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The paper presents experimeriiatl] state lifetimer,, ;, data and develops empirical aat initio
approaches concernin 11 and B I lifetimes, as well asD lI-X!=* BlI-X!=* and

D MM-A'=" transition dipole moment functiong.(R) of the NaK molecule. Experimental

D I(v’,J") stater, 5 values forv’ varying from 1 to 22 have been obtained from experimentally
measured electric radio frequency-optical double resonaft@DR) signal contours. The rf-ODR
signals have been produced By'Il—X 'S laser induced optical transition and rf field (1—900
MHz) inducede—f transition within theD II(v’,J") level. The possibility to determine empirical
absolutex(R) function in a wideR range from experimentat,;, dependence on’ andJ’ has

been demonstrated; such an approach has been applied to eifR)nfor the BI-X1S*
transition on which relative intensity data are absent. The empBical-X = u(R) function has

been considerably improved by simultaneous fitting of relative intensity and lifetime data implicitly
accounting for thel’ dependence of measured lifetime values. The finite-field technique combined
with the many-body multipartitioning perturbation theory was used dbr initio all-electron
transition moment calculations. This approach appeared to be adequate to compute g€kble
functions due to a proper description of core-valence correlations. As a result, excellent agreement
betweerab initio and empiricaB TI-X =" andD I[I-X '=* transition dipole moment functions
has been achieved. @998 American Institute of Physid$$0021-960608)02139-4

I. INTRODUCTION mental lifetimes of a lower lying NakB I state presented
It is well known that for such test diatomics as alkali by Derouard, Debontride, Nguyen and Sade@MDNS) in

dimers the calculated potential energies agree well enoug ef. 8 are also significantly different from their theoretical

with the experimental oneg¢see Ref. 1, and references colunterplart+s Ca',c%"a‘e?' by exploiting .thab initio
therein. However,ab initio calculations are still less effec- B =X 2" transition dipole momena(R) given by RKS.

tive in reproducing intensities in molecular spectra arising\t € same time, the«(R) behavior for low lying singlet

from excited electronic states. At the same time, such radiatates of NaK is of general interest because of the much more

tive quantities as transition dipole momept6R), the corre- pronouncecR d_epe_ndence due to the partially ionic character
sponding lifetimes and intensity data represent, along with ©f charge distribution. N
permanent electric dipole moments, a different and, in many 't was not easy to judge whether the measured empirical
cases, an extremely useful test of the validity of calculatiod PSZ, KN, DDNS or the calculatedRKS) 1 and 7 values
methods and of the accuracy of molecular constant sets. Thi§€ responsible for such a discrepancy. This circumstance
situation reflects the fact that one may expect considerabélimulated us to undertake in the present work an attempt to
electron charge redistribution within particular molecularobtain more accurate empirica(R) data, as well as to carry
configurations without any substantial impact on the energut ab initio all-electron calculations using many-body mul-
of the systen?. First results obtained in the pioneering paperstipartitioning perturbation theoryMPPT),® which seems to

on homonuclear alkali dimer Nappeared to be quite prom- be more adequate for the description of core-valence corre-
ising since a very good agreement between empirfcahd  lations than previously used pseudopotential scheéns.
calculated 1 (R) has been achieved. It was, however, not theobtain more reliable absolute values of the empirical
case with the transition dipole moment functipR) for a  #p-x(R) function forD ‘[I-X*=* transition, we have per-
heteronuclear diatomic molecule NaK. Indeed, a considerformed lifetimer,,;, measurements in a wide range of NaK
able (though not large discrepancy comes to light if one D 'II state vibrational levels’ varying from 1 to 22. These
compares the absolute values of empirical transition dipolélata, along with somewhat correctBd1-X 'S+ transition
moments reported fob TI-X =" transition in the NaK relative intensities taken from Ref. 6, have been processed
molecule by Pfaff, Stock and Zevgoli®S2 in Ref. 6, as simultaneously in order to gain the empiriga}_yx(R) func-

well as by Kafoand Noda(KN) in Ref. 7, withab initio  tion. An improved method to invert the experimental life-
pseudopotential calculations of the same quantities petimes into theu(R) function has been applied in order to get
formed by Ratcliff, Konowalow and Steve(RKS).? Experi-  the empiricalB '[I-X !> transition dipole moment. In ad-
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TABLE I. Excitation laser wavelengthii,J, NaK D 1T statev’,J’ values,

rf-ODR resonance FWHM's A,,,) and lifetimes ¢,;;) obtained in the
,.g present work from rf-ODR experiments.
p=1
° Nexer (NM) v’ J’ Ay (MHZ) 7 (N9
>
§ 496.5 1 27 14711 22.4-1.7
£ b 514.4 1 67 18.6:0.%
8 501.7 3 23 17.72.9 18.5-3.0
§ 496.5 3 43 17.x1.4 19.2£1.5
& 496.5 4 19 14.80.4 23.6-0.7
3 496.5 7 8 16.82.7 19.5-3.0°
: : : : 488.0 7 20 16.51.3 19.9-1.53
150 200 600 700 488.0 7 23 16.50.9 19.90.1
frequency, MHz 488.0 7 23 20.0£0.2
488.0 10 102 17.9+0.9
FIG. 1. Experimental NakD II state rf-ODR signal contourga) v’ =4, 496.5 11 46 24311 13.4:0.6°
J'=19, allowed Q-line, fitting parameters,=171.4 MHz, A,,=14.95 476.5 12 7 25.52.0 12.7#1.0
MHz; (b) v’ =11, J' =46, forbiddenQ-line, fitting parameters,=673.7 476.5 14 19 17.22.0 18.5-2.0
MHz, A,,=26.48 MHz. The solid line is a Lorentzian fit, see Et). 476.5 17 94 16.1+0.%
488.0 22 35 20.81.0 16.3-0.8

dition, we have undertaken a detailed theoretical study of th&™Na"K isotope.
transition moment functions at thab initio all-electrons CII_?:\F;)Igeirtt)ZrE;?jﬁk’)Siﬁgkénar;?atzeevgomsa (Ref. §.
level with accurate treatment of core-valence electron ef- P y '

fects.

Il. EXPERIMENTAL RESULTS den” or “allowed” line position in LIF spectra. The rf volt-
The most straightforward and well-developed method toag.e supply SCheme was carefully adqutgd to av0|_d parasitic
‘noise and to achieve constant rf electric field amplitude over

measure excited state lifetimes is, of course, to record di; . . .
the frequency sweeping region across the resonance position.

rectly the fluorescence decay kinetics after pulsed laser exci- The r-ODR signal shapé(f) has been analyzed by

tation. It is however also possible, after careful examinatior'|:ield and Beraemaht In the most simole case of a weak rf
of distorting factors, to gaidIl state lifetime data from the field one woul?j arrivé at the Lorentz Fs)hape contour

electric radio frequency—optical double resonaré€DR)
signal contours. The idea of such a method is very simple lo
and goes back to Refs. 10-12. Since each rotational Bvel I(f)= 5 5
) 1w+ o . . (T12m)+ (f—1p)
in the groundX =™ state has a definite parity, due to parity
selection rule the laser induced transitidhII(v’,J") where the full width at half maximunfFWHM) of the rf
—X1=*(v",J") excites only oneg or f) component of the resonance id/, thus accounting for two natural widths
I stateA doublet. This is why only theR,R)-doublet lines  originating from the twoA components contribution of
are emitted aP- or R- type excitation, while, on the con- I'/2#7 each. In Eq(1) we neglect power broadening due to ac
trary, only theQ-singlet lines can be found in the laser in- Stark effect. The estimations based on the approach given in
duced fluorescend&IF) spectrum afteQ-type excitation. If  Ref. 13 show that a small enough rf voltage is yet able to
the external ac electric field frequency is swept in the vicinitycause electric dipole transitions between theloublet com-
of A-splitting energyA.;, due to electric dipole—f tran-  ponents. Both evaluations and test measurements carried out
sitions one can observe either the resonant appearance ofanéth different rf field amplitudes allowed us to assume that
“forbidden” line in the LIF spectrum, or the resonant dimi- one can neglect the power broadening effects in the particu-
nution of “allowed” line intensity, thus giving rise to the lar experimental conditions. In particular, special experi-
respective rf-ODR signals, see Fig. 1, centered at the resarents which included the diminishing of rf field amplitude
nance frequencyy=A.¢/h. from 5 to 1 V did not reveal any changes in signal width,
To obtain NaKD I state 7,» 3 values, we have ex- thus confirming for us that one can neglect the power broad-
ploited the same rf-ODR setup used previolih for the  ening effects.
purpose of A-splitting energy determination. Briefly, A typical experimentally obtained fixed optical fre-
Ar*-laser lines(Table ) have been used to excite a numberquency, a rf swept rf-ODR signal recorded at the “allowed”
of D MI(v’,J") levels of NaK molecules formed in thermal Q-line originating from theD 1T state level’(J')=4(19)
cells at temperature$=525-575 K. The identification of is presented in Fig. (&), while the analogous signal for the
D I (v',d") states inD I(v',J")—X1=(v",3") LIF pro-  “forbidden” line originating from 1146) is presented in Fig.
gression has been based upon the data reported in Ref. 15.1(b). Experimental rf-ODR signals have been processed by
electric field voltagdusually up to 5 V was applied to round Lorentz contour, Eq(1), thus yielding the FWHM values
polished Stark electrodes placed inside the cell with the spad\,,,. The FWHM values averaged over a number of mea-
ing ~1 mm and swept over the 5-900 MHz range. A mono-surements in different fluorescent cells are given in Table I.
chromator with spectral resolutiorr0.03 nm was used to The errors in Table | reflect the discrepancy of the results
single out the wavelength corresponding to either “forbid-obtained in different experiments.

@
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As it has been shown in our treatment of the hyperfineder photon counting and=4 under intensity measurements
(HF) interaction performed in Ref. 14, one can expect somén energy units Sy ;» is the Hol-London factorp,,, cor-
small HF broadening effect upon the resonance signal. Owresponds to the band with maximal intensity within a given
ing to theAF =0 selection rule, the HF broadening of the rf progression, anqhi”j'y"”" is treated a¥
signals can be caused only by the difference in the HFS R
splitting of e and f components. The main cause of such  uf;”* 7 =(v}|wij(R)v]})
effect for nonperturbe® 11 state levels is due to the pres- N
ence of nonzero off-diagonéransversalmatrix elements of _ 2 av’ |Rk|vu )
the electric quadrupole HF interaction operator. Preliminary & STy I
estimation* of HF structure constants performed by an in-

. Lo . N " K,
ternally contracted configuration-interaction method have - (vy R}
shown that the HF broadening effect on the rf-ODR signals :<UJ’|UJ”>,Z‘O A Wl lohy
is rather small, being of the order 6f0.5 MHz. This broad- e
ening effect has been taken into account by a subsequeWherea, are the desired fitting parameters, while the wave
correction of experimentally measuréd,, values. The cor- functions(WFs) [v;)= x,,(R) are the eigenfunctions of the
rectedA,,, values have been used to pass to the lifetimegadial Schrdinger equation:
7,,3=I"1 The r,,; values thus obtained are listed in
Table I, which also contains the lifetimes presented by PSz
for four D I(v’,J") levels of the NaK molecule. Surpris-
ingly good agreement of the’(J')=7(23) lifetime 7,
=19.9+1.1 ns obtained by us from the rf-ODR signal
FWHM with 7,.;,=20.0=0.3 ns obtained by PSZ from
fluorescence decay kinetics, see Table |, encouraged us
believe that our experimental rf-ODR contours can be use
to get reliable lifetime values. It has, however, to be note
that, as pointed out in Ref. 14, although the isolated Na

D I state levels should exhibit only negligible HF broaden'Rees(RKR) inversion procedure, or in the framework of a

:ng ?f rf;]C.)IaR signals, tt)h?j Istterr] magi/. not be true f?:r thefuII quantum-mechanical inverted perturbation approach
evels which are perturbed by the adjacehtll state. For C§PA).18 In most practical cases the empirical RKR and IPA

4

1 d?
- ———+UYR)

2m g2 Xv3(R)=E,5x,3(R). (5)

Here m is the reduced molecular mass;(R)=Ugq(R)
+[J(J+1)—A?])/2mR is the effective(centrifugally dis-
torted internuclear potential function, andgo(R) is the
IBtationless potential based on the Born—Oppenhe{Bé&y
eparation. The BO potentials can be obtained from dalect
nitio calculations, as well as from experimental rovibronic
evel positions either by the semiclassical Rydberg—Klein—

such I;\gelshonlilzmay Iexpect_ an Iaddltlonal_ H('j:. b{oa_\denm otentials are essentially more accurate than takiinitio
;:_ause hi %t, ed'ff nuti efar splnaefectron splnt IpZe |tnhtera counterparts. For this reason, only the empirical potentials
lon which 1s difterent fore an components. ANOtNer  Lave been exploited in the present study since the conven-

. . 3 1 . .
cause for rf signal broadening by the’lI-D "Il mixing tional spectroscopic informatioflDunham molecular con-

lmayl appeaL mt catshes \;\Lhen the ?O&aébr?t'(; Itlfet_lrmes Olf g'plegtants required for their construction is available for all elec-
evels are shorter than the ones o state. 10 exclude yqnic states under consideration. To solve Ech)

thel (ljnfluen(_:e O.f sm%let)—(tnplet _|r_1teract|on efffects on emg'r"numerically, we implemented the iterative renormalized Nu-
cal determination oD —X transition moment functions, the .. algorith®® combined with the Richardson

experimental data for the perturbedJ) levels 1146) and extrapolatiorf® An efficient phase-matching method was

12(7) were excluded from the data processing routine. employed to find the eigenvalu&sThis construction allows
one to reduce the absolute errors in rovibrational WFs and in

lIl. EMPIRICAL DETERMINATION OF TRANSITION the corresponding overlap integral matrix elements to
DIPOLE MOMENT FUNCTIONS 10 °-10 ©. The accuracy of the overlap integrals was esti-
A. Method mated by calculating the so-called "noise factorssj

_ S =|(vilvj)|, wherei #j and|v;), |v;) are vibrational WFs of
Itis well known that both radiative lifetimesr(,-;-) and & given electronic state. The deviationspfvalues from zero
relativev’J’ —v"J” fluorescence intensitied i”ﬂJ v can is a measure of the nonorthogonality of the calculated WFs.

be used for the empirical determination Rfdependence of It is obviously enough to record only one fluorescence
the transition momen,aij(R):16 progression in order to determine the relatReependence
) of the transition dipole moment, whereasalues for a num-
= 8L > (V_v_'J'v"J")s(M_v_’J'v"J”)z Sy ber of rovibronicv’, J' levels are required for the same
W 3heq oy . 23 +1' purpose in case lifetimes are used. At the same time, relative

(2) intensities do not allow one to gain the absolute values of the
transition moment. From these considerations, the following
_ ij ij 3) procedure is usually exploited to determine fhe(R) func-
103 0" Vf)"‘]’v;;qax]” 03" | tion. First, by using relative intensities of LIF progression
g g 1 originating from the particular upper rovibronic level, the
where 872/3he,=2.026x10° %, ¢, is the permittivity of relative transition moment function is determined, which is
vacuum,7 is in's, wj; in a.u., andy;; is the rovibronic tran-  subsequently normalized with respect to the experimental
sition wave number in reciprocal centimeters. Here3 un-  lifetime of thev’, J' level ?® Besides, theu; (R) function is

IU’J/U” ”n U/J/U//J// n U/J/U/IJ/I 2
ij Vi
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FIG. 2. EmpiricalD fI-X '3 * transition dipole moment functions ex-

tracted in the present worki) wp.x exploiting lifetimes given in Table I;
(i) wpt—exploiting relative intensities taken from Ref. #(R) functions

obtained previously by PSZRef. 6 and KN (Ref. 7 are also presented.

Closed circles correspond to normaliZﬂQEX(R) values obtained from cor-
rected PSZ relative intensities data in the framework ofRheentroid ap-
proximation(6).

usually expanded in a power seriesPfsee Eq(4)], which
can be transformed into one-parametric functiop(R°) us-
ing the so-calledR-centroid approximatioR®?4

’ (v}, |Rv") (<v3,|R|v3’~>

viJnn” (v lv (v lv

k

( ngrUr/Jr/) .

(6)
It is this method which has been used by B&¥ order to

determine the normalized absolute transition moment func

tion for the D—X transition in NaK asup_x(R)=—6.0

+2.3R (u in debyesR in angstromy see the dependence in
Fig. 2 labeled as PSZ. It is also worth mentioning that th

PSZ up.x function was later modified by Katand Nodd as

Tamanis et al.

Let us stress that the use of the approximate expression
(7) practically does not cause any additional inaccuracy in
the w;;(R) determination since, as was shown by a direct
numerical comparison of Eq7) with the exact Eq(2),%’ the
relative error of the values obtained by Eg) does not
exceed 0.002% for all levels under consideration. Thus, for-
mula (7) can be, in some sense, considered as an “exact”
one since the accuracy of both lifetime measurementsand
initio transition dipole moment calculations are still essen-
tially lower than the accuracy of approximati¢n).

The present approach has the following advantages in
comparison with the conventional onéi) Formula (7)
avoids the necessity of solving a complete eigenvalue and
eigenfunction problem for lower states, being most efficient
for distant states and nondiagonal systefinsFormula(7) is
much simpler than the exact sum given by Ef), thus
allowing one to apply the more stable linear LSM for em-
pirical u;j(R) determination from the experimental lifetime
values instead of the tedious nonlinear fitting procedure re-
quired for the direct application of E@2). (iii) The present
approach goes beyond the frame of Re&entroid approxi-
mation (6) which, as is known, may cause considerable er-
rors in w;;(R) determination, especially when a weak fluo-
rescence band(that is, with small FCF valuésis
exploited?*1’

Since the inversed lifetim@) is the sum of probabilities
of transitions into all lower levels, the individual dipole mo-
ment for a transition into a particular state may be obtained
explicitly only in two casesia) the sum is reduced to a
single term, i.e., only a transition into the ground state is
possible;(b) the sum is dominated by one strong term, which
is likely to occur in cases of comparatively high transition

drequencyy;; (sinceri;%, is proportional t0vi3}), or in cases

when all transitions but one are “forbidden,” i.e., they have

upo.x(R)=—6.0+2.8R—0.24R? (the dependence KN in Very small transition probabilities. Thus, strictly speaking,
Fig. 2 in order to describe their relative intensities measure®n€ may use lifetime measurements to normalize the avail-
for a Sing|e LIF progression which originates from the per_able relative IntenSIty data Only if all relative prObabllltIeS

turbedv’=12J"=7 D I state level.

(branching coefficienjs contributing to the sum(2) are

A modified approach has been exploited in the presenlgnown?8 It is also worth mentioning that experimental life-
paper to gainu;;(R) from experimental lifetimes and rela- times and relative intensities exploited for determination of

tive intensity data. The essence of the method we are offethe empirical transition dipole moment must correspond to

ing here involves the two following steps.
(1) Replacement of exact equatid¢®) by the approxi-
mate expression

_ 872 , ,
Ty~ ——2 (0 AUS(RIE2(R)|v),), ™
3ﬁ60 ]

unperturbed levels, otherwise the deperturbation analysis is
certainly required before any fitting proceddfe.

B. BMI-X'3* transition

TheB I-X=" transition in NaK is a typical example
of the present spectroscopic situation when systematic life-

where AU;;(R) =U;(R)—U;(R) is the difference potential time measurements have been carried out in a wide range of

betweeni andj electronic state$>~2’ Approximation(7) is

vibrational quantum numbers for the upper state<(}

based on the additional assumption that the difference poter=14, see Fig. B® while experimental relative intensity data

tial is independent of), and|v},)~|v},. ), thus allowing
one to perform separate summation ovérandJ” in Eq.

(2). As a result, the sum of Hd-London factors yields

2J'+1, and the rotational factor in E¢7) vanishes.

are absent. In this case the empirigel"\(R) function can
be, in principle, obtained from the lifetimeg dependence
7(v') only. In doing so, we have implemented the approxi-
mate relation (7). The required difference potential

(2) The simultaneous employment of relative intensitiesAUg_x(R) =Ug 15(R) — Uy 15+ (R) has been computed from
for a number of LIF progressions and lifetime data for theRKR potentials foB Il andX =" states using the respec-
overall set of rovibronic levels in a weighted nonlinear least-tive molecular constants given in Refs. 29 and 30. Since the

squares metho@_SM) fitting by means of Eqs(3) and (7).

experimentalB 11 state lifetimes correspond to compara-
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lying A'S* state, its contribution into thB 11 state lifetime
values is negligible due to both frequency and probability
factors, sincevd ,<v3 y andu3 \<u3 y.2

C. D'ITI-X'3* transition

The following distinctions betweei II-X'=* and

14+

1 BI-X=" systems should be pointed out concerning the
empirical determination of transition dipole moments.

(1) In addition to lifetime measurements, the experimen-
tal relative intensities in thé MI—X =" LIF spectrum
originating from a particulaD Iv’,J’ level are available
from PSZ dat&.

(2) Lifetime and relative intensity measurements have
been carried out for a number of ,J’ levels, without any
averaging oved’, including very highd’ values ('~ 100,
see Table)lfor which it is necessary to take into account the
effect of rotation on vibrational WFs and corresponding ma-

FIG. 3. B 11 state lifetimesr(v’) derived in present work from empirical
andab initio «(R) functions calculated with larger bagiB-Il) set in com-
parison with experimental data given by DDNBRef. 8 for averaged)’
<40, and withab initio calculations given by RK$Ref. 2.

tively low J’ levels (3’ <40)2 most of the lifetimes being

averaged over several rotational levels, we have evaluatd§X elements.
the expectation values m‘fU?(R) RK operators using vibra- (3) Some levels under study can be locally perturbed by

tional WFs corresponding td)J’:3O. Then, the experimental the close lyingd ®II state due to intramolecular spin—orbit
1432 \which means that the corresponding experi-

lifetimes given in Ref. 8, along with obtained rovibronic ma- Interaction,’ s U © _
trix elements, have been processed by a linear LSM procépental lifetimes and relative intensities can differ from the
dure in order to obtain the fitting parametexs. The singu- “true”,ones. Ind(/aed, as was shown in Ref. 14, the

lar value decompositiofSVD) of the plan matrix was used —11d'=46andv’=12J"=7 levels are certainly perturbed

to control the linear dependence of the normal equations ari@"d experimentally measured lifetimes for these levels have
ing in LSM 3! The resulting empiricak8™,(R) function (the therefore been excluded from the fitting. It has to be added,

bold solid line in Fig. 4 takes the form however, that, in obtaining empiric8l—X transition dipole

) moment functions, we have completely ignored the branch-
pEx(R)=—4.4428+5.307R~1.2145°+0.087R®, ing ratio coefficients, that is the ratios of singlet bound—
(tS)

boundD TI—X=* and triplet bound—free °l1—a 33 *
with x in a.u. andR in A. Equation(8) is valid within the  transitions for theD 'II state levels'=1,0'=67;v'=7J’
range 3.4 R(A)<5.8, which actually corresponds to the in- =23 andv’=10,’ =102, see Table Il from Ref. 6. P§Z
terval between the outermost and innermost classical turninguPposed that the above levels are considerably mixed with
points of the highest vibrationd 11 state level to be fitted, thed I state levels. To clarify this point, we have estimated
namelyv=14. To prove the correctness of the applied in-the mixing coefficients for these levels using experimental
version procedure, we have recalculated radia@vél state  deperturbed molecular constants of the perturbifi state
lifetimes by putung the obtained empiricﬁ%r_nx function (8) and Corresponding nondiagonal Spin—orbit electronic matrix
into the exact equatio®). The result is shown in Fig. @he elements given in Ref. 32. These calculations confirmed for
bold solid ling. Note that, although there is one more for- Us that theD 11 statev’,J’ levels under discussion are prac-
mally allowed electronic transition from 11 to the lower tically not perturbed by thel °Il state in contrast to the’
=11J'=46 andv'=12J"=7 levels mentioned above.
Therefore, the transition probabilities into the triplet con-
tinuum given in Table Il of Ref. 6 seem to have to be at-

3 ' T resent empirical, Ea(8) tributed to the bound—free LIF spectrum arising from other
3 40l / ™ —o— present abinitio (B-ll) | strongly perturbed 11 levels excited by the same laser line
5 T e (see Tables Il and VIl in Ref. 15 . .
5 . (4) TheD I1—A =™ transition can, in general, contrib-
GE) 281 | ute toD I lifetime values. This contribution has been esti-
3 mated by exploiting Eq(7) and theab initio up_a(R) func-
E 26k - tion (see Table Il; the calculations will be described in detail
S B'm-X's* in Sec. M. The difference AUp. A(R)=Up1p(R)
2 —Uis+(R) has been obtained using 2l state IPA
£ 2450 T35 40 45 50 55 60 potential represented in Table VIII of Ref. 15 and hé> *

R, A state RKR potential derived from the molecular constants

given in Ref. 33. The obtained —A transition probabilities

FIG. 4. Empirical BII-X!=* transition dipole moment functions
me-x(R) and theirab initio calculations with smaller basi®-1) and larger
basis(B-II) accomplished in the present work in comparison vathinitio
calculations performed by RK@&Ref. 2.

Ap.a (Table Ill) make a small but non-negligible contribu-
tion in the D I state lifetimes. This contribution should
therefore be subtracted from the inversed experimental life-
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TABLE II. Ab initio finite-field MPPT transition dipole moment functions T T T T T T
obtained with the two atomic basis sé¢Bs| and B-lI). 32 Z.,_,_,& D' O present experiment
“ ® PSZ experiment [6]
L Y —— present empirical
#R) @u) 2 28 —o— present ab initio (B-11)
DI-X1z+ BlI-x1z+ D I-AlS+ = ool 10 s e RKS g initio (2]
2 o<> PSZ empirical [6]
R(A) B-I B-lI B-l B-Il B-I B-Il e
o 20 B
3.281 1.275 1.214 2.971 3.009 1.574 1.652 g 3
3.498 1.220 1.227 3.065 3.072 1.597 1.597 D 6t 15'&8-
3837 1470 1464 3014 3019 1417 1456 = e s NaGP)
4,101 1.696 1.680 2.949 2.961 1.285 1.317 12| . . 46 ‘?7 . . e
4366 1929 1910 2865 2880  1.127  1.163 o ) 8 12 16 20 24
4.763 2.247 2.242 2.728 2.738 0.897 0.942 .
5.292 2.565 2.561 2.579 2.588 0.620 0.659 Vb
5.662 2.699 2.701 2.535 2.530 0.483 0.516 . . . L
6.006 2772 2771 2515 2522 0.353 0.375 FIG. 5. Experimentally measured NaB Il state rovibrational lifetimes

73(v"), their calculated empirical values obtained using empiricill (R)
functions given in present workpresent empiricaland in Ref. 6(PSZ
empirica). Theab initio lifetime calculations obtained in present work with
basis Il (presentab initio) and given in Ref. 2RKS ab initio) are also

times gained from Table | in order to get, by means of thedepicted. Numbers denof values of the levels under study.
fitting procedure, the empiricaip.x(R) function corre-

sponding to thd-X transition only. The remaining allowed
D MM—BMI andD M—C!=" transitions contribute prac-

tically nothing inD I +(v’,J") values owing to very small
frequency and electronic probability factors, sinazé_c
<vd g<vd y and pd c<pud pg<ud .
To check the self-consistency of experimental lifetimetained by the numerical solution of E¢) with the corre-

and relative intensity data we have exploited them indepensponding effective potentials. Note that, as distinct from
dently of each other in order to obtain, in two different ways, PSZ? in the course of exploiting their data we have used the
the empiricalu(R) functions for the sam® —X transition.
First, theD II(v',J") state lifetime with values measured in quencyv, that is, takingn=3 in Eq. (3) instead ofn=4.

the present work from rf-ODR contoutthe open squares in This correction is based upon the fact that intensity measure-
Fig. 5), along with the PSZlifetimes measured from fluo- ments in Ref. 6 have been performed by detectingnina-
rescence decay kineti¢the closed circles in Fig.)5 have
been processed by the weighted linear LSM making use ofides, we have exploited th¥'=" state RKR potential
Eq. (7). The resulting empirical functiop_x(R) is depicted

in Fig. 2 (open squares Second, the relative intensities of
theD MI(v',J")—X1="(v",J") LIF spectrum presented in

TABLE Ill. Radiative NaK D I(v’,J") state lifetimes(in ns) calculated
by Eq.(7) with empirical potential curves using the followimy'[1-X *>*

Tables | and Il of Ref. 6 have been fitted in accordance with
Eq. (3) by linear LSM in order to determine the relative
transition dipole moment functiowBEX(R). The required
rovibrational WFs foD II andX !=" states have been ob-

correctcubic relative intensity dependence on transition fre-

bers of photon countssing the photon counting regime. Be-

based upon essentially improved molecular constints,
which is of particular importance for large’,J" andv”,J”
values. The relative.)'(R) function has been scaled to the
absoluteup_y(R) function discussed above. It is easy to see
from Fig. 2 that the normalizegtS'(R) function (the solid
line) is in good agreement with its lifetime counterpart

1b-x(R). As it also follows clearly from Fig. 2, both func-

transition dipole moment functionga) empirical, obtained in the present
work (72%e" or given by PSZ—Ref. 6423 and KN—Ref. 7 ¢5); (b)
ab initio calculated in the present worlEF-MPPT, 722" or given by
RKS—Ref. 2 (pseudopotential, 7hi>). The ab initioc FF-MPPT
D MI-A1=" transition probabilitiesAp_, (in 10° s71) calculated in the
present work are also presented.

tions go steeply toward the value of the transition dipole
moment between B and 3S states of the Na atonf2.52
+0.04 a.i?*, which is exactly what should be expected if
one remembers that the interactiBg'll and X '3+ states

KN

RKS

dissociate into (B)Na+ (4S)K and (3S)Na+ (4S)K atomic
limits, respectively. At the same time, the present functions

v’ QR gpesent  PSZ KN RKS AL, e . s A
are significantly different from the PSAnd KN’ empirical

1 271 225 230 345 312 151 1631 functions. The above discussion allows us to suppose that the

1 67 218 223 332 303 149 1572 Ci oy int T ;

3 23 ol oo 326 307 149 1574 pre_sent empiricalip_x(R) anq,uD_X(R) functlorgs are mo7re

3 13 216 290 324 304 149 1553 reliable than the dependencies presented by’RBd KN.

4 19 215 218 321 304 149 154 Finally, the relative intensities for four progressions given by

7 8 205 208 207 296 147 1458 PSZ® along with lifetimes data for the overall set of rovi-

7 20 204 208 296 295 146 1453 Dpronic levels given in Table |, have been processed simulta-
1; 133; 21(;-‘; i%-j 2293-58 2296-57 1143-2 11-‘;2?1 neously by a weighted nonlinear LSM fitting procedure ex-
1 46 188 193 257 281 142 1094 Ploiting Egs.(3) and (7), yielding the following unified
12 7 188 193 256 282 143 1206 €mpirical D lH—.X 1$* transition dipole moment function
14 19 181 186 239 276 141 1222 (up7inau,RinA):

17 94  16.0 16.6 184 252 134  0.948 om ) 3
22 35 158 163 171 255 134  0.904 #p-x(R)=4.1610-3.682R+1.128(R“— 0.091R",

(€)
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g 3.0 : : : — cessity to perform at least two series of calculations with
270 p'm-x'st ] different F values. One should also realize that the external
= ol field can lower the symmetry of the system under study, thus
g giving rise to additional computational work. For instance,
e 21r 1 the FF calculations on thE—II transition moments in NaK

o 18F : should be performed i€, symmetry, and the states involved
2 450 L . in the transitions have the same symmety/)(in the pres-

© L present empirical, Eq.(9) f t | field

8 12f &= —o— present ab initio (B-11) — ence of an external ieid. o _ _

5 wlk present ab initio (B-() ] A guantitativeab initio description of excited electronic

§ o ' - RKS ab initio [2] : states of NaK requires an adequate reproduction of compli-
¥ 30 35 40 45 50 55 60

cated valence configuration mixing strongly affected by the
core-valence correlations. At the all-electron level of the
FIG. 6. Empirical andab initio D 1[I-X 'S * transition dipole moment theory, this implies the necessity to correlate a rather large
functions up_x(R). number of electrongincluding at least outer core shells of
both atom$ within an inherently multiconfigurationdj.e.,
multireferencg approach. In the present study the calcula-
tions of the WFs in the finite field were carried out by the
many-body multipartitioning perturbation theofPPT).°
With an appropriate choice of modékferenceg space, this
approach may take advantage of the physically grounded
The transition dipole moment functions have been comseparation of electron correlation effects into valence and
puted using the finite-fieldFF) techniqué®=3" which is  core-valence correlations, properly taking into account their
known as an efficient tool foab initio studies of electric interplay. Offering the possibilities to maintain strict size
properties of molecules in pure electronic states. The genegonsistency and to treat vast model spaces without any risk
alization of the FF technique for transition property calcula-of instabilities caused by intruder states, the second-order
tions is rather straightforward and can be briefly presented agppT appears to be ideally suited to our task.
follows. A molecule placed in external uniform electric field We used a recently developed MPPT c¥daterfaced
with intensity F is described by the Hamiltonian to the MoLCAs suite of programs for electronic structure
H=H(F)=H(0)— uF, (10) calculations’® Two basis sets were employed in our study.
The  smaller one, (110p4d1f)/[7s5p3dlf]Na,
(15s13p4d1f)/[9s7p3d1f]K (hereafter referred as B-l
was obtained from the standard basis for electric property
calculation§! by decontracting the outermost functions
and adding thef functions with exponential parameters
0.06Na) and 0.04K). The larger one, referred as B-Il, com-
v, prised additional single sets of diffuse p andd functions
(Uil ulWj)=(Ei—Ep{ ¥, F (1) (exponential parameters 0.0033, 0.0019, 0.016 and 0.0025,
0.0013, 0.007 for Na and K, respectiveliiowever the origi-
The central two-point finite-difference approximation for the nal contraction of thed shell proposed in Ref. 41 was re-
derivative on the right-hand side of E(L1) at F=0 pro-  stored. Orthogonal molecular orbitals were generated by
vides the following Working formula of the FF method for 50|Ving the state-average self-consistent f(Q@F) prob|em

R, A

which is reliable within the range 33R(A) <6.0 (the bold
solid line in Fig. 6.

IV. AB INITIO CALCULATIONS

where H(0) denotes the Hamiltonian of the free molecule
andu= — (dH/JF) is the conventional electric dipole opera-
tor. ExactF-dependent eigenfunction; , ¥; and eigenval-
uesE;, E; of H should satisfy the off-diagonal Hellmann—
Feynman relation:

the transition moment in a free molecule: for the two lowesfS " states of NaK . The model space for
(Mﬁr%“(Ei— Ej)(Wi(F,=—A2)|W(F,=A/2))/A, MPPT calculations with B-l basis was the full valence
configuration-interaction space, or, in other words, it com-
n=XY,Z, (12 prised the configurations with doubly occupied core molecu-

whereA is a numerical differentiation step size. Since Eq.!ar orbitals and all possible arrangements of two valence
(11) generally does not hold for approximate wave functionsélectrons among the valence and virtual orbitals. When the
(WFs) resulting from practicahb initio calculations, the es- larger basis(B-Il) was used, we had to restrict the model
timate (12) can differ from the corresponding off-diagonal SPace size te-500, omitting the valence configurations with
electric dipole matrix elementdipole length form of the negligible contributions to the WFs of interest. This choice
transition moment computed with the same approximate Of model spaces guarantees a st(@tl) or a very good
electronic WFs. As has been demonstrated recéftlye FF approximate(B-I) size consistency of results. Within the
results are normally more stable with respect to the level oodel space, we have constructed a state-selective Hermitian
electronic correlation treatment than their dipole-length anaeffective Hamiltoniaft** with five *A’ target states which
logs. This advantage of the FF technique seems to overcon@®rresponded to the three lowestand twoll singlet states

its evident drawbacks which consist of limited numerical ac-of the free molecule. The effective Hamiltonian incorporated
curacy because of rounding errors for sndaknd significant the core-valence correlation and core polarization effects at
nonlinear contributions whed is large, as well as the ne- the second order in MPPT. At the perturbation step the in-
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. <3.5 A). The ug.x and up.x ab initio data closely fit the
. \ *— Dn-X ] corresponding empirical transition moment functions ob-

@
=

1 1ot
o Bmexe tained in Sec. lll. Unfortunately, the accuracy of the com-
puted D LII-A 1S transition momentTable Il cannot be
directly estimated from the available experimental data since
><o intensity measurements of tie'II—-A 1S transition are ab-
_/ \ T sent and the contribution of tHe lI— A 1= channel to the

I \ ./ 0\0\ radiative decay of theéD I(v’,J") levels is rather small

, a.u,

(
/o
\

(valence-Cl)

- ull
)
T

(MPPT)

1)

(Table III). It is worth noting the qualitative agreement of
. , , } , . our transition moment functions with the RKS data; quanti-
30 35 40 45 50 55 60 tative differences can be explained by the simplified treat-
R, A ment of core-valence correlations and the use of rather re-
FIG. 7. Core-valence correlation effects upon calculated transition dipole StrICted valence basis sets in the pseudopotential
moments. calculations’ The relative strengths of the remaining allowed
transitions D '[T-B 1, DM-C!=* and BI-AlS™
have also been obtained in the course of the preseimitio
nermost core orbitalssINa), 1s2s2p(K) were frozen, i.e., calculations in order to estimate their contributions to radia-
18 electrons were explicitly correlated. tive lifetimes of D 1T1 andB 1II states, respectively.
The external electric field intensities corresponded to the
step sizeA=10"*a.u.; additignal calculations with valugs V. LIEETIME CALCULATIONS
in the range 105<A<2><10 a.u. provided the;u esti-
mates which were stable within 18 a.u. The overlap inte- The present empirical and MPPab initio wp.x(R)
grals entering the FF formuléd2) for transition dipole mo- functions, as well as those from pseudopoterdiBl initio
ments have been evaluated with the valence eigenfunctiorglculations of RK&and empirical functions given by P8z
obtained by diagonalizing the effective Hamiltonian. Al- and KN’ have been exploited to calculai'll state life-
though the direct contributions to these integrals from coretimes by using Eq(7) and empirical potentials. The results
excited configurations were thus ignored, the use of the FRre presented in Table Ill. The corresponding ;. values
scheme allowed us to incorporate implicitly the correspond<corrected by accounting for tHe—A transition contribution
ing contributions into transition moment estimatese the (see Table ll) are plotted in Fig. 5. One can see that both FF
Appendi¥. Moreover, owing to the “perturb-then- MPPT and empirical functiopp.x(R) (9) allow one to re-
diagonalize” strategy realized in our approach, the influenceproduce the experimental lifetimes significantly better than
of core-valence correlations o,n F values via correlation the RKS and the empirical PSZand KN’ x(R) functions.
interference effecfd**was fully taken into account. The im- The B M(v") state radiative lifetimes,,, derived from the
portance of core-valence correlation effects are demonstratggiesentab initio transition dipole moments and empirical
by the comparison of MPPT transition moments with the fullpotential curves quantitatively reproduce the experimental
valence ClI ones in Fig. 7. Notice that the popular polarizavalues as wellFig. 3). It should be emphasized that an im-
tion pseudopotential technigt*® gives a less adequate de- provement over the results of RR @seudopotential calcula-
scription of these effects sincét) the two-particle effective  tions was gained for the lifetimes of both electronic states
interactions of valence electrons arising from core-valenceinder study.
correlations cannot be properly fitted by any one-particle  As it was already shown, the introduction of a centrifu-
pseudopotential;(2) the direct contributions from core- gal distortion term into the effective potentidP(R) in Eq.
excited configurations to any property other than the energyb) is definitely required to properly take into account the
are completely ignored(3) the spurious contributions to rotation effect on vibrational WFs for high’ levels, since
transition moments arising from nonorthogonality of valencethe rotation effect can dramatically change the magnitude of
pseudo-WFs to the core, in contradistinction with similarsmall rovibronic matrix elements}) corresponding to small
contributions to the total energy, are not automatically coun+ranck—Condon factorgv J,|v J,,)|2 17 Obviously, the rota-
tervailed. The high accuracy of the transition moments fottion effect has to cause lifetime variation with rotational
free non-valence-electron atoms computed by the pseudopguantum numbed’. Indeed, under the simplest harmonic
tential methodimply that the two latter factors should not be approximation, the lifetimg’ dependence for a given vibra-
of crucial importance. In contrast, the effective two-particletional levelv' can be expressed by means of Ef.in the
interactions in the valence shell can affect the valence part dbllowing analytical form:
the WFs and therefore the characteristics of valence transi-

S
N

tions. Tipry =~ Tipr (1= %[J' (3" +1) = A?]), (13
The resultingB lI-X'=* andD I-X*=* transition B..\2 2u/(Ry)  Mw? — Ru—R..

dipole moment functions are presented in Table Il and plot- y,:( el o 2 uLer e S
Wej i MIJ(RE") 11.238j Tei_T i

ted in Figs. 4 and 6, respectively. Let us first note thathe
estimates obtained with two different bag@s| and B-Il) (14)
are almost identical. The discrepancy exceeds 1% only fowhere the reduced mass is in Aston unitst® equilibrium
the D-X transition at very short internuclear distand® ( distances R,;,R.; are in A, while electronic energies
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ol 1 ' ' ' = rovibrational WFs shift smoothly to the right along thke
:;:Q\D I e e y=50 | axis asv’ andJ’ increase. This leads to a situation when
220 R o —e— J=100 4 Xi, »(R) functions for two different rovibronic levels
L ~o e g . .
RN N v1,J1) and @5,J;), belonging to the same electronic state,
w 20F ~ S~a A J 1:vY1 21Y2
c | “\u;iz; Rexa, ] can be localized predominantly in the same relatively narrow
g 18t //./' e, ] R region if the following conditions are fulfilled simulta-
g .l e /;;I//‘ \\\\\\\\\ = neously:v,>v1>1 andJ;<J;. This means that the inte-
= _/_/-/'/./:;f/ grand functions AU} (R) »fi (R)x5,(R) for these levels,
14+ /.;‘.;:/“1 . along with the corresponding lifetime values, should be close
12' T" .B o ' . . to each other in case of any smooth dipole moment function
0 4 8 12 16 20 1ij(R). This is the reason why, for instance; — v’
v =10)~7y-19v'=14) and Ty _giv'=17)~7y _35(v’

=22) for theD I state(Table IlI).
FIG. 8. Rotational effect on radiative lifetimes Bf*Il andD II states. ) ( )

VI. CONCLUSIONS

Tei Tej, rotational 8;) and vibrational f;) molecular Excellent agreement betweab initio and empirical
constants are in cit. The #ij(Rei) =dwi; /dR denotes the BHI-XS* and D lI-X =+ transition dipole moment

first derivative of the dipole moment functiom;; (R) with
respect to internuclear distané Relations(13) and (14) proaches has been achieved.
demonstrate that the lifetimé& dependence should be most A possibility has been demonstrated allowing one to de-
pronounced for long living states corresponding to smalkg mine the absolute transition dipole moment function
vij = Tei—Te;j and smallu;; factors, as well as for the non- | gy in wideR range, by means of the approximate relation
d|ag(_)nal systemswith large ARe=Re;— R yalues) POS-  (7) and the experimental data on lifetime variations with vi-
sessing pronounce® dependence of the dipole moment p4iional and rotational quantum numbers. The approach was
function (largedp;; /dR). o employed successfully to describe tB¢II-X =" transi-

_ To estimate the rotation effect upon the lifetimes of theyjopy iy’ ywhich relative intensity data are absent. Satisfactory
B Il andD “II _states, we ha\{e evaluateq the CorreSpond'n%greement between the results obtained applying Band
vi parameters in Eq14) by using respective molecular con- e ones gained from the relative intensities by applying Eq.
stants and empiricaB—X and D—X transition dipole mo- (3) with n=3 has been achieved in the casdofll—X 13 *
ment functions. They values obtained ¥gi1=—8.3  (ansition.
x10 % ypu=7.2¢10"°) mean thatr(B '1I) has to in- The empiricalD 1-X'=" transition dipole moment
crease ad’ increases, Wh'lle(D 1) hE‘I‘S to decreas,fa &E function u(R) has been improved considerably by means of:
increases. Indee_d,.for t.k[E II ;tate. an “unexpected mini- ) extension of the’,d’) range of the experimental life-
mum can be distinguished in Fig. 5 upon the relativelyyne gata: (b) corrected description of relative intensities
gmqothv’ dependgnce_of both experimental and Cal,CUIat?%easured by the photon-counting regifime=3 in Eq. (3)];
lifetime values. This minimum corresponds to a rovibronic . simyitaneous fitting of lifetime and relative intensity data:

level with maximalJ” value under study, namely =102. ) taking into account implicitly the)’ dependence of ex-
Hence, we can suppose that it is the rotation effect which 'ierimental lifetime values in fitting procedures.

responsible for the lifetime decrease. To check this point, we The combination of the finite-fieldFF) technique and

1 1 [
have_ Calc‘flfted'(D H)_ and,r_(B ) for lowest @"=1), many-body multipartitioning perturbation theofMPPT)
medium ¢’ =50) and high §"=100) J" values. The results = 55 heen shown to be adequate for obtaining reliable transi-

obtained are represented in Fig. 8 .and cpmpletely confirng o dipole moment values owing to a proper description of
the above statements. Moreover, a linear fit of the calculateghq :ore-valence correlation contributions into transition mo-

7(v',J") values for the lowest’ values yieldsy; param-
etersyg 1= —12.1x 10 % and yp 1;=6.6x 10" ®, being in
good agreement with those obtained above within the ha
monic approximation§l3) and(14). The obtainedy 1; val-
ues allow one to explain the diminution of the experimental  Financial support for this work by the Russian Founda-
D I lifetimes for highJ levels, namelyr, _;o(J'=102) tion of Basic Research under Grant Nos. 97-03-32215a and
=17.9 ns andr, _1/(J'=94)=16.1 ns, see Table |. Indeed, 97-03-33714a is gratefully acknowledged by three of us
atJ’=1 our lifetime calculations for these levels performed (E.P., A.S., and A.Z. A.Z. thanks Professor Bjn O. Roos
with semiempirical transition moments yielded larger valuesfor supplying him with themoLcas 3 package. This work
namely 7, -1¢(J'=1)=19.3 ns andr, -14(J'=1)=17.1  was supported by the European Commission in the frame of
ns. At the same time, E¢13) with yp 1;=6.6x10°° gives = PECO Human Capital and MobilitfNetwork) LAMDA pro-

the valuesrt, _o(J'=102)=18.0 ns andr,,-14(J'=94)  gram, Contract No. ERBCIPDCT940633, and we are espe-
=16.2 ns which agree with the experimental results. Thusgially indebted to Dr. Henrik Rudolph and Dr. Henk Dijker-
the rotation effect leads to a noticealffe1.5-2.0 nscon-  man for their constant efforts to help us in carrying out the
tribution to the lifetimes of highl’ levels for both states project. The Riga group participants have been supported by
under study. As is well known, the probability densities ofthe Latvian Science CouncilGrant No. 96.0328 Support

functions obtained in the framework of the present ap-

ment estimates.
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(Wi|MIWj)=(Ti| ulif | 75). (A6)
APPENDIX Smce,u is Hermitian, its e|genfunct|0n§f,, lIfJ, i #j
satis
Let us assume that the basis configuration state functions bt
do not depend on the field intensify. In the present study (| F;)=0, (¥, |HE|T;)=0. (A7)

this is ensured by the use of nonrelaxed molecular orbitals of . o .
the free €=0) NaK* ion in the calculations on NaK for Olslfferentlatmg Eqg.(A7) with respect to field intensity and

any field intensity. Denoting the model-space and outertakIng into_account Eq(A4), one readily arrives at a
Hellmann—Feynman-like relation

space basis functions byn),|n) ... and|a),|b) ...,
spectively, and introducing the model-space projed%br oW
=3 /m)(m| which is also independent &, we can write (Ei—Ej)<‘1'i —J> =(W|M[Tj)=(T | wld|T)).
down the F-dependent second-order Hermitian effective IF [ Teso
Hamiltonian in the form: (A8)
1 Although the functions®;,¥; are restricted to the
HE(F)=PH(F)P+ 52 > [myHma(F) model space and do not comprise any contributions from
mn a

outer-space(core-excitedl configurations, Eq(A8) clearly
1 1 indicates that FF transition dipole moment estimates com-
—+ —) Han(F){(n|. (A1) puted with these functions implicitly incorporate the bulk of
na such contributions entering the first-order effective electric

HereD,,,, D, are the energy denominators defined by thedipole operatofA5). To achieve a similar level of accuracy
MPPT manifold of zero-order Hamiltoniarisee Ref. 9 for With the dipole-length formula, one should explicitly con-
explicit formulag. For the sake of simplicity, we shall sup- Struct the first-order effective operat@5) or, equivalently,
pose that these entities aFeindependent, i.e., that MPPT evaluate the outer-space part of the WFs using first-order
zero-order Hamiltonians constructed fr=0 are further ~Wave operatop:*

used in the second-order calculations for nonzero field inten-
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