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Energy and radiative properties of the low-lying NaRRb states

A Zaitsevskii, S0 O Admnson, 150 AL Pazvok, and AV Stolvarov
Deportment of Chemistry., AMoscow Stote University, Moscow, 119899, Russio

(). Nikolaveva, O, Docenko, o INHineare, N Auzinsh M Tameanis, and R Ferber
Department of Physics, University of Latvia, Rige LY-1586. Latia

R. Cimiraglia
Dipartimento di Chimica., Universitd di Ferram. Via Borsavi 46, 1-14100. Fervara, Jtaly

Many-body multipartitioning perturbation theory was applied to calculate potential energy of
[l lowest electronic stales of the NaRbL moleenle, ACTS — X' .0 - X' i
AV and DL = BT transition dipole momenis, as well as non-adiabatic L-nnconpling matrix
clements between the examined "TEand fom Towest ' siates for hoth Z2Na" 1005 and 7PN 1
isotopormers.  The relevant. MPP'IY ab initio matrix clements and enerpgy curves were converted
by means of the approximate sum role Lo radiative lifetimes and A-doubling constants (g factors)
for the particular rovibronic levels of the B and D' states. The theoretical liletimes agree
well with their experimental counterparts for both I3'H and D' states. The g-factor estimates
obtained in the singlet-singlet approximation are in good agreement with the experimental ones
lor the I)Ill(l < < 12:7 < J0 <0 levels, exhibiting pronounced  dilference Tor the B
state. Considerably better agreement was achicved by acconunting for the spin-orbil pertan bation
elfect. cansed by the near-lying ¢*31' state. Relative intensity distributions in the D' — X'y
dispersed uorescence spectra excited by fixed Ar' faser lines were measmed for 0'(J7) a1y,
1(104), 1(25), 6(-1 1. 120), 10(36) and 12(50) D'H levels. The experimental intensities and term
values were simultancously ecmbedded in the nonlinear least <epare lilking procedure Lo refine the
Dl potential

L. INTRODUCTION

The heteronuclear alkali dimers are a permanent challenge Lo both experimental and theoretical researchers in-
volved in collision dynamics. photoassociative spectra. laser cooled and trapped alkaline at oms due to their promising
prospects for the formation of ultracold molecules [1]. As far as the NaRb molecule is concerned. i spite of a number
of experimental and Lheoretical studies carried oul in the last (wo decades [2 0]. the knowledge ol its energy and
radiative propertics is still rather scarce. ligh aconracy experiment al molecular consiants and corresponding RKR
potentials are available only for Lhe ground X'V F state and. to a certain extent. for the honnd part of the 'Y state
correlaling to the Na(3s) + Rb(5s) atoms. as well as Tor the B state correlating (o the Na(3s) 4 RD(5p) aloms
due to systematic st udies performed in the Kato group [2 5] by polarization spectroscopy and optical-optical double
resonance methods. Noleenlar constants for the D' state, which are responsible Tor Che sirong green D' - X'y
absorplion band first observed as early as in 1928 by Walter and Barrat [10]. were only roughly estimated in [6] from
the intensity distribntion in the D= X1 laser-induced flnorescence (L) Potential energies for the ground and
27 lowest exciled elecironic states of Naltly have been recently calenlated |7] by means of non-empirical psendopo-
lenbials. paramet rized I-dependent polarization potentials and fnll valence confignration interaction (C1) method. 1t
shonld be noted that the agreement helween Theoretical and available experbmental spoctroscopie constants is ol
nhwenys pood enongh, cf . for instanee, The enlenlnted valne |T| W, 516 cm ' Tor the B state of ZPNa™ R wilh
the experimental one 61171 em ' oblained in [2]. "The existing mformalion on radiative propertics of Nalb s even
pooarer. Only two eagmentary measurements of collisionless rndintive fefme nee reported in the liferaime, nanmely
T= 178 ns for B (0" =5, =2 20) [5] and 7= 220 ns for DM (0" = G0 = 1) 8]0 Al B-independent estinal e
fo=7.00D of the B'II —X'S* transition dipole moment averaged within the internuclear distance region 3.73 A
< I <198 A was obtained in Refl. [5] from the experimental Tifetime and LI intensity distribution. Only a very
rough estimate of Lthe relative ji(R) dependence was suggested in [6] for The D' = X8 transition. No theoretical
calcutations of radiative properties of Nallly can be lound in literature.

In our recent study on NaRDb [9] the permanent electric dipole moments d were measnured for a number of .7/
levels of the B'H and D' states by combining the de Stark effect induced ¢ — f mixing for a particular rovibronic
level with the direct determination of its A-splitting energy A, ; by means of the electric Radio Frequeney  Optical
Double Resonance (RF ODR) method. The measured d-values were in good agreement with the concomitant ab
mitio calenlations performed i [9] by the mullipartitioning perturhbation theory (NIPPTY developed in {1112]. The
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MPPT method has been previously approved as an excellent. tool (o calenlate permanent. electric dipoles [13] and
transition dipole moments [14] in the NaK molecule. \What is more. in Rel [I5] the MPPT was adapted to calculate
the electronic L-uncoupling matrix clemertts Lys (/1) helween the samypled "H and remole 'Y states, providing reliable
estimates of the A-splitting energy and the g-Tactors of the 311 and D' states of NalK.

The main goals of the present. work are as follows. First, Lo apply the NMPPT teehnignes developed and approved
in [9,11.12.15] to evaluate NaRD potential energy curves /(7)) of the clectronic states converging to the first three
dissociation limits. as well as of the E'S" state. Second. 1o calenlate the transition dipole moments (1) Tor the
singlet-singlet transitions, as well as Lhe non-adiabatic L-uncoupling malvix clements Ly (72) between the examined
"1 state and four lowest 'S states for both Z*Na® Rl and #Na®" Ry isotopomers. 'T'o allow direct comparison with
available experimental results. the relevant MPPT matrix clements and pofential energy curves were converted to
the racliative lifetimes and A-doubling constants (g-factors) for the parlicutar rovibronic levels of the 311 and D1
stales by using the approximate sum rule [16]. In addition. the relative intensity distribntions in the DU — X'zt
digpersed flnorescence spectra were measured and embedded, together with the transition dipole moment function
feony xoy () computed by the MPPT. the high-accurate RKR XYY potential [rv] and experimental DU
rovibronic term yvalnes, in a nonlinear least-sqnarc fitting procedure to reline the D' potential,

II. METHOD
A. Experiment

In this paper we present three experimental data sets on the NaRb molecule obtained from the laser mdneed
fluorescence measurements, namely. the DU state term values for a mimber of rovibronic v'.J" levels, and relative
intensity distribulions in the DT — X'S* LIF progressions originating [rom these levels, as well as A-donbling,
constants for ', levels of the B'H and DY states. FPhe experimental set-np has been deseribed in more detail in
onr previons papers [13.01]. Let us remind here some essential poiuts. The lixed fregqneney lines of Spectya Physies
[T1AYY laser. as well as of Isrt and He-Ne Jasers were nsed to exeite s partienlar &f L level of the DU or B9 state
of the NaRD moleenles in a thermal cell made from 1 he alkadi-resistant glass, The coll was connected to the vacnnm
pump and contained the mixture of Na:Rb melals in the respective mass ratio ca. 1o at lemperature 1 22 550 K.

Term valwes. 'The D'l state rovibronic term values 1777 were obtained by adding the DU ') - X85 (00 T")
transition laser freguneney to the energy of the absorbing gronnd sinte rovibronic level o 77 The assignment of the o,
4 quantum mimbers helonging (o the particnlar isotopomer 2INa®" R or ZPNa® R s disenssed in more detail in Ref.
(9. It is based on the careln] measnrements of the vibralional and rololional spacings i LI progressions and Cheir
comparizon with the spacings ealenladed nsing Uhe hich-necnrate gronnd state moleenlar constants given in Refl {2 4]
Vibrational numbering was sapported by o comparicon of the LI velative inlensity distribntion with the ealenlatod
Franck-Condon factors. In addition to the 'l state v'(J') levels listed in Table 1 of Ref. (9], we have identilied two
more '(.1') levels. namely 1(.J" 22 104) and 6(.J' == 120). excited by the 5145 i Ar™ laser line. However. we do nol
presenl here the term values of these stales since, because of poor accuracy of ground state term values for large J',
the latter was only estimated, and. consequently it was impossible to assign the particnlar isotopomer. Nevertheless,
the respective LI progressions were involved in the relative intensity distribution analvsis.

Intensity distributions. The D' — X137 relative intensity distribntions were measured in pholon connting regime
by detecting LIF spectra from the DVH( 'Y levels exeited by single mode Avt-laser lines. The donble monochro-
malor with Lhe slits Q08 Q10 mm provided 0.3 01 A spechral resolution. T order to avoid (he femperntare
driflt and lascr excitation condition changing cffects, The measuremenls were perlormed in a step-hy-step regime by
alternative returning to the particular luorescence line of the same progression which served as a reference line. The
spectral sensilivity ol the registration system was calibrat ed using a standard tungsten band-Tanp with the known
spectral irradiance at definite temperature. To avoid the possible influence of the inear polarization of the moleenlar
fuorescence, the polarization vector of the exciting laser heam was direcled  along the observalion direction.

A-splitling consinpis. T'he experimental A-splitting energy valnes A, ;. measnred direetly by the RIT ODR method
[17.18], are presented in ‘Table 1 of Ref. [9]. These values have been used in the present work Lo extract the A-splilling
constants. or q -lactors. Note that this method yields onlyv the absolute value and not the sign of the g -factor.

B. Outline of theory

I'he present theoretical study of the NaRb molecule is based on 1he ab initio electronic strnctnre caleulations
performed by means of the many-body multipartitioning pert nrhation theory (MPPTTY [11.12] The transition moments
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(1), as well as the L-uncoupling matrix clencuts Ly (1) = (L H21) between the ' state under study and the
remote 'Yt states were determined via Lhe perturbative spin-lree one-electron transition density matrices. Tl
scalar (spin-independent) relativistic effects have been taken into account by replacing the inner core shells with the
averaged relativistic psendopotentials [21,22], leaving 9 electrons of cach atomn for explicit treatment. The performed
caleulations employ Lthe MPIP'T to incorporate effective interactions arising from the core-valenee correlations and core
polarization clfeets into thie model-space Cl (valence-shell full CI) problem. The completeness of the model space
guarantees the size-consistency of the derivid energies and matrix elements. The spin-orbit (50) iuteraction effects
o the clectronic propertics vnder study werce neglected in the present treatment. The computaiional details can be
found elsewhere [9,15]. ‘Fhe Lransition moment functions were oblained in the dipole-length approximation; the mass-
dependent L-uncoupling matrix elements were computed scparately for the 2 Na®SRL and Na® RD isolopomers.
The required atomic masses of the Na and Rb isotopes were taken from Ref. [19]. For 1 — Y transitions g1y (12) and
Ly (1) Tunctions relate to cach other as [20]:

23 I‘cT 23 ;abb N .
Lyg® " — L deRY = g [Un — Us), (1)

where £ = £(R2) is the shift of the center of mass and Uy (R) — Up(R) = AUpyg(R) is the difference of the Born-
Oppenheimer potentials. Due to the small shift of the centre of mass for two isotopomers, Lhe calculated differences of
the isotopic-substituled L-nncoupling matrix elements are obviously expected to be very small. Nevertheless, to test
sclf-consistency of Lhe caleulated ab mitio U, g and L values, the relation (1) was applied (o evalnate the corresponding
fiy moments and Lo compare them with their dipole-length analogues.

The splitting Ay between ¢ and [ components of the initially degenerated 'H level is mainly determined by
reqular clectronic-rotational perturbations caused by the remote singlet '2% states [23]. Under this singlet-singlet
approvanalion, strong J-dependence of the A g values is usually reduced Lo the so-callexd g-lactors using the exprassion
A'Llf = 'l IS+ 1) [20]. The expression for the ¢ facior is

‘ 2

20,8
oo % [0 [ Loy / 10 ) .
Yy = :{[W} Z(fl) Z 7' TnJ — TZ,, ) (

where M is the reduced molecular mass, & = 0 and 1 for the X7 and ¥ states, respectively. The rovibronic term
values 15, and wavefunctions |v;) are the eigenvalues and eigenlinctions of Lhe respective radial Schrodinger equation.,
g
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The radiative lifetimes 1,050 and relative (o' J" — jo” " [lnorescence intensitios 1y combine with each other

through the Pinstein cocllicients AL 23]
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where S0 is the Honl-London lactor, of corraponds to the band with the maximmm imensity within a given

progression, 8w% /3heg = 2.026 x {0 ¢ ‘
|

.ty is the permiltivity of vacuum, g inaa, and [, are the rovibronic terin
values in cm

The velovant NPT Hransition dipole moments were converted into radiative lfeGmes 785 Tor the particular rovi-
bronic levels of the B and DV states by applying the approximate sunrile [16], which allows one to avoid tedionus
sumnation over vibrational levels of thie remole clectronic states:

i
B~ . .
T fo Ly sy, Uy o TR -
V7, = (o] | vy, A B Al/Y i, 0
! Tog (0] led) 3he, 2 mHng (")
J
Alhy; = Uy = U, being the potential dillerence between interacting states. Similarly, the L-uncoupling electronic
matrix elements Ly were converted into g-lactors through

‘/” . ((’“l()"'“”!l'“) ()Fum — 2 O — I 2 ( l)k 1'|—)Il (())

i A v '_,l I - ¢ - 4 — :7A7 - - 3 (_-T7 -

‘ - TN L RYAUy,

J=2& J=2&

Phie reliability of the sum rules was continmed numerically by performing the direct simmation in Fqgs. (2) and (3)
Hly i iy . ] N : o , } )
for the DUV o BT and BYY (Y37 pairs possessing mininnnm energy gap at the internuclear Jdistances of interest.
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Ihe discrepancy between the results obtained directly and their sum rale analogues is found 160 be less than 0.1%
for all rovibronic levels under consideration. 'The rovibrational wavelmucetions were calenlated using the empirical
RISKR potentials corrasponding 16 the molecular constants from Rell [2] for the B state and the ones obtaiued iu
Lhe preacol work for thie OV state, The conergy difercnces Mgy oy were evaduated using the corresponding
REKR potentials and cxperimental clactronic cnergies (1), while the ditlerenea AUy gy o have been calenlated
using (he proscul e inilio polentials sinee the experimental moleaular constants for the exeited P37 states have not

been obtained yet. Phe ndinite sunimation in expression (6) over all possible 'y

clectronice stales including those
cmbeddad into the auloionization continnmm was truncated on the £21Y7 state since the large potential differences
and the Tactor #27 inthe vhis of Feg(6) suppress signilicantly thie contributions lvomn the ranaining remote states
[15].

Relative intensity distributions in the L progressions are determined by the potential curves of the combining
states, as well as by the R-dependence of the corvesponding trausition moment. ‘T'hercelore, a kuowledge of the ab duitio
o, (R) hanetion and experinmecutal molecular constants for the ground stale, aloug with relevant transition frequency
measurcinculs, provides a possibility Lo apply rclative intensity measurements Lo reline a potential curve for the upper
state. Since the nunber of the D' state tern values experimentally obtained in the present work is definitely

tusuflicient (o determine a set of DY molecular constanits of reasonable acenracy, bolh eaperimental term vahies
i Rls .L’)
Lo
fitting proceduare:

and LI intensity distributions /7%, were sinmiltancously embedded in the weighted nonlincar least-square

2 o
FpeELp - 2 ; ‘al
et [‘f‘[ [”P i Jea
H Dl D DX DX -
min Y T g s ; (7)
il Clhp o DX

where the variation parameters are the D' state Dunham coellicients. A minimun of the functional (7) was searchexd
Ly Lhe modilied Levenberg-Narquardt algorithm combined witly a finite-dilference approximation to the corresponding
'J"/""”'/” coefficients were evaluated basing on the present abd initio MPP'I
moment function gy xiy (£2). while the rovibrouic term values ’/"f)"llu, as well as the wavelunctions |vy) for the
gronnd XX and excited D' stale have been obtained by a numerical solution of Lthe radial Schiricdinger equation
with the RKE potentials constrncted by mcans of the isotope-substituted Dunham moleculan constants. The gronnd

i

Jacobian matrix. The A transition dipole

state moleeular constants were taken from Refl. [5].

L. RESULTS AND DISCUSSION
A. Electronic structure parameters

Energy curves. 'I'he potential energy curves, scee Fig. 1 and Table I, were caleulated Dy the NPPT method Tor
all singlet and triplet states of NaRDb converging to the first thiree non-relativistic dissoctation linits, as well as for
the: I7UN7 state converging to the Na(3s) + Rb(1d) dissocialion limit. The reliability of the derived curves can be
ested by Lheir comparison with the available experimental [2.5] and preceding ab initio [7,25] data. Figurc | and
Table I demonstrate that the present potentials ave in satisfactory agreement with the cipirical RKR curves and the
corresponding experimental moleeular constants for the X80 @20 BT and D' slates, as well as with the recent
calculations [7]. In a number of cases the present calculations are in soniewhal beller agreement with experimental
data. For instance. for the 811 state the relative difference §(w, ) between the calenlated and measured [2] vibrational
conslants is ca. A% in the present work and ca. 16% in Rel. [7].

Transition moment functions. The resulting MPPT trausition moments obtained i a dipold denglh approximation
for the most essential singlet-singlet clectronic transitions are presented in ‘lable 111 . The dipole moment functions
for the 811 X' and DU - X' Gransitions are depicted in Fig. 2 (fall symbols), along with the MPPT
finy e (1) Tuncetions extracted from the dilfercnce of the NMPPT L-uncoupling matrix clements for different isotopomers
according to Fg. (1)} (open symbols). As can be scen, exeept of small R-region, Lhe latter are in good agrecment
with their ab initio counterparts calculated directly in dipole-lengtlh approximation.  The divergence of these two
approaches in the small /7 region seeimns to be attributed 1o ihe small values of the € = £(12) functions in . (1)
which hecome comparable with the absolute accuracy of the dillerence in the isolope-substituted L-uncoupling matrix
clements at /e« 1A As can be seen from Pigs 2,0 the BYT - XD transition dipole momaen fncetion gogng oy
does not exhibit any strong R-dependence in the B-interval under study. Such a beliaviour does not contradict the
estinade (1) 22 const al 373 N <2 10« LI% A nade in [5]. 1he present absolute ge-valies heing in consistence with
the ones obtained Ju Bel |50 bor the O - N DY ransition Lhe dipote moment Tonction gy, o (1) s steeply
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growing with K. A rapid increasing of yi at 1.1 A < R < 1.6 A was qualitatively predicted in Ref. [6] from the failure
of the Pranck-Condon approximation to describe the mcasured inteunsity distribution.

L-uncoupling matric elements. "The MPPU Loy ovgs and Lpgponigs electronic matrix elements for the
FNa®Rb isotopomer, NV denoting X, -4, (" and 127, are displayed in Fig. 3. As cau be seen from Pig. 36, the
Ly oarvss (B) rellects, in a wide range of R, the VanVieck hypotliesis of pure precession [26] according to which
the B ~ A'YT pair is considered as 7, o-components of the [Nalb]Tup complex, leading to Lgiy g = V2.
The behaviour of L. ey reflects the generalised VanVieck Lhiypothesis of pure precession; according to which
Ly .oy should ineréase from V2 to V6 as R decreases, see Vig. 3a. The pure precession approximation fails
completely for all other matrix elements aL any R range.

B. Lifetime

The radiative Tifelie ostimabes for the B and DV staces wore oblained by B (5) accounting for the 811 —

NI bransition and D' At onti AN oot S ransitions, respectivelve The contvibution of he
remaining B — A and DU = CPYT transitions, whitch were stimatod by . (V) from corresponding isotopic-
substibuted £ - nncoapling wateis clements, 1o the corresponding Hlctimes is negligible becanse of small Troguency
aed probability Tactors. The caleabined o -dependences of rovibronie lifctimes 70 for (e B and DY state, wre
presented in g for Y = 1,50 and 100, As can be seen, the TLIID valucs demonstrate prononnced sensitivity Lo
vibrational and rotational quanium nmnibers thas reflecting the strong R-dependceuces of 1he A" (R) operator in
Ve (5) for both states.

To the best of owr knowledge, there exist ouly (wo sponlancous lifetime 7., measurcments in the BT and D'
states of the Nalth molecule, one for a particular ¢, J level for cach state, The value 7(0” = 5,07 =2 20) = 178 ns is
reported in Rof. 5] for the BMH state and 7(0" = 0,J" = A1) = 22.6 £ 1.8 ns is veported in Ref. (8] for the D' state.
As can be scen from Fig. 1, Lhe agreeineut between the calenlated and the experimental valies is guite satisfactory.
I scems Lhat the expoerimental 7,5 vaine for the B stare slightly (for ca. 10%) exceads ils (hcoretical estilate, see
Fig. -la, while the measurad value Tor the DV state is somewhat 5% smaller than the Lheorelical one, see Pig. 1b.
Nole however that due to Lhe lack of experhmental data it is diflicult £o make any definite jundgement on whetlier the
drawbacks in calenlation or the experimental inaccuracies are respounsible for this discrepancy. and it is clear that a
more profound experimental study is needed to test Lthe theory.

C. A-doubling constants

Experiimental A-doubling coustants g, ., are presented in ‘table IV for a number of rovibronic levels of the Bl and
D'11 states. Ouly absolite values [0 cp] can be deduced from the RF -ODR experiment. 'T'he crrors gquoted for .,
are estimatod [rom the statistical uncertainty in the resonance position of the RE ODR signals. We addal to onr
data for the B'1 state Lthe ger, value and sign for the level v(J) = 8(15), which we extracted from the high resolution
spectroscopy studies reported in Refl [5]. Note that, as follows from Ref. [5], this level is strongly locally perturbexl.

Stnglet-singlet approvimalion. The ¢'! values calenlated in the singlet-singlet approximation. ~ce Fas. (2) and (6),
arc given juTable IV as ¢* 7 for thie B and D' states. They demonstrale prononnced scusitivity 1o the vibrational
and rotational quantum numbers involved. 'This reflects the strong 2-dependences of 1he Q2 (1) operator in (6).
sce Fig. 5. 'The behaviour of Q*“" () in Fig. 5 shows that the D' state obeys the unique perturber approxiniation
[27]. Morcover, the obsarved crossing at 1222 6(A) hetween e interacting DU~ EYNT Slates, see Fig 1, does not
alleet Hhe (/,[,_),— values for o’ — 0 12 sinee (e £, -uncoapling matrix clement, see P 3, as well as Uhe probability
depsities of the corresponding vibrational wavelinctions are negligible near the crossing point. ‘T'he g-factors for the
B slate are delermined by a strong competition between Hhe lower P27 and upper C1Y7 state contributions
leading to the cxiremely small g-values. 'This fact explains why A-splitting in the Y1 state was not observed for the
anperturhad Jevels in the high-resolution spectvoscopy studies [2].

The g fctors o the D stabe, being, abond T 100" e 'se e lnrger s fhe oues b the B0 stale, As
follows from 'table 1V, the calculated D' statc g-factors ¢° 7 arc in good agreement with the experimiental ones in a
wide range of 0°(/) levels except of the level o/ (J7) = 10(36) in which g, exceeds the caleulated value by a factor of
almost two, The comparison of g7 " and g, o vadues for the £301 stake shows less consistency, which can be probably
altributed to the elleet of local partiebations.

Singlel-triplel perturbaiion effect. Uhe spin-orbit (SO)Y interaction B~ X mixes the BY1(S =0,0 = A = £1)
state with the #37(9 = 1,Q = ¥ = 41) components of the crossing 337 state, sce Fig. 1. In the framework of the

simplest two-tevel model, the c-parity levels of 1he perturbed BU1 state interact with (he S = 1.2 =2 =)
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component of the ¢*XF stale due to the S-uncoupling matrix clement ’\/J—(J+ 1)/AL12, where (7 ' s the
mixing coefficient corresponding to a fraction of the 3X7T state in the perturbed B'Il state wavehinction [23]. ‘Then.
assuming the regularity of the spin-rotational perturbation, the contribution ¢t of the singlet-triplet BT ~ ¢33~
interaclion into Lhe g-factors of the B!11 slate is roughly reduced by the sum rule (6) to the form:

I <l — Alg_¢/A

EI l

; / 1 '
N &“.IIII(TI‘—E] ~7 ) les) (8)

14+ AUg /A

where A(/t) = \//_\(/é LA V2 and 4, (12) is the BT~ ¢33 SO matrix element. The vequired § V¥ () function

50

was estimaled from the corvesponding ab miilio \',ii‘\'l"‘K(If) function for the NaK molecule [28] which was scaled by the
ritio of the experinental SO constants of Rb and K atoms [29]: 4 Nty oy Nab gy W0 708 ere Q158 e

s Sasy st — v g gt Cpresentad i Pable
IV are in reasonable agreement with (hehr experimental analogues, especially taking into account the small valnes
of the BN state g-Tactors. T'he possible SO B~ @HE perturbation cllect on the g-factors of the B state is
expected 1o be much less prononnced than the B ~ ¢*X% one since its inftuence appears only in the third order

b
Pl =38 cam Y o ospite of the arude mode! used, the resulling g-factors ¢

ol 1hie nondegencrale perturbation theory, Morcover, Fig 1 induces one Lo assunie thal the overlap integrals hetween
vibrational wavefunctions of the 81 and 631 states are negligible for the low vg-levels, thus, assignment of a number
ol local B'1L state perturbations (o a direet BT~ 311 SO interaction [3] scems 1o be questionable. 1t should be also
added that in Hand’s case (¢) coupling representation the difference in perturbation effects caused by the *Iy and
3% components becomes indistinguishable.

Although an admixture of the triplet 1 and X electronic wave lunctions o the DI state wave function secins
Lo be of lesscr importance Lhan for the 31 stalc bhecause of mch sialler SO eflcets in the Na(3p) atom as compared
to RL(5p), the local singlet-wriplet interaction conld be responsible for the relatively sinall irregnlar changes of the
measured ¢l Tacror, sce Table 1V

D. Refinement of the /)'1] potential

The relative intensity distributions i the DV — XTY7 LIF progressions vesulting from (he fixed D' state
vibrational-rotational levels v'(.J') measured in the present work, namely O(41), H{104), -1{25), 6{-11), 6(120), 10{36)
and 12(50) arc presented in Mg, 6 (openi bars), along with the o' (') cqual o O(11), 5(62), 6( L) Trom Ref. [6] (striped
bars). ‘l'able V countains the experimentally determined terin values "1’:,',".7',. obtained by addiug the wavenumbers of
Ar™ laser lines causing DV, J') «— X' (0", J”) transitions to Lhe corresponding X ' X7 (0, ) energies, whicly
were caleulaled by means of Dudduan constants fromn Rell [5]0 Pern values with 27 > 100 are nol presented in Table
Vosince their accuracy s nsullicient due to =Gl anknown centrilugal-distortion constants of the X 'X7 stale, hence,
the 7 assipiinent 5 nob naanbigions Tor Lupe S0 vihies.

The measured intensity distribntions and teco vidnes were involved o the siultancous non-lhncae Htng procedie,
see 12q. (7), to produce Lhe refinad molecular coustant sct for the DV state of the 2 Na® RD moleenle. Three different
initial sets of the D' state molecular constants were used, namely, the constants given in Ref. [6]. as well as the
constants stimaied from the prasent and preceding [7] ab idtio potentials. The independence of the final sei of
the molecular constaids of the choice of e initial sels guarantees e achicvement of che globad winimun of the
fnuctional (7). The refined DT state molecular constants are given in Table 11, while the corresponding RKR
potential is depicted in Fig. 1 (solid bold Hne). The caleulated relative intensity distributions are displayed in Fig. 6
{(full bars). As flollows [rom Fig. 6, the prescul experimental and thicoretical intensitics are in sal isfactory agreement,
especially for high vibrational levels o', Phey agree with the precading iutensity distributions measured by the Kato
group [6], which arc also depicted in Figo 6 (striped bars) when available. The D' state vovibronic term values
Loy caleulated witl the refined molecular constants fron the 'Table 11 reproduce their experinmental connterparts
much better than the calenlations based on The previous constants from Ref. [6]; ¢f. the dilfarences A, between the
observed and caleulated I, ;. values in ‘Fable V. The maximumn deviation between the theoretical aud experiniental
term values has been obtained for the level o’ = 10, = 36, which seets to be locally perturbed by the near-lying

A and/or 307 state, see Fig. 1. Note Chat it is Just this level possessing the largest deviation between the observed
and caleulated g-facior, see Table 1V,

It is worth nentioning that the relincment of the DY state molecular constants is achicved mainly through the
improvement of the rolational constanl s, Incead, the changes in 3, are ca. 1%, while w, was changed only by ca.
0.3%, see 'Table 1 This can be clearly wnderstood from (he facl that the Franck-Condon factors are more sensitive
to tha variabion of the rolational constams tian of the vibrationa! ones.
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1V. CONCLUDING REMARKS

The MPPT calenlation method previously used to estimnate the Nallb permanent electric dipoles [9] has been
successfully applied Lo evaluate the energy and radiative properties of the NaRb molecule. Further improvement of
the theoretical trealment apparently demands an explicit consideration of overall singlet-Lriplet interactions based on
relativistic caleulations of the spin-orbit matrix clements [28]. The ab initio calculations reqnired are currently in
progress.

The paper demonstrates that in the case when only few experimental term values of the upper state are available,
an hnprovement of the molecular constant set can be achicvad by inchiding the relative LI infensities into the
siiaullancons lithing rouline. Phe requircd acomrade transition dipole moment functions can be obtained as the ab
oetio NMPP'T estimales.

The calealated transition moments g 12) and L-uncoupling natrix clements of NaRD are very close Lo the corve-
spouding p{ 12) aud L{12) Mnclions of the Nal nolecule [1-1,15]. The iminor changes of 7,040 and g0 40 in passing rom
Nal to NaRb can be attributed to the mass dependence, small relative position changes of the interacting electronic
states, as well as Lo the more pronounced SO effects.
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Captious to figures

Figurce 1. 'Phe MPPI potential energy curves for the low-lying singlet (solid lines) and triplet (dashed lines) states
of Nakb. The empirical RKR potentials for the XY+ [5], @*3 " 5], B [2] and D' (present) states are depicted
by bold solid lines.

Fignre 2. The MPP transition dipole moments pigiy yiy and gipip. xin+ calculated in the dipole-length
approximation {full symbols), extracted from the isotopic-snbstituted L-unconpling matrix elenients (open symbols).
The cmpirical cstinates Trom Refs. [5,6] are shown by bold solid lines.

Figure 3. ‘I'he 1e-dependence of the MPPT L-uncoupling clectronic matrix clemeints between the 1 state and the
first four ' 37 states for the 23Na® Rb isotopomer. (a) DL state. (b) B'H state.

Figure 4. The caleulated radiative Jifetimes of 2Na®®R1y versns vibrational quantum number o for three diflerent
rolational quantom numbers J'. (a) B state. (b) D' state. Fall cirdles denote the experimental lifetimes of the
B'I(v' =5,J" = 20) [5] and D'L{v' = 0,J" = 11} [8] levels.

Figure 5. The caleulated according to Faq. 6 partial (Q,) and summary (Q**™, bold) contribmtions of the first four
IV states into the g-values of the DY state (a) and BT state (b) of 22Na%Rb.

Pigure 6. Comparison of the preceding [6] and present measured relative intensity distributions i the D'H(0', ') —
X' LIE progressions with their theoretical analogues. Both measured and caleulated probabilities for each pro-
gression were novinalized 1o 1 for the band having maxinmm latensity. (#) intensity conld not he determined dae
to overlapping with other lines.

TABLE L MPP'T potential curves of the NaRD molecule (in ein™t).

R{an.) Xy Al it B' eyt o' E'Y
51 2661 U706 o 20772 23182 2T 26698
549 GO8 151020 18721 21130 DY 21380
6.1 T 137 1 17101 195006 QORI D47
6.4 2 120650 1G7 64 18177 ooy 262
7.1 247 12015 16157 17839 109515 21829
7.9 731 11763 16120 17557 19124 21823
8.1 1310 11708 1GSOG 17156 19183 20714
5.9 1080 TR 16660 17512 106491 21520
Y1 2603 12025 16831 17678 10998 21397
9.9 3186 12392 16074 17030 2032) 21336
101 3673 2660 17107 18237 G020 21268
10.9 1082 13013 172028 18686 VS 2109)
11.5 1 1GY 13514 17362 19047 2120 20150
120 1751 11066 17163 19179 D2 21093

12.65 1912 11567 17542 10867 21561 21043
1325 5091 15078 17612 20235 21651 21011
R(a.u.) SN [T PR AT oIt

ENE 11631 s C O 99RY) 21032 21760 - )

54 9300 11923 19979 21991 22530
61 7759 1210 17931 200631 200 U
6.9 G739 11066 16655 10836 20301
7 6030 F1302 15867 10396 20058
7.9 5(:20 1E80§ 15518 19260 20071
I | 5353 12146 153806 19261 2T

8.9 A0011 13147 15127 19378 20603

9.4 5128 13870 155671 19573 20081

0.4 5115 LIST | 15777 19765 21341

101 5110 15217 15991 1908 § 24613

1.9 L1130 157849 162172 RIVUR D826



16306-1
16798
17099
17330

16463
16690
16875
17050

20535
20837
21091
21319

21907
219056
21875
21819
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TABLE 1. Comparision of the experimental and ab nitio molecular constants for the X'% ', oY, B'11 and D' states
of Na® Rb. (Energies in cm ™!, R. in A).

Experimental | Ab witio
Ref. [2,5] present Ref. [7] Ref. |25]
Xt R. 36435 362 371 3.63
We 106.806 107.3 10:3.9 106.0
aent T. 181775 5110 1363
1. 5.75 5.6 5.0.1
we 18.8 21.7 15.3
BN T, 16527.79 16120 16321
i, 11767 1.08 131
We GLAT 58.8 51.06
Experimental [ Ab initio
Rel [6] ~ present present Ref [7)
DN T 19695 ©19692.06 10175 10529
1. 1139 1.2155 4.2 A3
we 73.5 73.26 70.3 71.9
WeLe 0.:150 0.474d
Wele 0.8207x 102
3. 0.05.01 0.052.44
e 036x10 ° 0.3311x10 3
Ve 0.9350x 107°
TABLLES HL NMPPYA transition dipole moment fanctions.
R, an. H{(R), an.
A-X B-X C-X D-—X DA D-B
5.4 3.589 3176 0918 0.792 1.588 1.977
5.9 3691 3110 091 0.950 | G4 LA b
G- 3811 3011 0.011 1.004 L7385 D102
6.9 3,930 3.078 0.997 1.252 1,604 9103
7.4 1.076 3.035 1.083 L7 i.581 2.952
74 1197 2971 1.191 1.662 {43 1.968
8. A1.30:1 2.807 1.321 1.892 1,258 1.581
8.9 1.377 2819 61 2.107 1.079 1175
0.1 1108 2,734 1,605 2.988 0.913 0.803
9.0 1.391 2,663 1,739 2.458 0.756 0.477
0.4 A2 2620 1.850 2.577 0.620 0.215
10.9 1,290 9 540G 196G 2667 0 15 0.072
105 LOT I 2 100 2072 2740 0468 L0063
12.1 3.001 2,540 2171 2.784 0.265 20151
12.65 3.753 2,610 2,268 2.810 0. 165 -0.201
13.25 3.617 ) 37 2.381 2.820 L0927

0.073
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cm V) Jor the B and
takes inlo awconnt the spin-orbit

TABLES IV, The caleulated (g7 7, ¢™") and expevimental (ger,,) A-doubling constants (i 10 °
D' states. The ¢
B'll ~c*¥ " interaction.

St

? values are obtained e vhe singlel-singlet approximation, while ¢

B state

Isutopomer ' (J") |qecpl| g’ Qe
Na®RL 4098 0.023 £+ 0.001 0.04 -0.02

ENa®Rb 5(116) 0.054 + 0.001 -0.01 -0.03

BNa 1, 621 0.29 £ 0.03 -0.01 0.2

BNa® R 8(15) 0.5 -0.01 104

o DM state

NS, oy - 0.071 1 0.003 NECE o

ENa® Rb 1{7) 119 40,12 pl

NG IR 1(25) 108 + 003 P17

SN R A1) LORT | 0.002 PG

NG, G(-1) 1130 £ 0.003 1113

BNa¥Rb 10(36) 1.818 + 0.003 110

HNa® R 12(50) 1.091 £ 0.001 b1.06

TABLE V. Experimental D'I1 state term values T,/ .
difference between the observed term values and the teri values caleulated using either the present constant

the constants given in Rel. 6] (L\Héf' Ly,

“) ¢ value was oblaincd with “+

”

9]

1

Loy and A, . are in em !

sign frowr the high-resolution spectroscopy data [5].

Aeee 15 the exciting laser wavelength (in nmm) and A, ¢ s the

set (A’a’"i.bu”) or

Isotopaomer ITHI AT A Ao ’/:f';‘fll’, APreeent A”}L'ﬁ [6]
N R O, 01 21 S 198:31.53 vy 0ny
BNL R 1,7—3,8 5015 1980103 021 1:3.580
N 1R 4,255,241 514.5 200412.02 041 1313
ZINARD L1011} 501.7 2000961 0.68 927
BNa¥ RL G,db—0,:15 514.5 20248.61 1.72 8.5
N2 1th 10,36—2,35 196.5 20472.87 124 21,10
BN 12,503,119 496.5 20673.00 -0.19 20.2]

1)
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The paper presents experimentally obtained permancnt cleetrie dipole moment values (400
clectronically excited B 1 and D' stares of 2 Na® Rb and 7 'Na® R isotoponter molecules tor
number ol vibrational and rotatonal levels (v’ J7). The method is based on measuring relative
intensitics of U lorbidden™ uorescence tines appearing due to de Stark clleet induced ¢/ f parity
atixing 1o a particular (v',J")-level, combined with electric radio frequency  optical double
resonance tcasurenient of A-splitting cuergy &, , . The measwred D ') site e values are close o
6 0, vepresenting mitnor changes with the vibrational level o vacying from 910 12 and /7 in the
region between 7 and 50, white the measuced 8 11 state g vidues ace about 3 D Jor o' 1 S and
6. The X" B, and O ' dipole moment Tunctions p( K are caleulated ab fnitio using thc
many body multipartitioning perturbation theory for explicit reatinent of core-valence correlations.
The theoretical and experimental dipole moment estimates are ina periect agreentent for the ground
state and the D M state, dilfering by 152 25% for the B ' stwie. O 2000 American Insiituie of

Plivsics. }S0021-96006(00)00336-6]

L. INTRODUCTION

The permanent clecue dipole momient of an clectroni-
cally excited molecoliv state corries valuable ntonuation on
its clectronic structure as well as on cncrgy branstor proper-
ties. As has been demonstrated by our recent studies' on the
NaK inolecule, which is up 1o now the best-understood hiet-
cronuclear alkali dimer, 11 is possible 10 obtam rehiabie per-
manent clectric dipole moment values for given ¢ and /7
levels belonging to the excited ' states by mcasuving de
Stark celfeet induced changes in laser induced luoreseence
tLIF) specira combined with the direct determination ol ¢/ f
A-splitting lrequency (A ) of the (o ,J7)-Jevel under study
by wapplying the clectiie Radio Frequency  Optical Double
Resonance (RE GDR) method. On the othier liand, the ab
o caleulahion hasced on the mutuparttoning perturbation
theory {MPPT) demonsirated excellent agreement with ex-
perimentally obtiined permanent dipole values of the D 111
state.” The NaK data on permanent electric dipoles are the
only ones existing tor electonically exciied heleronucicar
alhali domers, the objecis 1hat are now ol increascd interesi
because ol studics o) collision dynamies and phoioassocia-
tive spectra, lsee cooled and tapped alkahine awnns. As jol-
fows tron the proesent siafe ot rescaech, osed alloadi diaions
s, such as Nak |, NaRDb, and KRD sceim o be promising for
the formation of aluaceld ymolecutes. '

The nain purpose ol the preseat work s tose the meily
ods of measmenment and ab o calealations ol pecmancin
clectric dipole monients, developed and approved tor Nak in
Rel. Fand 210 stady the NaR b molecale. The NaRb mol-

cenle has been recently intensively siudicd spectioscopically

0021-9606/20007 113(12)/4896/5/$17 G0

by the Kalo ,u‘()up.i % However, the cxisting spectroscopic
information on NaRb is much scarcer han for Nak. Ounly the
AN and B electronie states have been studied systen-
aticatly by high resolution methods of polarization spectros-
copy and optical-optical double resonance spectroscopy
The dense perturbation patlern discovered i the B state
was ascribed 1o fnteraction with perarbing b4 and P2
wiplet states correluting to the sane atonue ot Na (3s) +
Rb (3p). As far as molceular terms conctuting to the Na
(3) + Rb (Ss) atoms are concerned, only the 1) "H state has
been studicd using LIF methods, namcly, by exciting sclec-
tively the 1ML (o’ ") -levels with the ined Trequency
Ar' claser lines  and  analysing  spectrally  resolved
DG 7y XYY e My LIE progressions. The dithi-
culties i working on NaRD arisc lTom the presence of two
Isotapuiier auxture PINGERD and NG RD and more dense
votational pattern than in NaK, as well as from the stronger
spin-orbit interaction {eading w more protnounced perturba-
tons due (o the role of Rb atom. '

We report the first experimental dita on permanent elec-
ic dipote moments Tor a number of (o' 7)-levels helong-
mg 1o the B and DT stires of 2 INGTRD and ZNDMRb
ninlecotes. as o well as the corvespowding resalis ol abh e
MEPP T calcubiinons. The eonployed compntational procedine
is hased on divect pertarbative construction o) ovone-cleclion
density manix avoiding somewhat burdensonie linne-ficld
technigue o Rels 1 Neither expernentd nor theoreticat
data on the NaRb excited stiates ponmanent dipoles can be
tound m litermure. The ouly measurciment was perlonmed for
the proand V'Y stie by molecular beam dellection

. . . . %
method yrelding clecteie dipole moment value 3.1 £0.3 D,

© 2000 Amencan Instiluie of Physics
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F1G T Pragments ol NaRb I specha demonstiating appearance ol exua
lines induced by se Stk clicetin the # 1¢6.24) - V3100 24) tansition
followmg (- type excitation (1) and in the /) 14,25y -0 24 and
26) nansitions tollowing R ype excition (b).

Il. EXPERIMENT
A. Method

The procedure of expenmental deternuning ol the per-
manent clectric dipole moment values o lor the H-state
(e’ ) -levels, which is described tn more details in Refl 1,
consists ol hvo sieps.

First, afler selecting and identilying a definite 115 "1
— 'Y progression consisting ol cither singlets (Tollowing
the  (-excitanion)  or doublets Hollowing  the P- or
R-cxcitation), a de clectric lickd ¢ is applicd o achicve ¢
—/ parity mixing between the A -doublet components of the
"I state. As aaesall, extea bines appear in the LIF spectrum,
wamely - amd £ Jines lollowing (J-excitation or (- lines fol-
lowing - or R-excitation, when the Stark coergy 3,
= —p& becomes comparable 1o A-splilting A 2 Thas,
the  LH° transtormied  [rom  (-singlets or
(P R)-doublets 1o the (P Q. R) -triplets, see Fig. 1. The ratio
1,70, of exira ¢ torbidden™™ ) Hine intensity 7, over the “al-

spectril e

lowed ™ fine infensity £, is governed by the absolute value ol

patameter wé/A | thas, Bding the £, /1, as dependent on &
see Fig. 2, will yicld an absolute value of the @/, ratio,
Some detals on simulition ol E-dependence ol 1, /1, and
[iting routine used o obtain the 7o/, ratia iacluding the
hentnent Toi chflerent polvization and peomety, as well as
discusstion ol possible somees ol cooes, cans be Toand m
Rels. 1 and 2

A the sceond step the absohme value of the A splitting
cnary A s measwed doectly by the clecnwe R ODR
method, 1he essence ol which s the following. ' " Posttion
ol a “Horbidden™ line ot the LIF progiession under study is
singled o with the monochromator in the presence ol a de
external clectnic diehd, sce Figo b Phien, instcad of the de
clecine hcld, the Tiegueney scanped RE clectie held s ap
phed o the Stk plides. When hiequcticy £ hats the resomineg
condivion hf = A | forbidden fine /, is obscrved at ils maxi-
nunbntensity The resonance signal £,0/3, sce Fig. 3, i ihe
simplest case is ol the Lorcatzian shape. '™ Knowing the
Asphitling value A, one may pass from the g/ A, 4 ratio

Elechic dipoles in NaRb 4897

uhb

[=) <
w -

intensity ratio
=)

electric field, V/icm

FiG 20 Experioentally obtained inensity wstios 20 Aoy LH onigmatng
from T'Na™Rb B T4 98) fevel vasus applicd de elecuic hedd & EFy
denote exciting light and fluorescence light vectors, respectively. Fitting
6.06x10 "

provedue yredds A/ u cm D

to the absolue value ol the permancit clectric dipole mo-
. . : )
ment g Tor a particular o,/ level belonging 1o the 1

clevtronic shte.

B. Experimental setup

The experimental sctup and equipmient nsed is simlar (o
it coployed in our previous NaK studics. ™" BrieNy, he
PN®RD and 2*Na* Rb molecules were Tormed Trom a nnix-
e of rubidivn and sodium meal, approximately 4:1 (by
weight), inan alkali-resistant glass cell at the temperature
7= 550 K. hhe natural abundance of ™ Rb and *7RD isotopes
is about 72.2% and 27.8%, respectively. The cell comtained
Stack phves made of carclully polished stimfess steel - 6.5
mim in divmcter with the spacing abouat 0 i mecasared
with = 3% accaracy. The exciting laser beam was directed
through the gap between the Stk plates. The fluoirescence
sone was maged onto dhe catrance shit ol a - double-
maonochromator with two 1200 groves/mm gratings provid-

ty. arb. units

signal intensi

frequency, MHz

FIG 3 Examples of experimentally obtned R ODR signals for D 11

state of PNa*Rb
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TANLE 4 Exesigy Lser sonedcmpabs () mensied o f splitings
A ad peminent clecuie dipole momenis obtained Bom the experi

. QT FRTETIIVON IR TIR .
nent (|I‘n..|) ind cabeubined by MPPT (g0, Postive gi-vabnes cone

spomd 1o Na RD" polaity

P . |A,.,| l"“‘)“ FTo

Isotopomer  4w”JS7) e ) o) (M) U i)
AL stue

DNMRE 1107 490 647.1 68+ ) Vsiay o —27

BINGRL (TS A006) 6328 220+3 Vi =26

SINGPRD (0,29 .6.24) 6324 52+3 30404 206
DM st

SN RD (2,44 .04 314.5 ST65+2 LU 0a 162

2N R D (R NER 202 67vi0 ol

PN R (524 4.5 sS4 210+ GIras a0l

ONGRD (01 d 017 SO+ Sotud ol

BNARL 1645 64 5143 671+2 6.2°04 161

ONGRE 1235 10 30) 4965 726+ Givod HO

“Na*Rb (3.49 N RI43+) Ax+0S 43y

NERI(] 4906

ing rcciprncul dispersion of' 5 A and spectral resolution
ol =02 A Cahibrution of LIF spectra by ncon and argon
discharge lines allowed 1o achicve an absolute spectial accu-
vacy of about 000 A We nsed fised Irequency fines from
Spectra Physics 170 Ar' faser, as well as rom Ke' ol
He Ne Table 1, 1o particular

lasers,  see excile

(o) devel belonging o the DTE and 781 siales of

NaRb. To mamntain the conditions ol simubtancous excitation
of ¢ and / parity components, we prelerred o employ the
multi-mode laser operation, with typical laser line contour
widihs =10 GH/ jor Ar' or Kr' lasers and = 1.2 Gily for
the He Ne laser. In some cases we were Toreed 1w cmploy
the single-mode regie o simplity the LIEF spectra. The RE
ficld Tor the REF-ODR measurements was produced by Mini-
cirenit voltipe controfted oscrlliors coverngz the requeney
region 5 9000 M, ollowed by anamplificr Mmi circuoit
ZHL-2-12 10 oblain RIF ticld amplitinde valoe up w5V, as
well as by Waveick generator covering the 160 M7 ve-

giot.

lil. EXPERIMENTAL RESULTS

Examples ol Stark ellect wdaced changes i 1 spectia
and corresponding fits ol the [ ,//1, signal are shown i Figs.
I and 2, while sonie dypical elecuic RE ODR signals are
presented in Fig. 3. Fxperimental vatues ol the A spliting
are presemted 1n Table 1 The permanent clectric dipole mo-
ments g(v’./7), which are obtained by combining &, val-
ucs with the & -/, ratios resalted from the fitting of signals
as given i Figo 2 are depicted in Figs 4 and preseided m
Table 1 for alt studicd (e’ 7 y-levels of the 7210 and D '
states. The permanent clectne dipole mmonient crvor in Table
I accounts for the inaccuracies in A, values and in deter-
nuning the gap hetweenhe Stark plates, as well as Tor the
discrepancics ol g-values obtained in dilferent eaperiments.

A few notes ought (o be made coucerning the v’/
assipmiment. Unambiguous vibrational asstgaiment has been
achicved from the vibrationad spacings in LI progiessions
and by comparision ol the experimental LIF inteosity distri-
bution with the simulated Franck Condon lactors.

Nikolayeva el al.
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FIG 4 Absolute vihues of cleenic dipole moments |gege )| for the 12 'H
teirclest smd B0 Griaagles) siacs ol Nalth as tionoons of vibodonad
quitntun nwnber o The tespective 7 vadues can be found i Tabde | The
siooth hines represent |pgo” )| obtuned fom oh s MPPT caleulations
for .2 1 and 100 (B "I siate), as well as for b and 50 (0D "1 stane)

As it appained, totationdl and isotope assigiimceids ol the
LIl spectra progressions were netthier casy, nor unambigu-
ous. As v lentative paide we used the data piven in Table 11
of Rel. 5. where a number ol (o7, ) -devels of 211 and
D' osiates excited by Kr', He Ne, and Ar' laser lines is
presented. However, the J' values are not always given there
and the particular isotopomer is not delined. Besudes, we
have observed several progressions not mentioned 1 Ref. 5.
Foadentity the LA progressions ortginaling lrom a definite
B state (o', ) -level, we used gpectroscopic constants
for the 2 'H state Trom Refs. 6 and 7 and fovthe V'Y stde
Fom Rets o and 90 As Guoas the BT stae Tevel with o
= O excited by e Q-transttion 1s concerned, we managed 1o
assign unambiguously the value /' =24 for the 2'Na®Rb iso-
ponier, see Table |, by the following voutine. First, we
measared the rotational spacing between P2, O, and R lines in
presence of an external de electric dictd, which yielded /'
=23 ],
B0’

calculated ustng molecalar coustants from Rels. 6 and 9 and

The least deviation of 0.002 cm between the

SO XYY (0= 10,7 ansition frequencices

the exciting laser lrequency was obtained for /' =22 of
NGB RL and for 2 =24 of PNa®Rb. In order 10 decide
between these possibilities, we checked the deviatton A w
between the measured () and caleulated (ro,0) line po-
B v =6J")

1 i . . . .
—X 2 e "y As i revaaled, only in the case ol

sitions  lor the  LIF  v”-progression

21 'Y . Lo R R
24 1o the “Na"™'Rb isolopomicr thie deviation s within

himits of the experimenial crrors. “The high /7 100 vatoes ol

the ##11 stake given in Table T are less rebable because off

less accuracy of the molecular constants in Rels. 6 and 9 Tor
high /7. Ttalso means that the isotopomer is not determined
unambignousty lor these transitions since the respective pro-
cedures arc mutually interrelated. Similar shtuation lakes
place in the D ' state, see Table 1, in which we suppose
that the data Tor smaller ' values are more relable, the
possible inaccoracy ol /7 not exceeding 1010 has o be
noted that the set ol O ' state molecular constants in Rel, 5

dis2
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is rather scarce; it does not allow 1o reproduce the tenm en-
crgies accurately cnoogh, lcading up o several wave non-
hers deviation from the excitation energy. However, the pos-
sible inaccaracy in /7 values practically does not alleet the
dipole monmient vatues presented in Table |

IV. Ab initio DIPOLE MOMENT CALCULATIONS

The ab initio electronic structure caleulations ol NaRb
were perlormed by means of the many-body malupartition-
ing perturbation theory (MPPTT). This approach naphics the
perturbative construction of a state-selechnive etective Hannl-
tonian £1 withnn the niodel space spanncd by an appropriiie
set of Shner determinants )}, using several quasi-one-
clectron sero-order Hamiltonians simaltancously. """ The
sceond-order NPT expression Tor the Herminan cllective
Hamiltonian mate resembles the vne which is appearing in

: . - i
the conventional quasidegencrate perturbation theory,

[
Ny =y s 2 (LK)

AR yed .

!
b PO S —
VA KD

INFZITAON |
AlJ—K) (Kpay.
where 77 is the ol many-clectron Hamiltonian and the en-

crgy denomimators St/ A7) are given by the lorninla

MS—Ky= D

(N Ny e
i

> Nt N (2)
R

(NTHTS N,I ! ,'\/,l‘ denote the aceapancy ot he oth spanial
orthitad e the onodel apan e detcrmmamt |7y aoad the ot
space determmant [A ) respectivedy. The entiies ¢ e e
the nonrclaxed orbital 1omzation potentials and clectron al-
finities with opposite signs, defined with respeet 1o ihe
model-space approaimation for the larget states. Diagonal-
ization of 71 provides energy estimates amd model wave
tunctions [,) Tor all the targel stiles siultinconsly .

To extend the MPPT scheme to one-cleciron propeity
calculations, one can proceed via the evaluation ol the (ran-
siion) density matrix tet. Relt 19). The hirst-order approxi-
mation for the spin-tfree m--n transition density oitrix ™"
compatible with the use of the second-order cllecus e Hamil-
tonn (1) is given by

RRTIN (:/t,,,llt‘,ll/',,> 1 >_: (']lml./>
A
oo [UNESIRYK
SR ( TS
Aoy RYRANRY

(3)

AT SK)Y

(./{//|I\)(Kl£,l./’))

where £, is the conventional spin-free one-clectron excita-
tion operator tunibity group generator) which can be ex-
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pressed in terms ol the spin - orbital creation/annihilation op-

craturs  as 1’:",:()!"(1,,,+ u\'“u,/,, The  required  dipole
moment  estimales are imedutely  obtained  as
X, D, where |[D | is the clectine dipole matrix in

the orbital basis. It is worth notng that the procedure de-
scribed above is strictly equivalent to the MPIT compultation
of the first-order elfective electric dipole operator with sub-
sequent evalaation ol its diagonal matrix clement for the mith
maodel wave function |4,,).

determmants

Stnce summanhon over the

(LAY Y o Ege 03 s e fact resticted 1o sinple exctations ol

outer space

the madel space conligurations, the direct perturbadive con-
struction of ™" p, s not expensive and, therelore, ollers an
attractive alternative (o the aceurate bat rither cambersome
tione dicld echnique soceessiully  used e our previoas
stulies. '

Lhe praceduare o MEPE corvelatton rcatment canployced
in ihe present work was generatly similar 1o that used in
Rels. 15 and 20, liv order (o incorporaie the scalar (spin-
independent) relativisiie effects into o calculations, we re-
ploced the ey core shetls by averaged  relativistic
pscmlnmlcnli;lls,z"“ lecaving 9 clectrons ol cach atom Tor
explicit  (reatment. The  atomie  Giaassiin basis — sels
(IsTpSAd2N/[ox6pdd2f] Rb, (BsB8pSdif)/|Ts6pddlf]|
composed ol the vilenee

Na  were outer-core and

pscidopotential-adapted (sp) bases.”" " diftuse parts of the
call-clectron™ hases lor clecirie property clentations,” and
additional dittuse and polatization tunctions. The deternu-
the sobutions ol the  state-
average SUL problem for two lowest 7Y
NaRDb ' The model space for the MPIPE calculations was a

full valenee €1 space, 1e.,

nants  were constructed  From

W comprised all the possible dis-
wibutions ol two valence clectrous among the valence and
vichaal orbitals: therctore, the pertmbative cotrections corne
aponded b e cone videne e con Loy amdbendunt e pa
btz anion cricets Vhe complotencaes ol the mnadel spave and
the sepaiability of coergy denommatorns (20 guaranteed the
size consistency ol encrgy and dipole moment estimates.
The ab inditio permanest electrie dipale moment funce-
tious g (R) Tor the 'Y B, and D ' states of NaRb
arc presented in Table 1 These Tunchons were converted 1o
e relevimt theoretical gy (o' 7Y values Ctable 1, Fig. 4)
by micans ol vibrattonal wave funchions corresponding to the
RKR potential curves. The B 11 curve has been derived
from the molecalar consiants given i Rel. 6, while for ihe
11 state we ased e data from Rels 5. The ground state u
=40, calculated with the RKR potential from

’

vitlue with o
Rel oos 33 D) which agrees with thie eapenmental value
S0t

V. DISCUSSION

Lhe measured absolute values ol peananen electiic di-
poles for the DV HE state of NaRb for s thiantional devels vy -
mg lrom o 0 w0 0" =12 are close o 6 D) demonstrating
minor changes with v',./" (sce Table | and Fig. 4). The ex-
perimental g values for the NaRb 811 state are approxi-
mately two tmes smaller, being close 103 Do As follows

from the resolts presented in Table 1. the experinental dina

clecironte states of

dis2
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TABLE H b initio permnent clectric dipole moment vilues w1 for the
NS UORTL, and DOUHE sttes of NaRb as [unctions of the miernuclear

. . o E .
distance R. Positive gi-valaes correspond 1o Na Rb ™ polarity

dJely

TR [ nn nh

54 2944 0 469 1 0GH
59 1063 =134 0 349
6.4 1204 -0.781 821
6 885* 3437 -1.419 1289
74 3448 ~2.076 473
7.8928" 130) -2.615 3938
R4 LINT -2.962 0 TR
&9 LIRD] YOS 7148
94 3 OK0 2 RIR Tall
99 2 750 2.554 O
10 2 2174 SR74
firy (s (e 474
[N (I [ [T
121 [ITANY IRIRY] RETES
12 65 708 NKI6 2244
P28 o542 =62 RN

Carrespond 1o £ values cxparimentitly obtamed in Rel 6 b N

B8N states, respectinely

for the D' state agree with their caleulated counlerparts
within error bars, whercas the experimental data for the 8 '
stale are somewhat 15% 25% larger. The observed discrep-
ancy exceeding the experimental civor might be attributed o
strong local spin-orbit coupling of the studicd B ' levels
with ncar-lying rovibronic levels ol the & T and ¢ Y ' irip-
let states, see Fig. 3 of Rell 7. An adouxture ol iriplet elece-
tronic wave functions lor the B ML siate is expected o be
more pronowced than for the D M stae becaose ol muoch
Farger spin orbit cliects in the excited RbUSp) atom as con-
parcd 10 the Natdp) aom. Experimental data conlirm the
theoretical prediction of weak dipole moment dependence on
rotational and vibrational quantum numbers, sce Fig 4

[ makes sense to mention that permancnt clectne dipole
moments for the B and DI states of NaRb are very
close to the corresponding g(R)-Tunctions and ge(¢”)-values
ol the NaK molecule. Indeed, the experimental ge(o”)-values
ol the nonperturbed 1311 levels of the NaK molecule vary
rom 5.9 D to 6.6 D Jor o’ =1-14, sce Table | ol Rel. 1.
Resulls of the mostreliuble abs initio linite-fickh MPPT j0(R)
caleulations for the NaK ##'H and D1 states' are alimost
the same as m NaRb in the vicinity ol the cortesponding

cquilibrium distances

1t should be noted that any quantitative inteepretation of

the measured A-splittings is not possible at the present stage
because of the Tick of intormation about the relevant perturb-

Nikolayeva el al.

ing stales o NaRb. The ab initio calculation ol the required
potential curves and nonadiabatic matnx clamnents respon-
sible Tor A-splitting of the '11 siales is currently in progress.
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Abstract

This article reports the observation of the molecular fluorescence circularity under irradiation with linearly polarised light.
This alignment-orientation conversion phenomenon arises as a result of partial transformation from alignment of the ensemble
of 'II state molecular angular momenta into their orientation under the effect of non-linear dc Stark effect. Circularity rate up to
0.12 was observed in D'TI — X'S fiuorescence of “Na*’K molecules in agreement with the theoretically predicted value.

© 1999 Elsevier Science B.V. All rights reserved.

Kevwords: Alignment-orientation conversion; NaK

1. Introduction

As is well known, excitation by linearly polarised
light E, caused by symmetry considerations. is
capable to create alignment of the angular momenta
which results in linear polarisation of observed fluor-
escence, and is not capable to create orientation which
would result in circular polarisation of fluorescence.
For a considerable time there has been major interest
in analysing the conditions under which these strict
symmetry rutes may be broken, thus leading to align-
ment-orientation conversion (AOC) see [1] and refer-
ences therein. The required conditions may be caused
by an external perturbation, in particular, external
field. producing such magnetic sublevels splitting
1o = (Wy, — Wop)Ai which satisfies jwpu+; 75
® _p=1-n [1]. This condition is obeyed when non-
linear dependence of the energy shift Wy, on external
magnetic or electric field strength takes place. The

* Corresponding author.

appearance of magnetic field induced AOC in
diatomic molecules was observed earlier [2], while
Stark effect induced AOC was considered only theo-
retically [1.3].

[n present article the electric field F induced AOC
has been observed in D 'I state of NaK molecule.
where the non-linear Stark energies lead to the condi-
tion for w,,, mentioned above already in the first
approximation. The AOC signals have been regis-
tered in D 'T1 — X 'Y transition (R- and P-emission)
from v'(J') = 7(23) and 12(7) rovibronic levels as
emergence of the degree of circularity

C=(1, - I, +1,). ()

using the appropriate geometry of linearly polarised
excitation, observation and electric field F direction.
1., being right- and left-handed circularly polarised
fluorescence intensities. The presented calculation of
the expected AOC signals has been based on the 'I1
state Stark effect studies performed earlier in Refs.
[4.6]).

0022-2860/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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2. Theoretical description

The main peculiarity of 'IT state consists in the fact
that each rotational energy level J is splitted in two
ditferent parity components usually denoted as e and f.
This effect is called A-splitting leading to the energy
splitting A, =¢qJ(J + 1), g being A-doubling
constant. Let us consider the interaction of diatomic
molecules with cw broad band (with respect to Aﬁf)
laser light causing 'TI(v',J") — 'S(v",J") transition
which creates the excited state density matrix k[fMM’v
where k and / denote either ¢ or f. In the density matrix
formalism the intensity of the fluorescence light
possessing polarisation vector E; and originating
from the 'IT state in the J' — J transition can be
expressed as [3]:

&) =10 Y Z(M'ﬂk E;ﬁ‘ﬁz)
MMy K
% <M/ THE; D Z)*"’fo,w-, 2)

where /, is proportionality coefficient and D is the
transition dipole moment unit vector. The excited
state density matrix elements “fMM' may be written
as (3]

r

Kl _ p
fﬂrh\rl' - 3

Irrz
e §<M Ik

E*ﬁ\;ﬂz)

x(M"n/E*f)wzy. (3)

Here w are magnetic sublevels of the ground 'S
state with rotational quantum number J* while M,
M’ are magnetic sublevels of the excited state with
rotational quantum number J' belonging to the A-
doublet components &, /. The unit vector E describes
exciting light polarisation, l:p is the reduced absorp-
tion rate. T is the excited state effective relaxation
rate. “wyyy is the energy splitting between, M, M'
sublevels belonging either to the same (! = k) or to
the different (/ # k) A-doublet components, thus
accounting both for A-doubling and Stark effect
level shifts. In such formalism density matrix diagonal
elements reflect population of the respective magnetic
sublevels. while the nondiagonal matrix elements
reflect coherences between the respective substate

wavefunctions (WF). The structure of Eq. (2) allows
one to notice that the terms entering the sums are
formed as the excited state density matrix elements
“fun multiplied by the observation density matrix
elements.

Note, that the WF’s in Eqs. (2) and (3) are not the
usual [ /M) WF’s owing to the fact that, though electric
field destroys the spherical symmetry, it does not
change the axial symmetry, therefore J is not a good
quantum number any more, while M is still conserved.
The WF’s included 1n Egs. (2) and (3) are obtained in
a coupled-basis set as an expansion over the non-
perturbed states with different J(i = e,f) values, as
well as different J” values, which are mixed by the
static external electric field F. For 'Tl excited state we
have

|M'Hk> = i > ch .MM, (4)

=1 i=ef

thus obtaining, as it is usually done, a new WF for
each k = | and 2 constructed as the linear combination
of e and f substates with the mixing coefficients
Clies(J', M). Similarly, for the ground 'S state the
J” mixing can be taken into account using

\,L'z) = Cs(" " w). (5)
J'=0

Coefficients Cp; and Cs have to be calculated from the
diagonalisation of the Hamiltonian accounting both
for molecular rotation and Stark effect.

The explicit form of the dipole transition matrix
elements with ,UM) WF’s can be found [1,3] by
applying the definition of scalar multiplication in
cyclic coordinates along with the Wigner—Eckart
theorem and expressing cyclic components of vector
E via spherical angles 8 and ¢ (z axis coincide with
the direction of external field). After performing these
transformations one must use Egs. (4) and (5) to pass
to the WF's entering Eqs. (2) and (3). As a result, one
arrives at the expressions for the intensities 7, 7, and
for the difference /., — [, which is responsible for
appearance of circularity:

sin26
I, - [[ =

K(]’.J”,J’{,tp, kI‘UMM’)- (6)

Here the function K(J'.J",J'{, qo.k[wMMz), which 1s
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Fig. 1. Experimentally obtained (full circles) and calculated fluorescence circularity degree C as dependent on electric field strength F. (a) —
for v'(J') = 7(23). (b) — for ¥'(J') = 12(7). Dashed line represents the first order "'H'i,," approximation.

independent of @, appears as a result of summation
over all indices in Egs. (2)-(5) and represents a rather
cumbersome expression. As it immediately follows
from Eq. (6), the maximal circularity degree appears
at § = 45°, while for § = 0° and 8 = 90° the circu-
lanty degree is zero. The expression for /, + [
necessary to calculate C can also be found from
Eqgs. (2)-(5). Note that K(J',J",J'{. @, “w\m:) is
determined for a particular transition J" — J' — J/
and definite spherical angle ¢ of linear polarised exci-
tation if the Stark energy pattern Wj; is known. In the
first approximation Mywel may be obtained in a simple

analytical form:

: 1 2 ) , .
Mwy = S8y * ‘/(A-/,,) 14+ diFPMA[J(J + D]
(7

where the energy of '[Tv/(/') state f sublevel is
considered to be zero at F = 0.

[t is easy to see that, as F increases leading to
d,EMI[J'(J" +1)] > A [;/2, the Stark energy shifts
exhibit linear asymptotic behaviour with respect to
F. To account for the interaction between J' and
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Fig. 2. Circularity degree dependence on electric field strength tor all allowed fluorescence transitions, J' = 20, d = 64 D. ¢ = 1.51 X
10 "em " I"=6 % 10"s ' Inset of the picture shows J'-dependence of electric field strength in maximum.

J' = 1 excited state levels it is necessary to pass to the
second order approximation 'I'W“,;,'. when analytical
expression 1s still possible [5]. However, strictly
speaking. for large enough F values the second-
order perturbation treatment becomes incorrect as
well. and one has to solve the secular equation system
for the relevant Hamiltonian matrix. The manifesta-
tion of second and higher order corrections in Stark
effect induced fluorescence intensity changes was
studied previously [6].

As a result of the above mentioned routine. it
becomes possible to calculate 'IT state fluorescence
circularity degree under linearly polarised excitation
caused by external dc electric field. The simulation of
expected C(F) dependencies will be presented in
Section 4.

3. Experimental
The experimental set-up has been described in

more detail in Ref. [6], hence we will dwell on it
only briefly. “'Na’K molecules have been formed in

thermal cells made from alkali-resistant glass and
attached to a vacuum system via a dry valve. Char-
acteristic working temperatures of the metal
containing reservoir (weight ratio Na : K = [:3)
were T = 525 + 575 K. A number of visible blue-
green Spectra-Physics 171 Ar*-laser lines have been
used to excite D 'TI v(/) — X 'S* v"(J") transitions.
Visible LIF lines originating from the ca. 1 mm
diameter laser excitation region was imaged onto
the entrance slit of a double-monochromator and
resolved by two 1200 lines/mm gratings blazed in
the first order, providing an overall spectral resolution
of ca. 0.03 nm. The dc electric field was applied to the
carefully polished stainless steel Stark plates, ca.
0.8 cm in diameter, separated by a 1.2 mm gap. The
excitation-observation geometry 1s schematically
depicted in Fig. 1. A polariser and polarisation plane
rotator were used to realise the 8 = Q)EF = +45°
excitation geometry. The LIF was observed along
the exciting laser beam. The I, and /, circularly
polarised components were singled out by means of
A/4 plate followed by a linear polaniser with its axis
either parallel or perpendicular to F. The D 'TI v'(J')
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state selection has been maintained by finding in the
overall LIF spectrum the particular LIF progressions
mentioned in Ref. [7] and originating from the chosen
v'(J") level under study. The signal from a photomul-
tiplier was registered using the photon counting tech-
nique. The experimentally obtained circularity degree
was multiplied by a factor 1.25 which takes into
account depolarisation in registration system and
was determined by careful calibration of the registra-
tion channels with two orthogonal polarisers using the
source of light with well-known degree of circularity.

4. Results and discussion

Fig. 2 presents the circularity degree for NaK D 'TI
J' = 20 state calculated for all allowed J',J", J"
combinations in different transition types. The ¢ and
d values were taken from Ref. [8]. An inset in Fig. 2
demonstrates the J-dependence of the electric field
strength F,; corresponding to maximal circularity
degree. To illustrate the non-negligible contribution
of higher than the first order terms in Stark energy
expansion, the circularity for J' = 23 was calculated
both in first order energy approximation (dashed line
in Fig. la) and accounting up to third order terms in
Stark energy expansion (solid line in Fig. la).

Examples of the experimentally observed F-depen-
dence of the circulanty degree are presented in Fig.
la, b for D 'IT state 7(23) and 12(7) rovibrational
levels, respectively. The fitting (see solid curves in
Fig. 1) has been performed using an approach which
involves diagonalisation of the Hamiltonian
accounting for dc Stark mixing between all J £ AJ
levels with AJ = 3 in the initial, excited and final
rovibronic states of a LIF transition, see Ref. [6] for
details. We used the values of excited state A-
doubling constant ¢ and permanent electric dipole
moment d which were previously measured in Ref.
[8], namely d = 64D, g = 1.51 x 10 cm™' for
7(23) and d = 51D, g = 1.03 x 10 °cm ™! for
12(7). The excited state relaxation rate [ = 1~

value was taken as I" = 8 x 107 s™" for both states
to perform the best fitting of experimental values. This
value exceeds the 7~ ' measured in Ref. [9] by a factor
which is over than the expected increase of excited
state I' values because of collisions between NaK
molecules and atoms. Fig. 1a,b demonstrates satisfac-
tory agreement between theory and experiment. The
results for 12(7) state in Fig. 1b are not so accurate
because of large relative errors because of ca. 10 times
smaller fluorescence intensities.
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Lifetimes and transition dipole moment functions of NaK low lying singlet
states: Empirical and ab jnitio approach
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A. Zaitsevskii, E. A. Pazyuk, and A. V. Siolyarov

Department of Chemisiry, Moscow M. Lomonosov State University, Moscow 119899, Russia
(Received 22 January 1998; accepted 16 July 1998)

The paper preseats experimental D ' stae lifetme 7,050 data and develops empirical and ab initio
approaches concerning D 'l and B 'l lifeiimes, as well as D 'M-X'S* g'I-x'3" and
D'M=A"" wansition dipole moment functions (K)ol the NaK moleenle. Experimental
DU ) stawe 7,0 vilues Tor o’ vatying from 1o 22 have been obtained frons experinientaliy
mcasied clecie radio biequency optical double resonnnee GE ODR) sipaal contoas The al ODIR
signals have been produced by D v 'y!
MIIz) induced e~ f wuansition within the D 'H(v',J") level The possibility 10 determine empiical
absolute w(R) function in a wide R range from experimental 71, dependence on v’ and J' has
been demonstrated; such an approach has been applied 1o obtain g(R) for the B'I-x'>"
transition on which relative intensity data are absent. The empiricat D 'H1=X 'S u(R) function has
been constderably improved by simultancous fiting of relative mtensity and lifetime data implicily
accounting for the J* dependence of measured lifetime values. The hinite-field technique combined
with the many-body multipartitioning perturbation theory was used for ab initio all-electron
transition moment calculations. This approach appeared o be adequate to compute reliable u(R)
funcuons due 1o a proper description of core-valence correlations. As a result, excellent agreement
between ab initio and empirical B '1=5 "2 and D =X "2 vansition dipole moment fanctions

laser induced optical ransition and rl Beld ¢ =900

hias been achicved. © 1998 American Instituie of Physics. | SO021-9606(98)02139-4

. INTRODUCTION

ICis well known that Tor such test diatomics as alkali
dimers the calewied potential energies agree well enough
with the experinicutal ones (sce Rel. |, and references
theren). However, ab initio calculations are still less effec-
ave i reproducing intensities in molecular spectia arising
from cxcited electronic sties. Al the sine e, such radia-
uve quantites as rnsiion dipole moments g0 K, the corre-
sponding hletumes 7 and intensity dida represent, along with
permanent electric dipole moments, a dillerent and, in many
cascs, an extremely uselul test of the validity ol calculation
inethods and of the acairacy ol molecular constamt sets. This
stuntion reliects the tact it one may expect considernible
clectron cliarge redistnibution within particulin molecular
configurations without any substantial impact on the energy
of the sysiem.? First resulis obtained in the proneering papers
on homonuclear alkah dimer Na, appeared to be guite prom-
Ising since a very good agrecinent between cmpiait::ulH and
calculated® pER) has been achieved. Iowas, however, not the
casc with the wransition dipole moment Tunction g Ry Tor a
heteronuclear disoimic molecule NaK. Indecd. a consider-
able (though not Large) discrepancy comes o light i one
compaies the absolute values ol cmpinical tansiion dipole
moments reported tor DMT=X 'Y transition in the NaK
molecule by Pralf, Stock and Zevgolis (PSZ) in Ref. 6, as
well as by Kaio and Noda (KN) in Rel. 7, with ab initio
pseudapotential calcnldions ol the sine quantities per-
formed by Ratclili, Konowalow and Stevens (RKS) 7 Experi-

0021-9606/98/109(16)/6725/11/$15 00

mental lifetimes ol a lower lying NaK 8 ' swate presented
by Deronard, Debontride, Nguyen and Sadeght (IDIDNS) in
Ret. 8 are also significantly different from their theoretical
connterparts  caleulated by exploning  the  ab  mitio
BT =X YY) trnsition dipole moment z(R) given by RKS.
At the same time, the p(R) behavior for low lying singlet
states of NaK is of general mterest beaise ol the mach more
pronounced K dependence due 1o the partially 1onic cluracier
ol charge disuibution.

It was not casy o judge whether the micasured empirical
(PS7., KN, DDNS) or the calculuted (RKS) g and 7 values
are responsible Tor such o discrepancy. This circumstance
stinlined us 1o nndertake wthe present work an aticmpt 1o
obtain more accurate empirical g0/ ) data, as well as to carry
oul ab initio all-clectron calculations using many-body mul-
upartitioning periurbation theory (MPPT).” which seems 10
be more adequate for the description of core-vakence corre-
lations than previously nsed pscudoporential schemes.? To
obiain ichiable  absolule values of the empirical
st A CR) tunction for D -x 'Y
lonucd litetime 7,05 measurements v wide range of NaK

more
transinon, we have per-

D state vibrational levels o varying from | to 22 These
data, along with somewhat corrected 0 'H=X 'Y transition
relative lntensities taken from Rel. 6, have been processed
simultancously in order to gain the empirical g, y(K) func-
ton A improved method to invent the expenmental Tife-
tmes mito the 2(R) tunciion has heean applicd i order to get
the conpineal B 1T-X 'Y tamsition dipole moment. In ad-

© 1998 Amerncan Institule of Physics
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F1G. 1. Experimental NaK D 'l state ef-ODR signal contouts (a) v’ =4,
J7 - 19 aflowed Q-line, fitting patnneters f,= 1713 M2 A, 1495
MHz (b)) v’ =112 46, torbidden Q-line, liing parasacters f, 6737
MHz. A, = 2648 MH7. The solid line is a Lotentzian fie, sec B (1)

diton, we have undertaken a detaited theoretical suudy of the
transition moment funcuons at the ab initio all-electrons
level with accurate reatment of core-valence cleciron ef-
fects.

{l. EXPERIMENTAL RESULTS

The most straghtforward and well-developed mathod 1o
measure excited state Ifetimes s, of course, 1o record di-
rectly the Muorescence decay kinetics alter pulsed laser exci-
tation. 1t is however also possible, after carclal examination
ol distortmg Faciors, o gain U state lifetime data Drom the
clecuric vadio requency—optical double resonance (rf-ODR)
signal contours. The idea of such a method 1s very simple
and goes back to Rels 10-12. Since each rotational level J”
in the ground X '3 state has a definite parity, due 10 parity
selection rule the laser induced wansition D 'M(w’.J")

X 'S (p" ") excites only one (e or ) component of the
I state A doublet. This is why only the { £,R)-doublet lines
are emitted at P- or R- lype excitation, while, on the con-
trary, only the Q-singlet hines can be found in the laser -
duced fluorescence (FIF) spectrum alier Q-type excitation. i
the external ac clectric lield frequency is swept i the vicinity
of A-spliting cuergy A, due 1o electric dipole e+ f tran-
sitions one can observe either the resonant appearance ol a
“forbidden™ line in the LIF spectrum, or the resonant dimi-
nation of “wlowed™ line wtensity, thus giving rise (o the
respeciive t-ODR signals, see Figo 1, cenerad an thie reso-
nance lrequency f,=A

To oban Nak 1YY siace T, 40 valies, we have ex-

T
tor the

ploited the siime 1-ODR sceup used previonsty'
cnergy Bricily,
Ar' -laser lines (Table 1) have been nsed 1o excite # number
of D'Ece’ Iy levels of NaK molecules formed i thermal
celfs at temperaunes 7= 525-575 K. The wdentilicanon of
DU e 1) staes i D 'He’ 47y X "2 "y LI pro-
gression has been based upon the data reporied wn Rel 15 ¢f
clectnc field volage (nsually up o 5 V) was applicd to round
polished Stk clecodes placed nside the cell winh the spac-
ing - I mun and swept over the 5-900 MY rimpe. A miono-
chromitor with: spectral resolution

purpose  of

Asplining detenninaion.

003 min was used 1o
single out the wavelength corresponding o cithes lorbid-

dis4
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TABVE L Excitation laser wavelengih (A0 Nak D ' state 0707 values,
W ODR desonane e FWHM S G L and Dilctones £ 0 ablied an the
present work o b ODR experineis

Ao (nan) v’ J’ A, (M2 7 {ns)
496 5 1 27 ERENN 224~ 17
S14 4 | 67 18 6+0.3°
N A 1y 17729 185+ 10
A96.5 3 33 INAREE 192+1.5
196.5 4 19 14004 23607
496 5 7 8 168+ 27 19.5+3 0
B8 0 7 20 16S+113 199+ 15"
48K.0 7 23 16509 19.9~0.1
4880 7 23 200+ 0.3%
488 0 1) 102 179+ 03"
1965 11 a6 WA 134+ 0.6°
1765 12 7 255720 12710
1765 14 1Y 177: 20 1R.5=2.0
376.5 17 94 16.1+0.3"
ARE 4 22 38 0010 16,3708

"BNa K isotope.
PReported by Plalt, Stock. and Zevgolis (PSZ) (Rel. 6).
“Levels perturbed by the d *1) state.

den’ o allowed™ tine position an LI spectra. The i volt-
age supply scheme was carctully adjusted 1o avold parasitic
noise and 1o achicve constant al clecuie icld amplhitude over
the frequency sweeping region across dic fesonance posiion.

The l-ODR signal shape 1(f) bas bheen anatyzed by
Fickd and Bergeman " L the miost simple case of a weak 1l
lickd one would arrive at the Torents shape contour

1y
)= s, (1)
(12a) (= fy)°

where the full width at hall maximum (FWHM) of the rf
resonance is /7, thos accounting for two natural widths
originating from the two A components contnibution of
V720 cach. In Eq. (1) we neglect power broadening due 1o ac
Stk clteet. The estimations based on the approach given in
Rel 13 show that o small cnough ol voltage s yet able o
cinse clectnie dipole transitions between the A -doublet com-
poncuts. Both evaluations and test measurements carried out
with dilferent rl held amplitdes allowed us to assume that
onc can neglect the power broadening efleets in the particu-
L expenmental condivons. fu partcwlar, speciad experi-
ments which included the dimimshing of o ticld wmnplitude
lrom S 1o 1V did not reveal any changes in signal width,
this conbirming for us that one can neglect the power broad-
crnng clicars

A typical experimentally  obtaiied lixed opteal fre-
queney, a rl swept rl-ODR signal recorded atthe “rallowed™
Q-line osiginating from the D "1 stie level v (J7)=4019)
is presented e Fig. 1(a), while the anatogous signal for the
“lorbidden line oniginating from L1(-46) 1s presemted in g
I(b). Experimental rf-ODR signals have been processed by
Loremz comour, k. (1), thus yiclding the FWHM values
Ay The FWHIM values averaged over a nmuber ol mea-
surcments in different Nluorescent cells are given m Table |
The crons in Table 1 oreflect the discrepimcey ol the results
obtamed i different experiments.
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As it has been showa in owr reatment of the hyperfine
(H) steraction pedormed m Rel, 14, one can expect some
small HE broadening effect upon the resonance signal. Ow-
g 1o the AF =0 selection vule, the T hroadening of the ¢f
signals can be cased only by the ditterence n the HES
sphtting ol ¢ awd f components. The main canse ol such
elfect for nonpertubed D' staie fevels is duc w the pres-
ence of nonzero olf-diagonal (transversal) matrix clements of
the clectric quadrupole HE interaction operator. Prefiminary
estimations" of 1E suuctnee constants performed by an in-
ernally  contracied  contiguriation-interaction  method  have
shown that the HIF broadening effect on the rf-ODR signals
is rather small, being of the order of ~0.5 Mi{z. This broad-
ening clfect has been taken into account by a subsequent
conection of experimentatly measwred Ay values The cor-
rected Ay values liave been used o pass to the lilethines
7,=1""" The 7,., valucs thus obtained arc listed in
Table 1, which also contins the lifetimes presented by pszf
for Tonr Do’ ') fevels of the NaK molecule. Surpris-
mgly good agreement ol the o' (J7)=T(23) lilcume 71,04
=199 11 ns obtwned by us from the f-ODR signal
FWHM with 7,,,,=20.02203 ns obtained by PSZ from
fluorescence decay kineties, see Table |, encowraged us o
beheve that our expecimental (- ODR comoms can be used
to gei reliable hlcome values. It has, however, w0 be noted
that, as poited out in Ref. 14, alihough the isokned NaK
D ' state levels shoold exinbiv only negligible HIEF broaden-
g of 1-ODR signals, the fatter inmay not be une jor the
levels which are perturbed by the adjacent d 11 state. For
such levels one muy expect an addidonal HE broadening
caused by the HIF nuclear spin—clecuon spin dipole mterac-
ton which is diffcrent Tor ¢ and [ componenis. Another
caunse Tor ¢ signal roadening by the o =D T mixing
niay appear mocases when the adinbane hifctimes o maplet
levels e shorter i 1the ones of the 1 ' stne. To exchde
the influence of singlet—uiplet interaction effects on empin-
cal determinanon ol —X transition moment {unctions, the
experimental data for the perturbed v (/) levels 11(46) and
1207) were excluded from the data processing ronting.

Hi. EMPIRICAL DETERMINATION OF TRANSITION
DIPOLE MOMENT FUNCTIONS

A. Method
loas well known that both cadiative lileimes €1, 50) and
el o7 lnorescence imtensities ) Py can

be used o the cinparical detcrmination of £ dependence of
the tramsition moment /1,/(1(’):”'

Rl
8w A IR R T R e
Ty 7 (s ) ) R
1/ PRV ' NE
DL€, o RVANI |
(2
T Y i T
I’ In Jt
/ t ' (3
wiate” g TR T I [EM ATHA L )
/ e i s Ji ma
iy} 1 7]

2026410 0",
vacuuim, 7Is in s, g, o, and b

> . .
wheie 8n'fihe,, - €y s the permnuvity ol

4, 18 the rovibionic tran-

siion wave number in reciprocal centimeters. Here n=3 un-
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der plioton comting and n=4 under intensity measurements

i energy units, S0 is the Honl=1ondon factor, v, cor-
responds to the band with maximal intensity within a given

P
. (TR AT . b7
propression, aud ", 15 beated as
L , o™
Ity - (Uj.l/tl-l-( e e

N
=‘2” a, (v} | R o)

N I k "
N (O S 1
= (U_',,|U"u) Z a; L — ';;'J—* R (4)
k=0 (v, vl

where a; are the desired fitting paramceters, while the wave
hinctions (WES) o) = (1) e the cigenluncions ol the
radial Schrodinger cquation:

d?

P FUNR) |y U 8)= 1 (R). (5)
Here e is the reduced moleenlar miass, U(RY=Uyo(R)
T2y = A2)2mRY is e elfecuve (centrilugally dis-
ried) imernuclear potential function, and Uyo(K) is the
rotationdess potential based on the Borm--Oppenlicimer (BO)
sepatition. 'Fhe BO potenials can bhe obaaned trom direct ab
initio calculauons, as well as from experimental rovibroaic
level positions either by the semiclassical Rydberg—Klein-
Rees (RKR) mversion procedure, or i the Trimework ol a
lull quanuun-mechanical mverted
(IPA)."* 1n most practical cases the empirical RKR and IPA
potentials are essentially more accurate than their ab initio

perturbation approach

connterpants. For this reason, only the empirical potentials
hiave been exploited i the presenr study sinee the conven-
tonal spectroscopic mfonmation (Donliin molecnlin con-
stans) rcguired Tov then consttuction s available tor all clec-
solve g (5)
nuwmcncally, we implemented the sterative renormalized Nu-
algorithim'  combined  with  the  Richardson
2 An ellicient phasc-matching method  was

vonic  states  under  consuleration. To
merov
extrapolation.
employed o find the eigenvalucs ™! This construction allows
one 1o reduce e absolute errors i rovibrational WEs and in
the  concsponding overbap iepral nanix claments o
1010 " “Fhe accuracy ol the overlap integrals was esti-
nacd by calealating the so called “noise factors:™ )
[(oJopl where i £ jand Jo,). fo ) are vibratonal W ol

a piven cleciionie state. The deviadion ob s, values trom zero
15 eastie ol the nonogthogonaliy ot the calealined WIS
Ias obvicusly cnough o ccord only one Hnorescence
progression in order o deternmne the selanve K dependence
ol the transition dipole moment, whercas 7 vatues for a num-
ber of rovibromic v, J' levels are required Tor the same
purpose in case lifetmes are used. At the sume tine, relative
miensities do not allow one 1o gain the absolue values ol the
tsisition momient From these consideranions, the tollowing
prowecdhine sonsually exploied o deictimne the g, () Tone-
tion st by using relative intensities ol LI progression
ongnrimg bome the pariiculae upper ovibione Jevel, the
rclative bansition moment tanction is dewenmined, which is
subscyuently normalized with respect 1o the experimental
liletime of the v, 7 level.?? Besides, the ,u,j(R) function 1s
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rected PSZ relative intensilies data in the trumework of the R -centroid ap-

proximation (6).
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. ) o
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) (el #07.)
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(6)

IUis this method which has been used by PSZ" in order 1o
determime the normalized absolute transition moment func-
ton for the D=X wansition in NaK as g, (K)=- 6.0
+ 23R (g indebyes, R inangstroms), see the dependence in
Fig. 2 Labeled as PSZ. Iuis also worth mentioning thal the
PSZ i y function was later modificd by Katd and Noda” as
o, A= 601 28 0.24K°
Fig. 2) inorder o describe their relative intensitics measuored

(the  dependence KN

for a smgle FIF progression which originates from the pee-
turbed o’ = 1247 =7 O ' stale level,

A maodilicd approach has been exploited i the present
paper o gan g, (R) from experimental hitctmes and refa-
tive mtensity data, ‘The essence ol the method we e otler-
ing here involves the wo Tollowing steps.

(1) Replacement of exact equation (2) by the approxi-
Iatke expression

| 87’

T2 () AU SR R ), (7)
Ye, '

where AU(R) = U (R)--U,(R) is the difference potential
between i and j electronic states.™ 27 Approxintion (7) is
based on the additional assimmpton that the diflerence polen-
tial is independent of J, and Iu;,)%h:;, . ). thus allowing
one o perform separate stmmation over ¢ and J7 i g
(2). As asesuh, the s of Honi—Fomdon factons yickds
27" 11, and the rovtional factor in T (7) vanishes

(2) The simultimcons cmployiment of relaive intensitics
for i number of LI progressions amd liletime daa for the
overall set of rovibronme levels i a weighted nonlinear least-
squarcs method (1LSM) fining by means of Eqgs. (3) and (7).

dis4
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et us stress that the use of the approximale expression
(7) practically docs not cause any additional inaccuracy in
the e, (8) deternmnation since, as was shown by a direct
nuimerical comparison of Eq. (7) with the exact Lq. (2),27 the
relative error of the values obtained by Eq. (7) does not
exceed 0.002% for all levels under consideration. Thus, for-
mula (7) can be, in some sense, considered as an “exacl’”’
ouc since the accuracy of both lifetime measuremems and ab
tndtio transition dipole moment calealations we sull essen-
tally towcer than the accuracy ol approximation (7).

The present approach has the tollowing advantages in
comparison with the conventiomad one: (i) Formula (7)
avoids the necessity of solving o complete cigenvalue and
cigenduncton problem tor lower states, bemg most ellicient
tor dhistant stues and nondiagonal systenis. (1) Formula (7) 1s
much simpler than the exact sum given by g (2), thus
allowimg one o apply the more stable hnear LSM for ¢m-
pirical g, ;(8) determination from the cxpenmental lifetime
values mstead of the wdious nonhncar tiung procedure re-
quired dor the divect apphication ol Ty (2). (i) ‘The present
approach poces beyond the limne of the £ cenrroid approxi-
oo 10) whic by, o e koonvn, thay anse constdemble ¢
1O 1 /:.}(I\‘) deternmition, especeally swhen s weak Hhuo
sl FCIF

band  {that 15,  with valucs) 18

N
exploiied

rescence

Sinee the mversed Biletime (2) 15 the s ol probabilities
of transiions o all lower levels, the dividual dipole mo-
ment for a transiton to a parnicular stiie may be obtained
explicitly only in wwo cases: () the sum is reduced w0 a
stngle term, e, only a transiion imo the gronnd state is
possible; (b) the sum s dominated by one strong werm, which
is likely to oceur i cases ol comparatively high transition
frcquency 1, (since T'U,IJ, 15 proporionl 1o l’,‘j), Of 111 cases
when all transitions but one are “forbidden,’” 1.e., they have
very small trinsition probabilities. Thus, sinctly speaking,
onc niy use hilcume measwiements 1o normalize the aval-
able relanive iensity dara onfy il all relative probabihinies
(beanchimg, coctlicicns) contnbuning 1o the swn (2) we
known ™™ 10 is also worth mentioning tat experimental lile-
times and relanive imensities exploited tor determinaion of
the cinpincal transition dipole moment st coriespond 1o
unperturbed levels, otherwise the deperturbation analysis is
certainly required before any liting procedure.'®

B. A'11-X'Y" transition
The B'H-X 'Y

ol the present spectroscopic situation when systenntic lile-

transition in NaK 15 o typical example

tme measurements have been carrted out ina wide range of
vibrational quantum numbers Tor the upper state (<o
= |4, see Fig. 3.3 while experimental relative itensity data
are absent. In this case the cmpirical " (K) Tunction can
beoin principle, obtiined Trom the lictime vy, dependence
ey only In doing so, we have implamented the approxi-
mate  relanon (7). The
Al (R)Y Uyt Ry Uy oo - (R) has heen compuied Trom
REKR potentials tor #'H and X 'Y
tve molecnlar constams given i Refs. 29 and 30, Since the
experimental B state lfetimes cotrespond 1o compara-

required  dhllerence  potental

states using the respee-
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LG 4 8T seane fitetimes 707 ) derived in preseat wark linn ewpidical
akd e dndtio o0 R) hiictions cadeulated with Lirger basas (8 11 set ia com-
panson with experimental dita given by DDNS (Rel. 8) 1o aveaged S
< A0 and with ab inine calculations giveon by RKS (Ret. 2)

tively low J' levels (47 <d0).* most of the lilctimes being
averaged over several votational levels, we have evalumed
the expectation valies of AU,-‘/(I\’)R‘ operitors using vibra-
tonal WI's corresponding 10 J" = 30. Then, the experimental
filctimes given in Rel. 8, along with obtained rovibronic ma-
trix clemeants, have been processed by a lincar 1.5M proce-
dure in order 1o obtam the liting paraineters o, . The singu-
lar valve decomposivion (SVD) of the plim matix was used
to contiol the hnean dependence of the nonmal cquations ks
ing i LSV T esulting capinical 10" () hunchion (the
bold solid hne i Fig. 4) ukes the form

444281 53071R--1.2145R7 1 0087 IR,
(8)

with 22 i oo amd B in A Fquation (8) s valid withm the

AR ) =

tange 3. KA 58, which actrally conesponds o the -
terval between the ouwtermost wd inncrmost classical wiing
points of the highest vibeational # ' 1 state devel w be fited,
mamcely vy, = 14, To prove the correctness of the applicd -
version procedure, we have recalenlaied radiative #8110 stie
lifetimes by puiing the obtained empirical ¢y function (8)
into the exact cquation (2). The result is shown in Fig. 3 (lhe
bold solid fine). Notwe that, although there is one more for-
mally allowed clectronic ransition from #1110 1the lower

2 . . . e W ocw v
‘0 . ——— prasenl enynical B (8)
=< 10 ,/;._\ o, -~ preseid ab wwio (B-11)
E -~ present ab milio (B 1)
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FIG. 4 Empirical #"1 X'Y' gansiton dipole  moment lunctions

A AR and e ab v calcalations with siabler basas (8 T aid Laipes
basis (B 1) accomphhicd i the present work companron slle ab unir
coleulations palormed by RKS {Rel 2)
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lying A'Y " state, its contribution into the 8 11 state lifetime
values 15 negligible doc 1o both frequency and probabnlity
) . 22

lacrors, since VZ_A< V;,_X and ,uf}_A*s My ‘\-.2

C. D'11-X'X* transition

The following distinctions baiween D HH=-X'2" and
B'UH-X"'3" systems shonld be pointed out concerning the
cimpuical determinaton of transition dipole momens.

(1) Tn addivon to hfetime measurements, the experimen-
'y
originating from a patticular 1 'le’ J" level are available
from PS7, data®

(2) Liletme and relative meensity measacemes have
levels, wathout any

tal relative intensitics in the D' LIF spectiam

been caned ouwt for a number ol v’ J°
averaging over J', including very high J' values (J°~ 100,
see Table 1) for which it is necessary (o tike into account the
effect of votstion on vibrational WEs and corresponding ma-
ix clemens.

(3) Some levels under study can be locatly perturbed by
the close tying d 211 state due w intramolecular spin-orbit
teraction,' which means that 1he corresponding experi-
mentd liletimes and relative wtensities can differ from the
e ld, the v’

and cxperimentadly measured Tilcames for these levels have

ones. Indead, as was shown in Rel.
A0 dGand o’ == 1207 T tevels e certanly pertuibed
therctore been excluded Trom thie fiting D bas 1o be added,
however, that, in oblaming empirical - X ransinon dipole
moment functions, we have completely 1ignored the branch-
g ratio cocllicients, that as the atios ol smgler bound-
bound D X ' and wiplet bomnd -hee d I a 'Y
tansitions Tor the D' ste levels o' - 1,1 =67, 0" = 1.0
107102, see Table T one Rel. 6. PS7Z°

supposad thiae the above levals e considerably nnxed with

20 and o

the o 1 sne levels. To clarity this potnt, we have estiniated
the nxing cocllickents Tor these Tevels using experimentit
depertnrbed molecutar constanis of the penurbing o ‘1 stae
and corresponding nondiagonal spin--orbic electronic matrix
clements given i Rell 320 These caleulanons comfinmed for
as that the D M1 state e, 47 levels under discussion are pric-
tically not perturbed by the o ' staie i contrast to the o

11 =46 and v’ ' =12J"~17
Therclore, the transition probabilitics o the riplet con-

levels mentoned  above.
G given i Table HE ol Rel 6 secmto hive 1o be -
tabued wa the bound -hiee T spectianm ansig Trom other
strongly pertwbed O M levels excited by the same laser line
{sce Tables Hoand VIH i Rel. 15)

e D'
wie 1o D Bleiime vidues. Phis contiibntion fus been esti-

) -
AN rmnsinon Gm o peneral ) contnb-

mated by exploiting Lq. (7) und the aby imitio gy, (R lune-
tion (sce Table 15 the cadenlations will be deseribed i detail
i See. V). The All, (RY=UpH oK)
= Uiy -(R) has been obtained using the DM stine 1PA
potcatial represented in Table VUHI of Rel. 15 and the 4 'S’
state. RKR potential derived from the moleculur constants
given in Refl. 33, The obtained D —A uansition probabilitics
A,y (lable T make a small but non-negligible contribu-
Tihas contribution should

ditference

1 . .
uon o ihe D01 state Tifediimes
therelore be suburacted from the mversed experimental hie-
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TABLE 1. Ab initio finite-tictd MPPT vansition dipole moment lunclions
obiained with the two aomic basis sets (B-1 and B-11).

J(RY (an)

DXty B'nN-x's DUl AtY!
R(A) Bl B 131 B-N B Bl
3.281 1.275 1.214 2971 09 1.574 1.652
3498 1.220 1227 3065 1072 1 597 1.597
1837 LA70 1 464 3014 3.019 1417 1.456
1 1696 16RO 2049 2.901 1 245 17
4 366 1929 1910 2 865 2.880 1127 1163
4763 2217 2202 2728 2718 01897 0942
5.292 2.565 2.561 2519 2.588 0620 0.659
5662 2699 2701 2.535 2,530 0483 05t6
6.006 2772 2771 2.515 2,522 0,354 0.375

times gained from Table 1 in order 1o get, by mcans of the
fiting procedure, the empirical gp y(R) function corre-
sponding o the - X transition only. The remaining allowed
D' " and D'H - CYEY wransitions contribute prac-
teally nothing in O ' 7(v’ ") values owing 10 very small
I‘rcq:wncy ‘und clccl:‘()nic |:r()l);ll)i|2ily 7IEJL'l(){S, sice 1.',’, ¢
LSy vy o gy Ly Sy

To check the sell-consistency ol experimenial lifctme
and relative intensity data we have exploited them indepen-
dently of cachi other v order w obtain, i two dilferent ways,
the empirical u(R) functions tor the same D— X transition.
First, the D '1(v ", J") state lilctime with values measured in
the present work from rf~ODR contours (Lthe open squares in
Fig. 5), along with the PSZ® lifetimes measurcd Trom Muo-
rescence decay kineties (the closed circles i Fig. 5), have
been processed by the weighted linear LSM making use of
Gq. (7). The resulting empirical Tunction g, (&) is depicted
in FFig. 2 {open squares). Second, the relative intensitics of
the D Mo 2y X2 w0 LIE spectn presented in

CANRLE W Raditive Nak 00007 77y state lfetnes {monsd caleobaed
by Eqg (7)) with empivical potemial canrves using the followag D T ox 'Y
tansian dipale momient tunciions () empincal, obtamed e the present
Rel 6 Catndy and KN Rel 7 (250, b

em fem

JrHesent

wank (o577 o given by PS7
ub dnitio cateulated i the present work (87 MEPPT, 5079 o given by
RKS Rer. 2 I'E-MPPT
0 A 'S nansition probabitiies A, , Gin 10% 5 ') caloutaied inthe
present work are also presenied

. : RKS 2
(pscudopotentiat. 73" The  ab  initio

v a B Ay ' Au
1 27 225 210 345 A2 [N 163
1 67 21 8 223 33.2 103 110 1.572
i Rl 21 ¥ 222 129 10.7 144 1574
3 43 216 210 324 304 19 1553
4 I 218 218 12 304 B 1.540
7 b 205 208 297 296 147 1 458
7 20 2004 08 29.6 295 116 1.453
7 hal 204 208 295 29§ 1o 1 150
10 102 178 184 218 267 [RRY] P8
Il 16 I8 # 193 257 2R 142 1294
12 7 188 193 256 28.2 143 1 296
1 v I8} I8 6 219 276 b 1 222
V7 O 160 166 183 252 (R [FRVEY ]
22 35 15 8 163 171 258 [ 1904

dis4
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- S —
2|l D' 1 present expediment
$oe e 1’SZ expeiinent [6]
Iy a present empirical N
g ., .~ pesent ab imtio (B-11)
< o R +- RKS ab nitio |2}
N "527 a' e Yo e PSZempitical |6}
o 20
o
= 35
3 6l . e 159ns
= Na (3P)
12
PUNSEESEES G SSE—— W—
20 24
Yb

FIG. 5 lixperimentally measured NaK 1 'TT state rovibrational lifetimes
7,007 then caleudated empirical values obtained using empirical g5 (K)
functions given o present work (presenn empitical) and in Rel. 6 (PSZ
empinicat). The ab initio lifetime caleulations obtuned in preseal woirk with
basis 1 {picsent ab mitio) and given in Ret 2 ARKS ab imitio) e also
depicted. Nuwbers denote J' values ol the levels vader study.

Tables 1 and H of Rel. 6 have been hued i accordance with
Cq. (3) by hnear L.SM in onder 1o detenmime the relative
trausition dipole moment Tunction gy ((R). The required
rovibrattonal WEs Tor D ' and X 21 staes have heen ob-
taincd by the numerical solution ol Ty, (5) with the corre-
sponding clfective potentials. Note that, as distinct from
PS7." i the course of exploiting their dati we have used the
correct cubic relative intensity dependence on wransiion Tre-
quency p, that is, taking 2=3 in Lq. (3) siead of n=4.
This correction is based upon the [act that ntensity measure-
ments in Refl. 6 have been performed by detecting the num-
bers of photon counts using the photon counating regime. Be-
sides, we have exploited the X 'Y state RKR potental
based  npon essentially  1improved molecular constats, "

and 0" J"
"

vidues. The ietiive /1,,'" (/) hancnon has been scaled to the

which is of particular importance lor large o', J’

absolute gy (R function discussed above. [uis casy 1o see

from Fig. 2 that the normalized w03 (&) function (the solid
bine) s in good agreoment with s hictiine comnterpan
/1,', WL AS it also follows clealy trom Fig. 2, both Tunc-
tions go steeply toward the value of the vansivion dipole
moment between 3P and 35 stes of the Na atom (2.52
UM a u.”), which is exactly wlit should be expected af
one remembers that the iteracting D 'H and X 'Y states
dissociate ino (3P)Na+(45)K and (3.5)Na+ (45)K atomic
s, respectively. At the sine time, the present Tunctions
are significantly different from the PSZ" and KN’ empirical
funcuions. The above discussion allows us 1o suppose that the
present cmpirical g GORY and gefy (1) Tunctions are more
reliable than the dependencics presented by PSZ® and KN
Finally | the relative intensitics lor Tour progressions given by
PSZ." along with fifetimes data Tor the overall set ol rovi-
brome levels given an Table 1, liave been processed simulta-
neously by a weighted noutinear LSM titang procedure ex-
ploning Tys. (3) and (7). yiclding the Tollowing unified
cmpincal D =X 2 wansnion dipole moment tunction
(e inau R i A):

JORY=41610— 368228 1 1 12808~ 0.0919R ",
V)
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FiG. 6. Empirical and ab intio D'TT X 'S' uansivon dipole moment
functions g, (R}

which is reliable witlun the vange 3.3 <il((/\)--’ 0.0 (the bold
sohd fine in I'ig. 6).

IV. AB INITIO CALCULATIONS

The transition dipole moment functions have been cony-
puted using the fnie-ficld (FF) technigue®™ ' which is
known as an efficient ol tor ab initio studies ol clectne
propertics ol molecules in pure electronic states. The gener-
alization of the FIF technique Tor transition propenty calcula-
tons s rather strarghorward and can be bricily presemed as
follows. A molecule placed in external unilornm cleciric hicld
with inensity £ s described by the Hamilonian

Ny = HOY ol ()

whare H100) denotes the Hamihonian ol the hiee moleenle
and = - (A7) s the convendioml electnie dipole operi-
tor Exact £dependent cipentancuons M, W e cipenval
ues £, L ol 1 should satisly the ofl-diagonal Hetlimann—

Feynmim relation:

N
N,

("’,I/J_“"/):ll.‘ IL)) \|I: “l)

Al
The central two-point linite-ditlerence approxination for the
derivative on the right-hand side of Eq. (11) at 77=0 pro-
vides the lollowing working formula of the FI' method for
the transiion moment 1 a free molecule:

(g )=l = BV 1, = = A2)| W, = A72))A,
USRS (12)

where A s a nomerical differentiation siep sive. Since Ly,
(11) generally docs not hold for approximate wave lonctions
(WEs) resubing hom pracucal ab initio calculations, the cs-
tinate (12) can ditler (rom the corresponding ol f-diagonal
clecine dipole g clement (ipole lengih Torm ol the
transition motnent) compuated widi the same approximate
clectronic WEs As hias been demonstrated recently ™ ihe T1F
results are normally more stable widy respect 1o the level of
clectronic correlinnon treatiment than their dipole-length ana-
logs This advaniage of the 1 echnigue seems o overeonne
s evident dimwbacks wineh comsast ol limed mmencal e
cmaey beenmse ob romuding coias tor siall \ and apmhcam

nonlinein comtbntuons when & s Loge, as well as the ne

dis4
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cessity o perlorm at least two senies ol caleulations with
dillerent # values. One should also realize that the exiemal
hicld can fower the symmeuy of the sysiem under study, thus
giving nise 1w addittonal compuanonal work. For msiance,
the ' calculations on the 3= tansition moments in NaK
shoald be pedormed in C, symmetry, sond the stes involved
m the ransitions have the same symmeiry (A”) in the pres-
ence of an external hickd.

A guantitative ab itio description of exeied elecuronic
states of NaK requires an adequate reproduction of compli-
cated valence configuration mixing suongly affected by the
core-valence correlations. Al the all-clecuron level of the
theory, this implies the necessity 1o corrclate a rather large
number of clectrons (including at least outer core shells of
both aloms) within an inherently multiconfigurational (i.e.,
muhircierence) approach. In the present study the caleula-
tions ol the Whs aa the tinae ficld were carmed out by the
many-body multipartitioning perturbation theory (MPPT).”
With an appropriate choice ol model (reference) space, this
approach may take advantage ol e physically grounded
separanon of clectron correlation cffects into valence and
core-valence correlations, properly taking imto account their
intciplay. Offering the possibiliies 1o maintain strict size
consistency and 10 et vast model spaces without any risk
ol instabiliies cansed by minider stines, the second-order
MPPT appears to be deally sutied 1o o task.

We nsed a reeently developed MPPT code™ interfaced
to the MOLCAS suite of progriuns Tor clectronic structure
cleuliions M Two basis sets were cployed in our sty
The NTIRI one, (L VOpdd L] TS p 3] f [ Na,
A5y 3ptedd L 95T p3d L f)K (hercatier referred as B-1)
wars obtinned from the standind basis Tor electrie propeny
calentinons ! by decontacting the ontcimost o hictions
and wdding e 7 Tunctions withe exponential - parameters
0.06(N:) and 0.04(K). The larger one, reterred as B-H, com-
prised addmonal single sets of dittuse «, poand  functions
(exponcntial parameters 0.0033, 0.0019, 0.016 and 0.0025,
0.0013, 0.007 Tor Naand K, respecuvely). however the origi-
nal contaction of the o shell proposed in Ref. 41 was re-
stored. Orthogonal molecular orbitals were generated by
solving the statc-average scll-consistent ficld (SCT) problem
for the two fowest *2 ¥ states of NaK' . The model space for
MPPT calculations with B-1 basis was the full valence
conhguration-teraction space, or, in other words, it com-
priscd the conligurations with doubly occupicd core molecu-
lar orbitals and all possible arrangements ol two  valence
clections among the valence and virtnal orbitals. When the
luger basis (B-H) was used, we had o restrict the mdel
space size 1o =500, omitting the valenee configurations with
neghigible contributions 1o the WIS of interest. This choice
ol model spaces guarantees o strict (B-1) or a very good
approximale (B-11) size consistency ol results. Within the
model space, we have constructed a stine-sclectuive ermmitian
cHective Hamiltonian®* with five 'A" tirget stnes which
conesponded o ihe three lowest 2 ad twvo T singlet stnes
ol the iee moleente The eliecnve Phaniftonian incorpocated
the core vitlenee conelinion and core polanzanion ciiects
the secomd order i MPPT A the pertnbation step the m-
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nermost core orbitals Fe(Na), 15252p(K) were Trozen, e,
IR clecnons waere explicily conelated.

The external clecuic held itensities cortesponded to the
step size A=10
in the range 107 <A =2Xx10 * au provided the ,uf'; esti-
mates which were stable within 1077 a.u. The overlap inie-
grads cnering the I formuda €12) Tor transition dipole mo-

au; addiional calculations witlh A values

ments have beens evitliaed with the valenee cipenbimetions
obtaimed by diagonahzing the cllcciive Hamiltontne, Al-
though the dircet contributions o these integrals trom cone-
excied conhigurajons were thus ignosed, the use of the FI
scheme allowed us 1o incorporate imphicnly the conrespond-
ing contributions Mo transition: moment cstinates (sce the
Appendix).  Morcover, owing 1o the ‘pertrh-then-
diagonalize™ stralegy realized in our approach, the influence
of core-valence correlations on Iu,.FIF vilues via correlanon
interference effects”™ was fully taken into accout The im-
portance of core-valence correlation eftects are demonstrated
by the comparison of MPPT wansition moments with the full
valence Cl ones in ig. 7. Notce that the popular polariza-
tion psendopotential Ie(:hniquc"z'45 gives a less adequate de-
scapton of these effects since: (1) the two-panticle effective
interacuons of valence clectrons arising from core-valence
correlations cannot be properly fitted by any one-particle
pscudopotenual; (2) the dircct conwributions  from  core-
excited configurations to any property other than the energy
arc completely ipnoted; (3} the spunious contributions to
transiion momcnis iuising from nonorthogonality ol valenee
psewdo-WES 10 the core, in contradistinction with similar
contributions 1o the nal chergy, e not autonidically coun-
tervatled The tagh accwacy o the nansition moments lor
free non-valence clecton atoms copmted by the preadopo-
tential method’ nnply that the two Latter factors shioukd nor he
of crucial importance. In comrast, the eficctive two- particle
interactions i the valence shell can affect the valence part of
the WEs aid therelone the characteristics ol valence wransi-
Hons

Phe resulting 81X "2 and O U-X "2 immsition
dipole moment functions are presented in Table 1 and plot-
ted in FFigs. 4 and 6, respectively. Let us first note that the M
estimates obtained with two different bases (B-1 and B-11)
are almost identical. The discrepancy exceeds 1% only for
the - X transition al very short internuclear distance (R

dis4
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=35 Ay e Jru x i e, ab i dina closety e the
coreesponding empirical transition moment functions ob-
tained e See. HE Halortimaely, the acemacy ol the com-
puted 1) A Y vansition moment CGible T cannot be
dircetly estinuuted from the availuble experimental data since
bensity measwemems of the DAY fnsiion e ab
sent s the conttibotion of the 10 U Clannel o the
rachiativie decay of the D'"Hie” 4"y fevels is rather small
(Table HI) s worth noting, the quanhitative agrecient of
our ansition mowmet Tunctions with the RKS data; quant-
tative dilferences can be explained by the simplificd weat-
ment ol core-valence correlations and the use ol rather re-
stiicted  valence  basis  sets e the psendopotential
calenlaions.” The relative strengths of the remaining allowed
ansiions D80 D= and g t—A MY
have also been obtained in the course ot the present ab inino
caleulations in order to esumite their contributions o radia-

Gve hletmes of DY and B Y stes, wespectively.

V. LIFETIME CALCULATIONS

The present empirical and MPPT ab initio pp, (K)
Nunctions, as well as those from psendopotential alr initio
calenlations of RKS and cinpitical lunctions given by PSZ°
and KN/ have been exploied o calenline D ' state lile-
thimes by using By (7) and empuical potentials. The cesalis
are presemed in Table HE The corresponding 7,0 50 values
conrceted by accounting for the D= A uansition contribution
(see Table 1) are ploued in Fig. 5. One can see that both FE
MPPT and cmpincal function g,y y(R) (9) allow onc to re-
produce the experimental lifetimes significantly better than
the RKS? and the empirical PSZ® and KN' #(R) functions.
The ') state radiative hilciimes 7, denived from the
present ab initio wansition dipole momems and empirical
potential curves quantitatively reprodace the experineital
vitlues as well (Fig. 3). 1t should be cimpliastzed that an -
provement over the results of RKS? psendopotential calcula-
tions was gained for the hfeumes of both clectronie stawes
under study.

As it was alrcady shown, the innoduction of a cemrifu-
gal distordon term imo the effective potential U7(R) i B
(5) is dehnitely required 1o properly take o account the
rotaiion clect on vibrational WS {or high ' levels, sinee
the rotation ettt can dvanaticaltly change the magnitde of
snidl rovibronic matnix clements (4) cornresponding to simall
ek - Condon Factors |(v;,|ul;,,)|, v Obviously, the rola-
Gon cltect bas o canse lilvtime vincnion with rotational
quamtim sumber 7 dndeod, ander the shinplest hanmonic
approxinition, the lifetime J° dependence tor i given vibra-
tonal level v’ can be expressed by mcans of BEq. (7) e
following analytical fonm:

R WA W AR DR R ()

Tyt

)

28\ L 2pl (R mwl, R R,
).l { ._4 Rl'l B H 4—’ - ’ ) E ) >7/
\w, o pgtR ) [1.238 j ot 7

(14)
where the reduced mass ais - Aston onits,*® equilibrium

distances R, R are in A, while  c¢lectronic  energices
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CONSLINS are e cim

rotational (5.) and vibrational (e ) molccular
'lhe ;L,',(I(,,,)i—:d,u,j IdR denotes the
first derivadive of the dipole moment Tuncton g, (R) with
respect 10 mtcruclem distance R Relatons (13) and (14)
demonstrate that the ierime J - dependence should be most
pronounced tor long hving states coriesponding 1o simall
vy = 1= T and smiall g Tactors, as well as Jor the non-
diagonal systiems (with large AR =R, — R values) pos-
sessing pronounced K dependence ot the dipole monent
lunction (large dy,; /1dR).

To estimate the rotation effect upon tie lifetimes of the
B and DI stues, we have evaluated the corresponding
¥, paramieters in g (14) by using respective molecular con-
stams and cmpirical B=X and D =X ransition dipole mo-
Cyu K3
£y mean dae 08D Tos 1o in-

ment lonctions, The  y  values  obtained

[
<10y
crease as 47 inereases, while 7¢0 Y1) has o decicase as J°

<

incrcases. Indeed, Tor the D 'H state an “‘unexpected ™ mini-
mum can be distingmished i Figo S upon the relanively
simooth o' dependence o both expernmental wnd calculated
Ifetime values. This nanimum corresponds to a rovibronic
level with maxunal /' value under stody, namcly J' = 102.
Hencee, we can suppose that it is the rotation citect which as
responsible for the hifetme decrease. To check this point, we
have calcubined 70 ') and 78 ') Tor fowest (4= 1),
medinm (4 =50) and igh (/"= 100) J* values. The resulis
obliined are represented e Figs 8 and completely contirm
the above statements. Morcover, a hincar hic ol the calculated
e, J7) values Tor the lowest v values yields y, param-
12110

good agreement with those obrained above witdun the han-

cters y, = Camd oy, = 66X 10T g in
monic approxiniitions (13) and (14). The obtimed yp,p val-
ucs allow one o explain the diminuton ot the experimental
DL ditctimes Tor ligh J levels, namely 7,0 004" = 102)
=179 ns and 7,. . ;" =94)=16.1 ns, scc Table I Tadeed,
at = o henne calcalations (or these levels performed
with semicmpinical trnstion moments yiclded Lger values,
namely 7,..,(J"'=1)=193 ns and 7,._ ()" =1)=17.1
ns. At the same time, Eqg. (13) with y,, 1, =66 X 10 ® gives
the values 7, -,,(/ ' =102)=18.0 ns and 7, ,(J" =94)
=162 ns which agice with the experimental resuhs. Thas,
the rotation effect leads 10 a noticeable (=21 5-2.0 ns) con-
tribution o the literimes of high 47 devels tor both states
under shidy. As is well known, the probability densities of

dis4
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rovibiational WIS shilt smoothly 1o the nght along the R
. , ) o L
axis as v'oand J'omerease. Thas leids o a situatton when
v, ;- (/) Tuncuons for two  ddlerent rovibronic  levels
(w40 and (v§,J5), belonging w the same elecuonic stae,
cin be localized predominandy in the sine relatively narrow
K region il the following conditions are fulfilled simulu-
neously: vy>v 21 and J5<€J) . This means that the inte-
. T } 2y 2 y e leve
grand  funchions t_\U‘I(I\’),u,l(I\’) Vo (K) lor these levels,
along with the corresposding litetne vidues, should be close
o cach other in case of any smooth dipole moment function
w,(R). This is the reason why, lor instance, Ty —mfv’
= 1= 7 ol =14y and T, g0 =1T7)= Ty - v
220 tor the D VI stae (Eable 111

VI. CONCLUSIONS

Fixcellent agreement between ab watio and cmpirical
BU-X 'Y and D H-x Y

Tunciions obtaed in the Trumework ol the present ap-

transition dipole moment

proaches has been achicved

A possibility has heen demonsiared allowing one 1o de-
terine the absolute wansiwon dipole moment funclion
J00R), inwide R orange, by mcans ol the approximade relation
(7) and the experimental data on tiletime variations with vi-
brational and rotational quantum numbers. The approach was
employed successfully 1o describe the 8'H-X"S " transi-
ton m which relative intensity data are absent. Satislactory
agreement hetween the resulis obtained applying Eq. (7) and
the ones gained from the relative miensites by applying Ly
(3) with == 3 has been acliueved mthe case of 1) -x'y!
ansiion

The cmpiteal D -3 'Y
Function z2(R) has been improved considerably by means ol

tanstion dipole moment

(a) exiension of the (v, /") runge of the experimental Tie-
thne i (b)) corrected desaription ol aclanve intensities
measmed by the photon-countng egine [#=3 in Lq. (3)),
(¢) sinmltancous fitung of hlcume and relative intensity data;
() taking into accomt imphicitdy the J* dependence of ex-
perimentl hileume values i huing procedures

The combination of the e held (1FF) wechngque and
many-body mulupartiioning  perntarbation theory  (MPPT)
has been shown 1o be adequate tor obtnnimg rehable wansi-
ton dipole moment vidues owing to o proper desenpuion ol
the core-vilence corrcliition contribitions mto ransition mo-

THCnE estnEles.
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APPENDIX

Let us assume that the basis configuration state lunctions
do not depend on the ficld intensity F. In the present stady

this is ensonred by the use of noniclaxed moleculir oibitals of

the free (/7=0) NaK' ion in the calculations on NaK for
any held imensity. Denoting the maodel-space and onter-
space basis Tunctions by ) [0y .0 and Ja)|b) .. re-
spectively, and antroducing  the model-space  projector P
=3, |m)(m]| which is also independent of /', we can wrile
down the F-dependent second-order Hermitian cllective
Hamiltonian ia the tore

|
HGNE) =P P 520 D m)H,, )

“ mn n

1,0y (nl| (A1)

D 1))

am na

Here D0 D, are the cncrgy denominators dehined by the
MPPT manifold of zero-order Hamihonians (sce Rel. Y for
caphicit formulas). For the sake ol simplicity, we shall sup-
pose Ui these entities are Fondependent, e, that MPPT
zero-order Hamihoaians consuucted for /=0 e further
used in the second-order calculations for nonzero ficld inten-
sitics. I calculations for dilferent I values are perlormed
separately, neglecting the 7 dependence of the energy de-
nominators s acisonable approximation. Substindtiug e
expression for the held-dependent il Hamilionian (10)
into Lqg. (A1) and regrouping the terms according 1o their
powers i 17, one gets:

Gy =ty rary o), (A2)
where

| Al At
M= I’/J'I)—f )a\—l Z I”')(Ilnlu(o)/'l'uu Tl /lnmll.'m(()))

—mn o

I I
*( | )(n|. (A3)
I)mu I e/
Obviously,
k]
'9”{1].
M ', . (Ad)
Id&

One casily notices that g, (A3) rescmbles the expression lor

Ny . . T -1 1 AR
the hrst-order elfecnve cleatric dipole operator

pll=Pur v 2 2 )

mn a

1 D) g ppalln(0)
X 4 b e

e g (nl

{AS)
D,., D

na
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Provided that |D,,,,— D, | <|D,.] (this requirement is nor-
mally satisfied at least for model space configurations |m),
[#) with harge weights in ihe 1arget veciwor expansions), the
M matrix clements between the target states should approach

the conesponding, pAlc,'ll matnx clemens:
(M| )= (P | i/ )). (A0)

Since #‘c:]‘ is Hermitian, its eigenfunctions W, \f’,-, i#]
satisfy

CPIP ) =0, CF1T ) =0, (A7)

Ditterentiating By. (A7) with respect o held intensity and
king nto account Ty (A, one veadily arrives at a
Hellmann—Feynman-like relation

N | f i L
i W N = (R MIT )= (P Llgl )

(A8)

Ir"n

Although the funciions P

,‘[’l are restricled w0 the
model space and do not comprise any contributions from
outer-spatce {core-exciied) conhigurations, 1. (A8) clearly
mdicates that TFT° wansivion dipole moment estimates com-
pted with these Tunctions implicitly incorporate the bulk of
suchi contributtons entering the ist-onder eflecuve electric
dipole operator (AS). To achicve a similar level of accuracy
with the dipole-length fonmla, one shoald exphicnly con-
struct the dirst-order effective opermor (AS) or, equivalently,
cvaliae the outer-space part ol the WEs using hirst-order

PPN
wive operalor. 8
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NaK A doubling and permanent electric dipoles in low-lying "1 states:  Experiment and theory
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A Pazyuk, AV Siolyiov, and A Zansevskii
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The paper presents A splittings and g factons o the NaK D "1 state. dicctly measured from the clectiic
radio-hequency-optical double resonance (RF-ODR) in laser-induced fluorescence (LIF) for o number of
vibiational stades v~ 1 22 with detinde totational levels 7 bhetween 7 oamd A6, Permanent electric: dipole
moment vahies () have been obtained by measaing in LIF specta the elative ntensies of loihdden™
lines enused by de Stk ellect induced of f mixiog i the "I stes wikle thein suhseqguent processing, which
nllowed us 1o obtain the g/d o A possible alinence of the hypedine stoaciee on the REODR spual and
relative intensities has been calenlaed. showing that this indlueace can be neplecied The ooy values exhibuied

1520y 1 e OIS I N VAR I Y o whineh has been exphoncd by an

a decrense Trom (1)

Cordes walls oteinndcleny dhetsnee (R) the

mtease ol the didlerence potentiad bebveen o Ny
wespective L-nnconphiog matnix clement was cvaliated as [ R/ 1 was shown, hoth by senncinpcal ieahnead
and population analysis of ob pdtio molecnba wave Tinctions, it considerable ad and o d conlipiwation
adimiatines e present in the DOV aad ahe LY staies o the B "I sine. 1 was demonstated that A
doublling s vaused by awo competng pertiibers (A Py and 2 ) yaekding g dacias ol 2
I “can i agreciment with high resolotion spectioscopy dida piven i the literabne: single conlipaation
approxiaation is valid tor inferacting # "N go Yy mdp ) AP Too 3, odp o) states, The measused o)
vilues, which varied liom 6.6 10 4.6 D, have heen used 1o obtain the conplaeal D "I stale JURY Function o
R=6 12 au by mecans of an improved mstability-fiee inversion procedure exploiing a special Tanctional
torm T'wo independent series of ab indie all clecnon calcalations of dERY and d(n) have heen performed for
the D1 and 8T states of NaK. Fist o values were compited s expeciation values of the clectie dipole
vpertor willy conventional mnhieteorence conlipuation mtecnon wave fanctions. Sceand, the Tine held
(FF) wehnigue, combined with a multpanuaning perirbation theory (MPIT) teatinent ot elechionic vipen-
states, was applicd for the calculavon ot (1) Tunctions. “The F1- MPPT calaulations showed excellent apiree-
ment with expetimeninl T dgy) valies obtained in the preseol work, as well as the proximily 1o cxpori-
mental 7511 dgu) values given in the hicratwie, thus showing that, as distinet from the ground state, it is
impottan 1o account correctly lor elfective interactions ol valence elections arising from cote-valence conre-
lations. which conld not be done properly with previously used pseudopotential techniques. The expeninental
d and g values dropping our friom a smooth o dependence have heen considered as perturhed by 1) "I

o "1 inteiaction and exploited 10 cvaluate tespective o, and ¢, values Tor the pertarhing o 11 state

{SHO50-2947(9R) 1 1309 A}

PACS vumberts): 3305 -¢. 3115 - p

LAINTRODUCTION o is ditfcient lor clectronically excited states. Speaking
abont the hetcronnclea alkali- metal dintonme molecules, one

Lxperimental deteimination ol the permanent clectric di has 10 admit that even Tor NaK| which is the most closely

pole moment (PEDM) in diatamic molecules is ol great in-
terest for the tollowing reasons. First, the dipol: momeunt
gives dircct infonnation about charge distribution in the pai-
teular moleenlae sine, as well as about the type of bindiag
Besides, the PEDM vidue cmers the cxpressions describing
te intensities ol miciowave liansitions between the levels
helonging 1o the same electronic molecular states. Next, the
PLEDM is exuenicly sensitive 1o the details of tie clecuonic
wave Nection (WIR), Lience an accnrale cxpernnental knowl-
cdge of this quantity is very useful as a test allowing us (o
Judge 1o what exient the ab initio calcutations of WIF's are
reliable.

Though there exists considerably rich information on cx-
perimentally measured clectronie '3 ground -stite eleenic
dipole moments ol small imolceules, sce, e.g., 1], the sitma-

HOSO-2947/98/58(3)/1932(12)/%15 00 PRA 58

studicd molecule of 1his chiss, there sull exist more questions
than answers. The first results have been ieported on NaK
PEDM measmemens in the 8 "H [ 2] and 1 "1 [3] elec-
tonice states, while vheir ab idtio pscudopotennial caleala-
tons ae preseiied i |4 I paaticulio, in our previons paper
[ 3] the PEDM == (1) 1) values have been determined Tor
two 1ovibionic levels v(J) as 5.9-6.4 1D lor 7(23) and 4.5-
4R D lor 12(7). From another poin, theoretical methods that
would permit us to caleulate, with sutficiemly high accuracy,
the excited state PEDM are sull questionable. The ground
X 'Y state PEDM's caleulated inihe vicinity of the mini-
mun ol the potential curve using the cliective core potential
(or pseudopotential) mcthods by Muller and Meyer [5] as
2735 Do by Stevens and co-authors [4] ns 295 D, and by
Magnier and Millic [6] as 2,758 D, e in excellent agree-

1932 © 1998 The Awencan Physical Society



PRA 58

ment with the experimemal value d9"'(X DYy 273D
[7] Ve, itis still not clear enough whether the above ap-
proaches allow us to obtiin seliable results 10 describe ex
| 2] have
measuted

cited state dipole momems. The awhors of Rel
found  Luge  discrepancics  between  theb
A" Uy =(2.4-2.1) O values for v ranging lom | 10
14, aud the PEDM s calealated in Ret. ld] as (4 5-28) 1)
Calenlations [4] Tor Nak D ' adso exhibit some wedency
to exceed the above cxperimental V00D "H) evaluations
1] Wois probably wonh mentioning that an attenipt has bheen
made [8] to study thie PEDM ol NaK by the ab initio iier-
nally contracted configuration-interaction (C) mcthod using,
the Motero package [91 While tor the ab initio catenfated
vitlue lor Nak X 'S0 ey 279 D s quite pood the 9
1Y value obtined Tor the Nalk 1)
capevnwentad viloe ol 5 0 DY Toradebnaie o lnson,

\ :
IE stane s b above the

more experimental data e needed, e pinticalian, those al
lowing us 10 obtain the cexperimental () dependence
within a somewhat considerable R range.

A peculiarity of spectioscopic investigations ol ' states
is that such states possess A splitting into two ¢, f components
within cach vibronic level o (7). In the simplest case A split-
ting A, is chiracterized by a so-called ¢ Tacton [ 10.11]

A ,=E

[

Ll =qd (). n
It is quite obvious that, especially Tor kuge J values, highly
accuraie ¢, values we necessary to have o rehable sec of
molecular constanns: withom such data 1t 1s hopeless 10 1e-
produce the 'TH(n 1) state cnergy. Onihie other Land, the o
values reflect direetly the measure of intramolecolar 1

Y teraction, yichting easentially novel asipht o
the storctine not only of an olated " stne, bt of o '

Y complex and, 1o some exient, ol a THE T complex as
well The existing intormation abour A doobling i alkali-
metal dimers is Gir brome sublicicnt also Tor the NalK mol-
ceule, which has Deen the subject ol jalensive speciioscopic
studies [2.3,12-151 In panienlar, some conteadictions have
been revealed tor the NakK 8 ' ste between the o values
measued from line positions in optical spectia {15 ) and from
Stink elleet based mcthods [ 2] For the NalK £ ' st
under study in the present paper, there s also a disccpancy
oder of 116

[, . : .
. as obtained Trom conveational spectoscopic
|

hetween  the value  of the
X 10 % em
analysis tor high / =70 12 and the valne 14210 em
measured i Rel. | 3] Tor v(J)=7¢23). In the case of 1he
NaK moleenle, it can be expected that the companison be-

ilV('liIgl_' o

tween expermental and theoetical ¢ valuces gl allow ns
1o judge to what extent the simple single configmational
Ay t Appg approxiniion of the D state is conet

The purpose of the presemt work is 1o elaboiate the meth-
ods developed in [ 3] and 1o apply them (o get more accnraie
experimental d and ¢ values within a wide range of NaK
D ' siate vibrational levels, as well as o pedfonn high
accuracy ab initio d{R) calculations, and 1o check thieir reli-
ability by comparison with experimentally obtained dat.

The vest of this paper 1ans as follows. 1o the next section
we describe brielly the basis of the method, experimental
details, and dic signal processing rowtine. Section Hl con-
tains the oblined experimental diata. Fhe polynomial ap-
proxuation ol the g factor data, as well as their semicmipii -

dis5s

NaK A ROUBELING AND PERMANENT EFECTRIC . 1933

+ e J
o J(odd)
' o -

Vi b A donbhimg scheme and selecnon vedes toc aphical o

srbreny,

1cal estimations, e presented in Sce. V. Scction Vocontains
the description ol the inversion procedme allowing to pass
from experimentally obtained d(o /) values 1o d(R) Tune-
tions lor the 1 " and 8 ' states of the NaK molecule.
The ab initio PEDM calenlation is described in See. VI,
followed by a discussion on the influcnce of o =D I
mixing upon tipole moments and ¢ Tactors i See. VI ad
concluding remarks in Sec. VI

. METHOD
A. Basic considermtions

The idea of the snethod is very simple; see Fig. 1, ¢l
[ 2.3.16 - 18] Focusing on diatomics in U singlet states, one
fuces the necessity ol distinguishing between the two A-
doubler sates of a0 sotntine molecale The clechoe
totationad WA AL e) van be cxpicsael ason hinem combi

nation over wobtional l/\‘lﬂl) s I IU‘I‘I,A’H‘:
NIA )= - ([A MY € A ANIM ), (Z
VI )

e being the parity index” distingunishing between the
two A doubler states possessing, 1ol panaty 1 ( 1y T
e Ll (abeledas e), and (1) ton € I (labeled as [),
A=Al The two A-doublet states e degencrate in the first
order with tespect w their encrgy. Thas, the encrgy sphitting
A, in L () appears as a periirhation ol a "I state. Most
frequently the dominating petturbation is cansed by the lact
that the rotationally induced ' state interaction with a 'S
state can take place only Tor onc ol the € = © } components.
In most cases one member ol a A-doubletl panr (e or [) has a
pretencd popalition both i optical excitation | duc 10 the

{ 1)+ ( - ) 1otal parity selection rules [ 10.21]; see Fig. 1], as
well as in chemical reactions and inelastic collisions. Owing
to the samie selection rule, the 'TH="Y fluoescence spectruim
consists cither of singlets following O exciation or of dou-
bleis lollowing £, R excitation; sce [Fig. 1. ln the presence of
a de clectric held, ¢ and [ levels e mixed via the Stark
interaction operator d€, € being the de electric held
strength. This leads 1o the appearince ol “lorbidden™ lines
in the NMuorescence spectra, i which one cin now observe
the whole QR wiplet. The intensity of the “*forbidden™
line (1)) is “horowed” from the allowed™ lines, and the £
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progression originating o NaK D "o /y=7(23) devel 1T
denote exciting lght and LIE clectiie veators, & being extemal clee-
e field.

dependence ol the vatio 7,71, see Fig. 2,4, heing the “"pay-
ent” tine uiensity, allows us, by proper fitting described n
detail in Ref. | 3], to ablain the ratio A ld.

In the case when o radio-frequency (REF) clectsic ield is
apphicd, in resomance with e f sphiting A, the appearance
of a “Torbidden™ Tine as also expected in the laser induced
Nuotescence (LIF) spectram. This means that, il the
apparitus 15 wuned o the Clobidden™ line position,
be able to deteet, against zero background, even the

spectial
one will
slightest
appearance ol the missing line in a situation when the
scamied RIF elecuic field hrequency equals &, 1 see Fig
3. This permits us o measwe A direetly and 1o pass o the
o Tactors; see Eg. (1) Ou the other hand, i is also possible to
use the resomant diminanion of the allowed transiton inten-
sty 4, (Fig. 3) Loy the sane pmposc. Thus, by combining the
clectric: REF-optical double tesonance (RE-ODR) method
[22] yiclding A, with the de Svark effect induced ¢ f mix-
ing yielding A /d, onc oblaivs the d values destied

. Experimental detnils

The expenmental setup s been described 1o o detail
in [3], lience we dwell on it only briefly. NaK molecules

ABLE |

{1in) 7] J

have been formed in thermal cells made fron special alkali-
metbacsistant glass and attached (o g vacmnn system via a
diy valve, Clinactenistic working temperatnies ol the inetal
containing eservoir  (weight Na:K=1:3)  were
1T=525-575 K. A uwmber ol visible bluc-green Spectra
Physics 171 Ar' -laser lines (see Table 1) have been used 1o
excitle ) '"Ho(y X '3 0 (") uansitions. Visible LI
lines, ovigimating Irom the -1 mn dinn Taser excitation re-
gion, have been viewed at right angles (o the exciting laser
beam,  mged the double-
monochromator and resolved by a 1200 hnes/mm grating
blazed 1 the first order, providing s overall spectral reso-
003 . Polarizars were used 1o realize all pos-

1o

onlo catrance  shit of a

lation of
sible linci poladization options in rectangular excitition-
observation geometry. D 'Ho(J) state sclection has been
matntained by linding o the overall LI spectrm the par-
vealar BIF progressions mentioned in [ 2] and onigimating
from the chosen o) level ander study  The signal from g
photomaluplier was recorded using the photon counting
teehnigue.

The clecnic held, either de o RE was applicd 1o 1the
carclully polished stainless steel Stk plaes, -~ 0.8 cm in
diameter, separated by a0 1.2 i gap. The RIF fickd 5-900
Mz, usually possessing an amplitude of 5 V, required 1o
induce resomnt A-doablet mixing, was produced cither by a

Fxciting laser wavelenpths (A 3. cxperimentally obiained vahies of clecinic RIF-ODR jeso-

g 10 S em I)

A d (1)
RTINS | ) (AT 1526 0H06 S0
S0l 7 § " 2y 1161 0uin RN
496 5 i 13 KS3 T d 1 S03 000
4965 4 1o 1722 1509 L0010 66702
496 5 7 ] 012 L ARY+0.070)"
(1A oo70)"
488.0 7 20 172+2 (1.36520.010)" 6.2+03
(141620.010)°
488 0 7 24 24912 1 504 20008 602
490 5 i A6 67341 1038 0001 Si+02
4765 12 ! 17015 1 U2 10080 dFu6
4765 14 19 162+ 3 1.4 20020 5903
488 0 22 15 448 *+2 464102

"For sotape P'Na YK

by, )
Values toanstoomed teom 7 'Na

'“K lo

""Na

"k

FI8S 204
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Wavetek RIF generator (1-300 Mtlz), or by Mini-cucuit
voltage controlled oscillinors (20 -9(X) Ml 1z), Tollowed by a
high power mnplilicr (M- ciccuit ZHI-2-12)0 Phe RE eld
2N step
within the cxpected double resomincee jegion by micins ol 4
computer-driven de power supply. The typical signal storage
time was 20-90 min, with overall averagiog during 20-60 s
lor cach RIF value.

It was noticed that specitic leatures could wise, under
particular conditions, in the resonance region, leading in
some cises o the nend o exhibit some paasitic peaks in the

heguency fwas swept epeatedly, with a |

resominee signal. A the bepanning, we were inclined to as
aribe these peaks to the mtlucnce ol some hyperline stoictne
(1I°s).
peiaks were artilacts since their position and shape have been
fully determined by a particalar arrangement ol the RI5 loop.
The parasitic peaks disappeared aher carelully maching the
conpecting hine paameters.

Cwelul resting convineed us, however, thin these

C. Signal processing

Typical examples of the experimentally obscrved & de-
pendence ol the intensity ratio /, /1, are given an Fig. 2. The
fiting (see the sobd cmve i Figo 2) has been pafornmed
using - approach that involves  diagonalization ol the
Hamithonian, accoonting tor de Stuk mixing hetween all
+ A levels with A= 2 in the iniual, excited, and ol 1ovi-
lromce states of a LIF wansition, sce Rel. [3] lor details. As
tested in (3], the Tiding yickls, with sanislying accwacy, the
destred A 7dd value, provided than the upper level rckaxation
rate 17 is known at least within -~ 30% accumacy. At Bist we
uscd 1 values based on the NaK D " w(J)=7(23) liletime
measured in [ 23] as 721!
also possible 1o obtin 17 dircetly from the RE-ODR signal

20 s, However, it appened

conmtour (see Fig. 3), yiclling litetnnes within 13-23 ns for
virious v(J/) levels under stady [24 | The approach | 3] im-
phcs broad line excitivion uoder conditions when grood-
state oplical pumping cliccts [ 25] can be acglected. To check
the possible inflocnce of the above elfects, the ¢ dependen-
cies of /1, ratios have heen recorded at vadious exciting
baser repimes: see Figo 20 We have also checked il ihe
dependences obtatned at ditlerent excitition-observation ge-
omaetries ind polaiziions ol the exciting light (K) and fno-
rescence light (1) vectons yielded the same A,,/tl 1alio

Some of the experimental REF-ODR signals obtsnad e
presented i g 3 Resonance hiegquencies £, (sce Table 1)
have been obtiuned rom Loremy shape comtom [nag i
wis proved expernmmentally tait e £y valoes wemam the
sie at ditlerent RE clecuice ekl immplitudes.

D. Nyperkae stracture

Lot ns now consider the possible intluence on the ¢ de
pendencies ol fo01, ansd onthe REEODR sigaials ol the hy
pedine (HE) intermcton in the NaK ) P state, We wall Tist
tocus on REF QDR apanls
Al

m the HES paticins ol ¢ and f components

b clesu i, owing 1o the
O selection mile | 26} one bag 1o examine the ditterence
Lhe onigin ol
dillerent B spliting is ielned 1o e geometnical propertics
ol the WE sncee the WE with 1 (e Py by (2) s
synunctic Gubisymimetiie ) with espect o aclecion o the

pline ol moleculn totaton, the respective molecula orhitals
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lying in the rotational plane and at right angles o i [27),
From the well known expression for the magncuce HES in-
teraction operator ('l|,.,,||AI",H|'||,.,,) | 26], the magnetic HE
cnerey tenms e the sione lor the eand £ components, being
dependdent oo A7 this having no inHoence onihe RE 1eso-
wance signal. Nevertheless, o the next approximation one
has o account Tor the existence ol the nonzero magnetic
LIS operator niatrix clenient ('Y |Il,,,g|'ll,,), which leads
10 a 1117 shift of the e component only, AL"*= ¢, 1) [26]. The
estimated ¢, value is proportional to the ratio of the "1 state
constant N

¢ lactor and the otational . ey oy

g I8 beig the magnetic HES consiani

2pgp oo

/ ; 3)

o
where gois the nuclear magneuc moment, e, is the Bohir
magneton, and e averaging inchudes ondy the clecuons giv-
ing nonzcro contnbution 1o the clectronie orhital momentin
l.

Flecuic quundiupole HE interaction may also cause a dil-
feient encigy shilt Tor e,/ levels. The respective Tamiltonian
IAIU can be wiitten, o standand maltipole Tor, as Hy,

2

=) ‘,,‘

q

(2
H'v, Q‘)')I. Here the nuclear quikdrupole mo-
2 .
ment  operator (_)fl acts on the nuclenr coardimates only

. . . . ?
while the clecuie licld gradicat operator V,'I" acts upon the
clecuon coordimates. The electne quadimpole ineraction
coustant Iy oo can be wiitien as [ 28]
bar=eQqan
(2) R
A - opllec “[5‘:/))1 |- A)Y,

’ (1)

200N 1)

'

)| . . . - ;
wheie ¢ /"( S,p) is proportional 1o a splicrical Tunction | 29,

N denotes the munber ol electrons, and the r valuce is
averaged uver all clectrons, As alicady pointed out in |26],
the manix elemems in g (d) with AN = 1 2 can differ from
zerw; see also [I0] To consider tie costribution of hese
matrix clements o ahe T stae TS, one las 1o apply ihe
respective quadinpole intciactiion opeiator H oowhich s a
second vk tensor, 1o onr WE given by T (2), thus arriving
At the cncrgy shilt ol the e f componcenns:
Altf’,/:?z_\/:'(;)*l’()r/,,.\', Ve g, X, (5)
whare X ad X, depend only ow J, 7, and £ Fleie the diag-
onal (longiudinal) matrix clement b =eQqy, gives the
usual HIT energy for symmetric top molecules [26,31], in
which K plays the same role as A Tor the diatomices, while the
nonzero ol digonal (iamsvaersal) natix clements by

Qg e aesponsible tor ditberent H1 encrgies e f

A donbling components, which is specitic tor the 1 state.
I ol an casy pedier o estimede the mapnene HEES
canstant ooand ekl poadicn vilues o s anee these g

tintes anclode the value ol r averaped over the clectrons;
see Bgs. (3) and (1), FPor this paipose o preliminary attampl
has becn niude 10 peddon als iniito calealations [8] by ihe
iennaly contacted Chmcthod [9] 1The estonted values e

G M) a™ar, a® =008 b0 b= 08,



1936 N.OTAMANIS ¢f af. PRA 58
R e e i s I R
i "
- N 2,’ 43 19 23
2 ‘ i R e
g / e 23 0 A9 ;
e / -
s .
@ / 5 ' i :;'
C / X N . . 5
o s i o 3 |
o / < e from + I)
(@] < ,, .
0 D
) wa
1w
ir
[ . ) - o . ] nn ) ' ] Y ¥ . 1 . . a —
24y RO Y 240 254 s " f " [ n 2
hogueniey (Miz) vibashonod quonlon sl
FIC 4 Lxpecied T companents, pasition ol 1R—EEODIR capnal G S Nalk 0 'HE skae gto) valnes Jor vanows: J oblained

for 2 '11 /=23,

bc\"" =08, and I/l,Kl 0.06. The calculed positions ol
H -/ transitions e presented i Fig. 4. Simlar and sonme-
whatsmiller TIES paraniciers have been obtadned usig the
GAMESS programn package | 32] 10 shoald be woted than all
HES parameiers wese estiined without accomnting Tor local
spin-arhit D L0 T pertmbations. As can be seen Trom
the figure, the scale ol T splitting is 0.5 MUz, the RE-
ODR signal width beiag wypically - 15-25 M1z see Tag. 3.
This allows us 1o suppest thar the HES influcnce on the po
sition ol the resonance signal, and, hence, on g values s
negligible, Fhe same data about HIEFS coelficiems liave been
uscd to check the possible TS influence on the ¢ dependen-
cies of mtensity satios 1, /1, The respective HES energy
levels and transition nunix clements have been calenled by
H-matrix diagonahzation in an external de electnice lichd. Cal-
culition was pesforimed for the vi/)=12(7) state, with the
smallest J, because of the gieatest expected HES influence.
The vesulis obtained, using g, and o values oo Rel | 3,
showed it setive changes in 2 dependencics ol 1ol n
did not exceed Y tor the smadlest & 10 Vi valoe ased in
our expernments, falling asympronically to zero with increas-
ing & The above simulations permitted s to conclude that, il
our HES constams are not oo underestimated, the inaccuracy
in experimentally obtained g and A, /d values due 1o NS
inthicnee 1s negligible.

. RESULTS

The resomance liequencies [y, for various viJ) levels, av-
cringed over the series of measmements, sue presented in
Table 1. These value s allowed us 1o determine the NaK
D' sune q Tactor vahues defined by B (1); see Tabie |
The crrors given in the wable aellect the divergence ol ihe
results in vinious cxperiments. The two levels, e ly 7(8)
and 7(20), betong 1o the 7'Na YK satope imoleende | 1] il
then o vilues have hecn nanstonned o the ones expecied
for 2'Na K as "= M) whae 7 and g0 are
the respecnve tedneed moleenla masses. Sinee the J values
nee not oo lpe we hinve depicied, i B 5 1he o vilues
lrom “able 1 ons dependent o e sod approximated them by
i pacabolic function (ashed Tine). As s clear at st planee,
all ¢ values, except tor the oucs lor VHAG) and 12(7), do not
contradict too umch the quadiatic () dependence, when
the J dependence is ignoted. The ¢ values for 11(46) and
1207) diop out completely from the general pictiie, which

from RE-ODR measuiciaents.

niclines one 1o think of local perturbations caused by the
D'

The experimental g values (rom Table 1, together with
A, /d vatios obtained as a single fiting paaneter rom 1 /1,
Edependencies, permitted us 10 pass 1o clectric dipole mo-
Iwo

\ . o . .
Jd T spin-orbit imeraction; sce Sce. VI

ments o, which are also hisied o Table 1 In Cises,
minncly Toe the 3(43) and 7(R) staes, we Tonad it impossible
to get reliable &, /d aatios, ad, thas, « values are not pre-
sented Tor these stites. The o value criors i Table 1 reflect
maindy the vaniations of A /d i dillcient experiments, as
well as the imaccurscy i measwing the gap between the
Stk phes £ 11 state of values e depicted in Fig. 6 as
dependent on v, Again, o valucs tor periwbed 11(46) and
12(7) levels Tall ont markedly Teom the d(v) dependence.

V. A-DOUBLING CONSTANTS
A gqle, ) litting

The gto ) values ncasmed e the present work, see
Table F have been processed together with the g (e ) data,
which have been extracted by as Brome the dvaditomal high
resolution spectroscopy e given i [12] The latter have
been obtained from the differences between experimental
rovibrational teom values for PR and @ branches onginating
hom the sie rotationad state /. Since the absolute accuracy
ol term valoe measmements in | 12} was not better than .05
cm ' the only way 1o evaluate ¢ valies was averaging over
a group of closcly situated J levels wille sulficiently high J
>60 The resulis e presented in Table 11 The overall ex-
perimental (o 0y set Trom Fable 1 was areated by e
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TABLE DL A-doubling constams (in 10 Y ewm ') g e

sured i the present work or abtained by processing Ret [12] diaag
™. obliined by fiting according o g, {6); and ¢, obiined by

seicmpicical estmation with L9187 The fitting paraclers ¢,

(e 1), see Fqp. (6). e ¢ = 15700 - 05) 4, = - 5050 %) g,
== 4.665(—09). and g,=  3.069( - 11).
vid) l,txpcn qlil qr.r
Present data
1(27) 1 526(6) 1.538 1427
3123) 1 A61(10) 1.528 1432
343) 1.503(4) 1.487 1396
a{19) 1 S00(10) 1.524 Iy
7(8) 1 AYI0) 1 501 (R RRY]
720) Fd16010) .49 1120
M23) 1. 50:1(8) 1.486 I 420
1 1(46) F.O38(1) 1.379 1.326
12(7) 1O12(80) 1.427 1180
14(19) 1129020 1 381 130
22) bR 1174 A
Diata based on Ref. (12]
1i60) I S1{20) 1425 (BRI
1145) 1 20{1y) i 281 (AT
501095) YR F1RA b0
06175) [IRVIREY] 1.340 1 302
10(101) 1 15(22) 1145 1170
tv3)

1 E5¢20) 1.061 1 068

weighted feast-squanes method (L.SM) in the lamewark ol
the following Dunlian ke model:

qlo d)=q. Vg, (00 12) ) g ot 12)2 0 g, 00 10),
(06)

The Hned (o, ) values tor D ' v 0 states undan stidy e
presented in Table 1 along with Gicting paramcters ¢, ciier-
g . (6). As may be seen, g is diminishing, as v and S wie
mcreasing 1 as worlli meationing tean the sathors of Reld
[12] bave presented the only  prosimeier o, o 00/
X 10w Y obiined lom simliancons g of all vovi
brational Tevels ol both 0 1 and ¥ 'Y

since the aorcmaey ol then mcasmiciments was not salheiem

cleciiomie states

for determining the o depemdence ol o values: At st
glance, the g value given in | 12] may scem sinaller than the
value i the woik, q.=1.57
X A0 Yem UL however, one tkes o account i o
[12] is related wo J Trom 60 to 106, and v Trom | i 22, il is
casy to aurive Trom g (6) wt glo=1 181 =124
X 10 T em ' which is much closer 1o the g value given in

Ref. [12].

respeclive present shice

B. Semiempiricnl interprelation
D N state

I order 1o clily the reason for w dectine in g values with
voand Jowe lave perlormed g(o,J) caleulations witlin a
wide v and J vange, mmely O o< 25 and 1< 7+ 100, ased

onthe DI C 'S enaction:
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(iR Y2 07 )01’

q“(lh./) ’}_: M B ‘I[,'.Il).SI(U,\I),
oy ’u“l "'."

(7

whaie

v eili2pr? o)l
S(v,./)fmlz Ea—— _’I"; .

"y I‘u”.l_ ‘gt

LNR)Y=L"=const,

(8)

and the vibrational WE's [u?) = v, () we cigenfunctions of
the radial Schrodinger equation:

3

o
2 dr? VULURY Ly U0 ey ). v)

Here geois the reduced  moleculin miass, U (R)=U(R)
VLA 1y AZJE2 0RY) s the cliective (centrifugally dis-
torted) imcrnocleas potential fuoction, and (7¢R) 1s the rota-
tionless poientinl hased on he Bonm-Oppenheimer {(B0))
sepatation T the present work we ased tor the Nalk D 11
state the BO) potential caleolated e Rel [ 12| with high ac-
curacy by the wvented pertabation approach (IPA) | 33,34,
while fon the €92 wiaie the Rydberg Klei Rees (RKR)
potciiiid has been constacted osing, Doty molecalan con-
stts o Rel [35] T'o solve mumncrically the Schrodinger
cquation (9), we naplemented the nerative renormalized Nu-
merov alporidin | 364, combined with the Richardson ex-
wapolation | V7] An clticient phase naiching method | 38
was cinployed 1o find ihe cigenvalues. This construction al-
lowed us 1o reduce the relative crrors e Sto,J) values 1o
[ -1 "

Hounncd out that the S€o,J) values caleulined according
W g (8) exhibit a monotonous decicase with imcreasing v
and 7 Funther, using the Sto,J) vidues thus obtained we
tanslormed experimental g(o ,J) vatlues o clectronic £.-
uncoupling matrix clements 2.5~ \/({““-(l)‘j)/s:(-U,.I_). The L.
vitlues thus obained appeared o be equad 1o 1.87, the spread
not exceeding 10%. This shows that, lisst, the decrease ol
(o ) with ananercase i o and s detennimed anainly by
TS

CONSE assthuption

the wweewe wih B poteatnd lilfeienee

Uy ooy d, second, e the ;!
holds witle quare a0 pood approximanon, which s perlectly
undesstandiable . since, as can be seen hom g (7)) the
R dependence ol gQo ) witlnn the naviow Kovange s niainly
detcrinmed by the VR tacior. The semicmipiical values
¢ calculated according 10 Bgs. (7) and (8) with L= | 87
are preseoted o Table 110 iteresting that the clectronic
mairx  clement of - clecron-rotion  imeraction  exceeds
considerably the vidue 1LV 1)y=v2, Tins can be expected
brom o pure precession approxination | 10,39 under the
simgle  conliguration
wbed D "N(ordsg . 73py,) and  the
C ' Cords o pa) clectronic states. This Fact can prob-
ably be explained by a considerable admixuire of corre-

model for the  per-
perturbing

stinplest

sponding w7 s ord atomic clectronic conligurations in mo-
lecubin clectionic WIS, Indeced, assuniig, lor the suke of
simplicity, the cqual contribution of ad o od conligura-
tions 1o the respective 1) "I and 'Y states, Wit s,
[ne "ty Clap) v Colady and [ocC 'Y "))y ~Clop)

. 2 22 - .
1( )I"‘/)» where €771 ( ; I, one castly mnives at
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(O LIC S Y= 3J6~v2 FCi o VD)
~ .87, (1)

which allows us to conclude that the contribuion of the wd
and ed conligurations is  4d% cach. OF consse, it is o very
gross approximation 1o assume the same p--d mixing lor o
and o orbitals. The ditlerence, however, is nol 1o large
(=<20%) a small distince  where  the  L-

uncoupling mabix clenents are most important.

miernuclear

ludeed,  the  population analysis ol muolieleicace
configmation-inmciraction (MRCE) wive functions, see Sec.
VI Tor detaits, has shown that the zrd conliguration coninib-
utes o the £ ' ste oy 25% at R=8 a.u, upto 40%
at K=5uu, and o the ¢ 'Y 20% up 1o
=35%, aespectively. Smabine esthaies perlonmcd lor e
lower A "2 and the higher () £ '3 states revealed neg-
ligible od comtribution as compared o ihe one in the ¢ '3
state lor the same K aepion. Besides, the S(v, /) factors 1
g (8) calealated tos A YY" and () 122" states reveated
to be 2-3 times smaller than the respecnve Getors Tor the
C 'Y state, due 1o encrgy considerations. 1Uis obvions that
the Sto J) Taciors lor (4) 1 Y and A 'Y staes PUSSESS
ditferent signs, which practically compensate ther contiiba-

state from

tions to the D ' staie A doubling constans.

We may thus formulate the tollowing conclusions regard-
ing the behavior of 4 values Tor the NaK D ' sene: (i) the
onique pertmber ' C VS approximation | 10] is quite
valid for the O ' stae A donbling dac 1o the Tact that the
contributions of upper (4) £ 'Y and lower A P2 sues
are, hrst, small with respect 1o the € IS conttibution and,
sccond, practically compensate each other; (i) the tact thin
the pure precession approximation [39] (with /=1 Tor a
single 7p conligmration) docs not hold, along with iclanvely
large g values, stems lrom the considerable contiibution ol
wd conlipmations o the cleciome WIS ol oteractiog,
D!
with incrcasing v oad J has nothing 10 do with the decicase

states s anadh 20 Gi) nodecrcane of g vidies

m the Jounconpling waix clement, bub s miainly conneetcid

with the inecrense withe 8o the ditlerence potentinl benveci
1 RO

O and 'Y sines

7' state

Lct us now estinute, by means of L. (7), contributicns ol
the A 'S and € 'Y
B st I s interesting o mention that the mmigue per-
wirber approxinmation reaks down in this case | 2,15] since
the lower-lying A 'Y stie and the higher lying ¢ '3

stites 1o the g, values ol the NaK

stite produce comparable contiibwions, with OPPISILE SIS,
1o the B 11 state ¢ values, This leads o a0 noticeable de-
crease in g values, which are simaller by alinost an onder of
magnitide than those of the O ' stae. Ualike the £ '
and C '3 sues, e single conliguraiion approximation is
valid  for  he  intaacting B l||((r_1.s,.,_l, adp,) and
A2 o 3s 0 p ) stales; we s get (1 |Illlﬂ.l.\ )
=v2. 1o order w0 estimate (8 "THLC 'S '), Iev ns secall
that the C 'Y sune is builcup by the op molecnlar orbual

only 1o 1the cxicnt of 506%, which, in the shoplestcase, cim e
assumed as a primitive lineam combination of atonne oibitils

(1.LCAQ), fop)y=2 " [r3paa) | lodp ). yiclling
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FIG. 7. 8 11 state g tacios

(B '|||In,|(' 'Y ) 075 The S(o. ) lacuns, see Tig (R),
were cadenbined using RKR potentials. The resulting A 'Y
and €'Y conmibutions o the B ' state ¢ Factors thus
calenlated are presented in Fig. 7. The ol g(v,J), as may
be scen Trom the figare, are in satislactory agrecment (within
10%) with the high aceuracy experimental data from Rel.
[ 15] obtained by Doppler-free laser polanziation spectros-
copy. The discrepancy with ¢ values measured indirectly in
[ 2] by the de Sk clleet can e, nost likely, connected with
the diawbacks ol the experimental methiod apphicd. Tn par-
ticular, the A doubling consiants prescmed in Rel. [ 2] for v
=1, 5, andd 10 were obtained from the & dependencies ol the
ratio of Torbidkden to allowed wiensities Tor o number of J
levels varying iom J=4 up to /=24 tory cach v, For these
levels A i simaller than the natweal linewidth and, hence,
the ¢ - f Stk mixing icasurcincnls may not bhe sensitive
cnougli to the value of ¢ Tactor.

Since the molecutar 12 operator 15 detined with respect
10 the comter ol mass of thie molecule, while the exploned
atomic orhitals aie centered at the nucleus of the respective
atom, the preseni estimites of the /., matnix elements should
e in penecral, conected i accondimec waidy the coondiniate
origin shalt clfect pointed out by Calbourn and Wayne [40]
The woleculay 19 openitor is connected witl dts atomic

connlerpenl as

~ ~ ni i -
ool A o ()

nigtomy,

where 4 is the angular momentom operator withi respect 1o
the nucleus A, P s the momcentum ol the clectrons, and m,
aned pyy ane the atomic masses. FFrom the well-known com-
mutation rclation P=i(m, /)| B d |, whewe m, is the clec-
IONn niss, HE s the clectronic Ionthoman, and d s the
clectiic dipole mosnent operator, one gets lrom L. (1)

. - m R
(nIIA':"'I A |m)= st

R i Lol I'rl
hgmig vmy)

I ,m)(nltAl.|m),
(12)

where £00 RO =AUR)Y s he dilference potential and
(ud . [pr) is the maix clement of the transition dipole mo-
ment. The application of Lig. (12) 1o the matrix clements L.
hetween the stnes under consideration shows that, within the
wiciniclen distance between A4 and 10 au ) the maxunum

cotrections ton (D '|||f,.|(‘ Yy, (H 'II|Ii.|(' 13, and
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(B IIIIIA,.. [A'2) manix clements are 0.3%, 2.1%, and
15.5%, respectively. The correction values weice calcufated
using the RKR potential curves of the interacting stites and
the corresponding ab initio transition dipole moment Tune-
tions given in Ref. [41] 1tis worth mentioning that the above
corrections for the states under consideration appeared o be
rather small as compiued to those ol the ground stites owing
o the Tact that these states have a significant Rydberg chiar-
acter at relatively small imtermuoclear distances.

VOINVERSION PROCEDURE FOR DIPOLLE
MOMENT FUNCTION

‘The PEDM d(v,J)y Tor i patticalar vibrational-totationad
level mcans the expectation value of the PEDM R Tunction
d1), mamely d(v, ) (u']rl(l()|u'), where d(R)Y is, i ils
wirn, the electric dipole moment operator expectation value
over the respective electronic stale Wi s, In osder 1o deduce
d(R) Nom the experimentally measined d(v,J), theealistic
functional d(R) Torm is of critical importance. Most conve
mently, JdOR) can be represented as a linear superposition ol
dURY a0 AR), where the
coctliciems a; ave given by a syste ol hneir cquations:

some hasis tunctions [ (1)

N

d{v,1) - >_: a(o’|f, ) |e?),

i

(1)

which s generally ovesdetermined and can e solved by the
stundard L.SM [42] rowine. Usually the simplest #-Tunction
forms such as R, (1 - 1(,_)i or (RIR, — 1) are uscd as basis
bunctions fi(R), £, being the cquilibrium internuclear dis-
tance for a particular clectromce state. Employment ol these
functions leads, however, to an unphysical asymptotic be-
havior of d{R), both ot small (B 0) and lurge (K 22)
inlernnclear distances,  olten accompanied by noticeable
d(R) oscillations that increase with the power 1. Besides,
such a functional form leads 10 an increase o linca depen-
dence in the cquation system {(13), in particutar when the
number ol basis functions is growing, thus producing solu-
ton imstability, which, i its turn, produces buge crvors in the
determination of cocefliciems i, . To overcome these dillicul -
tics we used the Tuncuiomd Torm, which has been sncceess-
fully cxploited before inthe IPA mediod |34 ] only, manely

AR =P (expl - VM, (1)

where I’(x) are Legendie polynonnals of order o v is a
stmooth Tunction ol £, while i is typicadly 2 o0 3V Ivis obwv
ons that the Gauassian part ol g (14) provides a simooth
vatoltl, avaiding sy snphyicnl osolligons, ol 1he moneent,
while | ependie polynomials ot an aathoponnl basas set
Uiat leads w last convergence ol expansion (14) and helps o
minimize the linear dependence in By (13).

Forihe R dependence of v we used, following Ret. | 34,
R KM

e
,
T annd LA

the nonlinem antcipolaton « (K
PR U E) 200 R IR,
were chosen as the outermost and innermost classical nnning

whore I

points ol the internucicar potential, which correspond 1o 1he
highest vibrational level wo be fined. For the £ "1 seae s
597 A and [ IR Y| A, while
for the 8 'T1 stne i is the fevel o = 14, thus R 585 A

the fevel v=22thus &,
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and R, 437 A Such an mterpolition procedure treats the
inner and outer tuming points with comparable weights and
reduces nsnkedly the number ol necessay egeadre polyno-
miabs in Eqgo (14). The d(R) tunctions tor the D "1
BT stanes were approximated by T (14) with the number
N ol the basis Tunctions vinying lrom 3 1o S, depending on
the wadel. The o, parsmcters were detenmined, asing the
weighted £.SM witly singolar value decomposinon ol the pli
matrix to control the lincar dependence of nonmal equations
avisen in LLSM [12]

For the Nal O M stne the experimental die,J) values
obtained in the present work (Table 1, Fig. 6) have been used
as the basis data, I doing so, we have exclided o values for
the pertmbed vid) Jevels 1H40) and 12(7). sce Scee. VI for
details. The resulung empinical function d(R) is reproduced
in Fig. & (solid circles). To prove the adequacy of the depen-
dence thus obtained, we have exploited it o solve a direct
problem, that is, to caledate D "I staie o values at J=1 lor
v ranging from O 1o 22 (small solid circles in Fig. 6).

To demonstiae the viability of the method suggested, we
have deicimined the empirical dipole moment function d(18)
also tor the B ' state of NaK using d(v . J) measurciments
for four levels v=1, 5, 10, and 14, carried out in Rel. [2]
(sce the solid circles in Fig. 9). The wesaling d(R) function
is presented in Fig. 10 (small solid circles), while the corre-
sponding PEDM’s d(v) are presented m Fig. 9 (small solid
circles). It has 1o he mentioned i the dererminaton of the
B ste dw) forv=1,5, and 10 ftom 1he incasured qld
rtios i Rel. [ 2] has been based upon ¢, evaluations tat, for
v=1 and 5, appcared to be considerably smaller than the ¢,
vialues obtained Tater by the authors ol Rell [15] from
Doppler -tice polarization spectuoscopy mcasurements. If we

[ s e e L it Fast e i . O A
s ®  arpuihnan (2} ]
. BII ! - e- ainghical baged on |2)
ftavaus o) ul {4
g ¢ pamanal ML
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5 a0\ : where A s the step size ol thie finite dilference scheme. The
- " L 3 . .
S : i diagonal Hethnann Feynoim theorein cisines equivalence
E : -~ ompieical based on (21 . . vl vee ; . REPTTITN :
S s ‘ ; e between the e ||v.|ll|vu~ m I,(‘|. (.lf')) and the corresponding
@ « - prosant MRCY expectation vidue of the electnie dipole opeior tor the exact
g = peesent METE (IE ) R . . < . . . . . .
g pecsent ML (1 ) clecttonic W For approximate solutions ol the clectionic
1 L L S T problem appeming we practical ab indtio calcalations such
8 7 B 9 10 1 12

nlernnclear distance (au )

FIG. 10 8 "1 staie d(R) Tunciions.

helieve that the ¢/d vatios mcaswred i Rel. [ 2] from the de
Staik cffect induced forbidden/allowed LI lne intensity ra-
tios are correct, iis nob excluded that the respective dipole
moment values are larger tian the ones presented in Rel. ] 2],
For instance, W one wkes ¢, 7 236X 10 Cem THIS) -
stesd ol ¢, g 177X 10
=35 becomes 3.2 D insteid of 2.4 1)

e ! |.Z| the o valoue with o

VL AR INITTIO DIPOLE NONENT CALCULATHONS

We have pedonmed two independeni senes ol ab e
all-clectron calculations ol the dipole moment tunctions us-
ing  substantiadly dillereat approximations for clecthionic
etgenstates and different approachics 10 dipole moment evalu-
ation,

A. Expectation-value MRCL calculntions

[ the first series e dipole yoments tor e 1T ud
B states were computed as expectation values ol the
clectric dipole operator with conventional muliirclerence
conliguration nteractiion (MRCH WITs. "The atomic basis
sels CE2s 12077 1) )| 1259p5d 1 f [Na anld
CUTS A3 d L W] 19 p Sl f]K used i the MRCT calenta
vons were taken lrom Rel [43] and Rel. [44], iespectively.
Molecular orbitals (MO's) were obtained from restricted
Harwee-Fock (RUF) calculations on the gronnd state of the
NaK?' jon. Fight MO's corresponding 1o 1525 Na) and
13252p35(K) cotes were liozen alter the RUE siep and 14
clections mchuding 1the 2ptNay and 3p(K) core were conre-
Fated. The aefeience space was spanmed by all possible -
rangements ol two valence clectrons among five o and tour
maclive MO's. The CI space has included all the relarence
space confligurations plis wll conligonrtions generated by
single and double excitations of the rclerence lunctions. The
dimension of the MRCTE problemy was about 3> 107 All cal-
culations  mentioned  above  were  performed
GAMESS program package [32] The resulting MROCT J(R)
functions are presented in Fig 8 Tor the D ' stare and in
Fig. 10 for the # '1 siawe The aespective MRCT d(n)
=(v]dv)  values  we preseited e Fige 60 o
DO o=0-22 and in Fig 9 dor 8 1100 - 14 staes,

using the

B. Finite-lield AP caleulalions

The hinite-ficld method desives the PEDM estines Trom
the variation of clectronic state energy # under a perombation
by a simall hinte elecnie held & )45-47]:

cquivilence usually does not hiold, and the finie-ticld esu-
mates are, as arole, helieved 1o he less sensitive to the qual-
ity ol approximation [46].

The necessary 1) values were calculited by the state-
sclective mullipantitioning pentbation thicory (MPPT) [48],
using the recemly developed prograny [49 | imerlaced w the
MOLEAS suite of electionie suuctne codes |50 Two differ-
ently constructed Gaussian basis sets were employed. e
siablest basis ser (s Opdd b /| TsSp3d i Ny,
CISA L3 | 98 T p 8d ) f K hereatior ielened o as 13-1)
was oblained trom the standand basis tor linne-lickd clectric
propesty calelations |51 by decontiacting the outennost
Tunctions and adding 1he f lunetions with exponcidial pacinn
cters OOy nnd OO0 Theas HE O comprised anddi
vonal sinple sets ol diftose s, podand Lunctons on cach
center. Ouhogonal one-particle tinctions were gencrated by
solving the state-average SCE problem for two lowest states
of NaK'. The conliguraion subspace spanned by all the
conligurations with doubly occupicd core MO's (i.e., the
two-valenee clectron Closubspace) was considered as a
model space for MPPT caleulations with the basis B-1. In
passing 1o the basis B-AF we restnicted the model space sive to

SO0 by omiting valence configmations with negligible
conttibutions o the target WE's. Within the model space we
hawve consteacted a state-sclective Hermitian eltective Hamil-
tonian [AR [ which incorporated the core-valence correlation
and the remaining core polnization cllcals at sceond order in
MPITE. AL the patimbation siep the inncimost core otbitals
Ls(Nay and 15252p(K) were kept Liozen, ie., 18 clecirons
were conrelined explicidy.

The dingonalization of the clcctive Hamiltonan yiclded
the encigy vidues ol both states nnder study simuhiancously.
It should be cphasized thae this “diagonalization-alter-
perturhation” stategy s essential tor ieproducing the cliect
ol core-valence conreliions on the composition of the vi-
fence pint ol WEs wd therelore on the ditfuse part of the
cliarge-density distnbuotion. I contradiction o the effective
potential method used i [4- 6], one approach takes properly
into account the elfective two-particle mteractions of valence
clectrons arising lrom core-valence conelations. Let us h-
nally mention tha the present MPPT scheme ensures exact
(for comipleie model spaces, basis B-1) or at lcast very good
approximate (lor resincted model spaces used with hasis 13-
1) size consistency o the vesubts [AR] This leatwe is par-
ticulanly iportamt becanse of the ielatively Luge number of
coticlated clecnons.

Let us now consider the resuhs. The dipole imomen Tune-
ton d(10) values calealated by the lene-ticld MPPT with
ditfcrent basis sets (-1 and B-11) e prescmed an Fable 1L
It may be scen te extenston ol the basis set Trom B-1 w0 B-H
almost does not alfect ahe resulis i bote 2T and 8 "1
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TABLE 1. Finite-licld MPPT results of ab initio dipole mo-
mient (o) caleulations (in wu) for 2 "Hoand D "N skues obtained
wilth two atomic hasis scts (-1 and B-H).  Posive o value indi-
cates Nao K polarity.

Aot T Jdony

R {hohr) -1 13-11 B3-1 13-
6.0 EIRUN 0,39 10/5 1104
7.0 —0.812 ~0.831 1.944 1929
8.0 - 1240 1183 2616 2636
91) Y, T 273 2R
140 [V RN ) KW 220G RN
1.0 0632 0.608 1.558 1 655
t097

120 R

YRHY 0.958

states within the R range exploied. Resulting hinite-licld
MPPT Jee) Tunchions and d(R) values, along with clicctive
potential data |4}, we presemed v Figs. 6 and 8 {or the
D' state and in Figs. 9 and 10 Tor the B " stile, respree-
tively.

Although we had no intention 10 study the potential
curves, we found it interesting 1o see how the imcthods ased
here are able 10 reproduce the ditference potential between
the O ' and B 'H states where the PEDM’s have been
calculated. The resulis presemted in Fig. 11 show that the
present MPPT calculiions agree mmkedly bever winle ex-
petimental RKR values thian MRCT and Rel. |4 sesulis, thus
demonstrating the conelation hetween the acamacy ol the
methods moreproducing cnergetic and electiie pooperties.

VIL THE EFFECT OF ' e SPIN-ORBIr
INTERACTION

As it is well known, the singlet 1 ' and the closely
bying triplet o "1 saies penah cach other owing 10 the
spim-orbit interaction. In spite of the Tact that both states e
i the same encrgy range, their interaction is ol a purely local
natoee, since only levels with certain o and J exhibi consid-
crable interaction, namely the ones with saificiently close
encrgics and
wlto "1h[eltd "1H) vadues [52]11 we neglect mixing, be-
tween ditferent o 1 state Q components Tk, 5 tie spin

appreciable overlap integral

orbit interacton opermonr L produces the only nonzero -

e T vy —
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A - @ expmuitnans (KM
L - Stavesna ol al |4} &
E 4000 S~ pinsent MICIH 2
£ o present MPH'I B ) P -2
_ 1800 |- ;
©
5 ae00 |
X
x
% 00l 53 " /
5 \s /
1N A 3 //
@ 3200 &, ¢ 7
= <\ |
> N ,/
a S

000 =

(SN P CIRa TSRS (AEUEENS SO W Y S

6 7 8 9 10 i 12

intarnnclear islance (a u )

FIG 11, Difference potential A U(R) between D ' and 8 "H

states.
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wix elements (0 TH|EL|d *TE). Then, vibronic WIF's for
perhirbed leveds will be expressed by o lincar combimation of
unpeitubed  WIEs W2 ) aad o YD M) as
MO T TRy C D Ty e PG T where
WOy T ey o Ty D i le !y,
adhiixing coclthaients C o O e nomahized w anity:

("‘) | (',’ EVibeaional WETs [o!Y and {0y, as well as adia-
hatic clectionie WIESs W s |||,) and 0O VY, we de-

pendent on the internuclear distance K. Since 1. uncoupling

n

and PEDNM operatois do not aix stives with different nwli-
phicity, the pertimbed g factors (¢ and dipole woments
G e T CTI !
[ ! [l 8] " 4 .2 "
‘/u,.l I l(‘/l’,/ '/n‘.l) i ‘II H“"‘l)‘ I‘Il"J I« I(llu,./

41:,’ ) q:: A 'II),:I:,' D 1) and

wuillen as o comlomation

where
"/:",1“/ 'H,i,:/::’JhI 1) awe the aespeative values for de-
peviorbed singlet wnd triplel stes.

To analyze the pertmbation stiength for 1 T rovibronic
stites involved i g and  measurcmients, see Table 1, we
have calcolated the mixing cocflicients € amd C; using de-
pertmbed o T state moleeular consts, which were deter-
mincd from the level shifis experimentally ineasured in Rel.
[52] nsing the nondiagonal clectronic spin-atbit natrix cle-
ment vadue ¢ =4.24002 cm P [S2] The overlap imegrals
needed 10 evaluale the vibrome spin-orbit marix clements
emaring in 1, = ¢ (v |v,) have been caleutated numerically
on the basis of vibrational WIs obtadned Lo the solution
ol Fq 19) with IPA |34 ] and RKR [52] O 'H and o 1
potcniials, respectively. It tonaed out thin only two levels
12.=1, pos-
sess, although not very Lage, o considerable mrplet state ad-
CHo, = 120,=46)=-012 and Mo, =13.1,=1)

= 0.1 Now, stice the inxing cocthicicats ('I) aloug with the

S0

Lrom Table 1 naely o, = HE 46 and o =
Hixte:

singlet-state experimemtal ¢ and o values we known, and

supposing that their itting vadues can be taken as the deper-
. n 0

ubed ones, we estinmated the depeaanbed d, and ¢ values:

AV O 20500 D d B 19) D,

q:,) e IR VRS D V) Sem Y and
= 160510 S an Y Taking into accomnt large rela-

U] :
’ csti-

1)
Do, =114

tive cirons in small ixing coelticicms, our Y and ¢
neition s by no mcans an acencite one We can, however,
advocate the Tact thit the dipole moments o) the singlet and
the vipler have opposiie signs. Indeed s resoltis i pertect
agreement with the hudings ol ab initio siadics. o paticular,
the pseudopotential caleulations 4] yiclded the o 1 dipole
23D for R=8uu., the Lter Ixing
close 1o R tor this state. Besules, the all-clectron MPPT
(B-4) scheme described in See. VI yiclds the o P siate
22D his inter-
esting 1o note tha the signs ol tie d 11 and D ' stne

0
moment vilue ;) =

- . . . 0
cquilibiinn dipole moment estitae d, -

dipok: momeaent Tonctions comcide for £ -9 au. The nega-
tive sign of the d M state ¢ Tactons (the / component lies
Bigher than the ¢ component), see g 1, shows unambigu-
ously e the ¢ vadues e mannly detenmined by interaction
with the Tower ¢ '2 " state. A doubling of the wiplet €2 con-
ponent ', is caused by the interaction between f compo-
nems of Yy and 'Y
intetaction ol siglet siates. Now, assinning that the interact-
iog o "1V and ¢ P30 states at small £ can be related 1o the

stites | 1], nntike the e-component
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sane 3d-Rydberg complex |4 we anive at the Tollowing
estimale:

20000 V)8 M)

(1) ) B s . I
(/I((I ”I) I,(l/ |”|) .I'.,((' IEI)

= 12X 10 em !, (16)

where 12 tor the o complex

VL CONCLUDING REMARKS

(i) To make definite conclusions on the behavior of A-
doubling constants g(v,J) and PCDM’s d(v.,/) in excied
states, it is necessary to perform reliable measmements in as
wide s possible a v (or, consequently, K) range. A com-
bination ol dc Stack and RI-ODR methods in Taser iduced
Hluorescence trned oin o be adequaie w achieve this aim.

(13) ‘The measured A doubling lactors g(v ) allow one 1o
describe the specific eleciionic suucture of a1 ste. e
particular, it appeanred 10 be possible o understand the prin-
cipal difference between the electronic sirnctuie ol the first
two excited singler ' siates i the NaK molecule, nanely
tat, while the 8 'L stde is cssetially g, the 1) "I one
contains a considerable (-~ 449) nd admixture. By analyzing
'Y ieractions, it was possible 1o show it A don-
bling is causcd by a single ¢ 'S perturber e the 1 1
state, and by two competing perturbers (A "2 and ¢ 'Y 1)
in the #8111 siate.

(1) Systematic g (v 7y and d(v, /) measurements make it
possible to single out, by means of o and ¢ values diopping
out from a smwoth varaton, the local singlet-triplet miterie-
tion and, what is more, to evaluate the respective g, and o,
values Tor the perturbing (k) M state, which lias not
been studied diectly

(rv) The suggested inversion proceduie allows us o de-
termine retiable d(R) tanctions Trom the measwmed v, J)
valucs.

(v) Tt was confirmed that, in order to obtain highty accu-
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iate calculied PEDMs Tor excited clectionic states (as dis-
tnet from the grovd staies), one his, s, 1o account cor-
rectly Tor efleciive interictions ol vilence electrons arising
trom core valence conclations. Appaendy, this cannot e
done praperly by means ol pscodopotcatial weelmigue. See-
ond, Tor the approxinite WIS that do not siictly obey the
HeHmam -Feynman theoreny, it is preferable 1o use the finite-
licld stinepy Phe Lnter nclines one 1o think thie i does
make sense to apply anextcinal clectie hichd both in omea-
surernents snnd calenlations.

ACKNOWLEDGMENTS

This worke was supparted by the Euopean Conunission in
the framework of PECO Tman Capital ind Mobility (Net-
waik) TANMDA  Progiiome  under Contract Noo ERB-
CHPDCTI0033 and we are espectadly indebred o Dr tHen-
rik Rudoiph and Do Heok Dijkenman for their constant
clionts i helping us to carry om the project, The Riga group
participants have been supposted by the atvian Science
Council (Grani No. 96.0323) Financial support of this work
by the Russiin Fand of Fondimental Rescinch under Grant
Nos. 96 0% 3233 L and 97-03- 337 s pretully acknowl-
cdged by thice ol us (EP, AS and AZ)) The authors wc
heartily indebted 1o Do AL Shchcrbinin and A Granovskii
for then help inusing the GAMESS packape, as wel as 1o the
investiment company TERM Lid. Tor granting CPU tme tor
the MRCT calcubaiions. A7 thanks Professor Bjorm O, Ross
Tor supplying hinn with the MOLCAS b soliwine. Suppori by
the cesearcl group lateraction ol Oncned Molecules™ ol
the Center for Inmerdisciplinary Research (7317) athe Univer-
sity ol Biclefeld is gratelhally acknowledged by one ol us
(M.A). We e gratelul to De. Klaus Stark Tor providing us
with his onpubhished desulis of Nal ab oo Cealeulations
usiog the MOPERO progrm package. Weare especially grate-
Il 1o Janis Alnis for participation i the measorements. We
are indebied 1o Dr Jazep Eidus for his assistance in the
preparaiion ol the paper.

(1] A
{Wiley, New Yagk. 1975)

[12] M M Tlessel and S. Girand-Conan {unpublished)

(3] ROE Dinllinger. M. M Tessel, and o W Smith, 1o Laser
Speciroveopy, edived by So Tmoche er al. (Springer. Berhn,
1975). p. 91,

[1a] 11 Kato, M. Sakano, N. Yoshic. M Baba, and K. Ishikawa, J.
Chem Phys. 93, 2228 (1990).

PESTAE Baba, SO Tanaka, and L Katd, 3 Chenn Phys. 89, 7049
{1ax0)

[16]1 €A Mooie G PP, Davis, and 1A Golischo, Phys. Rev. Lelt,
52,58 (JUR4)

[17] 1A Gonho, Phys Rev A 36 22388 (19K T)

PIRT 0 Devosend and N Sadephe Opt Comsen 87, 239 (1986)

1Y) K Blowe Demity Mais Pheosy and Applicanon (Plenun,
New York. 1996).

[20] R N Zanve, Angaderr Momennan (Wiley, New York, 1988),

[21] G Hersberg, Molecular Speciia and Molecular Sirecture (Van

Miznshima,  Theory of Rowong Dadomic Molecules



PRA 58

Nostrand. Princeton. NI, 1957).

[22]S. J. Silvess. 1. 1L Beigeman, and W. Klepeier, I Chen,
Phys. 52, 4385 (1971)

123] 1. Prall. M. Stock. and D. Zevpolis, Chene Phys. Leit 65, 310
(1979).

[24] M. Tamanis, M. Auzinsh, 1. Klincare. Q. Nikolayeva, R. [e-
ber. A. Zaisevskii. E. A Pazyuk, and A. V. Stwolyarov. J.
Chem. Phys. (to be published).

[25] M. Auzinsh and R Feher, Optical Polarization of Molecules
(Cambridge University Press, Cambridge, 1995).

[26] C. L. Townes and A. .. Shawlow, Microwave Spectroscopy
(McGraw-1hil, New Yok, 1955).

1270 M. 1L Alexauder, P2 Andiesen. 1 Bacis. B Besoln, )
Comes, P ). Dapdigian, B N Dixon. Re W Taeld, G2 W
Flyon, K -1 Gencke, FRCGrame, B30 Howand. 1 R Flaber,
D. S Kmg. 3oL Kinsey. K. Klemerimanns, K. Kochitsiu, A
Lantz, A4 McCatlery, B Pouilly, . Reisler. S Roscowaks.
5. W Rothe. M. Shapito, 1. . Simons, R Vasudev, | R,
Wiesenleld. ¢ Wittig. and R. N. Zare. ). Chiem. Phys. 89.
1749 (1988).

|28] K. F. Fieed. J Chem Phys. 45, 4214 (1966)

129) 1 1. Sobelman, Aromic Spectra and Radiative  Liansitions
(Springer. Beilin, 1992)

[30[J. Bulthuis, I M Milan, 11 M Jassen. and S Stole, 1 Chen
Phys. 94, 7181 (to91).

|31 w. Guordy ind R Couoks, Alic rowave Malecular Spectra (haier
science. New Yok, 1979).

1321 M W Schmidt. K K Baldiipe, 1A Bowz, 11 densen, S,
Koscki, MU S. Gordon, K- AL Npuyen, T L Windus. § 1 Sa,
N. Matsunaga. and ST Elbert, J. Comput. Che 14, 1347
(1993).

|3 VWM. Kosman and J Tinze, 1. Mol Spechiose 5693 (1975)

[3] €0 R Vidab and 1 Scheinguaben, 1. Mol Spectiase 65, 46
(1977).

NaK A DOUBLING AND PERMANENT ELECTRIC 1943

[35] R. T Barrow, R. M. Clements. 1. Deronard, N. Sadeghi, €.
Eftannn, ). 'lncan, and AL 1 Ross, Can. 1. Phys. 65, 1154
(1UK7)

136 B R Johnson, L Chem. Phys. 67, 408G (1977).

P37] 0 1 Richardsou, Philos. Trans. Ro Soc. London, Ser. A 226,
299 (1927).

[38] A. V Abarenov and A V. Stolymov. 1. Phys. B 23, 2419
{1990)

13911 1 ovan Vieck, Phys. Rev. 33,467 (1929)

[40] 15 AL Colbowrn and F. D). Wayne, Mol Phys. 37, 1755 (1979).

[A1] 1. B Rachiff. . D, Kovowalow. and W. J. Stevens. J. Mol
Spectiose 11O, 242 (1985).

[12]1
{IMeonce-Hall, Englewood Cliis, NJC197d).

[431Y Fino T 1. M Xue, D2 Chen, 14 a and G-HE Jeng, A
Chem Phys. 10377213 {1995).

{441 A Yimmoopoulon, T feininpec, ALM 1 yyras and G-1 Jeng,
e 1 Qoantos Chem, 57, 575 (1996)

[45]1 A Pople. ). W Mclver. and NS Osthind, J. Chem. Phys.
492065 (1968)

[d6]1 A 1 Sudlej, ). Chem. Phys. 75 320 (1981), G. 1L T Diercksen
and A Sadle). ihiel 751253 (1981). and ieterences therein.

[47] 1 M Koztowski and F. R Davidson, Int 1 Quantumn Chem.
53149 (1995).

[4R] A Zausevskii and 1 P Mabiicu. Theor Chine Acta 96, 269
(197 andd relerences thereimn

LI 1) Chniaghia and AL Zansevskii (uapublished),

[50] K Andeisson. MO RO A Blomberp, M P Fulseber, G Karl-
stom. Vo Kello, R Lindh A Mabhquist, ). Noga, 1. Olsen,
B O Roos. A ) Sadley, I T2 M. Sicpbabn, M. Urban, and P
O Wildmark, MOLCAS v (University of Lund, Sweden, 1995).

PSEEA 1 Sadieg and M. thiban, b Mol Suoct: THEOCHIEM 2,
L pram)

[S2] P Kowalezyk. 1. Mol Spectiose 136, 1 §1989)

I awson and ROV Thason, Solving Leost Squares Problems



NaK D'[l electric dipole moment measurement by Stark level crossing

ind e—f mixing spectroscopy
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The paper presents the first permanent electric dipole moment ¢, measurements for NaK D' state
rovibronic levels. Two different methods were applied to obtain , values. Stark elfect induced
level crossing registered as the changes of lluorescence linear polarization P(-7) wilh external
electric field <7 yielded [rom one fit both the electric dipole moment value and the A-doubling
splitting between ¢.f substates ol an individual rotational state. Another method consisted ol
obtaining the ratio A.{,/z/,,, lrom < -dependence of the Torbidden Tine appeaming in Nuorescence as o

result of ¢ -/ Stark mixing, along wilh direct A, measurement by RIE opucal double 1esonance.
The respective dipole moment values obtained are 3.9 - 6.4 D tar the state 0" = 7. ] = 23 as well
asd3 AR D lory =12 7 =7 the typical errors being ca. 1292077 The d , value for the late

state reflects d,, diminution expected due 1o the adunxture of the o1 ante caused by intrmmoleciln

‘ mteraction. Signal simulation and data fitting have been accomplished nsing direct Hamiltonian

dingonalization accounting lfor Stark mteraction within rotational states /= N AT =001 and 2 inthe

imual, excited and final state.

I. INTRODUCTION

There is interest in determining the permanent electric
dipole moment of a molecule since this quantity reflects verv
sensitively the delails ol electronic structure. At the same
time there is still a lack of information about electric dipole
moments lor short-lived excited states of diatomic mol-
ecules. One of the methods 1o detennine electric dipole mo-
ments consists of applving the electric-field-induced analog
to the Hhmle elfect. The clearric-lield-caused chinges in
atomic (luorescence polarization were first revealed hy
Hanle' as earlv as i 1926, verv soon alter lis discoverv ol
magnetic-lield-induced Nuorescence depolarization. or the
“Hanle effect.”* These two phenomena are caused by Stark
and Zeeman ellects respectivelv. having their physical origin
in removing the degencracy between coherently exciled
magnetic sublevels Af. being thus called “*zero ticld elecuic/
magnetic field level crossing.” see monographs.” " The ap-
plication of external-lield-caused level crossing methods to
molecules was proposed by Zare.” However. as distinct from
widely applied magnetic-lield-induced level cros.s‘ingﬁ.l " the
pure electric-field level crossing signals in resonance fluores-
cence. first applied to atoms. * Tor molecules have heen ob-
served in relatively few waorks. see Rels. 9—1 1. For the siates
with closed electronic shells. such as A'S in BaO (Ref. 11)
and B“”.)J‘ in 1,.'"" the monotonic **Stark—Hanle ™ (Stark
analog ol Hanle clfecr) corves were observed in laser
induced Nuorescence (1) T these cases it is the <econd-
order Stark ceffect'™ " which determines the Stark splitting
manifold. This (ollows directiv trom the selection miles o
the electric-dipole allowed imeraction. which connects only
the states with different. even or odd. towal parity. labelled as

"Department ot Chemistiv. Moscow M. Lomenasov State University, Mos.
cow W.234 119899 Russia
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+ or —. respecivelv. Hence. the first-order perturbation
terins are absent o the non-degenerated perturbation ap-

proach for the Stark operator

flg=d, ()

This means that the terms linear over electric field
cqual zero tor a rovibronic level with lixed rota-
tional quantum wumber J. The appearance ol linear over £

,

strength -

terms is possible only in the case when the states. which are
interacting due 1o IAISI. are so close i energy that its im-
possible 10 use the non-degenerate pertuibation theory. This
1s the case tor quasi-degenerale electronic states with A

= 0 In panticular. the 'T-state possesses two \ -doublet

companenis ol diflerent total paritv. 4 or = within a rota-
tonal state /. see g 16 The total parity alternates with
Joand another tvpe of label. named the of/f symmetry, is
often used. which factors out the ¢ 1Y/ dependence. thus
being a rotation-independent Tahel ™' see Fig. {a). The
\-doublet splitting _\,f{ caused hv electron-rotation mnterac-
ton. is regulatly given by Ar/(t q[ (] = 1= \7]. where g is
the \-doublimg coustant. This leads. as distinct from the

‘quasi-linear’” Stark effect' ™ in the ' state

'S state. 1o the
{sce Frg. 10,

A deeper insight into the ' state Stark etfect. including
Stark zero-lield level crossing. was st given hv Klemperer
and co authors” and applied 10 the (A ') CS molecule. Fur-

1y

. AR . .
ther. oo nmber ol win ks, the mam anention was paid

o the changes inhe 'S THE TS LI specta induced by
de Stank coffect mixing ol o/f devels Indeed. due to
AJ=0." 1 and 1
the t 2. /)-doublet emission is allowed at P- or R-1ype exci-
tation. whereas only  (-singlet emission is allowed at
-tvpe excuation. If. however. an external electric field is
L= orelf Stark effect mixing in a 'l state

with lixed ./ gives nise to the appearance ol a “‘Torbidden’”

. s .
«» = selection rules. see g, 1) only

apphed. the

© 1997 American inslitule of Physics 2195
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ransition, Notations Tor tbyacles 1o Bgs. 1) and (3)

line. Therefore. one can observe in the LIT" progression the
whole (. Q. K)-uiplet instead of cither doublets or singlets,
The relative inlensity of a forbidden line. in the case when
A’,I_, s much
A-doubling
I(d,,f)/A',’_A parameler. allowing one to obtain the absolute
value of d,, . provided additional information on ¢ values can
be obtained.

Concerning electromcally excited alkali dimers. there
have been, according to our knowledge. two attempis 10 de-
termine d,, both for NaK T states. Drullinger and
co-workers'® have recorded Stark induced *‘forbidden’” lines
in LIF from NaK (D'[1). and have also demonstrated the
RF-optical double resonance signal on the o' =7]"=5
level. llowever. they present only gualitative information
without mentioning any d, Later.
co-workers?® made an atempt 10 determine NaK (7#'11) di-
pole moments by applving Stk ¢

larger than  the  natral  widih  of cach

component. s mamly  governed by the

values. Deronard and
f moxang Phey peesent
thpole anoment vidoes Tor weverd swaluntional snte Fhiese
are cac two ties suafler than the values obtnned Trom ab
mirio calcutations by Stevens. Konowalow and Ratclift.* in
this sense. the predicied™ Targe permanent clectric dipole
moment values. reaching 4.5 1 for NakK (B'Ih and 7.8 D
for NaK (D'I1) have still not been proved experimentally. It
seems. however. that there could be some contradictions
within the results given in Rel. 24, manifested in the large
discrepancy of ¢ values obtained. Thus. there is still a lack of
reliable information about excited state dipole moments even
for such a “‘test’” alkali dimer as NaK. We also are not
aware of such dala pertaining 10 any other alkah dumer. It is
important to mention that in Refs. 9,16—-24 the description
was restricted by the first-order Stark effect. withoul ac-
counting for Stark mixing of different rotational states. thus
the approach used in data processing has to be improved.
The main goals of the present paper are as lollows. First,
we intend to determine the NaK permanent electric dipole
moment values in its D'IT state. for which there exists de-
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veloped spectroscopic mformation. includimg  lifetime

measurements.™ We have applied (wo methods: (i) Stark-
induced changes in LIF polarization: (i1) Stark induced **for-
bidden™ line relative intensity ratio measurements tn combi-
nation with the direct A',',, measurement by RF-optical double
resonance method.” " Secondly. we developed further the
description ol '] -state dc Stark ellect. allowing one to cal-
culate the ~ dependence of luorescence intensity for any
geometry and polarization type. We used different order per-
turbation theory. as well as the direct numerical diagonaliza-
tion of the Hamiltonian matrix accounting for the interaction
of rotational states with different /. both in the excited 'l
state and i the gronnd 'Y stare. At this point we have nol
considered the inllnence of hyperhine elleets: In the situation
under discassion, the Stark energy renunns small wih re-
spect 1o the rotational energy. d,,f«B./(J+ 1). which
means that the main rotational-vibrational patiern 1s con-
served. as distinct from the “‘pendular states™ situation.™
which takes place for extremelv sirong electric fields. de-
strovimg the totational motion ol o molecuie.

The paper starts from the theoretical description of the
Srark effect manifestation in ' 11 - 'S Auorescence (Section
o Alter oo gquick description of the expertiment (Sectuon .
the simulation of expected signals in LIF polarization is
given (Section IV [ollowed by the presentation of experi-
mental resulis (Section V) and dhiscussion (Secnion V).

. THEORETICAL DESCRIPTION

Let us consider the interaction of cw broad band radia-
ton with diatomic molecules causing a
e =" 0" 1" rovibronic transition in the presence
of an external static efectric hekd. Psing the genceral density
matiix :lpprt»;lch.s“” " one may write the density matiix ¢l

ement [, of the excited state as

l, .

. AR LE D gy
| li“A"'MN'T l I/l !

it
/MAI‘

SOM T ESD) 3 (2)

Here g are magnetic sublevels of the ground state 'S with
whilst M .M" are magnetic
sublevels of the exciled state with rotational quantum num-
ber /. belonging to A-doublet components k.l. The unit

vector 12 describes the exciting light polarization. D is the

rotational quantum number J”

transition dipole moment unit vector. I, is the reduced ab-
sorption rate, [ 1s the effective excited state relaxation rale.
A wag - is the energy splitting between M .M’ sublevels.
belonging cither 10 the same (/=4%) or 1o the different (/
# k) A-doublet components.  accounting  both  for
A -doubling and Stark effect level shifts. The excited state
density matrix “_I’,\,,Mr allows one to calculate the intensity of
fluorescence If( E;) with polarization vector E,. originating

from this state in the transition J /", as
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MM u K

E_BF_

X (M THEED 1 Y e (3

are 1, 15 proportionality coelficient. The structine ol LEq.
) allows one to notice that the terims entering the sums are
med as excited state matrix elements *'f ;... multiplied by
' observation matrix elements.

(

L

L3

The next step s 1o epresent the moleculin wave bone
jons in Lgs. (2), () accounting tor stane external electiie
d ellects. Since the external clectric field destroys the
spaerical symmetry. the rotational quantuim number / does
not remain a good quantum number any more. At the saine
l] ie the external electric hield does not change the axial sym-
12y, therefore the projection quantom nwmber M (or j1) s
still conserved.
" The wave lunctions included in Egs. (2) and (3) are ob-
ned in a coupled-hasis set as expansions over non-
pertutbed states with different .I','(:'A:'.[) and 77 values
" xed by the static external clectric hield. For a "1 excited
(e we have

" MUY= D > Chasr .MM, (4)
Sy i

1us obtaining, as it is usually done. a new wave function lor
ch k=12, Toumnd as the linear combutation of » and [
substates.  with  mixing  coefficients (,'f,"(J'.M) and

Ch .M.
For the ground electronic state '3, one can represent the

avefunction YS). by acconnting for J”-mixing. as
} g

E ]/L'Z)zz Ce(J" )| . (5)

17=0

aclficients Cyy, and Cs have 1o he Jound from dingonaliza
im ol the Hamiltominn occomntimg Tor molecabin votnton
and the Stk effect (g 1D,
It is easv 1o see that the respective matnx elements, both
! absorption and (luorescence. are propotiional to the nwl
iplication  of  the  correspondemt nixing — coctlicients
Ch(J'.M). and Cs(J". 1) or Ce(J]. ). For the absorp-
' on, one oblains

(MK EDp'S)= D CYL(0 . MYCs(J" )

Ji
(1 Mi|E¥D|J" 1), (6)

nd the same for the luorescence. il one replaces J” by J
and E by £, Eq. (6) allows one to apply the Wigner—Eckart

5.19_4
thegrem: 7"

]

A I ,
(M DL wy = ”‘”’”‘Tﬁff O 1ol Vg%
I, i

\

N =

(7

m which. due to the selection rules propagation into the re-

. 111
duced matrix element.’' "2 we have

Lad 0
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JGIT I, 1 ===

relDlI™y=9 0 e =g e 20 x (8)
lv’k—:(firfﬂ. 7o

Ll l I R 1T k)

The E7 in Eq. (7 are cvelic components of unit vector I
whilst (0077 7y in Fes. (8)

and (9 s the Tlond Tondon facton

. . - . s41
descobing Liplae polanzanon >

Y 5 g AR :
R A R I I B T L {1

C.l g being Clebsch-Gordan coetlicients.

.- - {

o determine "Ny, . one needs Stark energy expres-
. ! . . . . -
sions [y, In the fist approximation one can oblam first

- . cfyg-ed - . .

order Stark cnergies R me o simple analyhical Torm {the
energy of ' state f-sublevel is considered o be zerol:

| [N
t1ry ! I of I
I AN i (11
\1 Al ot N |_](./l l)l‘ !

Hois easv 1o see thatt as  increases. leading 1o
- !/ - = .

ML PN 2 Skuk energy shifts have linein as-

ML see Figo Hb) A

ymptotic hehaviour with respect to
second order approximation in the “"Aw - calculation
takes place il one 1s accounting for the inferaction hetween
Jand adpacent 27+ 1 excited siate levels. The Stark-effect-
induced enerpy <ceond onder correction for a T <tne can be
also written o analviical Torm. sce Rell 13 Tlowever, with
< increasing. the second-order pertwbation treatment he-
comes incorrect as well. and one has to solve the secular
equation svstem”' for the relevant Hamiltonian matrix. The
analysis of such a treatment. accounting for J = N7 mixing
within a given vibrational state centered at the mitial (J7),
excited (/) and final (J7) rotational state ol a J" 1" -0

teansition. will be viven i Section 1V

Il. EXPERIMENT

11 1) .
Na K molecuies were tovmed thermally i elass celd

jomed 1o the vacnum systenm by means o a dry valve The

cylindrical head of the cell was made (rom a special alkahi-
resistant glass tube. An electric field was produced by apply-
ing a static voltage across a pair of round polished stainless
steel parallel Stark plates located wiside the cell. Altogether
three cells were vsed. differing in diameter (d) and spacing
(1) of the electrodes, namely: (1) d=25 mm. {=29*0.1
mm: (2) d=7 wmn, I=18%01 mm: (3} =7 nun,
[=1.2%0.1 mm. The spacing between the electrodes was
measured by means of a measuring microscope. The cells
were filled with metallic potassium and sodium. via a re-
peated distillatiom process. in a weight ratio of approximately
7:3. respectivelv. The metal-containing reservoir wias kept at
stabilised temperatres between 270 “C and 320 °C. The dc
voltage was kept below the threshold for electncal break-
down in the cell. which did not exceed 6 kV/cim at anv of the
teimperatures enploved.

J. Chem. Phys., Vol. 106, No. 6, 8 Febmary 1997
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FIG. 2. Low-lying bonded terms of the NaK molecule (Rel. 25)

The linemly pobutzed Bipht Toone o cw AT hier woe.
osed oo excie MY DN nmstions m N Uk el
ecules. see g, 2. Fluorescence at right angles. both 1o the
laser heam and to the electric field 7. originating lrom the
ca. 0.5= 1.2 mm diamceter laser beam excitanon region. was
imaged onlo the entrance slit of a double monochromator
with 5 A/mm dispersion and resolved by a 1200 lines/mm
egrating in first diffraction order. providing an overail spectral
resolution up to 0.3 A. We restricted the observation zone to
the size of ca. I.5 mim in height, thus diminishing the pos-
sible influence of electric field inhomogeneity. The particular
D'I—X'S " LIF progressions. originating from the definite
D'TI. v'.J" sttes. were identified from the recorded LIF
spectrum by comparison of line positions and relative inten-
sities with the ones calculated by means of spectroscopic
conslants given by the authors of Ref. 26. lor the transitions
mentioned by them at excitation by 4765 A and 4880 A
Ar” -laser lines. The data from Ref 45. considering optical
depopulation of the ground 'S* state of NaK. allowed us to
suppose that non-linear optical pumping effects™ " are neg-
ligible at the range of excitation—relaxation parameters em-
ployed. The degree of linear polarization was measured by
dividing the entrance shit of the monochromator in height
ino two parts. placing two orthogonal polarizers in front of
them. Light guides conducted luorescence light [rom the
two respective parts of the exit slit to the two photomultipli-
ers. with subsequent counting of one-photon pulses from the
Iwo channels. The unpolarized LIF in the absence of an ex-
ternal electric ficld. excited by the laser light with E-vector
sel parallel Lo the observation direction, was used 1o calibrale
the channels beflore each experiment.

In the case ol optical-electric RF double resonance ex-
periments, we used a 1-300 MHz (0.2 W. 50 £2) Wavetek
RF oscillator  supply.

which was conneclied 1o the
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FIG. 3 Stark zero-field level-crossing signals calculated in a wide range of
electric field  for degree of linear polarization P(X)=(1, =11, +1 ) n
“naditional”” Stark ~Hanle cflect geomeny (1 7. observation along 7y a
a Uansition (J"=22)—(J" =23 —1J;=122) | — frst order. 2 Hamil-
tonian diagonalization. A =AJ" =M1 = 1 3 — AT =A/"=AI] = 2. The
parameters characteristic lor NaK('11 siate were used for simulation
F=s>10 ¢ "(Rel. 3. B, =00643 cm ' B = 00948 em™' g=1.0
S0 o ! (Rel. 26). d.= 7 D {Rel 25) Curve 4 (dashed line) refers 1o
pe guadiatic Stark effect in a hyvpothetic 'S excited state with the same

[ and d,, values

womne Srorke plates meaend ol e clecine lield somee A
fast asciloscope served as a S0 ) Joad and as a REF outpul
diift monitor. The resonance was measured by sweeping the
lrequency ol the REF generator.

IV. SIMULATION OF EXPECTED SIGNALS

We will apply the developed theary to simulate the '
stale Stark signals in the intensily and linear polarization
P77y of D'IT—=X'S* fuorescence. We use the dynamical
paramelers close to the ones which can be found in literature.
namely. the dipole moment value d,=7 D (lollowing theo-
retical prediction in Ref. 25). the lifetime I""'=20 ns (as
determined in Ref. 33). the g-factor ¢g=1.2x10"% cm™'
and the rotational constant B, values given in Rel. 26. The
absolute values of d,, and ¢ will he assumed hereafter. since
thelr sign does not affect the calculation results.

First. we will present zero-lield level-crossimg signal

stdations for the ““traditional™™ geometry (f.1 #. abserva-
tion along #). Figure 3 presenis such calculations for the
J' =23 level of the D'l1 stae. ln the /7 range demonstrated
m g, 3. the signal is determined by the first-order effect.
the difference between the lirst-order approximation (curve
1) and the second-order one {curve 2) being small. yet sull
distinguishable. Taking into account the Stark mixing be
tween J+AJ with AJ>1 practically does not change the
stgnal. cf. cusves 2 and 3 at the insertion in Fig. 3. The
monojonous behaviour of pure quadratic Stark-Hanle elfect
for a hypothetic 'S state. supposing the same [.d,and B a
for 'I1 state. is also presented in Tig. 3, see curve 4. A
comparison of curves | -3 and curve 4 demonstrates clearly
the peculiarity of 'Il-state Stark effect, the latter possessing
a small additional maximmum. which appears mainly due

J. Chem. Phys, Vol. 106, No. 6. 8 February 1997
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FIG. 4. Cateulated "I (/7= 23 sie Stk level crossing signals in deyree
linear polarization PC-y=(/_-73/00 11 ) of LIF viewed tone ihe
nd* of the exciting light vector B as shown in the sciting-in. |

AJ =0 (linear approximation). 2 — N/ =1. 3 — A/=2 Curve 4 represents

. . . .
l]'-'cululed signal for a hvpothetic " S state. Parameters are the same as in
v 3. )

destretion of - coherencre

uc competition between the M-dependent Stark indoced
/ Hnony

mixiny and  the
M -sublevels,

This peculiarity in P(-") 15 more pronounced at another
[l ‘ometry. when fluorescence is observed “‘lrom the end™ ™ of
E-vector. L1 ¥ (see Fig. 4). Both first-order (AJ =10, curve
m: and second-order (AJ= 1. curve 2) approximations are

sulficient to describe with adequale accuracy the polariza-
tion in the coherence destruction region. This can be scen

om comparison with curve 3 obtained via Hamiltonian di-
';onﬂlizuli()n accounting lor Stark mixing between J*£AJ
with AJ=2: accounting for AJ>72 practically does not afl-

ct the result. We will further exploit the geometry shown in
'ig. 4, performing (/= 2)-approximation in the calcula-
tions of Stark effect signais.

Let us now investigate the sensitivity ol the signal pie-
'rnled i Fig. 4 to the variations of the main paramelters of
the 'TI state. namelv to the permanent electric dipole mo-

ent d,. A-doubling constant ¢ and relaxation rate I val-
2s. The results are presented in Figs. 5 and 6. Figure 5(a)
demonstrates a polarization signal simulation at «,, values
aken as 3 D, S D and 7 D, when all other paramcters re-
1ained unchanged. In Fig. Sib). the d, and ¢ values have
veen varied simultaneously, whereas their ratio was main-
lained constant. 1t can be seen from comparison belween
igs. 5(a) and 5(b) that the peak amplitude is uniquely de-
wrmined by the g value. whilst the position of the peak in
“-scale and the slope of the growing part are mainly deler-
rined by the d, value. This allows one to determine simul-
aneously both d, and g values from one fit. provided that
I" is known. The situation is quite differem for the inlensity
atios 1, /1p g ol Stark induced **lorbidden™ line 1, to the
‘parent’’ line Ip 5. see Fig. 5(c). Indeed. the respective
curves in Fig. 5(c) undergo mmor changes at different d, and
~ used in calculations presented in Figs. 5(a) and S(b). il the
i'/d, raio remains unchanged. thus only this ratio can be

Tamanis ef al.: NaK D 'Il electric dipole moment 2199

dis6

L3 &
2 0.04 |- § \ 2" ,=.:
E’\ \\‘ =
o 3 5
o
< =
[$] : e
2 1000 5000
N eectric field, Vicm
5 000
Q
a
: b
@
<
‘__\»‘%.
oo |- e me—————
001 [ ] T T T T
5%
3 / PO\
= Ny a
c / 3
8 &
= 0.00 s
o \ v,
5 .
] i
o - 1\
T .
L) o
c Ry
004 |- R 3|
W L x J== 1 | S NS IS S
] 2000 4000 AON0O 8000 10000

aloe e finsfed Vo

FFIG S. Gt Stinubanons ol Stk fevel crossang signals i polanzaton of 1 H-
from 1)
ferent permanent clecinie dipole moment values: d =7 1. 2

d,=5D. 3 d. =D by The same signals for dilferent ¢ and o, valoes
in condition of the constant ¢/ ravia. 1 — ¢=12>10 > cn ' J =7 D.
2—g=0857>10 " cm ' d,=5 D 3g=0514¥10 " em ' d,=3
D. tc) Conespondent imensity ratios [, /7, o calenlated for the same param-

. - ) .
'heassuming the same g = 1.2 10 cm ovalue and dil-

eters al two orthogonal Hluorescence patanzation dircctions. Caleulations are

: ; . - H 1
performed with lixed relaxation rate 1= 5> 10" «
parameters are the <ame as in Fig. 4.

Geometry and vther

006 - S
15— e —
1. 27en® e .
i x —
004 | / gl /5 e .
[ g '
ol a
()]
= X Z05{, /
g oozf ~ g |/ b
k=] £ If
C 1\‘ 3 2 1R ¢) = — SRR
2 \ 0 4000 #7200
;(-l; 0.00 \\{'"A etectric field, Viem
N i,
S R
g M N
g 0021{ \
004 B
L ! i 1 i 1 e |
0 2000 4000 » 6000 8000 10000

electric field, V/icin

FIG. 6 Simulations of Stark level crossing signals 1in polanzation of LIF
from '11 (77 =23 and intensity ratio 1, /1, assuming different T values.
I — I'=5>100 « " 2 — I'=7x10" &'
cm ™' o.=7 D.1a) — LIF polanizavon. 1b) — Inten-

Calculations are performed
with g=12x10
sity ratios

i J. Chem. Phys.. Vol 106, No. 6. 8 February 1997



RQP R QP
RQP ROP
)
\. | !
| '. J
| |
l l~'.{\
! |
I ! ‘ i

\ ;
\] ‘ | \
/\-’ A L o M / \J\.’"V\

! \ A V

5567 63 5570 02 A 565504 585574 A

0 Vicm 1721 Vicm 0 Vicm

a b

FIG. 7. Elect of clecnie fickd on spechally vesolved LH signal Tor NaK

83 Vicm

DUL--X'S T astem G nanston ("= 10 = 220 - T =00
—(ry = 2407 = 22 and 20y 4880 A exciianon. fhr armsition
("=0J"=8)—t¢ = 1207 =T~y = 3.J] = 6 and 812 4705 A excita-
non.

determined from the fitting. Figure 6 demonstrates the sensi-
tivity of the signals under discussion with respect 10 the
variation in the relaxation rate . As eapected. the changes
of polarization signal P(/7) with I" are quite similay o re-
spective P(-7) changes with g (cl. Fig. Gta) and IFig. 53(b)). In
contrast. the intensity ratios are almost insensitive (o I varia-

tions, especially for the &
in Fig. 6(b)).

L geomeltry tsee curves | and 2

V. MEASUREMENTS AND RESULTS

NaK D'IT stave
A-splitting measurements have been carried oul by the fol-
lowing methods:

clecttic dipole moment and

{i by recording spectially aesolved T wnd meosoning
the mtensity ratio between “lotbidden™ and allowed
(“*parent ') lines as a function of static voltace:

(i) by measuring the variation of the dewiee of linear po-
larization ol the “parent’” line with varution in the
static voltage:

(i) by measuring the electric RF - optical double reso-
nance A-doublet signal from the *“forbidden™ line in-
tensity dependence on RF field frequency

A. Intensity ratios

Figure 7 demonstrates the effect of static electric field on
the spectrally resolved LIF leading to the appearance of for-
bidden @ line due 10 ¢~f mixing. Since the effect is mainly
governed by the /r/,,/Af, ratio, one needs a larger electric
field strength o observe the Q-lines originating  from
v'=7J"=23 than from the v’ =127 =7 stale. The
(P.Q.R)-triplet component separation for the latier case. be-
g ca. 0.3 A_is on the edge of the spectral resolution of the
monochromator used.

A fiting proceduie employing three Gaussians was used
to obtain ““forbidden’ /*‘parent’” line ratio 1o/1, - The in-
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ABLE . Experimental values of permanent electric dipole moment o, and

L ]

~ doubling constant g for NaK tD'I1.y".J"). Values :1;!" are ab mine
calculations (Rel. 25) averaged lor a particular v’

u v’ J’ g.107% cm” d,. Debye 4" Debye
7 23 1.05+0.20" 64+ 08" 71
1492 -007" 5.0+0.9¢
u 12 7 11050 20° 4.5+0.8 65
1.0V 0.08" A8+09°

Vidoes aleteonimed frome v oot it ol EIE pobmeszarnm

“dependencies,

Values determined ditectly from RE apnicat double resonance

“Vanlnes determined using /0, obtamed hrom the 7 dependence ol

Ty y and o obtiined frome RE opneal donble rezonanee.

8 and 9. Least-square data processing yielded g/d, ratios.
he averaged values are (2.40*+0.25)X 1075 cn /D for
V'=7J"=23 and  (2.10=0200%x107% ecm™ /D for
v'=12J"=17 slate. The ¢/d, systematic errors are most
ikely attributable to uncertainties in Stark plate separation.
‘or instance, the curves v Figs. 9(h), 9(c) demonstrate the
#-dependences of [oy/1p and [,)/1g . which are registered for
wo different cells and different exciting light vector direc-
ions. El~ or E|4, with fluorescence light vector Edl” in
both cases. The one-parameter (q/d,) least-square routine
sields the following constant ratios: q/d,=19%x107°
-m~ YD for Fig. 9(b) and q/d,=2.3x10" cm” /D Tor
Fig. 9(c), the discrepancy reflecting both statistical and sys-
emalic errors.

B. Polarization measurements

1. Results for the D'lI(v' =7,J' =23)stale

Experimentally measured electric feld dependencies ol
the polarization degree are presented in Fig. 8. The resulls
we obtained in two dilfercnt cells (see Section 1) using the
most favourable geometry when LIF is viewed from the
“end™ of exciling light vector 1 as depicted in Fig. .
The data fitting was realized by accounting for Stark inter-
action among five rotational states J.J*1Jx2 for all
J707 and J7 involved in the transition. The best-fit consiants
q and d,. obtained from a two-parameter weigined least-
square routine, yield the values in question. Cell | yields
g=1.6x10"% cm™' and d,=6.3 D. whilst cell 2 yields
q=17%10"" ecm™" and d,=6.5 D. Cell 2 allowed us 10
achieve higher electric field intensities (up to 5.6 kV/cm)
owing to the special working of Stark plates surface and
edges in order to avoid sparking: the conditions were more
favourable also because of lower cell temperatures (ca.
270 °C). On the other hand, the results for cell 2 may have a
larger systematic error because ol smaller plate separation.
Evaluation of the possible contribution of both statistical and
systematic errors for different cells enabled us to (ake
d,=(64+08) D and ¢=(1.65+0.2)X 10" cm™' as ihe
averaged permanent electric dipole moment and ¢-factor val-
ues. see Table 1. As it follows from the simulations presented
in Figs. 5 and 6. the A-doubling constant g obtained from
the fit seems to be more subject to the systematic error in

Tamanis ef al.: NaK D '] elecliic dipole moment
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FIG. 10 RE-opical double resonance signals. i) For NaK D']l
v =120 =T state U For NaK DU 0" =777 =23 stave.

absolute polarization values. which can arise. say. from even
slight 1naccuracies in the calibration ol channels and in ac-
counting lor background signal. as well as any possible un-
certainty 1n the relaxation constant I value.

2. Results for the D'II(v' =12,J' =7) state

Measurements for this state were much more compli-
cated because of the small spectral separation between the
triplet components {see Fig. 7(b)). requiring narrow spec-
trometer slits to maintain necessary resolution. This leads to
considerably Jarger errors. both statistical and systematic. in
palarization measurements (see Fig, 960). The most favour-
able conditions were achieved using cell X (see Section HI).
Py was registered i P-ivansitions ./ =7) - (/] =8) be-
cause of better spectral separation. In spite ol wide statistical
scatter i the results. we have accomplished direct least-
square  two-parameter  fitting. which  vielded the  values
dy= 4SO D and g =11 0.2 10 )
[ The large maccuracy in the ¢ value acconnits for the un-
certainty in relaxation rate I for this state. We supposed 1™ to
be S 107 < !

1l
stale.

— ' .
cmLosee Table

that is the same as Tor the v '=7./4"=23

C. Electric RF - optical double resonance

Since the routine based on both «/,, and A:, varialion in
the Mting of the measured P(/7) signal is very sensitive o
inaccuracies in absolute P(/7) measurements, as well as to
I" values (see Figs. 5 and 6). it seemed important to exploit a
method allowing direct A:, measurement in some indepen-
dent experiment. For this purpose we have employed (he
electric RF - aptical double resonance method. fn order 1o

e

increase the R dield amplitude g, the measurements were
carried oul at a Statk-plate separation of 0.85 = 0.05 mm. The
RF field voltage enabled us to produce ~pp=< 20 Viem. In
order 1o diminish LIF intensity drift during signal accumula-
tion the normalised dilference (I, — 1/, My was considered

lo be a result of a single measurement. that is the difference
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between mtensity al corrend frequeney 77 oand o some refer-
ence requency F o The signal accomulation time varied

{from 10 nunutes to | hour.

1. Results for the D'1l,,v' =7,J' =23 state

Figure 10(b) tdots) presents experimental dita ohtained
by registering the intensity of a ““Torbidden™ Q-line as de-
pendent on the RI- electric field frequencs. demonsirating
resonance intensity increase. with a maximum near 230
MHz. Although the resonance signal width exceeded the one
expected [rom the natural broadening. probably possessing
some structure. we assumed that the signal 1s reliable enough
to determine (he ¢/f separation A':,. vielding
qg=(142=0.07)X 10" em™' as an a\'eraged value. This
makes it possible to determine the permanent electric dipole
moment . i question. using g/d,, values presented in Sec-
ton VA, ac (I,,fﬁ.l)i‘ .9 D,

2. Results for the D'\1,,v'=12,J =7 slale

Figure 10ta) presents the experimental data tdots) dem-
onstrating the RF field frequency dependence ol the “lorbid-
den™ Q-line intensity in(J"=81—(J ' =Ty—1J] = 7) tran-
sitton. The average ol ¢ over a number of experiments is
g=(1.03=008)x 107" cm™" Taken together with gld,
obtained from intensity ratios. see Section VA, the dipole
moment value is d, = (41 8+ 0.9) D. where the estimaied rela-
tive error consists of 10% assigned to ¢g/d fining and 8%
uncertamty.

: J
assigned to A7,

VI. DISCUSSION AND CONCLUSIONS
A. Method

tavestization of permanent electric dipole momenis is
not an easv matter for short-lived excited molecular states
wilh large rotational numbers (J= 1. Let us compare the
two more or less independent methods exploited i the
present work. Both methods are based on analvzing Stk
elfect induced chianges in Auorescence. which are caused
predominately by ¢ -/ mixing within the same rotational
state, which. m turmn. is governed mainly by dipole moments
e,y A-splittings 1A, or g-Tactors) and relaxation rates
().
(i) 7 -dependence of linear polarization degree Po-71. In
the mosl [avourable experimemal
Py signal s characteristic enough 1o abtain both

geometrs  (he

g and d,, from the fitting. This demands high accuracy
i measuring /1) and precise knowledge of the re-
laxation rate 1

. RrRF -

“~dependence of intensity ratios of “Torbidden™ — 10

oprical — double  resonance  along with
= Uparents’ hines in LIF wiplet exhibit an alicrnative
method. Tohic case the RE resonmee vields dineetiy
the A donbhing splining A,’_, whilst the procesainy ol
ektive inensity data yickds A:,/:/,,, the Lner proce
dure being weaklv dependent on I Thue the acen-
racy of o , values in question. obtained by this niethod
1s only shghtly affected by the accuracy of relaxation

uiov

re 70 A cade estimaie ol T gained o the widih
ol the RIF- optical double reconance mav even work 1o
obtain reliable , values without any previous knowl-

edge of molecular lifetime.

The developed theoreucal description {Secuon 1) and
stmutlanions of expected sienals (Section V) allowed us 1o
conclude that. even thoueh the mam Stnk leatures arise
lrom the Ist order eftect. in order 1o avard possible inaccu-
racies 1 the case when the Stark energy is not too smalt in
comparison with rolational splitting {i.e., in case of not too
small (/,, I B,'_J' )). tis necessary. for both methods (i) and
(11). to consider Stark interaction with ne less than four
neighbouring rotational levels. both in excited and ground
(imitial and final) states.

Dipale momenis and N -spliniings. The dipole momenis
determined seem to be chiable. in particular since there s
eood agreement between the resulis gamed from two inde-
pendent methods. As for the absolute o, values. they can be
considered as very large when compared 1o typical dipole
moment values which had been measured for diatomic

-
molecules.

Let us compare the measured (/,, values wilh
theoretical quantities given by Stevens, Konowalow and
Ratclifl = In order to pass ftowm alr inio (/;,"( R dependence
presented in Rel. 25 to the predicted d,, values lor particulas
v states, we have used the averaging routine based on
erther aly initio pnlcnliulx.:: o RKR p()lenliuls?h for the
NakK D'l state. The resuhs difler by no more than 1%
vielding the following predicted rl;,"\v'..l') values for the
states under study: (l;,/'(7.23': 7.1 D and d;,"( [27)=06.5D.
see ‘Table 1.

As follows from Table 1. the measured d,, value for the
T =23 he-

ing also markedly smaller than the theoretically predicted

v = 12.7"=7 state is smaller than tor the p' =

value  As s well known o levels helonging 1o the
Nak /' state ane perturhed. at least 1o some extent, by the
ving o1l
vi= 707 =238 can be consadered as alimost unperturbed.
whereas  the level ¢ ' =127"=7 is shifted 10

AL =0468 ¢cm " with respect 1o the deperturbed position.

close state. Basing on Refl. 260 the level

Using the  caleulated  difierence  of  deperturbed D'
(3 % . = 1] . , .
e =10 and 1 (0" =13 1coms wih J'=7. being

- _ - I . .
Eoyy- L =38Tem . one  can get  the  esumation

coefhicient ("‘ll

= AE/Ey = Eqpy =013 This creates a reduction in pure

fon the squared NRITS mixing

simglel character ol the state 1o ("'”——— | - (_";li':‘:‘()_x7 and al-

lows one 1o estimale the relative change in the il
("= 127" =Ty state electne dipole moment. which arises
"
,

. . . 2 S
due 1o <mglet—triplet coupling. as C + C7 (d "ra "y
¢ . gl wer oo /

|
T . - .
and o 7 bemg unperturbed dipole moments. The averaging
.. . A 1 .
ol the aly inirio calculations™ for the o "1 0" = 13 stiie yields

1 1

L% . - 5 . 1"
d, 0.7 Do winel as opposite i <ign from o 70 Asa
vesndr, the expepmentally meiraned :/’, vitllne lor (011,

U LA

be anticipated for the vnpenrhed state. 1t s thus pot ex-

Fras expected o be can 1S simadler thiam wonld

cluded that the difference berween o, values abtained Tor the

two slales. see Table Loreflects the role of perturbations.

J. Chem. Phys.. Vol. 106, No. 6, 8 February 1997



} PG, G ca e

Indeed, the reliive diffeience between the micasured o, val-
ges forv' =77"=23and v’ ' =12.J"=7 is ca. 20% — 25%.
which does not contrudict the above estimation. Hence. the

experimentally measured d, values do not disprove the ab
Lindrio calculation wm Rel. 25, accounting for the Fact that the
[;lcpcmn'hcd quantities hive been calculied.

Regurding the A-doubling Tactor ¢ it can be nored thin
[ts tendency 10 be smaller Tor v'=12J"=7 level. corie-
‘;ponds to what can be expected due 1o the perturbation. al-
lowing one to estimaie o ci. 13% dimmuton from the fol-
owing Although  the
D'TI—d?11 aeraction does not change the \-doubling
splitting directly since ¢ and / components ol the DY ste
we perturbed by the two N -doublet substates ol the d*

considerations. singlet—triplet

state to about the samie amount. this singlet—tripler nierac-
ton diminishes the simgler character of the perturbed state as

f chncc. the matrix element ol electromc—rotavonal nver-
wtion with the remote singlet 3 states. giving rise 10
A-doubling in the DM stne. has o be Coy (DL 'Y
since the maurx elements between the states having a diller-
ot multiplicity vanish. The ¢ value for NaK (D'It) pre-
sented in Ref. 26 has been obtained Irom conventional spec-
roscopic analysis as . =g, — g0 + 1/2)=1.16x 10 "=
L 3X107 T w+1/2) em™' The RF — optical double reso-
nance signal for NaK (D'l[T.c =7.J"=3) can be found in
Ref. 16, vielding g=15x10"" cm™ ' Thus. the ¢-factor
values presented in Table | Jo nou disagree much with the
previous data. The A -doubling constant for D1 state can be
sstimated from the well-known relation: ¢g=~4B-/v11.3).
vhere v(11.3) is the difference between the elecironic term
values 7T\, —Tv. Then. D'l

\-doubling arises from the interaction with low-lving ('S
1

assuming  that slate
md A'S sues. one gets ¢~ 1.2x 1077 cm

As mentioned above. the experimental data on excued-
tate electric dipole imoments ol any alkiali distomie swe ex-
remely scanty. The authors of Rel 24 present o, values
varying from 2.4 (0 2.1 D for the NaK 811 stte with o
qualing 1. 5. 10 and 14 The o, values are smaller thao the
mes predicied [rom ab initio calculations by Stevens and

s . . . -
co-authors.™ which, accordimg 10 averaging as menuoned

;," =28 Dt

"= 14. It can be noted however that there are sunie contra-

. J - . .
thove. range from d,'=4.5 D for 0" =1 1w d

dictions in g-factors determined in the measurements.”' pre-

enting. for instance. the absolute values

1=0.65x<107" cm "ore =1 and ¢=177x10 ° ¢m
lor " =5. These quantities disagree with the respective val-
s ¢ =2.08x10 " om

ained for correspoding o'

and ¢ =23610 " cm ' ob-

by Baba. Tanaka and Kato™
nsing Doppler Tree pobuization spectioscopy T order 1o ob
fan the same g/d o as presented m Red 20 wath g vidues
toi Ret, I8 ansiead ol the ones soven i Relo 200 the of | o

[ S shoukd be mcicased ome 240 D g 3.2 Dodhe L

bemg  not Gu trom the averaged  calenbied  valoe

th 5 . :
[ =5y=39 D77 The resalts given in Ref. 24 1or the
’ - - "
v'=1 level of NaK B8'Il scem strange since it s hand o

'magine so dramatic a change in ¢ tbeing 3 times smaller

b UCIU e RO N R R TR T

dis6

than Tor "= 5). whilst dipole moments reniin unchanged.
see Table 1110 Rel. 24,

In conclusion. the measurements constituted in the
present work confirm the existence of a large permanent
electric dipole moment in the NaK D' state. It is of imi-
portaince oo stive worehine the experuncital o, values. Be-
sides mcreasing the accuriacy ol mcasureents and extending
the number ol vibravonal states involved i the investigation.
there is reason (o believe thal further progress is connected
with accounting for intramolecular perturbation. the most
important ol which might involve the simultaneous effects of
hypertine structure and d*TT = DT interaction.
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Abstract

We report here the application of optical-radio frequency double resonance spectroscopy for individual rotational levels of
the NaK D'II state. Lambda doubling constant g values for five v, J' levels are obtained. These data are combined with
measurements of dc e—f Stark-mixing-induced changes in optical spectra, and the electric dipole moment d,, in the D' state is

determined. © 1997 Elsevier Science B.V.

Keywords: Optical-rf double resonance; Stark effect; NaK A-doubling; Dipole moment

1. Introduction

The electronic—rotational interaction of the 'IT state
with 'E states induces well known A-doubling in 'TI
with splitting A, =g[J(J + 1) - A], g being the A-dou-
bling constant. Only quantitative information for A-
doubling splitting in the NaK D 'II state is given in [1],
where the g value for levels with large rotational
quantum number J (J = 100) has been deduced
from level shifts. However, for this state there exists
developed spectroscopic information [1-3], including
lifetime measurements [4]. Numerous more-or-less
pronounced local perturbations caused by the D'TI-
d°Tl interaction have been revealed.

Our interest in g values for particular rotational
levels was caused by an investigation of electric
dipole moment performed on the NaK D'II state.
The usefulness of rf (or pw) spectroscopy in order

* Corresponding author.

to determine A-doubling splitting for short-lived elec-
tronic states has been demonstrated in [S| for the
(A'TI) CS molecule. In [6] Stark-effect-induced
changes in laser-induced fluorescence (LIF) spectra
from NaK D'II have been recorded, and the opti-
cal-rf double resonance signal onthe v/ =7, J =5
level has been demonstrated, but only qualitative
information without mentioning any g values is
presented.

2. Method

Fig. 1 explains the methods used in this work. Due
to the combination of A/ =0, * 1 and + « -
selection rules, only F.R doublet emission is allowed
at P- or R-type excitation of the 'L —' I transition,
whereas only Q singlet emission is allowed at Q-type
excitation. If, however, an external electric rf or dc
field is applied, the + — — or e/f Stark effect mixing

0022-2860/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Fig. |. Selection rules for ' —'IT transition.

in a 'TI state with fixed J gives rise to the appearance
of forbidden lines. Therefore, one can observe in the
LIF progression ‘m-'¢ the whole (P.Q.R) triplet,
instead of either doublets or singlets (see Fig. 2).Two
types of experiment can be performed in such a sys-
tem:

I. recording the ‘forbidden’ line intensity as a func-
tion of rf field frequency gives an optical—rf double
resonance signal, from which A-splitting Aéf or the
g value for particular J can be deduced.

2. measuring the intensity ratio between ‘forbidden’
and ‘parent’ lines as a function of static electric
field gives the ratio of A-splitting to electric dipole
moment d: Al / dy or qld,

3. Experimental

The experimental set-up is shown in Fig. 3(a).
*Na¥K molecules were formed thermally in a glass
cell joined to the vacuum system by means of a dry
valve. The cylindrical head (Fig. 3(b}) of the cell was

{ | |
1! |
| vy | | \
.w“ b RA- ~ ' l\/~ W o | W J k\1\4"‘\

s sso A 565804 505674 A

0 Vicm 1724 Vicm 0 Vicm

a b

Fig. 2. Effect of static electric field on spectrally resolved LIF for
the NaK D'TI — X'L" system: (a) transition from v' =
7.J" = 23: (b) transition from v' = 12, J' =7.

made from special alkali-resistant glass mube. The
electric field was produced by applying rf or static
voltage across a pair of round polished stainless
steel Stark plates. A separation of 0.85 * 0.05 mm
between the Stark plates was used for the resonance
measurements. For dc Stark mixing altogether three
cells were used, differing in diameter and spacing of
the electrodes. The metal-containing reservoir was
kept at a stabilized temperature between 270°C and
320°C.

Linearly polarized light from a cw Ar” laser was
used to excite X'T* — D'II transitions in ®Na*K
molecules. Fluorescence at right angles, both to the
laser beam and to the electric field ¢, was imaged onto
the entrance slit of a double monochromator (M) and
registered in a photon counting regime. The particular
D'Tl — X'C* LIF progressions were identified from
the recorded LIF spectrum by comparison of line posi-
tions and relative intensities with the ones calculated
by means of a spectroscopic constant set as given in
[1], for the transitions mentioned there at excitation by
Ar” laser lines.

In the optical—electric rf double resonance experi-
ments we used a 1-300 MHz (0.2 W, 50 Q) Wavetek
rf oscillator (RF) supply, which was connected to the
Stark plates (E). The rf field voltage enabled us to
produce €& =20V cm™. A fast oscilloscope (OSC),
placed closely across the plates, served as 50 Q load
and as rf output drift monitor. An auxiliary generator
output producing a dc voltage proportional to the gen-
erated frequency was used to measure the voltage by
means of a digital voltmeter. A computer (PC)
together with the CAMAC system controlled the driv-
ing and data collection of the experiment. In the dc
Stark mixing experiments a dc voltage source was
connected to the same Stark plates instead of the rf
source. Polarizers (P) and the polarization plane rota-
tor (R) fixed the polarization conditions for excita-
tion-registration.

4, Signals and results
4.1. Optical—rf double resonance signals
These were obtained by measuring the intensity of

‘forbidden’ lines as a function of the electric field
frequency. Multiple frequency sweeping in a chosen
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a)

b)

Fig. 3. (a) Experimental set-up: P = polarizers, R = polarization plane rotator, E = Stark plates, OSC = osciloscope, RF = radiofrequency
generator, M = spectrometer, PM = photomultiplier, PC = computer; (b) thermal cell.

range and signal accumulation were used. The accu-
mulation time varied from 10 min to 1 h. In order to
diminish the influence of LIF intensity drift during
signal accumulation the normalized difference
(Ir —1g,)/Ir, was considered to be a result of a single
measurement, that is the difference between intensity
at current frequency F and at some reference fre-
quency Fy.

Fig. 4 presents experimental resonance signals for
levels vi = 12,J' =7 and v’ =7, J" =23. Although the

1.0 & a 'l' b b
*

normalized intensity
(=]
wn

0.0 T Illl T Lol
0 200 300
frequency, MHz
Fig. 4. Optical—rf double resonance signals: (a) -v' =12,J' =7; (b)
-v'=7J =123

resonance signal width exceeded the one expected
from the natural broadening, probably with a tendency
to exhibit some structure, we assumed that the signal
was reliable enough to determine the e/f separation,
yielding g. Resonance signals were registrated for
five v', J' levels; corresponding g values are given
in Table 1.

4.2. Intensity ratios

Fig. 2 demonstrates the effect of a static electric
field on the spectrally resolved LIF from v’ =7, J" =
23 and v’ =12,J' =7, leading to the appearance of the
forbidden Q line due to e/f mixing. A fitting procedure
using three Gaussians was used to obtain the *forbid-
den’/‘parent’ line ratio /¢//p r dependences on electric
field intensity.

Ratio signal simulation and data fitting were
accomplished using direct Hamiltonian diagonaliza-
tion, accounting for Stark interaction within rotational
states J = AJ, AJ =0, | and 2 1n initial, excited and
final states [7]. Least-square data processing of the
intensity ratios, obtained in different cells and geome-
tries, allowed us to get g/d, ratios. The averaged
values are (2.4 * 0.25) x 100%cm™ D™ for v = 7,
J'=23and 2.1 £ 0.2) x 10%em™ D' forv' = 12,
J' =7. Taken together with g values obtained from
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Table |

Experimantal values of NaK (D'TLv’ J') A-doubling constant ¢ determined from RF-optical double resonance
v 3 4

J 23 19

g (10° em™) 1.39 = 0.06 132 = 0.06

7 12 14
23 7 19
1.42 = 0.07 1.03 = 0.08 1.33 £ 0.05

double resonance signals, the dipole moment values
have been determined: d,(v' =7, J' =23) =59 =
09D;d,(v'=12,J=T7)=48 * 09D.

5. Discussion

The g values presented in Table 1 lie between those
obtained from conventional spectroscopic analysis
(1), g =qgo—qilv +
1/2)=1.16 x 107 = 1.5x 107(v+ 1/2) cm ™', and from
the rf-optical double resonance signal [6] for NaK
(D'TL v =7,J' =5), yielding g = 1.5 x 10
“em™". Thus the g-factor values obtained do not dis-
agree much with the previous data. Regarding the
smaller ¢ value for the v/ =12, J" =7 level, it corre-
sponds to what can be expected due to the D 'TI-4°T1
perturbation. Although the singlet—triplet interaction
does not change Aér directly since the e and f compo-
nents of the D'II state are perturbed by the two A-
doublet substates of the ¢TI state to about the same
amount, this interaction diminishes the singlet char-
acter of the perturbed state to C,2n . The D'II-4°11
mixing coefficient C,zn =1 —C%n can be estimated
using the calculated difference between the deper-
turbed D'TI (v' = 12) and &"TI (

v/ = 13) terms (3], with J' = 7 being E, - E;, = —
3.87cm™ and the level v’ = 12, J' =7 shift AE =
0.468 cm™' with respect to the deperturbed position.
The estimated value of C,zn equals 0.87, thus giving a
reduction of the g value since A-doubling in the D'TI
state has to be C,n(DlIﬂLtl'E). As for the absolute
dipole moment d, values obtained here, they can be
considered as very large when compared to typical

dipole moment values which have been measured
for diatomic molecules, but they are consistent with
theoretical predictions [8].
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ABSTRACT

We report here A-doubling splitting and permanent electric dipole moment o, measurements for a
number of vibrotational levels of NaK D 'IT state. Two different methods, which are not Doppler limited,
were used. Stark effect induced level crossing was registered as fluorescence polanzation changes with
external electric field, which allowed to obtain, from one fit, the values of electric dipole moment and A-
doubling splitting A., between e, f substates of an individual rotational state. Another method consisted in
obtaining the ratio A./d, from electric field dependence of the intensity of forbidden line appeared in
fluorescence as a result of e-f Stark mixing, along with direct A., measurements by optical-rf double
resonance. Signal simulations and data fitting were accomplished using direct Hamiltonian diagonalization
accounting for Stark interaction within rotational states J + AJ, AJ = 0, 1, 2 in mtial, excited and final
state. Dipole moment values obtained confirm theoretical predictions.

1. INTRODUCTION

There is interest in determination of permanent electric dipole moment d, of a molecule since this
quantity reflects very sensitively the details of electronic structure. At the same time there is still a lack of
information about electric dipole moments for short-living excited states of diatomic molecules including
alkali dimers. We present first d, measurements for “Na’>K D 'IT state rovibronic levels by two different
methods'. (i) Measurements of external electric field &-dependence of the relative intensity of a forbidden
line, which appears in fluorescence as a result of e—f Stark mixing”. Indeed, due to the combination of AJ
=0, £1 and + <> - selection rules, only the (P, R)-doublet emission is allowed at P- or R-type excitation,
whereas only O-singlet emission is allowed at O-type excitation, see Fig. 1. If, however, external electnc

field is applied, the + <> —, or e/f Stark effect mixing in a 'TI

- € state with fixed J gives rise to the appearance of a “forbidden”

+ fJ gl line. The intensity ratio Jo/lpg or vice versa of a “forbidden” line

to the “parent” one is mainly governed by the |(d,e )/A« |

rRlP| ©Q parameter, allowing to obtain the absolute value |d,/q|, where A—

doubling splitting A7, =¢[J(J+1)-1]. The g value was

+ J1 measured by us independently by optical-radio frequency (RF)

- J(odd) 'T double resonance method. (ii) Stark analogue of Hanle effect, or

+ J-1 Stark effect induced level crossing, has been registered wvia

changes of fluorescence linear polarization degree P(&) with

external electric field £ and allowed to obtain, from one fit, both

Fig 1. Selection rules for d, value as well as A-doubling splitt'ing between e f substates of
's V[ transition an individual rotational state J, see Fig. 1.
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2. THEORETICAL APPROACH

The general theorétical approach is based on density matrix formalism, allowing to calculate the 'TI-
'Y fluorescence intensity in the presence of external electric field for any geometry and polarization type,
using both analytical expressions in different order perturbation theory, as well as the direct numencal
diagonalization of the Hamiltonian matrix, accounting for the interaction within the set J = AJ of rotational
states, both in the excited 'IT state and in the ground 'Z state.

3. EXPERIMENTAL

BNa*K molecules were formed thermally in a glass cell joined to the vacuum system by means of a
dry valve. The cylindrical head of the cell was made from a special alkali-resistant glass tube. Electric field
was produced by applying a static voltage across a pair of round polished stainless steel parallel Stark
plates located inside the cell. Altogether three cells were used, differing in diameter (d) and spacing (/) of
the electrodes, namely: (1) d=25 mm, /=29 + 0 1mm, (2) &=7 mm, /=1 8 £ 0.1 mm; 3) =7 mm, /<12 *
0.1 mm The cells have been filled with metallic potassium and sodium in a weight ratio of approximately
7.3, respectively. The metal-containing reservoir was kept at stabilized temperatures between 270° C and
320° C.

The linearly polanzed light from cw Ar'-

laser was used to excite X 'Z” — D 'IT transitions
in ®Na K molecules. Laser induced E¢
fluorescence (LIF) at night angles, both to the
laser beam and to the electric field ¢ see Fig. 2, —» E L,
originating from the ca 0.5 - 1.2 mm diameter
laser beam excitation region, has been imaged
onto the entrance slit of a double monochromator €
providing an overall spectral resolution up to 0.3
A We restricted the observation zone to the size
of ca. 1.5 mm in height, thus diminishing the Fig 2. Geometry of the experiment
possible influence of electric field inhomogenity.
The particular D 'IT — X 'S7 LIF progressions, originating from the definite D '[1 v/, J' states, were
identified from the recorded LIF spectrum by comparison of line positions and relative intensities with the
ones calculated by means of spectroscopic constants set’, for the transitions mentioned’ at excitation with
Ar -laser lines. The degree of lhnear polanization was measured by dividing the entrance slit of the
monochromator in height in two parts, placing two orthogonal polarizers in front of them Light guides
conducted fluorescence light from the two respective parts of the exit slit to the two photomultpliers, with
subsequent counting of one-photon pulses from the two channels. The unpolarized LIF, at absence of
external electric field, excited by the laser light with E -vector set parallel to the observation direction, was
used to calibrate the channels before each experiment.

In the case of optical — electnic RF double resonance experiments, we used 1 + 300 MHz (0.2 W, 50
Q) Wavetek RF oscillator supply, which was connected to the same Stark plates instead of static electric
field source. Fast oscilloscope, which was placed closely across the plates, served as 50 Q load and as RF
output drift monitor. The resonance was measured by sweeping the frequency of the RF generator.
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4 MEASUREMENTS AND RESULTS

Intensity ratios. Fig.3 demonstrates
the effect of static electric field on the
spectrally resolved LIF from v'=7, J'=23
and v'=12, J'=7 levels leading to the
appearance of forbidden QO line due to e—f
mixing. Fitting procedure by means of
three Gaussians was used to obtain
“forbidden”/“parent” line ratio Ilo/lpg.
The intensity ratios Ip/lpr obtained in
different cells and expenment geometry,
are shown as settings-in in Figs. 4 and 5.
Least-square data processing allowed to
get g/d, ratios. The averaged values are
(2.40£0.25)x10® cm’'/D for v’ = 7, J=23
and (2.10£0.20)x10° cm'/D for v=12,
J=T state.
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Optical-eleciric RF double resonance. Fig. 6 (dots) presents experimental data obtained by
registering the intensity of a “forbidden” QO-line as dependent on the RF electric field frequency,
demonstrating resonance intensity increase for V=7, J'=23 and v'=12, J'=7 levels. The signal
accumulation time varied from 10 minutes to 1 hour. Optical-RF double resonance signals were obtained
for a number of v’/ J’ levels, see Table 1. Although the resonance signal width exceeded the one expected
from the natural broadening, probably with a tendency to exhibit some structure, we assumed that the
signals are reliable enough to determine the e/f separation A, yielding ¢. This makes it possible to

determine the permanent electric dipole moment d, in question, using g/d, values obtained from intensities
ratios, see Table 1.

Table 1.
. g-factors and dipole moments
o ' 7 T ! (superscript P means, that values are
. e 1 b obtained from polarization measurements)
= *% 1
z i ¥ 1 v(d) | g, 10°cm’ ds, d,”,
E . x ] Debye | Debye
g% 3 s ] 3(23) | 1.39+0.06 — —
g - *EJ: 4: o 4(19) 13240.06 — —
2 o B L 7(23) | 1424007 | 59409 | 7.1
o~ S —r P P
oo I S B ;f 16540 20 6 4+0.8
0 0 200 300 12(7) 1.03+0.08 4 8109 6.5
frequency, Mrz 110+020° | 4.5+08°
14(19) 13320 05 — —
Fig.6. Optical-rf double resonance signals.

(a) -v'=12, =7 (b) -v'=7, J=23.

Polarization measurements. Expenmentally measured for v=7, J'=23 and v'=12, J'=7 levels
electric field dependencies of the polanzation degree are presented in Figs. 4 and 5. The results are
obtained using the most favorable geometry when LIF is viewed from the “end” of exciting light vector
E (EL &) The processing of experimental data was realized using theoretical dependencies P(¢) calculated
by accounting for Stark interaction among five rotational states J, J + 1, J + 2 by Hamiltonian matrices
diagonalization for all J”, J" and J"; involved in the transition. The best fitting constants g and d,, obtained
from a two-parameter weighted least-square routine, yield the values in question, Table 1.

5. DISCUSSION

The dipole moments determined seem to be reliable, in particular since there is good agreement
between the results gained from two independent methods As for the absolute d, values, they can be
considered as very large when compared to typical dipole moment values which had been measured for
diatomic molecules. Let us compare the measured d, values with theoretical quantities’ In order to pass
from ab initio d,”(R) dependence’ 1o the predicted d, values for particular v/, J' states, we have used the

averaging routine yielding the following predicted d,”(v', J°) values for the states under study  d,"(7, 23) =
71 Dandd,”(12,7)=6.5D, see Table 1.
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As follows from Table 1, the measured d, value for the v'=12, J=7 state is smaller than for the v'=7,
J'=23, being also markedly smaller than the theoretically predicted value. As it 1s well known [3,5], levels
belonging to the NaK D 'IT state are perturbed, at least to some extent, by the close lying d ’T1 state. The
level v'=7, .7'=23 can be considered as almost Llnpertllrl)cd3, whereas the level v'=12, /=7 1s shifted to AE =
0408 cn ' with 1espect 1o 1he depertubed position. As uesult, the experimentally measured o, value for
the level v=12, J'=7 is expected to be ca. 15% smaller than could been suspected for unperturbed state. It
is thus not excluded that the difference berween 4, values obtained for the two states, see Table 1, reflects
the role of perturbations. Hence, the experimentally measured d, values do not disprove the ab initio
calculation®, accounting for the fact that the deperturbed quantities have been calculated.

The ¢ values presented in Table 1 lies between ones obtained from conventional spectroscopic
analysis® as go= 1.16x10° cm™ and from the RF — optical double resonance signal® for NaK (D 'I1 v'=7,
J'=5), yielding g=1.5 x10” ecm™. Thus, the g-factor values obtained do not disagree much with the
previous data. Regarding A-doubling factor g, smaller value for v'=12, J'=7 level, it corresponds to what
can be expected due to the perturbation, allowing to estimate ca. 13% diminution from the following
considerations. Although the singlet-triplet D 'TI - d °T1 interaction does not change A-doubling splitting
directly since e and f components of the D T state are perturbed by the two A-doublet substates of the d
’T1 state to about the same amount, this singlet-triplet interaction diminishes a singlet character of the
perturbed state as C ,zn. Hence, the matrix element of electronic-rotational interaction with the remote

singlet T states has to be C,“<D aviis '}I>) giving rise to diminution of A-doubling in 1) 'TT state.

~In conclusion, the measurements constituted in the present work confirmed the existence of large
permanent electric dipole moment in NaK D 'TT state.
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by polarization labeling spectroscopy

I.Jackowska’, W.Jastngbskif, R.Ferber', O.Nikolayevaﬁ and P.Kowalczyk!

Mnstitute of Physics, Polish Academy of Sciences. al Lotnikow 32/46, 02-668 Warsaw. Poland.
‘Institute of Experimental Physics. Warsaw University, ul. Hoza 69. 00-681 Warsaw. Poland.
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ABSTRACT.

This paper contains the analysis of the A'Z. of Na, based on the data obtained from the
polarization labeling spectroscopy experiment on the A'ZL] —X‘Z; transition. A set of Dunham

coefficients is derived, which describes the A state in the wide range of v (0<v<43) and J (12<J<126)
quantum numbers and reproduces the positions of unperturbed rotational lines in the A-X band system to
within 0.1 cm’™.

1. INTRODUCTION.

We report' new analysis of the A'Z state based on the data obtained from polarization labeling
spectroscopy (PLS) experiment'”, based on V-type optical-optical double resonance scheme, on the
A'Y” =X Z; band system of sodium dimer. The diatomic alkali molecules, with their simple electronic
configuration and main absorption bands conveniently positioned in the visible region, are relatively easy to
handle both theoretically and experimentally. Hence they have long been employed for testing quantum

chemistry calculations. Modern theoretical methods have a potentiality to predict potential curves and
spectroscopic constants with high accuracy’. On the experimental side a huge amount of data have been

gathered on the A'L’ state of Na,, but its investigation is still far from complete. The first reliable

molecular constants describing the A'L’ state for v<20 were obtained from classical absorption
spectroscopy by Kusch and Hessel’. Subsequently their data set was incorporated to results of the
modulated population spectroscopy experiment’ by Kaminsky, who determined Dunham coefficients®
applicable to the A state levels in the range 0<v<44 6 0<J<44. In spite if this precise examination of the

A'Z] —X'Z; band system has shown’ ® that the experimentally observed line frequencies still deviate

from frequencies calculated using molecular constants® much beyond experimental uncertainties. In effort
to improve the accuracy, the A state Dunham coefficients were verified and extended up to v=70 by
Gerber and Moller’. However, their experiment, carried out in a molecular beam, could provide reliable
information only on low J<20 levels. The analysis of the A'Y_ state was further continued by Chawla et
al.'® who reached v=105 vibrational level but only for J=10-12.

Further work on the A'Z] state of Na, is warranted by the fact that at typical working

temperatures for sodium vapor in resonance cell or heat-pipe oven conditions (T~700K) the maximum
populated rotational level is J=~40, well outside the range of validity of the fecommended molecular
constants. Even for J=80 or 100 rotational level population decreases only to about 43% or 17% of the
maximum value, respectively, and we found experimentally that discrepancies between the predicted and
measured line positions in the A-X system may exceed 2 cm™ in this range of rotational quantum numbers.
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The goal of the present paper was to accomplish new analysis of the A'Z: state of Na, based on the data
obtained from the PLS experiment on the A'Z, —~X'X" transition in order to derive a set of Dunham

coefficients describing the A state in the wide range of v (0<v<43) and J (12<J<126) quantum numbers.

——— B, S M PC . — -
o ~

PROBE PUMP H * *
HC DYE EXCIMER

/ LASER [ LASER

X'Es

MC  pMT

HEAT PIPE

Fig. 1. The excitation scheme and block diagram of the experimental set-up: A-analyser, FP-Fabry-Perot
interferometer, HC-hollow-cathode lamp, A/4 - quarter wave plate, MC-monochromator, P-polanizer, PD-
photodiode, PMT-photomultiplier rube.

2. EXPERIMENTAL.

The PLS technique is described in works'"'? In present work we have exploited the V-type
optical-optical double resonance scheme™'>'*. The basic principle of the V-type optical double resonance
PLS and its expenmental realization are schematically depicted in Fig. 1. The two laser beams pass
collinearly through the sodium vapor, which is placed between crossed polanzers. Contrary to the classical
scheme'*" in our experiment the probe laser is of fixed frequency whereas the pump laser is tunable. The
frequency of the probe laser accidentally coincides with a set of known transitions

B'TI, (v,,J,) «X'Z: (v", J"), thus labeling the involved rovibrational levels (v", J") in the ground

. state of sodium dimer. The circularly or linearly polanized pump laser light is tuned across the investigated
band system A'X] (—X'Z;. It orients or aligns the absorbing molecules in the lower (and upper) levels
by optical pumping. A linearly polarized weak probe beam is changed in its polarization characteristics
whenever the frequency of the pump laser is tuned to a transition originating from the labeled lower level
(v", J") The photomultiplier placed behind the crossed analyzer therefore receives a signal any time the
pump laser frequency coincides with a transition A'X7 (V', J') < X'Z' (v", J").

In our PLS experiment the pump laser was a pulsed due laser (Lumonics HD500) working on Nile
Blue, DCM, Rhodamine B or Rhodamine 6G dyes and pumped with a XeCl excimer laser (Lumonics
EX500). The dye laser delivered ca 1 mJ energy pulses of ca. 10 ns duration and 0.1 cm™ spectral width.
The laser wavelength was calibrated against both the optogalvanic spectrum of neon'® in a hollow cathode
discharge tube and the transmission fringes of the six blue-green Ar™ laser lines (Carl Zeiss ILA 120),
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A=514.5, 501.7, 496.3, 488.0, 476 5 and 457.9 nm, with a typical power ranging from 20 to 120 mW.
They are known to excite several transitions in the B'I], «~X'Z" system of sodium dimer, observed in

previous experimentsl?’la‘lg. However, in addition to the resonances reported before, we were able to
assign 12 new transitions. Table I presents a summary of all the identified labeling transitions induced by
the probe laser lines, which gave rise to the polanzation spectra.

Table L. Observed transitions in the B 'T1, « X 'E*, band system of Na, excited by six lines of the Ar™ laser used

as the probe laser. The transitions marked as 17-19 have been reported previously (in Refs. [17-19]).

Exciting | Excited transition | Refe- Exciting | Excited transition | Refe-
line (nm) | (v'.,J') < (v'",J"") |rence line (nm)| (v, I") «(v",J") |rence
(1,48) « (6,49) (2,39) « (0,40)
(1,60) « (6,59) 17 (3,75) « (0,75) 18
(2,82) « (6,83) 17 (7,98) « (2,98) 17,18
514.5 (2,36) « (7,37) 488.0 |  (6,43) « (3,43) 17,18
(3,32) «(8,31) 18 (7,25) « (4,25) 19
(9,64) « (12,65) | l7.18 (9,56) «(5,55) 7
(11,49) « (14,49) | 17.18 (10,42) « (6,41) |17.18
(0,42) « (2,43) 19 (6,27) « (0,28) 17,18
(0,47) « (2,47) (6,31) « (0,31)
(3,97) « (3,97) (9,98) « (0,98) 17,18
5017 | (5,124) « (3,125) 17 (8,57) « (1,56)
(5,88) « (5,87) 17 476.5 (9,75) « (1,75)
(5,37) « (6,38) 17 (9,39) «(2,39)
(5,42) « (6,42) 19 (14,118) « (2,117) | 17.18
(1,99) « (0,99) (10,12) « (3,13) | 17.18
0,17) « (1,17) (17,124) « (3,123) | 18
496.5 (0,24) « (1,23) (23,39) « (5,38) 17
(4,30) « (4,30) 18 457.9 (27,31) « (7,31) |17.18
(7,43) « (6,44) | 18 (28,43) « (7,43) | 1718
(29,25) « (8,24) 17,18

Sodium vapor was generated in a stainless-steel heat-pipe oven operating at T=~750K with 4 Torr
of He buffer gas. The pump and probe laser beams were copropagating almost in parallel and passed
through the sodium vapor. The pump beam was then removed by a beam stopper whereas the probe beam
passed through the crossed analyzer and a 0.3 m monochromator (used.to eliminate stray light) onto the
photomultiplier connected to the Boxcar 1 averager, see Fig. 1. A computer system, which also controlled
the dye laser tuning, stored the polarization spectra together with Ne optogalvanic spectrum (by Boxcar 2)
and transmussion peaks of the Fabry-Perot interferometer (by Boxcar 3).

3. RESULTS AND ANALYSIS.

The polarization spectrum of the A'Z] —X'Z; system of Na, has been recorded in region from

14200 till 17600 cm™. A typical fragment of the spectrum is shown in Fig. 2. We assigned about 1450
transitions spanning the range v'=0+43 and J'=12+126 in the A'Z’ state. All the lines observed were
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processed by means of a global least-squares fit with a Dunham expansion. The ground X'Z; state
constants were taken from the work of Kusch and Hessel'*. As expected, the initial fit revealed that part o

the lines were shifted from the expected positions up to 0.6 cm™ due to perturbation of the A'Z] state by

the b1, state. Since we were interested in the unperturbed constant set, lines for which the difference

between the measured and

v'= 20 21

T T T 1 o)
18 19 20

— b)

3 T | | | T | |

. 20 21 22 3

Fei

e a)

= T 1 T 1 ]

b 15 18 17 18

=

o

2 1

E

16100 16200 16300
~1
viem ]

T

Fig. 2. A portion of the polarization spectrum of Na, obtained with 438.0 nm line of the Ar™ laser as the probe anc
linearly polarized pump beam. The assigned progressions (a)-(d) correspond to the transitions A'Z] « X' L. from th
labeled ground state levels v*'=0, J"= 75 (a), v"=2, J"=98 (b), v'=3, I"=43 (¢c) and v"=4, J"=25 (d).

calculated positions exceeded 0.2 cm™' (twice the experimental uncertainty) were excluded from the dat:
field and the fitting procedure has been then repeated until a consistency between the observed anc
predicted values was achieved. The excluded lines fall in general into the regions of predicted strong
perturbations berween the A and b states™ In this way, 1376 lines of A-X system remained as unperturbec

within the 0.1 cm™ accuracy and provided the Dunham coefficients for the A'Z; state presented in Table

II. The root mean square (rms) error of the final fit was 0.052 cm™. For each constant a total of at least si>
figures i1s given (more than are statistically significant), as this number is required to reproduce the
measured transitions.

The A'E: state molecular constants obtained, have been tested against the deperturbed constant:

presented by Effantin et al*’ and Whang et al®®. In the common ranges of validity of the constants, the lin¢
positions predicted from them for the A-X system agree within 0.1 cm” Our Dunham coefiicient:
reproduce also correctly excitations by the 647.1 nm line of the Kr™ laser™ and by the 632.8 nm line of the
He-Ne laser” In comparison with the previous Dunham coefficients of Kaminsky® and Gerber anc
Moller’, the values of constant given in Table II provide a much improved fit to the observed levels
particularly for J>50, where the previous values were unreliable.
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The polarization labelling spectroscopy technique is applied to study the
A 'L -X 'L, band system of sodium dimer. Six visible lines of an argon ion laser
are used to label rovibronic levels in the ground state of Na,. Rotationally
resolved polarization spectra are observed in the range 14200-17600 cm™'. A
set of Dunham coefficients is deduced to fit all unperturbed levels of the A 'L
state with 0 < ¢ <43and 12 <J < 126.

1. Introduction

A vast amount of experimental work has been done on the A 'Y state of Na,, some
very precise and elaborate, but its investigation is still far from complete. The first
reliable molecular constants describing this state for v < 20 were obtained from
classical absorption spectroscopy by Kusch and Hessel [1]. Subsequently their data set
was incorporated to results of the modulated population spectroscopy experiment [2]
by Kaminsky [3], who determined Dunham coeflicients applicable to the A-state levels
in the range 0 < v < 44,0 < J < 44. However, precise examination of the A 'L -X 'Z7
band system has shown [4, 5] that the experimentally observed line frequencies still
deviate from frequencies calculated using molecular constants of [3] much beyond
experimental uncertainties. In an effort to improve the accuracy. the A-state Dunham
coefficients were verified and extended up to ¢ =70 by Gerber and Méller [6].
However, their experiment, carried out in a molecular beam, could provide reliable
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information only on low J < 20 levels. The analysis of the A 'Z* state was further -

continued by Chawla et al. [7] who reached v = 105 vibrational level but only for J =
10-12.

Particular interest has been paid in the past to understanding perturbation between
the A 'L’ and b *I1 states. After pioneering research by Kusch and Hessel [1], detailed
analysis of this perturbation was performed by Effantin et al. [8] and later by Whang
et al. [9]. In both studies a deperturbation procedure was applied to the observed
spectral line positions and highly precise molecular constants derived, describing the
A state in a level-by-level manner (i.e. the term energy and rotational constants were
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given separately for each vibrational level). However, these constants apply either to
low vibrational levels v < 10 [8] or Lo low rotational levels J < 18 [9] only.

Further work on the A 'E! state of Na, is warranted by the fact that at typical
working temperatures for sodium vapour in resonance cell or heat-pipe oven
conditions (7 =~ 700 K) the maximum populated rotational level is J = 40, well
outside the range of validily of the recommended molecular constants. Even for
J = 80 or 100 the rotational level population decreases only to about 43 % or [ 7% of
the maximum value, respectively, and we found experimentally that discrepancies
between Lhe predicted and measured line positions-in the A-X systein may exceed
2cm™' in this range of rotational quantum numbers. This paper presents a new
analysis of the A 'Y} state based on the data obtained [rom the polarization labelling
spectroscopy experiment on the A '2)-X 'E} transition. We derive a sct ol Dunham
coeflicients describing the A state in the wide range of v (0 <v <43) and J
(12 € J € 126) quantum numbers and reproducing Lhe positions ol unperturbed

rotational lines in the A- X band system to within 0-1 cm™".

2. Experimental details

The polarizalion labelling technique has been extensively described in the literature
[10, I'1]. Our version of the method is based on the V-type optical-optical double-
resonance scheme [ 12-14]. We usc a linearly polarized probe laser, (he fixed requency
of which is in accidental resonance with a few known transitions in the investigated
molecule, (hus labelling the involved rovibrational levels in the ground molecular
state. A linearly or circularly polarized beam from a pump laser is tuned across the
investigated spectrum. Al resonance wilh any molecular transition it produces optical
anisolropy in the lower and upper molecular levelsinvolved. However, the polarization
of Lthe probe beam will be allered only al those frequencies of the pump laser light,
when lower levels for both the pump and the probe lransitions coincide. Thereflore
tuning Lhe pump laser over the spectral range studied and moniloring light passing
through the crossed analyser, we oblain excilalion spectrum of the molecule starting
only from the ground-state levels labelled by the probe light.

In our experiment the pump laser was a pulsed dye laser (Lumonics HD500)
working on Nile Blue, DCM, Rhodamine B or Rhodamine 6G dyes and pumped with
a XeCl excimer laser (Lumonics EX500). The dye laser delivered 2 mJ energy pulses ol
8 nsduration and 0-1 cm™' spectral width. The laser wavelength was calibrated against
both the optogalvanic spectrum of neon [15] in a hollow cathode discharge tube and
the transmission [ringes ol a Fabry-Pérotinterferomeler 0-5 cm long. As a probe light
we used one ol the six blue-green Ar' laser lines (Carl Zeiss ILA, 120), 4 = 514:5,
501-7, 496-5, 488-0, 476-5 and 4579 nm, with a typical power ranging (rom 20 lo
120 mW. They are known to excile several transitions in the B 'T1, « X 'Z; system of
sodtum dimer, observed in previous experiments [16-18]. However, in addition to the
resonances reported belore, we werc able (o assign |2 new transitions. Table | presents
a summary of all the identified labelling transitions induced by the probe laser lines,
which gave rise to the polarization spectra.

Sodium vapour was generated in a stainless steel heal-pipe oven operaling at
T = 750 K with helium buller gas at 4 Torr. The pump and probe beams were axially
mixed to copropagate nearly in parallel and passed through the sodium vapour. The
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Table 1. Observed transitions in the B '[T, « X 'Z band system of Na, excited by six lines of
the Ar* laser used as the probe laser. The transitions that have been reported previously
are indicated.

Exciting line/nm  Excited transition (¢".J") —(¢",J”) Reference

5145 (1.48) « (6.49)

(1.60) « (6.59) [16]
(2.82) « (6.83) [16]
(2.36) — (7.37)
(3.20) — (8.21) 7]
(3.32) — (8.31) [17]
(9.64) — (12.65) [16. 7]
(11.49) — (14.49) [16.17]

501-7 (0.42) — (2.43) (18]

(0.47) — (2.47)
(3.97) — (3.97)

(5. 124) — (3.125) [16]
(5.88) — (5.87) [16]
(5.37) — (6. 38) {16}
(5.42) — (6.42) [18]
4965 (1.99) « (0.99)
(0. 17— (1.17)
(0.24) — (1.23)
(4,30) — (4.30) [17]
(7.43) — (6.44) [17]
4880 (2.39) — (0.40)
(3.75) — (0.75) [17]
(7.98) — (2.98) [16.17]
(6,43) - (3.43) [16.17]
(7.25) — (4.25) [18]
(9, 56) «— (5.55) [16]
(10,42) — (6.41) [16.17]
4765 (6.27) — (0.28) [16.17]
(6.31) — (0.31)
(9.98) — (0.98) [16.17]

(8.57) — (1.56)
(9,75) — (1.75)
(9.39) — (2.39)

(14, 118) — (2. 117) [16.17]
(10.12) — (3.13) [16, 17]
(17, 124) — (3.123) [17)

4579 (23.39) — (5.38) [16]
(27.31) — (7.31) (16, 17]
(28,43) - (7.43) [16.17]
(29.25) — (8.24) [16.17]

pump beam was then removed by a beam stopper and the probe beam directed through
the crossed analyser and a 0:3 m monochromator (used to eliminate stray light) onto
the photomultiplier tube coupled to the boxcar averager. A computer system, which
also controlled the dve laser tuning, stored the polarization spectra together with neon
optogalvanic spectrum and transmission peaks ol the Fabry-Perot interferometer.
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Figure I. A portion of the polarization spectrum ol Na, obtained with 488-0 nin line of the Ar*
laser as the probe and linearly polarized pump beam. The assigned progressions (a)-(d)
correspond to the transitions A 'E! «— X 'E! [rom the labelled ground-state levels
(@v"=0,0"=75,h)v"=2,J"=98.(c)v"=3.J" =43, and () v" =4, J" = 25.

3. Results and analysis

We recorded Lhe polarization spectrum of the A 'X)-X 'E; system of Na, in the
region between 14200 and 17600 cm ', A typical lragment of the spectrum is shown
in ligure |. We assigned a lotal ol aboul 1450 transitions spanning the range v’ = 0-43
and J' = [2-126 in the A state. Originally all observed lines were subjected (o a global
least-squares fit with a Dunham expansion. Constants of the ground slate were fixed
al the values given by Kusch and Hessel [ 17]. As expecled, the initial it revealed that
part of the lines displayed shifls from the expected positions reaching up to 0-6 cm™,
due o perlurbation of the A 'Y} state by the b®I1 state. Lines for which the difference
between Lhe measured and calculated positions exceeded 02 cn™ (lwice the
experimental uncertainty) were subsequently excluded (rom the data field and the
fitting procedure repeated iteratively until a consistency between the observed and
predicted values has been achieved. The excluded lines fall in general into the regions
of predicted strong perturbations between the A and b states [9]. In this way, 1376 lines
of the A--X system remained as unperturbed (taking our wavenumber accuracy of
0-1 cm ') and provided the Dunham coeflicients for the A 'L} state listed in table 2.
Figure 2 displays the range of vibrational and rotational levels covered in the final fit.
The error of this fit was 0-052 cm ™. For each constant a total of at least six figures is
given (more than are statistically significant), as this number is required to reproduce
the measured transitions.

Once we derived the molecular constants for the A state, we first tested them
against the precise, deperturbed constants given by Effantin ef a/. [8] and Whang et al.
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Table 2. The Dunham coefficients for the A 'Z; state of Na, obtained in the present work. The
quoted uncertainty of a constant is one standard deviation.

Constant Value/cm™ Uncertainty /%
T, 14680-42 0-0001
Yo 0-117406 x 10° 0-003
Y, —0-369478 0-082
Y 0:693070 x 10°° )
Y, —0-786 759 x 10~? [-5
Y, 0-110777 0-004
Y, —0-558396 x 107° 0-080
Y, 0115972 % 107° 22
Y. —0-202903 x 10~ 21
I, —0-386424 x 10™° 0-16
Y, 0:269 103 x 10°? 59
Y, 0-112252 % 107! 2:0
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Figure2. Distribution of the data used to fit the Dunham coefficients in the field ol vibrational

and rotational quantum pumbers of the A 'X: state in Na,.

[9]. In the common ranges of validity of the constants, the line positions predicted from
them for the A-X system agree within 0-1 cm™'. Our Dunham coefficients reproduce
also correctly excitations by the 647-1 nm line of the Kr* laser [19] and by the 632-8 nm
line of the He—Ne laser [20]. In comparison with the previous Dunham coefficients of
Kaminsky [3] and Gerber and Modller [6], the values of constants given in table 2
provide a much improved fit to the observed levels, particularly for J > 50, where the
previous values were unreliable.
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