1 by
weight. Before the experiments the cell was outgassed at
ca. 400 °C, then filled under vacuum with the metals by
distillation and sealed off. During the measurements the
oven temperature was kept between 180-280 °C. To ex-
cite the C — X fluorescence we used the ArT laser lines
514.5 nm, 501.7 nm (Spectra Physics 171, with intracav-
ity etalon) and 528.7 nm (Spectra Physics BeamLok 2040,
multimode regime), as well as a tunable single mode dye
laser (Coherent CR 699-21) with Rhodamin 6G dye. The
fluorescence was detected at right angles to the incident
laser beam and dispersed by a DFS-12 double monochro-
mator with a reciprocal dispersion of 0.5 nm/mm, which
provided a spectral resolution of about 0.02 nm at reason-
able slit widths.

The kinetic measurements were performed on the par-
ticular fluorescence lines of the C — X progression, which
were singled out by the monochromator, and which origi-
nated from a selected excited v, J' level. The laser beam
was modulated by a ML-102 electro-optical modulator at
repetition rate of 850 kHz. The laser pulse parameters
were: pulse width about 100 ns, rear front about 20 ns, and
modulation depth better than 1:50. For the kinetic mea-
surements the monochromator slits were kept at a width
of 0.5-1 mm in order to provide a measurable fluores-
cence signal. The scattered laser light was cut off with col-
ored glass filters placed before the entrance slit. At these
conditions the LIF response detected with a photomulti-
plier (PMT) in photon counting regime did not exceed
3000 counts/s. One-photon pulses from the PMT were
discriminated, amplified and formed to standard pulses
(1 V, 10 ns duration) by fast electronics. The LIF decay
was registered with a time-correlated single-photon count-
ing technique with a time-to-amplitude convertor (TAC)
and a multichannel amplitude analyzer (MCA). The time
resolution of the system was estimated as 1.35 ns/channel
with about 1% accuracy. The TAC was operated in inverse
start-stop regime: the one-photon pulses from the PMT
were used to start the TAC, whereas the stop-pulses came
at a frequency of 850 kHz from the nanosecond generator
synchronized with the laser modulation unit.

2.2 C1x+ state v/, J/ assignment

To assign correctly the C'X o/, J’ levels under study,
we first recorded the characteristic fragments of the LIF
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C'X+— X' X+ progressions. Note that ArT laser lines in-
duce strong D' IT— X1 XF fluorescence as well [7,12,14].
Fortunately, the maximum of the C — X band is shifted to
the red spectral region if compared with the main D — X
fluorescence region. Simultaneously recorded Ne discharge
spectral lines ensured a calibration of the LIF spectra with
an absolute wavelength accuracy of about 0.05 nm. Frag-
ments of the recorded spectra were compared to the sim-
ulated ones obtained by accounting for the relative in-
tensity distributions within a particular LIF progression.
Spectral line positions and Franck-Condon (FC) factors
were calculated using accurate empirical X! XF state [7]
and C!X* state [13] potentials. The accuracy of experi-
mental line positions and recorded relative intensity dis-
tributions were quite sufficient for an unambiguous as-
signment of the C! X T state v’, J’ levels. The assignment
procedure was greatly facilitated by direct Fourier trans-
form spectroscopy data on the C — X band [13] excited
with 514.5 nm line. This line excited transitions to the
v' = 32-44 range of the C' X+ state. It has to be noted
that the 501.7 nm laser line excited the C! X7 state level
with v’ = 46 [13], but the observed LIF intensity from
this level was so weak that it appeared impossible to per-
form kinetic measurements at reasonable temperatures.
The 528.7 nm laser line excited several vibronic C! Xt lev-
els giving rather strong C — X fluorescence. We assigned
five progressions which started from (v’, J') = (24, 19),
(25, 46), (25, 51), (26, 69), (32, 40) levels of the 2*Na®*Rb
isotopomer.

To reach lower vibrational levels v/ < 10, a dye laser
with Rhodamin 6G dye was used. The laser frequencies re-
quired to excite particular v/, J’ levels were chosen from
the list of calculated C — X transitions taking into account
the FC factors in the absorbtion. The experimental selec-
tion of particular low-lying vibronic levels (see Tab. 1)
was complicated by the fact that a strong B'IT— X! X+
band, overlapping with the C — X band, could be simul-
taneously excited in the laser frequency range that was
used (17000-17500 cm~1). The dye laser frequency was
monitored with a WS6 wavemeter (High Finesse), which
provided 0.005 cm~! absolute accuracy. During the ex-
periment the laser frequency was first fixed at a calcu-
lated position, or close to it, which caused some molecu-
lar fluorescence. After analysis of the recorded spectrum
fragment and assignment of the C — X transitions, the
laser frequency was slightly adjusted to get the maximal
LIF intensity of the selected transition. It turned out that
the experimental excitation frequencies determined by our
wavemeter readings were typically lower than the calcu-
lated ones by ca. 0.02 cm ™!, the shift being within Doppler
width. Before performing kinetic measurements, the spec-
tral purity around a selected LIF line was re-checked again
to confirm detection selectivity.

2.3 Data processing

A typical laser pulse and a LIF decay curve are presented
in Figure 2a. A least squares analysis showed that the
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Table 1. Radiative lifetimes 7,44 for the 2Na®*Rb C' X7 lev-
els excited in C' X (v/, J') = X! X+ (v, J”) transitions induced
bY Vewc/Aexc laser line.

Vewe/Aewe v’ J’ v J" Trad £ ATraa,
ns

1709691 cm™! 2 45 5 46 61.0 £ 2.7
1722250 cm™! 4 51 5 50 55.24+ 1.5
17539.94 cm™! 8 64 4 63 52.0 + 1.2
528.7 nm 24 19 1 18 51.1+1.8
25  46/51* 1  47/50 54.5+1.9
26 69 1 68 44.7+2.3
514.5 nm 32 43 0 42 43.6+1.0
33 8 1 9 431415
34 42 1 43 40.7+15
35 10 2 11 411407
35 63 1 62 42.24+1.4
39 26 4 25 39.84+0.9
41 23 5 24 37.24+0.8
44 96 4 95 33.94+0.8

* measured on two overlapping lines with J' = 46, 51.
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Fig. 2. Typical laser pulse and fluorescence decay kinetic sig-
nals recorded at inverse start-stop regime, see text. (a) Exci-
tation pulse and LIF response and (b) LIF decay monoexpo-
nential fitting for the *Na®Rb C' T (v = 2, J' = 45) level.

LIF decay from a selectively excited level was monoexpo-
nential as expected. The shaded area in Figure 2a marks
the decay region used for processing. The beginning and
end of this region are determined by the respective time
instants when the laser pulse and LIF intensity drop to
the background level. Figure 2b presents an example of
the monoexponential fit of LIF decay from the v' = 2,
J' = 45 level of the 23Na®Rb C' X+ state.

Data processing of LIF decay curves yielded an effec-
tive relaxation rate, or the reciprocal effective lifetime
T;ﬁl of a rovibronic level at a particular temperature.
One may neglect the effect of flight-out-of-view of excited
molecules [17] since the ratio of the mean velocity of the
molecules vy to laser beam width dy, the laser beam width
being about 1 mm, is Tp/dp ~ 2 x 104571, is about three



376
3.0 T T T T
® experiment
linear fit
28} R
"_tl)
~
o
— 26 R
5
X
241 -
2.2 T T
0 1 2 3

— 20 2 A
Ng,Vs 10%cm”s

Fig. 3. Stern-Volmer plot of the inverse effective lifetime Te;yl
for the *Na®*Rb C' 2T (v = 26, J' = 69) level as depen-
dent on Rb atom concentration ngy times mean relative veloc-
ity 7 (see Eq. (1)). Fitting parameters: ¢ = 2.2 x 107** cm?,
Trad = 44.7 ns.

orders of magnitude smaller than Te_ﬁl. Collisionless radia-
tive lifetime values 7,4 were obtained by varying the tem-
perature within the 180-280 °C range and extrapolating
to zero the concentration of Rb atoms ngy,, see Figure 3,
according to

1 1
= + NRbOV, (1)
Teff Trad
o being the effective quenching cross-section,

v = /8kT /mu, the mean relative velocity of the colliding
partners assuming Maxwellian velocity distribution, pu,
the reduced mass, and k, the Boltzman constant. The
population quenching of the C! X+ v/, J’ rovibronic level
by Rb atoms was considered as a prevailing collision
process since Rb concentration was about two orders of
magnitude higher than the concentration of Na, Nag,
and Rby [18]. The possible systematic inaccuracy in
measuring the concentration is estimated as ca. 10%.
The Te_ﬁl dependencies on nyp have been obtained for

eleven v’, J' levels within the v’ range from 24 to 44.
Several measurement series performed in two different
cells showed rather a large dispersion of o values and did
not allow us to reveal any o dependence on v’. Hence
we report here for the C' XT state an effective collisional
cross-section value o= (341) x 1071 cm? averaged
over all involved v’, J’ levels. This o value was used to
obtain radiative lifetime values for three lower v/ = 2,
4, and 8 levels, for which the 7.5 measurements were
performed at 240 °C temperature. The measured 7,qq
values for a total of 14 levels of the 22Na®>Rb isotopomer
are given in Table 1. Reported uncertainties represent
statistical errors within the 95% confidence interval
estimated from several measurement series, as well as a
contribution from the uncertainty in o.
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3 Calculation

The radiative lifetime 7,44 for a particular rovibronic level
v, J'" of the C' X7 state is defined [19] as the sum over

a3
the emission Einstein coefficients A?, J‘{ for all bound
and embedding continuum lower-lying j,v”, J” rovibronic
states:

=Yy A ®
J

rad o g
82 o' J" 3 i "oy (2
The (A3 1l (7))

where i € C'X+ and j € [BYI, 32X+, AlX+ biII,
al Xt X1yt l/f;j,’j,‘,]” =BV - E}»’N‘]” is the transition
wavenumber, Sy~ is Honl-London factor available in an
analytical form, d;;(R) is the transition dipole moment,
and E7 and |v(J)) are the rovibronic energies and rovi-
brational wave functions of the upper i and lower j elec-
tronic states.

It appears that the contribution of the C! X+ — BT
transition into the total lifetime of the C'X* state can
be neglected since the B'IT state has a minimal energy
gap as compared to other excited states (see Fig. 1). The
singlet-triplet C! X+ — ¢, a3 X" transitions are strictly for-
bidden in a pure Hund’s (a) coupling case [19]. Although
the C' X+ — b3IT transition is also forbidden, an influence
of the b3IT state on the C — A transition probabilities and
lifetimes 7,4 seems to be worth analysing because of the
full mixing of the A'X* and b3IT states caused by the
strong spin-orbit coupling effect [11,20].

The required singlet-singlet C' X+ — X A1 X+ transi-
tion dipole moment functions were computed in the frame-
work of the second order many-body multipartitioning
perturbation theory [21] with an explicit treatment of
the core-valence correlation effects. The present compu-
tational scheme based on the Hund’s (a) case represen-
tation of the electronic states was exactly the same as
the one used in our previous study of NaRb [6] also the
Gaussian basis set (7s7p5d3f)Na, Rb, used here was cho-
sen from [11]. This basis set was slightly more flexible and
better suited for reproducing electronic energy and transi-
tion moments. The resulting MPPT pointwise do_x,4(R)
functions were calculated in the interval R € [3.0,7.0] A,
see Table 2 and Figure 4. The CPP d¢_ x (R) moment cal-
culated in a wide R-interval [22] is presented in Figure 4.
The sudden drop of this function between 8 A and 10 A
reflects avoided crossing of the adiabatic C' X+ and E' X+
states having strong ionic/covalent mixing character. This
function was also applied to estimate the A)C( transition
probabilities in order to test the consistency of both the
MPPT and CPP estimates.

The eigenvalues and eigenfunctions of the isolated
C'X+ and X' X+ states were calculated in the framework
of standard adiabatic approximation [19] using highly ac-
curate empirical PECs available for the ground [7] and
C1X+ [13] states, respectively. The nonadiabatic energies
E;{]Nb and wavefunctions f (R) (k € [A'XF, b3IIy, b31I,
b®I15]) belonging to the different components of the fully

SJ/JII
2J +1’

]-UNJ//
Az‘v'.l’
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Table 2. The MPPT C' X" - X' Y% and C'X* - A' X7 tran-
sition dipole moments (in a.u.).

RAA) Cc-A C-X
3.01631  2.786  0.860
3.12215  2.830  0.867
3.25973  2.849  0.882
3.38673  2.830  0.906
3.51374  2.778  0.934
3.64338  2.692  0.970
3.78891  2.557  1.017
3.90533 2424  1.058
4.02175  2.272 1105
417669  2.041 1173
4.31809  1.816  1.242
444509  1.599  1.306
470968  1.138  1.446
4.97427  0.695  1.589
523885  0.298  1.723
576803 -0.357  1.941
6.08554 -0.712  2.045
6.40304 -1.134  2.145
6.69409 -1.701  2.249
7.01160 -2.790  2.378

Ab initio transition dipole moments, a.u.
o

. = C-XMPPT
. e C-AMPPT
1r . O C-XMPPT[6] |
. ——C-XCPP [22]
ol .
3l ) ) b ) ) i
2 4 6 8 10 12

Internuclear distance, A

Fig. 4. Ab initio C' X7 - X' X% and C' X+ — A’ X7 transition
dipole moment functions d(R) for NaRb molecule.

mixed A' Xt ~ b3IT complex were obtained by a close-
coupling calculation. It was based on the adiabatic Ua(R),
Up(R) PECs and spin-orbit coupling matrix elements de-
rived in reference [11] by a direct deperturbation analysis
of the experimental A ~ b term values. The Einstein co-
efficients for a C — A ~ b transition were evaluated as
" 51 87'['2 oy "oy 3

Anbu’' T J J
A = i (B - B
SJIJII
X J)|de— J") 2 3
oo (P ldo-alFalT NP, (3)
where f4(J) is the fraction of the A' X' state in the total
non-adiabatic wave function.

It should be noted that the straightforward summa-
tion of equation (2) could not be done easily for the high
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Fig. 5. Comparison of experimental radiative lifetime values
(circles) of the NaRb C' X% o', J' levels with ab initio calcu-
lated 7,44(v") dependencies (lines). The upper dotted curve is
obtained (for J = 0) when the C — A transitions are ignored
in the calculations.

vibrational vo levels since the required sum of the corre-
sponding FCF values >, [(vc|v”)|? = 1 converges very
slowly. In particular, 78 vibrational levels of the ground
state and about 160 levels of the A ~ b complex are
needed to satisfy the sum >, [(ve|v”)|? > 0.998 for the
vo 2> 40 levels. In practice, this requirement means that
the solution of equation (2) requires a knowledge of all
relevant PECs and transition moments over a very wide
range of internuclear distances. This drawback, which is
related to an almost complete eigenstate problem for lower
electronic states, has been overcome by the approximate
sum rule [23,24]:

1 N87T2

a2 J
Tgld 3heg (e (T

> AUE dE ;| lve(J), (4)

JEX,A

where the AU;;(R) = U;(R) — U;(R) is the difference be-
tween the corresponding adiabatic PECs. The radiative
lifetimes 7,..4 calculated by equation (4) as the expecta-
tion value of the 37, ¢ 4 AUgfjdéfj operator defined in

the interval R € [3,7] A are presented in Figure 5 for the
0 < wve <45 levels.

The numerical tests specially performed for the lowest
0 < ve < 30 levels (3, [{(velv”)? > 0.9999) have in-
dicated that equation (4) is correct within 0.1% for both
adiabatic C — X and non-adiabatic C — A ~ b transitions.
The reliability of the adiabatic approximation for the A2
estimates follows from the fact that the non-adiabatic
wave functions of the A’ XT state can be approximated
as fa(J) = Cglva(J)), where |va(J)) is the adiabatic
wave function and the Cj are the R-independent mix-
ing coefficients, which obey the normalization condition
Zi C? = 1 for each component of the complex. Then,
the sum of the non-adiabatic Einstein coefficients over all
components of the A ~ b complex at fixed J” value could
be approximated as Zi (Ec — Ep)? C¥(veldo—alva)|* ~
(Ec — Ea)? |(vo|do— alva)|?, where a difference between
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the adiabatic F4 and non-adiabatic Ej energy of the
Al X7 state is neglected.

4 Discussion

Figure 5 demonstrates rather good agreement between ex-
perimental and theoretical lifetimes for most rovibronic
C'Xt state levels. Both experimental and calculated
Trad(v', J') values monotonically decrease from about 61
to 34 ns as the vibrational quantum number increases
from v’ = 2 to 44. The theory predicts a weak system-
atic decrease of 7,44 values by ca. 1.5-3 ns as the J’ value
increases from J’ = 0 to 100. The small systematic overes-
timation of the calculated 7,.,4 values could be attributed
to an uncertainty of the ab initio transition moments
(ca. 1-3%, see Fig. 4) and to a systematic uncertainty
of about 1% in the experimental time scale calibration of
the measuring system. The 1 /A)C( values calculated using
the present and preceding [6] MPPT transition moments
as well as the CPP transition moment dc—x(R) [22] did
not differ by more than 0.5-1.0 ns.

The present calculations prove that the main contri-
bution (>90%) to the lifetime values of the C1 YT state
comes from the C! X+ — X! X* transition, while the C! X+
— A'X* ~ b3IT transition diminishes the lifetimes by only
2.0-3.5 ns, see Figure 5. The strong spin-orbit coupling of
the A'X* and b2IT states does not affect the lifetimes of
the C' X7 state, although it leads to the pronounced rel-
ative intensity redistribution in the rovibronic transitions
between the C state and the different components of the
A ~ b complex.

It should be noted that the present study of radiative
properties of the NaRb C'X* state is limited to the vi-
brational levels localized in the interval R € [3,7] A and,
hence, the abrupt change of the C — X transition dipole
moment beginning at R > 7.5 A (Fig. 4) does not af-
fect the lifetimes of the vy, < 44 levels involved in this
work. The pronounced increase of the 7,4 values should
be expected for the vy > 45 levels in the shelf region (see
Fig. 1), while the lifetimes of the higher v’ levels near the
Na(3p)+Rb(5s) dissociation threshold should again de-
crease towards 16.4 ns, which is the lifetime of the Na(3p)
atom [25]. It is worth mentioning that the C! X NaRb
radiative lifetimes are considerably larger, within a compa-
rable v’ range, than the 7,,4 values of ca. 22-17 ns for the
D! IT states of NaRb [14] and NaK [26] molecules converg-
ing to the dissociation limit involving the Na(3p) atom.
The present effective collisional quenching cross-section
value is close to the (3 — 6) x 1071 ¢cm? value obtained
in [14] for NaRb(D'IT) + Rb collisions.

The authors are indebted to Dr. O. Dulieu for providing the
unpublished CPP C — X transition dipole moment function,
as well as to Prof. M. Auzinsh and Dr. F. Gahbauer for nu-
merous useful discussions, and to O. Martinsons and E. Gevelis
for assistance during the experiments. This work has been sup-
ported by the NATO SfP-978029 Optical Field Mapping grant.
The Riga team acknowledges funding from the EC 5th Frame
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Growth Grant GIMA-CT-2002-04063 and from the Latvian
Council of Science (grant No. 04.1308).
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