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The paper presents the first permanent electric dipole modyemeasurements for NaR'II state
rovibronic levels. Two different methods were applied to obw@invalues. Stark effect induced
level crossing registered as the changes of fluorescence linear polariPdiiQnwith external
electric field # yielded from one fit both the electric dipole moment value and Ahdoubling
splitting betweene,f substates of an individual rotational state. Another method consisted of
obtaining the raticAJef/dp from Z-dependence of the forbidden line appearing in fluorescence as a
result ofe—f Stark mixing, along with direc‘t&;lf measurement by RF — optical double resonance.
The respective dipole moment values obtained are 5.9 — 6.4 D for they$tafe J' =23, as well
as4.5-48Dfor'=12, J'=7, the typical errors being ca. 12%-20%. Thevalue for the latter
state reflectsl, diminution expected due to the admixture of thid] state caused by intramolecular
interaction. Signal simulation and data fitting have been accomplished using direct Hamiltonian
diagonalization accounting for Stark interaction within rotational stateAJ,AJ=0,1 and 2 in the
initial, excited and final state. €997 American Institute of Physid$$0021-960627)02106-5

I. INTRODUCTION + or —, respectively. Hence, the first-order perturbation
terms are absent in the non-degenerated perturbation ap-
There is interest in determining the permanent electrigroach for the Stark operator
dipole moment of a molecule since this quantity reflects very
sensitively the details of electronic structure. At the same Hs=—dp?. (]
time there is still a lack of information about electric dipole This means that the terms linear over electric field

moments for short-lived excited statgs of d|a}tom|c mo"strength&f’ equal zero for a rovibronic level with fixed rota-
ecules. One of the methods to determine electric dipole MGional quantum numbed. The appearance of linear ovér

ments consists of applying the electric-field-induced analo,Qerms is possible only in the case when the states, which are

to the Hanle effect. The electric-field-caused changes in . ~ . o
. o : interacting due tdHg;, are so close in energy that it is im-
atomic fluorescence polarization were first revealed by

Hanle as early as in 1926, very soon after his discovery OﬂOOSS|bIe to use the nqn—degenerate perturbauon theory.. This
is the case for quasi-degenerate electronic states With

Tagnetlc fleldnlznduced fluorescence depolarization, or theqt 0. In particular, thelll-state possesses _doublet
Hanle effect.”< These two phenomena are caused by StarK ! : .
. . ) . .. components of different total parity; or —, within a rota-
and Zeeman effects respectively, having their physical origin. . : .
) . 2 fjonal stateJ, see Fig. 1a). The total parity alternates with
in removing the degeneracy between coherently excite
magnetic sublevels, being thus called “zero field electric/

, and another type of label, named th¥ symmetry, is
magnetic field level crossing,” see monographsThe ap- oft_en used, W.hiCh. factors out the-()° J-depe_ndence, thus
licati fexternal-field-catjsed level crossin .methods tobemg a rotation-independent latiet” see Fig. 12). The
rpng;licl‘,arlleg was proposed by Z&relowever, as digtinct from ‘A-doublet splittingAgf caljsed by electron—gotation interac-

widely applied magnetic-field-induced level crossifgsthe tion, is regularly given bAg=g[J(J+ 1)~ A"], whereq is
pure electric-field level crossing signals in resonance fluore

the A-doubling constant. This leads, as distinct from the
) . Ty, state, to the “quasi-linear” Stark effectin the Il state

cence, first applied to atoni$ for molecules have been ob-

served in relatively few works, see Refs. 9—-11. For the state

gsee Fig. 1b)). .
: ) . A deeper insight into thell state Stark effect, including
with clsosed _electrlgnlc shells, suc_h eéz in BaO (R,?f' 19 Stark zero-field level crossing, was first given by Klemperer

and B HOJ in 15,™ the monotonic “Stark—Hanle™(Stark and co-authorsand applied to theA*II) CS molecule. Fur-
analog of Hanle effegtcurves were observed in laser- ther, in a number of work¥2*the main attention was paid
induced fluorescencgLIF). In these cases it is the second- to the changes in th& —I1—'3 LIF spectra induced by
order Stark effe¢?'® which determines the Stark splitting dc Stark effect mixing ofe/f levels. Indeed, due to
manifold. This follows directly from the selection rules for AJ=0,+1 and+ < — selection rules***see Fig. 1a), only
the electric-dipole allowed interaction, which connects onlythe (P,R)-doublet emission is allowed &- or R-type exci-
the states with different, even or odd, total parity, labelled agation, whereas onlyQ-singlet emission is allowed at
Q-type excitation. If, however, an external electric field is

dDepartment of Chemistry, Moscow M. Lomonosov State University, Mos- applie_d, the+ — . or el/f Stark effect mixing in &11 S_tate
cow W-234, 119899, Russia. with fixed J gives rise to the appearance of a “forbidden”
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veloped spectroscopic informatiéf;®? including lifetime

J measurements. We have applied two method$i) Stark-

N Al °4 .3 induced changes in LIF polarizatiofi;) Stark induced *“for-
i f 222 |M11'I1 ) bidden” line relative intensity ratio measurements in combi-
] 63 © & nation with the direcA}; measurement by RF-optical double
f f §¢? 1 resonance methotf*3°Secondly, we developed further the
3 IMTi2) description of'II-state dc Stark effect, allowing one to cal-

energy
i

culate the# dependence of fluorescence intensity for any
geometry and polarization type. We used different order per-
+ e 4 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 excitedII
|p12 ) state and in the grount® state. At this point we have not
considered the influence of hyperfine effects. In the situation
under discussion, the Stark energy remains small with re-
spect to the rotational energyd,£<BJ(J+1), which
a means that the main rotational-vibrational pattern is con-
served, as distinct from the “pendular states” situation,
which takes place for extremely strong electric fields, de-
stroying the rotational motion of a molecule.

The paper starts from the theoretical description of the
line. Therefore, one can observe in the LIF progression th§tark effect manifestation if[I—*3 fluorescencéSection
whole (P,Q,R)-triplet, instead of either doublets or singlets. Il). After a quick description of the experime(@ection I1),

The relative intensity of a forbidden line, in the case whenthe simulation of expected signals in LIF polarization is
A2, is much larger than the natural width of each given (Section IV), followed by the presentation of experi-
A-doubling component, is mainly governed by the mental result§Section \J and discussioriSection V).
|(dp?5)/Agf| parameter, allowing one to obtain the absolute

value ofd,, provided additional information og values can

be obtained.

Concerning electronically excited alkali dimers, there
have been, according to our knowledge, two attempts to del. THEORETICAL DESCRIPTION
termine d,, both for NaK NI states. Drullinger and ) ) _ ]
co-workers® have recorded Stark induced “forbidden” lines L&t us consider the interaction of cw broad band radia-
in LIF from NaK (DII), and have also demonstrated thetion — with  diatomic ~ molecules ~ causing  a
RF-optical double resonance signal on thé=7,]'=5 MI(v',3")—1=(v",J") rovibronic transition in the presence
level. However, they present only qualitative information Of an external stggicggelectric fieId._Using the general Qensity
without mentioning anyd, values. Later, Derouard and Matrix approacit;*’~ one may write the density matrix el-
co-workeré* made an attempt to determine NaB(I) di-  ementfyy. of the excited state as
pole moments by applying Stagf mixing. They present ~

+
[}
]
[v]

5 Ko

electric field

FIG. 1. Selection rulega) and Stark effect energy shifts) for 13, — 11
transition. Notations fotb) refer to Egs.(4) and (5).

dipole moment values for several vibrational states. These i Ty TEIE*D|,,1
i i fum ==—m—— M-IIK|E*D|u">
are ca. two times smaller than the values obtained faim MMPTT 4+ AwMMg { | %)

initio calculations by Stevens, Konowalow and Ratdffn e Ae Al Tarx
this sense, the predict&dlarge permanent electric dipole X(M"II|E*D|pn'%)*. 2

moment values, reaching 4.5 D for Na®{[I) and 7.8 D H ) blevels of th d stewith
for NaK (DII) have still not been proved experimentally. It ere u are magnetic sublevels of the ground statewit

seems, however, that there could be some contradictior{gt""t'onal quantum pumbe]”, Wh"St M'MI are magnetic
within the results given in Ref. 24, manifested in the IargeSUble,VEIS of th_e excited state with rotational quantum hum-
discrepancy of] values obtained. Thus, there is still a lack of ber J ,Abelongmg toA-doublet componentk,|. '[he unit
reliable information about excited state dipole moments eveector E describes the exciting light polarizatioB, is the
for such a “test” alkali dimer as NaK. We also are not transition dipole moment unit vectol,; is the reduced ab-
aware of such data pertaining to any other alkali dimer. It issorption rate[' is the effective excited state relaxation rate,
important to mention that in Refs. 9,16—24 the description" Ay is the energy splitting betweel ,M’ sublevels,
was restricted by the first-order Stark effect, without ac-Pelonging either to the same=k) or to the different (
counting for Stark mixing of different rotational states, thus# k) A-doublet components, accounting both for
the approach used in data processing has to be improved. A-doubling and Stark effect level shifts. The excited state
The main goals of the present paper are as follows. Firsgensity matrix'f,, allows one to calculate the intensity of
we intend to determine the NaK permanent electric dipoleluorescencd ¢(E;) with polarization vectorE;, originating
moment values in itD 11 state, for which there exists de- from this state in the transitiod’ —J",, as
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G(JI’JN), \]/_J!/:il

H(En=1¢ 2 E MITK|EfD|p? : "o

Ilo g, & ! EFPle) (3.elPlI=10, 3 -3=0+2=3,..., ®
X(M/1H||E?6|M12>*klfMM’r (3) G(Jr JH) J!_J":O

wherel is proportionality coefficient. The structure of Eq. 3", f|D|I" = 0, J-J=+1+2 .. . : 9

(3) allows one to notice that the terms entering the sums are
formed as excited state matrix elemefis,,,, multiplied by
the observation matrix elements.

The next step is to represent the molecular wave func-
tions in Egs.(2), (3) accounting for static external electric
field effects. Since the exter_nal electric field destroys the G(J',3")=(23"+1)(C J”A”lA’ A”)z (10)
spherical symmetry, the rotational quantum numbetoes
not remain a good quantum number any more. At the sam€,xyz being Clebsch—Gordan coefficients.
time the external electric field does not change the axial sym- ~ To determiné’Awy ., one needs Stark energy expres-
metry, therefore the projection quantum numbgror u) is  sions ES. In the first approximation one can obtain first
still conserved. order Stark energie@’E',fA' in a simple analytical fornmthe

The wave functions included in Eq&) and(3) are ob-  energy of'Il statef-sublevel is considered to be zgro
tained in a coupled-basis set as expansions over non-

The EY in Eq. (7) are cyclic components of unit vectdr
describing light polarizatiorr*® whilst G(J’,J") in Egs.(8)
and(9) is the Hol—-London factor

o di i " 1 (AJ)?  d222Mm?
perturbed states with different/(i=e,f) and J” values WES = ZAJ = + P . (12)
mixed by the static external electric field. ForH excited 27° 4 [JJ+1)]
state we have It is easy to see that, as? increases, leading to
dpZM/[I(I+ 1)]>A {2, Stark energy shifts have linear as-
IMIIIK) = E Z CKi(37,M)|I"'Mi), (4) ymptotlc behaviour with respect M|, see Fig. 1b). A
Jy=1i=ef second order approximation in thHéAw,,,. calculation

thus obtaining, as it is usually done, a new wave function forta}kes place if or:e is accounting for the interaction between
eachk=1,2, found as the linear combination efand f J’ and adjacenf’ + 1 excited state levels. The Stark-effect-
substates, with mixing coefficientsCF[e(J’,M) and mduced_ energy secor_1d -order correction fdthstate can be
K /s also written in analytical form, see Ref. 13. However, with
Ciir (", M) # increasin - i -
% 0, the second-order perturbation treatment be
comes incorrect as well, and one has to solve the secular
equation systef for the relevant Hamiltonian matrix. The
analysis of such a treatment, accounting Jar AJ mixing
|uS)= > Cs(3",w)3"w). (5)  within a given vibrational state centered at the initiaf’)
3'=0 excited (') and final (}) rotational state of &"—J'—J
CoefficientsCy;; andCs have to be found from diagonaliza- transition, will be given in Section IV.
tion of the Hamiltonian accounting for molecular rotation
and the Stark effedteq. (1)).
It is easy to see that the respective matrix elements, botf}; expeRIMENT
in absorption and fluorescence, are proportional to the mul-
tiplication of the correspondent mixing coefficients ZNa**K molecules were formed thermally in a glass cell
CK.(J',M), and Cs(J",u) or Cs(J},u). For the absorp- joined to the vacuum system by means of a dry valve. The

For the ground electronic stat®, one can represent the
wavefunction|«!3), by accounting ford”-mixing, as

tion, one obtains cylindrical head of the cell was made from a special alkali-
resistant glass tube. An electric field was produced by apply-
(MUIK|E*D|u!3)= > CK,(3',M)Cs(J", 1) ing a static voltage across a pair of round polished stainless
3 steel parallel Stark plates located inside the cell. Altogether
Bk A three cells were used, differing in diametel) (and spacing
X(J'MI[E*D" ), 6) (I of the electrodes, namelyl) d=25 mm,1=2.9+0.1

and the same for the fluorescence, if one replatesy J; ~ MM; (2) d=7 mm, [=1.8+0.1 mm; (3) d=7 mm,

andE by E;. Eq. (6) allows one to apply the Wigner—Eckart [=1.2+-0.1 mm. The spacing between _the electrodes was
theoremp39-42 measured by means of a measuring microscope. The cells

were filled with metallic potassium and sodium, via a re-
A 1 peated distillation process, in a weight ratio of approximately
(I'MI[EDII )= (EY* ——— Jnﬂlq(J AID3"),  7:3, respectively. The metal-containing reservoir was kept at
d 2J'+1 7 stabilised temperatures between 270 °C and 320 °C. The dc
™ voltage was kept below the threshold for electrical break-
in which, due to the selection rules propagation into the redown in the cell, which did not exceed 6 kV/cm at any of the
duced matrix elemerit*?we have temperatures employed.
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FIG. 3. Stark zero-field level-crossing signals calculated in a wide range of
+ electric fieldZ for degree of linear polarizatioR(£) = (1,—1,)/(1,+1,) in
“traditional” Stark—Hanle effect geometryE(L &, observation along) at
a transition (”"=22)—(J'=23)—(J]=22). 1 — first order2 — Hamil-
tonian diagonalizatiomdJ'=AJ"=AJ] = 1.3—AJ =AJ"=AJ] = 2.The
3 5 ° 7 9 parameters characteristic for NaB}II) state were used for simulation:
RA I'=5x10' s ! (Ref. 33, B/=0.0643 cm® B/ = 0.0945 cm?, q=1.2
X107% cm™! (Ref. 26, d,=7 D (Ref. 25. Curve 4(dashed lingrefers to
FIG. 2. Low-lying bonded terms of the NaK moleculRef. 25. pure quadratic Stark effect in a hypothet excited state with the same
I' andd, values.

The linearly polarized light from a cw Arlaser was
used to exciteX'S DI transitions in23Na®% mol-  same Stark plates instead of a static electric field source. A
ecules, see Fig. 2. Fluorescence at right angles, both to ttast oscilloscope served as a 80load and as a RF output
laser beam and to the electric fiefl originating from the  drift monitor. The resonance was measured by sweeping the
ca. 0.5-1.2 mm diameter laser beam excitation region, wadrequency of the RF generator.
imaged onto the entrance slit of a double monochromator
With. 5 A/mm di.spers_ion and resol\{eq by a 1200 Iines/mmlv. SIMULATION OF EXPECTED SIGNALS
grating in first diffraction order, providing an overall spectral
resolution up to 0.3 A. We restricted the observation zone to  We will apply the developed theory to simulate tHe
the size of ca. 1.5 mm in height, thus diminishing the posstate Stark signals in the intensity and linear polarization
sible influence of electric field inhomogeneity. The particularP(#) of DI1— X! " fluorescence. We use the dynamical
DI—X!3* LIF progressions, originating from the definite parameters close to the ones which can be found in literature,
DI, v',J" states, were identified from the recorded LIF namely, the dipole moment valug,=7 D (following theo-
spectrum by comparison of line positions and relative inten+etical prediction in Ref. 25 the lifetime ' "1=20 ns(as
sities with the ones calculated by means of spectroscopidetermined in Ref. 33 the g-factor q=1.2x10° cm™?!
constants given by the authors of Ref. 26, for the transitiongnd the rotational constal, values given in Ref. 26. The
mentioned by them at excitation by 4765 A and 4880 Aabsolute values ad, andq will be assumed hereafter, since
Ar*-laser lines. The data from Ref. 45, considering opticaltheir sign does not affect the calculation results.
depopulation of the grount®, * state of NaK, allowed us to First, we will present zero-field level-crossing signal
suppose that non-linear optical pumping efféétsare neg-  simulations for the “traditional” geometryB.L &, observa-
ligible at the range of excitation—relaxation parameters emtion along ). Figure 3 presents such calculations for the
ployed. The degree of linear polarization was measured by’ =23 |evel of theDII state. In the” range demonstrated
dividing the entrance slit of the monochromator in heightin Fig. 3, the signal is determined by the first-order effect,
into two parts, placing two orthogonal polarizers in front of the difference between the first-order approximationrve
them. Light guides conducted fluorescence light from thel) and the second-order orfeurve 2 being small, yet still
two respective parts of the exit slit to the two photomultipli- distinguishable. Taking into account the Stark mixing be-
ers, with subsequent counting of one-photon pulses from thgveen J+ AJ with AJ>1 practically does not change the
two channels. The unpolarized LIF in the absence of an exsignal, cf. curves 2 and 3 at the insertion in Fig. 3. The
ternal electric field, excited by the laser light wifavector —monotonous behaviour of pure quadratic Stark-Hanle effect
set parallel to the observation direction, was used to calibratfor a hypothetic'S, state, supposing the sarhied, andB; as
the channels before each experiment. for 1 state, is also presented in Fig. 3, see curve 4. A

In the case of optical—electric RF double resonance exeomparison of curves 1-3 and curve 4 demonstrates clearly
periments, we used a 1-300 MH@.2 W, 50Q)) Wavetek the peculiarity of'I1-state Stark effect, the latter possessing
RF oscillator supply, which was connected to thea small additional maximum, which appears mainly due to
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FIG. 4. CalculatedII (J'=23) state Stark level crossing signals in degree % a
of linear poIarizationP(K):(IZfIX)A/(IZ+IX) of LIF viewed from the B -3
“end” of the exciting light vectorE as shown in the setting-in. 1 — %
AJ=0 (linear approximation 2 —AJ=1. 3 —AJ=2. Curve 4 represents % 2
calculated signal for a hypotheti& state. Parameters are the same as in g Sl e
Fig. 3. 5 NG el
.
N . 004} T
the competition between th®&l-dependent Stark induced 0 2000 4000 6000 8000 10000
e—f mixing and the destruction of coherence among electric field, Vicm
M-sublevels.

This peculiarity inP(‘O is more pronounced at another FIG. 5. (a) Simulations of Stark level crossing signals in polarization of LIF

i hen fl is ob d “f h 4" offom I (3’ =23), assuming the samp=1.2x10"° cm ! value and dif-
geometry, when fluorescence IS observe rom the ena: Okg ey permanent electric dipole moment values: 1dz=7 D, 2 —

E-vector,EL & (see Fig. 4 Both first-order AJ=0, curve  d,=5 D, 3 —d,=3 D. (b) The same signals for differentandd, values
1) and Second_order&\]: 11 curve a approximations are in condition of the COI"IStaI'II/dp ratio. l—q=1.2>(1075 cm?, dp=7 D.
insufficient to describe with adequate accuracy the polariza2—9=0-857<10 ° em %, d,=5 D. 3—=0514<10"° cm %, d,=3

. . . . . . (¢) Correspondent intensity ratidg /1 g calculated for the same param-
tion in the coherence destruction region. This can be seefjers at two orthogonal fluorescence polarization directions. Calculations are
from comparison with curve 3 obtained via Hamiltonian di- performed with fixed relaxation ratE=5x10" s~ 1. Geometry and other
agonalization accounting for Stark mixing betwegh AJ  parameters are the same as in Fig. 4.

with AJ=2; accounting forAJ>2 practically does not af-

fect the result. We will further exploit the geometry shown in

Fig. 4, performing AJ=2)-approximation in the calcula-

tions of Stark effect signals.

Let us now investigate the sensitivity of the signal pre- 0.06
sented in Fig. 4 to the variations of the main parameters of .
the 1 state, namely to the permanent electric dipole mo- 1. 2/enc e
mentd,, A-doubling constang and relaxation raté’ val- 004 At 277 GLELE
ues. The results are presented in Figs. 5 and 6. Figi@e 5 b
demonstrates a polarization signal simulationdgtvalues
taken as 3 D5 D and 7 D, when all other parameters re- prTEm—
mained unchanged. In Fig(l9, the d, and q values have electric field, Viem
been varied simultaneously, whereas their ratio was main-
tained constant. It can be seen from comparison between
Figs. 5a) and 5b) that the peak amplitude is uniquely de-
termined by theq value, whilst the position of the peak in -
Z-scale and the slope of the growing part are mainly deter- 04 T SSSe |
mined by thed, value. This allows one to determine simul- e
taneously bothd, and g values from one fit, provided that 0 2000 4000 6000 8000 10000
I' is known. The situation is quite different for the intensity electric field, V/icm
ratioslo/l1p g Of Stark induced “forbidden” linel g to the
“parent” line |P’R’ see Fig. ). Indeed, the respective FIG. 6. Simulations of Stark level crossing signals in polarization of LIF

. . . . from I (J'=23), and intensity rativg /g, assuming different” values.
curves in Fig. §c) undergo minor changes at differety and 1 — I=5x10 §% 2 — [~7x10 sL. Calculations are performed

g used in calculations presented in Fig&)snd §b), if the i q=1.2¢10"> cm %, d,=7 D. (a) — LIF polarization. (b) — Inten-
g/d, ratio remains unchanged, thus only this ratio can besity ratios.
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DUI—XS* system. (@) transition @"=1J"=22)—(v'=7J'=23) -% 0.00
—(v] = 24J)7 = 22 and 24); 4880 A excitation(b) transition 2
(v"=00"=8)—(v'=12J'=7)—(v] = 31)] = 6 and 8); 4765 A excita- 5 .0.02.
tion. g cell 2 a 3
0 2000 4000 6000
determined from the fitting. Figure 6 demonstrates the sensi- electric field, Vicm

tivity of the signals under discussion with respect to the
variation in the relaxation ratE. As expected, the changes FIG. 8. Linear polarization degree and intensity ratios measured in LIF from

of polarization signalP(#) with I' are quite similar to re-

NaK (D) state withv’'=7,J'=23. (a), (c) — electric field dependence of
the polarization degree obtained &(22) component(b), (d) — electric

spectlveP(é)_changes W!th] (cf. Fig. G(a) and F_'Q- $b)). _In field dependence of intensity ratibg /I or 1o/l . Results are obtained in
contrast, the intensity ratios are almost insensitivE t@ria- different cells at geometry depicted in Fig. 4, dots are the measured values,

tions, especially for théSHE geometry(see curves 1 and 2 the lines refer to the calculations at fitted parameters.

in Fig. 6(b)).

V. MEASUREMENTS AND RESULTS

NaK D11

tensity ratiod /15 g, Obtained in different cellésee Section
[II') and experimental geometries, are shown as insets in Figs.

dipole moment and

A-splitting measurements have been carried out by the fol-

lowing methods:

0.10 2
(i) by recording spectrally resolved LIF and measuring So8| T
the intensity ratio between “forbidden” and allowed 0.087 Zod £ R
(“parent”) lines as a function of static voltage; ° 1 £ o/ oz Enae ©
(i) by measuring the variation of the degree of linear po- %’) 0.06 . P, -
larization of the “parent” line with variation in the g 820 e e
static voltage; g 004+ B 1o *C‘eus e f’lRE b
(i) by measuring the electric RF — optical double reso- = 0oL —
nanceA -doublet signal from the “forbidden” line in- g 0.02 electric field, Vicm
tensity dependence on RF field frequency. ] I _ T
A. Intensity ratios g 000 | -
Figure 7 demonstrates the effect of static electric field on = o024
the spectrally resolved LIF leading to the appearance of for- ] cell3
biddenQ line due toe—f mixing. Since the effect is mainly 0.04 — a
governed by the‘fjdp/Agf ratio, one needs a larger electric 0 200 400 600 800
field strength to observe th&-lines originating from electric field, Viem

v'=7J"'=23 than from thev’'=12J'=7 state. The
(P,Q,R)-triplet component separation for the latter case, beF!G. 9. Linear polarization degree and intensity ratios measured in LIF from

ing ca. 0.3 A, is on the edge of the spectral resolution of th
monochromator used.

é\laK (D), v'=12J'=7. (a) — electric field dependence of polarization
degree obtained oR(8) component(b), (c) — electric field dependence of
intensity ratiod o/l andl g/l . Data for(a), (b) are obtained at geometry

A fiFting pr(_)cedure employir}g thre? Gaussians was Useqepicted in Fig. 4, whereas fdt) we usedE|#. Dots are the measured
to obtain “forbidden”/“parent” line ratiolo/lp g. The in-  values, full lines refer to the calculations with fitted parameters.
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TABLE I. Experimental values of permanent electric dipole montgrand
A — doubling constang for NaK (DII,0’,J"). Valuesd})h are ab initio T i T i 7/ T " T
calculations(Ref. 25 averaged for a particular’. 1.0 1

v’ J q,10°° cm! d,, Debye di" Debye

7 23 1.65-0.2¢° 6.4+0.8 7.1
1.42+0.07 5.9+0.9
12 7 1.10-0.2¢% 4.5+0.8 6.5

1.03+0.08 48+0.F 051

®alues determined from two-parameter fitting of LIF polarization
#-dependencies.

bvalues determined directly from RF-optical double resonance.

“Values determined usingy/d, obtained from the Z-dependence of
Io/1p g andq obtained from RF-optical double resonance. 0.0

normalized intensity

0 50 200 300
frequency, MHz

8 and 9. Least-square data processing yleldﬂlﬂp ratios.

The averaged values are (240.25)X 108 cm™ YD for FIG. 10. RF-optical double resonance signalg) For NakK DI

v'=7J'=23 and (2.160.20)x10°° cm YD for v'=12]'=7 state(b) For NaK DIl v’ =7,J' =23 state.

v'=12J'=7 state. Theqg/d, systematic errors are most

likely attributable to uncertalntles in Stark plate separation.

For instance, the curves in Figs(bd, 9(c) demonstrate the

#-dependences o/l andlq/Ig, which are registered for

two different cells and different exciting light vector direc-

absolute polarization values, which can arise, say, from even
slight inaccuracies in the calibration of channels and in ac-
counting for background signal, as well as any possible un-
certainty in the relaxation constahtvalue.

both cases. The one parameterd,) least-square routme

yields the following constant ratloan/dg—l 9x10°8 2 Results for the D 'Tl(v'=12,J'=7) state

cm Y/D for Fig. 9b) and g/d,=2.3x10 °cm Y/D for Measurements for this state were much more compli-

Fig. 9(c), the discrepancy reflecting both statistical and syscated because of the small spectral separation between the

tematic errors. triplet componentgsee Fig. )), requiring narrow spec-
trometer slits to maintain necessary resolution. This leads to

B. Polarization measurements considerably larger errors, both statistical and systematic, in

) . polarization measurementsee Fig. 9a)). The most favour-
1. Results for the D *TI(v'=7,J'=23)state able conditions were achieved using celisge Section Il
Experimentally measured electric field dependencies oP () was registered iP-transitions (' =7)—(J]=8) be-
the polarization degree are presented in Fig. 8. The resulisause of better spectral separation. In spite of wide statistical
are obtained in two different cellsee Section I)l using the  scatter in the results, we have accomplished direct least-
most favourable geometry when LIF is viewed from thesquare two-parameter fitting, which yielded the values
“end” of exciting light vector EL #, as depicted in Fig. 4. d,=4.5+0.8 D andg=(1.1+0.2)X 10°° cm™?, see Table
The data fitting was realized by accounting for Stark inter-l. The large inaccuracy in thg value accounts for the un-
action among five rotational state}J+1J+2 for all  certainty in relaxation rat€ for this state. We supposédto
J”,J" andJ/ involved in the transition. The best-fit constants be 5>< 10" s7%, that is the same as for the'=7,J'=23
q andd, obtamed from a two-parameter weighted least- state®
square routme, yield the values in question. Cell 1 yields
q=1.6x10"° cm ' and d,=6.3 D, whilst cell 2 yields
q=1.7x10"° cm" andd —65 D. Cell 2 allowed us to
achieve higher electric field intensitigsp to 5.6 kv/cm Since the routine based on bafly and A, variation in
owing to the special working of Stark plates surface ancthe fitting of the measure®(~) signal is very sensitive to
edges in order to avoid sparking; the conditions were mordhaccuracies in absolute(£) measurements, as well as to
favourable also because of lower cell temperatufes. [ values(see Figs. 5and)6it seemed important to exploit a
270 °Q. On the other hand, the results for cell 2 may have dnethod allowing direct\3; measurement in some indepen-
larger systematic error because of smaller plate separatiofl€nt experiment. For thIS purpose we have employed the
Evaluation of the possible contribution of both statistical andelectric RF — optical double resonance method. In order to
systematic errors for different cells enabled us to takdncrease the RF field amplitud€z, the measurements were
d,=(6.4+0.8) D andq=(1.65+0.2)x 1075 ~1 as the carried out at a Stark-plate separation of @805 mm. The
averaged permanent electric dipole moment@ﬁdctor val- RF field voltage enabled us to produe@g= 20 V/cm. In
ues, see Table I. As it follows from the simulations presented@rder to diminish LIF intensity drift during signal accumula-
in Figs. 5 and 6, the\-doubling constant obtained from  tion the normalised differencd {—1¢ )/l was considered
the fit seems to be more subject to the systematic error ito be a result of a single measurement, that is the difference

C. Electric RF — optical double resonance
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between intensity at current frequenéyand at some refer- ratel’. A crude estimate of gained from the width
ence frequencyF,. The signal accumulation time varied of the RF—optical double resonance may even work to
from 10 minutes to 1 hour. obtain reliabled,, values without any previous knowl-

f molecular lifetime.
1. Results for the D I, ,v'=7,J' =23 state edge of molecular lifetime

Figure 1Qb) (dot9 presents experimental data obtained
by registering the intensity of a “forbiddenQ-line as de-
pendent on the RF electric field frequency, demonstratin

The developed theoretical descripti¢gection 1) and
simulations of expected signafSection 1\) allowed us to
%onclude that, even though the main Stark features arise

resonance intensity increase, with a maximum near 23 om the 1st order effect, in order to avoid possible inaccu-

MHz. Although the resonance signal width exceeded the onE2Ci€s in the case when the Stark energy is not too small in
expected from the natural broadening, probably possessirfg?MParison with rotational splitting.e., in case of not too

some structure, we assumed that the signal is reliable enoug?_ﬁ”a”dpg/(B;J’))' it is necessary, for both methods and
to determine the e/f separation AJf yielding i), to consider Stark interaction with no less than four
e 1

q=(1.42-0.07)x10"% cm! as an averaged value. This neighbouring rotational levels, both in excited and ground

makes it possible to determine the permanent electric dipoldhitial and fina) states.

momentd,, in question, using/d, values presented in Sec-  Pipole moments and -splittings. The dipole moments
tion VA, asd,=5.9+0.9 D. determined seem to be reliable, in particular since there is

good agreement between the results gained from two inde-
2. Results for the D MI,,v'=12,J' =7 state pend_ent methods. As for the absoldtevalues, they.can t_)e
_ _ considered as very large when compared to typical dipole
Figure 1@a) presents the experimental ddtioty dem-  moment values which had been measured for diatomic
OnStrating the RF field frequency dependence of the “forbid-rn0|ecu|esl_3i47 Let us compare the measurdg values with
den” Q-line intensity in 0"=8)—(J'=7)—(J1 = 7) tran-  theoretical quantities given by Stevens, Konowalow and
sition. The average_gq over a number of experiments is Ratcliff.>* In order to pass frorab initio di'(R) dependence
q=(1.03+0.08)x10"> cm"". Taken together withg/d,  presented in Ref. 25 to the predictégl values for particular
obtained from intenSity ratiOS, see Section VA, the dip0|ev”J’ states, we have used the averaging routine based on
moment value isl, = (4.8+0.9) D, where the estimated rela- ejther ab initio potential®®> or RKR potentialé® for the
tive error consists of 10% assigned déd fitting and 8%  NaK D!II state. The results differ by no more than 1%,

assigned ta\}; uncertainty. yielding the following predicteciy'(v',J’) values for the
states under studyl}(7,23)=7.1 D andd;'(12,7)=6.5 D,
VI. DISCUSSION AND CONCLUSIONS see Table |I.

As follows from Table I, the measured}, value for the
v'=12J'=7 state is smaller than for the =7,J' =23, be-

Investigation of permanent electric dipole moments ising also markedly smaller than the theoretically predicted
not an easy matter for short-lived excited molecular stategalue. As is well knowrf®3%%? levels belonging to the
with large rotational numbersJ&1). Let us compare the NaK DI state are perturbed, at least to some extent, by the
two more or less independent methods exploited in thelose lying d3I1 state. Basing on Ref. 26, the level
present work. Both methods are based on analyzing Stark’=7J'=23 can be considered as almost unperturbed,
effect induced changes in fluorescence, which are causeghereas the level v'=12J'=7 is shifted to
predominately bye—f mixing within the same rotational AE=0.468 cm ! with respect to the deperturbed position.
state, which, in turn, is governed mainly by dipole momentsUsing the calculated difference of deperturbddl'Il
(dy), A-splitings (A%; or g-factory and relaxation rates (y’=12) and d®Il (v’'=13) terms! with J'=7, being
(). Esp—Ei=3.87cml, one can get the estimation

L - 2

()  #-dependence of linear polarization degreg/. In ~ [of  the  squared state — mixing coefﬂqent_csn
the most favourable experimental geometry the= AE/(Esg—Eig)=0.13. This czreates azreductlon in pure
P(&) signal is characteristic enough to obtain bothsinglet character of the state (Dlnzl—CSHEOB? and al-

g andd, from the fitting. This demands high accuracy |ows one to estimate the relative change in tBeIl
:n mgasuringFP(éQ and precise knowledge of the re- (,'=1273'=7) state electric dipole moment, which arises
axation ratel’. ; ; : 2 ~2 Byt i}

(i) RF — optical double resonance along with due t? singlet—triplet coupling, &, ;+ Cy;,(dy 7dp ). dy
#-dependence of intensity ratios “forbidden” — to ~ andd,’ being unperturbed dipole moments. The averaging
— “parents” lines in LIF triplet exhibit an alternative 03f theab initio calculation$® for thed®II,v’ =13 s}ate yields
method. In this case the RF resonance yields directl;deE—O.Y D, which is opposite in sign frondpn. As a
the A-doubling splittingAgf whilst the processing of result, the experimentally measuret} value for O,
relative intensity data yieIdA“e‘f/dp, the latter proce- v’'=12J'=7) is expected to be ca. 15% smaller than would
dure being weakly dependent éh Thus, the accu- be anticipated for the unperturbed state. It is thus not ex-
racy ofd, values in question, obtained by this method cluded that the difference betwedp values obtained for the
is only slightly affected by the accuracy of relaxation two states, see Table |, reflects the role of perturbations.

A. Method
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Indeed, the relative difference between the measdgeehl-  than forv’=5), whilst dipole moments remain unchanged,
ues forv'=7J3'=23 andv'=12J'=7 is ca. 20% — 25%, see Table lll in Ref. 24.
which does not contradict the above estimation. Hence, the In conclusion, the measurements constituted in the
experimentally measured, values do not disprove thab  present work confirm the existence of a large permanent
initio calculation in Ref. 25, accounting for the fact that the electric dipole moment in the NakD'II state. It is of im-
deperturbed quantities have been calculated. portance to strive to refine the experimendglvalues. Be-
Regarding the\-doubling factorq, it can be noted that Sides increasing the accuracy of measurements and extending
its tendency to be smaller far’=12J'=7 level, corre- the number of vibrational states involved in the investigation,

sponds to what can be expected due to the perturbation, dP€re is reason to believe that further progress is connected
lowing one to estimate a ca. 13% diminution from the fol- With accounting for intramolecular perturbation, the most
lowing considerations. Although the singlet—triplet important of which might involve the simultaneous effects of

DI—d3l interaction does not change the-doubling NYPerfine structure and’Il — D'II interaction.
splitting directly sincee andf components of th®II state
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