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The paper presents experimentally obtained permanent electric dipole moment vajués (
electronically excited 11 andD 11 states o*Na®®>Rb and?*Naf’Rb isotopomer molecules for a
number of vibrational and rotational levels’(J’). The method is based on measuring relative
intensities of “forbidden” fluorescence lines appearing due to dc Stark effect inde/deparity
mixing for a particular ¢’,J")-level, combined with electric radio frequency—optical double
resonance measurement/ofsplitting energyA, ;. The measure® 1 stateu values are close to

6 D, representing minor changes with the vibrational levelarying from 0 to 12 and’ in the
region between 7 and 50, while the measuBedl stateu values are abdwB D for v’ =4, 5 and

6. Thex 3", BI, andD Il dipole moment functiong(R) are calculatedb initio using the
many body multipartitioning perturbation theory for explicit treatment of core-valence correlations.
The theoretical and experimental dipole moment estimates are in a perfect agreement for the ground
state and th® *II state, differing by 15%—25% for tH& 11 state. © 2000 American Institute of
Physics[S0021-96068)0)00336-9

I. INTRODUCTION by the Kafogroup®° However, the existing spectroscopic
information on NaRb is much scarcer than for NaK. Only the
The permanent electric dipole moment of an electroni-X '3, * andB 11 electronic states have been studied system-
cally excited molecular state carries valuable information oratically by high resolution methods of polarization spectros-
its electronic structure as well as on energy transfer propefcopy and optical-optical double resonance spectroséohy.
ties. As has been demonstrated by our recent stt€i@sthe  The dense perturbation pattern discovered inBHé¢I state
NaK molecule, which is up to now the best-understood hetwas ascribed to interaction with perturbibgIl andc 33 *
eronuclear alkali dimer, it is possible to obtain reliable per-triplet states correlating to the same atomic limit Na)8
manent electric dipole moment values for giveh and J’ Rb (5p). As far as molecular terms correlating to the Na
levels belonging to the excitetll states by measuring dc (3p)+ Rb (5s) atoms are concerned, only tBe'Il state has
Stark effect induced changes in laser induced fluorescendgeen studietlusing LIF methods, namely, by exciting selec-
(LIF) spectra combined with the direct determinatioretf  tively the D I (v’,J")-levels with the fixed frequency
A-splitting frequency f¢ ) of the (v’,J")-level under study ~ Ar*-laser lines and analyzing spectrally resolved
by applying the electric Radio Frequency—Optical DoubleD TI(v’,J")—X 3" (v”,3") LIF progressions. The diffi-
ResonancéRF—ODR method. On the other hand, tld  culties in working on NaRb arise from the presence of two
initio calculation based on the multipartitioning perturbationisotopomer mixturé*Na®*Rb and?*Na®’Rb and more dense
theory (MPPT) demonstrated excellent agreement with ex-rotational pattern than in NaK, as well as from the stronger
perimentally obtained permanent dipole values of EhH1 spin-orbit interaction leading to more pronounced perturba-
state’ The NaK data on permanent electric dipoles are theions due to the role of Rb atoffl.
only ones existing for electronically excited heteronuclear  We report the first experimental data on permanent elec-
alkali dimers, the objects that are now of increased interedtic dipole moments for a number of (,J’)-levels belong-
because of studies of collision dynamics and photoassociaag to theB *I1 and D *II states of*Na®°Rb and?*Na®’Rb
tive spectra, laser cooled and trapped alkaline atoms. As fololecules, as well as the corresponding resultalpinitio
lows from the present state of research, mixed alkali diatomMPPT calculations. The employed computational procedure
ics, such as NaK, NaRb, and KRb seem to be promising fois based on direct perturbative construction of one-electron
the formation of ultracold moleculég’ density matrix avoiding somewhat burdensome finite-field
The main purpose of the present work is to use the methtechnique of Ref. 1. Neither experimental nor theoretical
ods of measurement arat initio calculations of permanent data on the NaRb excited states permanent dipoles can be
electric dipole moments, developed and approved for NaK ifound in literature. The only measurement was performed for
Ref. 1 and 2, to study the NaRb molecule. The NaRb molthe ground X!3* state by molecular beam deflection
ecule has been recently intensively studied spectroscopicaliyethod yielding electric dipole moment value 3.0.3 D!
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FIG. 1. Fragments of NaRb LIF spectra demonstrating appearance of extigig. 2. Experimentally obtained intensity ratibg/l, for LIF originating
lines induced by dc Stark effect in tige'T1(6,24)— X ' 7(0,24) transition  from 23NaRb B I1(4,98) level versus applied dc electric fiefd E,E;
following Q-type excitation(a) and in theD 'T1(4,25)~X'%"(1,24 and  denote exciting light and fluorescence light vectors, respectively. Fitting

26) transitions followingR-type excitation(b). procedure yields\ ¢ ; /u=6.06<10™* cmi/D.
Il. EXPERIMENT to the absolute value of the permanent electric dipole mo-
A. Method ment u for a particularv’,J’ level belonging to the'll

. . electronic state.
The procedure of experimental determining of the per-

manent electric dipole moment valugs for the Il-state
(v',J")-levels, which is described in more details in Ref. 1,
consists of two steps. The experimental setup and equipment used is similar to

First, after selecting and identifying a definite LI  that employed in our previous NaK studies™ Briefly, the
—X 13" progression consisting of either singlétsllowing ~ *Na®°Rb and®**Na®’Rb molecules were formed from a mix-
the Q-excitation or doublets (following the P- or ture of rubidium and sodium metal, approximately 4ty
R-excitation, a dc electric field€ is applied to achievee  weighd, in an alkali-resistant glass cell at the temperature
—f parity mixing between the -doublet components of the T~550 K. The natural abundance BRb and®'Rb isotopes
I state. As a result, extra lines appear in the LIF spectrumis about 72.2% and 27.8%, respectively. The cell contained
namelyP- andR-lines following Q-excitation orQ-lines fol-  Stark plates made of carefully polished stainless ste&b
lowing P- or R-excitation, when the Stark energw,, mm in diameter with the spacing about 1.0 mm measured
=—u& becomes comparable td-splitting Ag ¢ 12 Thus, with ~3% accuracy. The exciting laser beam was directed
the LIF spectra are transformed fron@-singlets or through the gap between the Stark plates. The fluorescence
(P,R)-doublets to theR,Q,R)-triplets, see Fig. 1. The ratio zone was imaged onto the entrance slit of a double-
I:/1, of extra(“forbidden”) line intensityl; over the “al-  monochromator with two 1200 groves/mm gratings provid-
lowed” line intensityl , is governed by the absolute value of
parameteu&/Ag ¢, thus, fitting the ¢ /1, as dependent o],
see Fig. 2, will yield an absolute value of thgA, ¢ ratio. _ . y
Some details on simulation &f-dependence of;/l, and '
fitting routine used to obtain the/A ¢ ratio, including the
treatment for different polarization and geometry, as well as
discussion of possible sources of errors, can be found in
Refs. 1 and 2.

At the second step the absolute value of thesplitting
energyA. ¢ is measured directly by the electric RF-ODR
method, the essence of which is the followirig® Position
of a “forbidden” line of the LIF progression under study is .
singled out with the monochromator in the presence of a dc ¢ %
external electric field, see Fig. 1. Then, instead of the dc Ili
electric field, the frequency scanned RF electric field is ap- D' (v'=1, J'=7) DI (v=4, J'=41)
plled.tp the Stark plates_. When frequeridyts the resonance o 0w w7 PP ——
conditionhf=A. ¢, forbidden linel; is observed at its maxi- frequency. MH
mum intensity. The resonance sighglf), see Fig. 3, in the quency, z

simplest case is of the Lorentzian shapeknowing the FIG. 3. Examples of experimentally obtained RF—ODR signalsCfdil
A-splitting valueA, ¢, one may pass from thg/A ¢ ratio  state of®Na®Rb.

B. Experimental setup

signal intensity, arb. units
o
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TABLE |. Exciting laser wavelengths\(,) measurede—f splittings L L B A B
(|Agg), and permanent electric dipole moments obtained from the experi- sl |
ment dﬂexd) and calculated by MPPT{.,o. Positive u-values corre-
spond to NaRb* polarity.
Nexc |Aef| |Mexp| Mecalc °r

Isotopomer  ¢",J")—(v’,J’) (nm) (MHz) (D) (D) 0

B 1 state < 4 .
2Na®Rb (11,974,998 647.1 683  3.5:0.3 -2.7 =
2Na®Rb (7,115-5,119 632.8 22665  3.1+0.2 -2.6
2Na®Rb (10,24-6,24 632.8 525 3.0004 —2.6 2k T e .

D I state Dn(s=1)
BNBSRD (2,440,449 5145  576.%2 6.0:04 +6.2 rooo D:“(J'=5°>
ZNRb (3,8-1,7) 514.5 2002 6.7+1.0 +6.1 ok —-BOWEY N
ZNa™Rb (5,244,295 5145 2165 6.2£05 +6.1 o--Bng=00)
ZNa®Rb  (0,41-4,41) 501.7 5611 5.6+0.4 +6.1 0 5 4 5 Py 10 12 14
2Na®Rb (6,456,449 5145  671%2  6.2:04 +6.1 ,
2Na®Rb (2,35-10,36 496.5 726:1  6.1x0.4 +6.0 v
BNERb - (3,49-12,50 4965 83431 5.8+0.5 +5.9

FIG. 4. Absolute values of electric dipole momefig(v')| for the D I
(circles and B II (triangle$ states of NaRb as functions of vibrational
guantum numbes’. The respectivd’ values can be found in Table I. The
smooth lines represeft(v’)| obtained fromab initio MPPT calculations

ing reciprocal dispersion of 5 A/mm and spectral resolutionfor J’=1 and 100 B 'II stat¢, as well as fo’ =1 and 50 D 'II state.
of ~0.2 A. Calibration of LIF spectra by neon and argon
discharge lines allowed to achieve an absolute spectral accu-

racy of about 0.1 A. We used fixed frequency lines from  agit appeared, rotational and isotope assignments of the
Spectra Physics 171 Arlaser, as well as.from Kr an_d LIF spectra progressions were neither easy, nor unambigu-
He—Ne lasers, see Table |, to excite a particularg,s As a tentative guide we used the data given in Table I
(v',3")-level belonging to theD 'II and B'II states of of Ref. 5, where a number ofv(,d')-levels of B *IT and
NaRb. To maintain the conditions of simultaneous excitationy 17 states excited by Kr, He—Ne, and Af laser lines is
of e and f parity components, we preferred to employ the yresented. However, thi values are not always given there
multi-mode laser operation, with typical laser line contourgyng the particular isotopomer is not defined. Besides, we
widths ~10 GHz for Ar" or Kr* lasers and~1.2 GHz for  haye observed several progressions not mentioned in Ref. 5.
the He—Ne laser. In some cases we were forced to employy gentify the LIF progressions originating from a definite
the single-mode regime to simplify the LIF spectra. The RFg [T state 0',J")-level, we used spectroscopic constants
field for the RF—~ODR measurements was produced by Minifqr the B 11T state from Refs. 6 and 7 and for the> * state
circuit voltage controlled oscillators covering the frequencysrom Refs. 6 and 9. As far as tig Il state level withy’
region 5-900 MHz followed by an amplifier Mini-circuit —g excited by aQ-transition is concerned, we managed to
ZHL-2-12 to obtain RF field amplitude value up to 5 V, as assign unambiguously the valié= 24 for the®Naf’Rb iso-
well as by Wavetek generator covering the 1-60 MHz retopomer, see Table I, by the following routine. First, we
gion. measured the rotational spacing betw®e®, andR lines in
presence of an external dc electric field, which yieldéd
=23+1. The least deviation of 0.002 crh between the
BI(v'=6,J")—X13"(v"=10J") transition frequencies
Examples of Stark effect induced changes in LIF spectraalculated using molecular constants from Refs. 6 and 9 and
and corresponding fits of the /I, signal are shown in Figs. the exciting laser frequency was obtained fbr=22 of
1 and 2, while some typical electric RF—ODR signals are?Na®®Rb and forJ’ =24 of 2Na®’Rb. In order to decide
presented in Fig. 3. Experimental values of the; splitting  between these possibilities, we checked the deviafion
are presented in Table I. The permanent electric dipole mobetween the measured ;) and calculated ¥, line po-
mentsu(v’,J’), which are obtained by combininy, ; val-  sitions for the LIF v”-progression BI(v'=6J")
ues with theA ;/u ratios resulted from the fitting of signals —X*%*(v”,J"”). As it revealed, only in the case aF
as given in Fig. 2, are depicted in Fig. 4 and presented in=24 for the 2Na®’Rb isotopomer the deviation is within
Table | for all studied ¢’,J")-levels of theB T andD *II limits of the experimental errors. The high~ 100 values of
states. The permanent electric dipole moment error in Tabléhe B 11 state given in Table | are less reliable because of
| accounts for the inaccuracies ik ¢ values and in deter- less accuracy of the molecular constants in Refs. 6 and 9 for
mining the gap between the Stark plates, as well as for thhigh J’. It also means that the isotopomer is not determined
discrepancies ofi-values obtained in different experiments. unambiguously for these transitions since the respective pro-
A few notes ought to be made concerning thgJ’ cedures are mutually interrelated. Similar situation takes
assignment. Unambiguous vibrational assignment has begiace in theD II state, see Table I, in which we suppose
achieved from the vibrational spacings in LIF progressionghat the data for smalled’ values are more reliable, the
and by comparision of the experimental LIF intensity distri- possible inaccuracy od’ not exceedingt 1. It has to be
bution with the simulated Franck—Condon factors. noted that the set dd 11 state molecular constants in Ref. 5

Ill. EXPERIMENTAL RESULTS
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is rather scarce; it does not allow to reproduce the term erpressed in terms of the spin—orbital creation/annihilation op-
ergies accurately enough, leading up to several wave nunerators as Esr:alaanﬁ— a;rﬁarﬁ. The required dipole
bers deviation from the excitation energy. However, the posmoment estimates are immediately obtained as
sible inaccuracy in)’ values practically does not affect the =,;"™p,sDs;, Where|Dg,| is the electric dipole matrix in
dipole moment values presented in Table I. the orbital basis. It is worth noting that the procedure de-
scribed above is strictly equivalent to the MPPT computation
of the first-order effective electric dipole operator with sub-
sequent evaluation of its diagonal matrix element forrtitle

The ab initio electronic structure calculations of NaRb model wave functiorg,).
were performed by means of the many-body multipartition- ~ Since summation over the outer space determinants
ing perturbation theoryMPPT). This approach implies the (|K)) in Eq. (3) is in fact restricted to single excitations of
perturbative construction of a state-selective effective Hamilthe model space configurations, the direct perturbative con-
tonianH within the model space spanned by an appropriatétruction of ""p,¢ is not expensive and, therefore, offers an
set of Slater determinant§J)}, using several quasi-one- attractive alternative to the accurate but rather cumbersome
electron zero-order Hamiltonians simultaneou§ly’ The  finite-field technique successfully used in our previous
second-order MPPT expression for the Hermitian effectivestudies*®
Hamiltonian matrix resembles the one which is appearing in ~ The procedure of MPPT correlation treatment employed

IV. Ab initio DIPOLE MOMENT CALCULATIONS

the conventional quasidegenerate perturbation th&ory, in the present work was generally similar to that used in
Refs. 15 and 20. In order to incorporate the scatguin-
<J|H|J’)=(J|H|J’>+ E z (JIH[K) independentrelativistic effects into our calculations, we re-
2k: Lp placed the inner core shells by averaged relativistic

pseudopotentials;?? leaving 9 electrons of each atom for
1 n 1 (KIH[3"Y, (@ explicit treatment. The atomic Gaussian basis sets
A —K) A—K) ' (7s7p5d2f)/[6s6p4d2f] Rb, (8s8p5d1if)/[7s6p4dif]

~ o Na were composed of the outer-core and valence
whereH is the total many-electron Hamiltonian and the en-pseudopotential-adaptedf) base€ 2 diffuse parts of the

ergy denominatora (J—K) are given by the formula “all-electron” bases for electric property calculatiofisand
additional diffuse and polarization functions. The determi-
AJ—K)= X (NJ=NS€ nants were constructed from the solutions of the state-
riNg <Ny average SCF problem for two lowe& * electronic states of
NaRb". The model space for the MPPT calculations was a
- 2 (NSK—Ng)eS@. (2)  full valence CI space, i.e., it comprised all the possible dis-
s NE>ND tributions of two valence electrons among the valence and

virtual orbitals; therefore, the perturbative corrections corre-
orbital in the model space determinad and the outer sponded to the core-valence correlation and residual core po-
larization effects. The completeness of the model space and

space determinanK), respectively. The entities” Gse are g ;
the nonrelaxed orbital ionization potentials and electron af:[he separability of energy denominatd® guaranteed the

finities with opposite signs, defined with respect to the>'%® consistency of energy and dipole moment estimates.

L ; The ab initio permanent electric dipole moment func-

model-space approximation for the target states. Diagonal-
ot pf 5 pp.d i tg d model 9one i ons w(R) for the XS ", BII, andD I states of NaRb
& '9” Of 1 provides energy estima (-es and model wave, o presented in Table Il. These functions were converted to
functions| ) for all the target states simultaneously. the relevant theoreticat y{v',J') values(Table I, Fig. 4

To extend the MPPT scheme to one-electron property, means of vibrational wave functions corresponding to the
calculations, one can proceed via the evaluation oftfe®-  RKR potential curves. Th@ T curve has been derived
sition) density matrix(cf. Ref. 19. The first-order approxi-  from the molecular constants given in Ref. 6, while for the
mation for the spin-freen—n transition density matriX'"p D 1[I state we used the data from Ref. 5. The ground state
compatible with the use of the second-order effective Hamily,51ye with v”=0. calculated with the RKR potential from

tonian (1) is given by Ref. 6, is 3.3 D, which agrees with the experimental value

~ ~ - 3.1+0.3 DM
mnprs:<‘7[fm| Esrl 'an>+ E <(//m|‘]>
J,J

HereN; andN denote the occupancy of théh spatial

V. DISCUSSION

o~ (J|Es|K)(K[H|J")
x(J |¢n>; A(J —K) The measured absolute values of permanent electric di-
poles for theD 11 state of NaRb for vibrational levels vary-
(JH|K)(K|Egf]I") ing fromv’=0 tov’'=12 are close to 6 D, demonstrating
AI=K) : (3 minor changes withy',J’ (see Table | and Fig.)4The ex-

perimentalu values for the NaRIB II state are approxi-
whereEg, is the conventional spin-free one-electron excita-mately two times smaller, being close to 3 D. As follows
tion operator(unitary group generatprwhich can be ex- from the results presented in Table I, the experimental data
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TABLE Il. Ab initio permanent electric dipole moment valugsfor the ing states of NaRb. Thab initio calculation of the required
15+ 1 1 ¢ H . . . .
XX, BT, andD I states of NaRb as functions of the internuclear hotential curves and nonadiabatic matrix elements respon-
distanceR. Positive u-values correspond to N&b" polarity. . . 1 . .
sible for A -splitting of the~II states is currently in progress.
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