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Experimental study of the NaK 3  3II double minimum state
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We have used the Doppler-free, perturbation-facilitated optical-optical double-resonance technique
to investigate the vibrational, rotational, and hyperfine structure of tH& 8ouble minimum state

of NaK. Since this electronic state arises from an avoided crossing with the nedfbytte, we
observe striking patterns in the data that provide a sensitive probe of the electronic wave function
in the various regions of the double well potential. A single-mode cw dye laser excites
2(A) 3% (va,d)~1(b) 3l'IQ:o(vb,J) mixed singlet-triplet “window” levels from thermally populated
rovibrational ground state levels,(X) '3*(vy,J+1). Further excitation by a single-mode cw
Ti:sapphire laser selects variou§H0(vH,JH) rovibrational levels, which are detected by observing
direct 33H0—>1(a) 33 * fluorescence in the green spectral region. Using the inverse perturbation
approximation method, we have determined ﬁ'[% potential curve that reproduces the measured
energies to~0.24 cm™. In addition, the hyperfine and spin—orbit constabtsandA,, have been
determined for each region of the potential curve2@5 American Institute of Physics

[DOI: 10.1063/1.1875132

I. INTRODUCTION homonuclear alkali molecules. The latter is responsible for
the ubiquitous Naviolet and K, yellow bands®—>#

The perturbation-facilitated optical-optical double- The hyperfine structure of the NaK(@ 33", 1°3A,
resonancéPFOODR technique has proven to be a powerful 4 33 and b) 31 electronic states has been measured,
mechanism for studying high lying triplet electronic states ofand the Fermi contact constants for all these states are
alkali diatomic molecules. Since the electronic ground statéound to be within a few percent of the value 1.0
of all neutral alkali molecules is a spin singlgd=0), the  x 1072 cnm1.2527:3%43This similarity is due to the fact that
dipole selection rule on spiMyS=0, prohibits direct excita- these are all Rydberg states dominated by the ion-core
tion of excited triplet states. However, spin—orbit perturba-ground state configuration. The double minimum exhibited
tions couple specific rovibrational levels of thell and the by the 3°II electronic state of NaK results from an avoided
A 13" states, creating mixed singlet/triplet “window” levels curve crossing with the nearby *#I state. Since the 1
that allow access to higher lying triplet states. With the use okdiabatic state has contributions from several diabatic states,
narrow-band continuous-wavéw) lasers, the PFOODR the vibrational, rotational, fine, and hyperfine splittings are
method is inherently Doppler-free, leading to very high reso-expected to be quite different in different regions of the po-
lution excitation spectra. Previous experiments using thisential. The 3°I1 and 4°[I states also present an interesting
method have focused primarily on the homonuclear diatomi@pportunity to study nonadiabatic couplings.

molecules, Lj,*™% Na,®™** and K,?*° and to a lesser In the present work, a total of 290%BI,,_y(v,J) levels
extent on the heteronuclear molecules N&éfs. 26 and 27  with 6<v<53 were excited from 16 sets of(® 3*
and ®LiLi.?%2° ~1(b) 3M,,-, window levels. The inverted perturbation ap-

In the present work, we employ this technique to studyproximation (IPA) method* was then used to construct a
the 3°I1 double minimum state of NaK, which was first potential curve from the observed energy level positions. A
observed in vibrational wave packet spectroscopy, but withfew levels of the ?Hﬂzz state were also measured using two
out rovibrational level resolution, by Bergt al® Later, new 2A) 3*~1(b) 31'IQ=2 window levels. The energy sepa-
Hansson carried out a detailed study of the collisionallyrations between rovibrational levBl=0 and()=2 fine struc-
populated NaK 3II state (obtaining the value T, ture components were used to determine the N&KI 3pin—
=24 630 cm?) following one-color two-photon excitation of orbit interaction constanf\,, as a function of vibrational
the 311 state®® Excitation of NaK molecules to several dif- quantum number. These values, along with the hyperfine
ferent electronic states results in strong greerfII3 splittings of the 31,,_, level energies, were in turn used to
—1(a) 33" fluorescencé®3%3Therefore, it seems that col- obtain the Fermi contact constany as a function ob.
lisional processes tend to funnel population into the NaK  This paper is organized as follows. Section Il provides a
3 3[1 state, similar to the situation with theg’]Z[g state of the brief description of the experimental setup, while Sec. Il

discusses the rotational level structure and the method used
dpresent address: Benedict College, 1600 Harden Street, Columbia, Soutf establish the absolute vibrational numbering of thié13
Carolina 29204. state. The mapping of the 31 state potential using the IPA
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FIG. 1. Excitation line shapes fofa) the NaK 3°[,(v=27,J=44)« 1(b) [,(v=18,J=45) transition (P,; line) and (b) the 33 (v=27J=46)
—1(b) *I,(v=18 J=45) transition(Ry, line).

method is described in Sec. IV. Section V discusses the insired 4b) *TI,(vp,J) ~ 2(A) 13*(va,d) — LX) 13" (vx, I+ 1)
teresting region just below the barrier where primarily innertransition to be located. Once the pump laser frequency is
well levels, primarily outer well levels, and mixed levels fixed to excite the desired window level, the probe laser fre-
coexist. Experimental and simulated bound-fre§i3(v,J)  quency is scanned to find Bl (vy,Jpy) < 1(b) *My(vp,Jd)
—1(a) 33" fluorescence spectra are presented in Sec. VI~ 2(A) 13%(v,,J) transitions, which are identified by detect-
and an analysis of the ?ﬂo state fine and hyperfine structure ing green 331'[O—>1(a) 33* fluorescence using a second free
is provided in Sec. VII. A few concluding remarks can be standing PMT(Hamamatsu R92&quipped with appropriate
found in Sec. VIII. filters. Transitions to rovibrational levels of the®H,, state

can easily be identified because the excitation spectra are
inherently Doppler-free, and each®B(vy;,Jp) level dis-
plays a characteristic four-peak signature pattern. The pump

The experimental setup has been described previously if#Ser is chopped, and lock-in detection is employed. Re-
Ref. 26 and is shown in Fig. 1 of that reference. Briefly, amoval of an indexer-mounted mirror from the red fluores-

sodium-potassium mixture is contained in a stainless steef€nce path allows us to record resolved fluorescence using a

cross-shaped heat-pipe oven that is heated To monochromator/PMT system. In this case, the frequencies of

~365-395 °C to vaporize the metal. Argon buffer gasPoth |§.S€I’S are fixeld+ to a speclificfr *Ho(vn, In)

(pressure~0.5—1.8 Tory is used to keep the alkali metal < 1(b) “Tlg(vp,J) ~2(A) "X (va,J) LX) "27(vx,I£1)

away from the windows. double-resonance transition, one of the lasers is chopped,
A Coherent model 699-29 single-mode cw dye laser pro@nd resolved bound-free 81, — 1(a) 3" fluorescence is re-

duces~140-470 mW of power in the 730—775 nm rangecorded as the monochromator grating is scanned.

using LD700 dye. This lasefthe pump laséris used to The pump laser wavemeter is calibrated using an iodine

excite NaK molecules from a levelX) 12+(vx,.]il) ofthe reference cell and comparing laser-induced fluorescence

electronic ground state to a particular mixed singlet-triplet“”es to those in the reference atfdsThe calibration of the

window level 1b) 3HO(vb,J)~2(A) 1E+(UA'J)_ A Coherent Probe laser is done using optogalvanic signals from neon

model 899-29 single-mode cw titanium sapphire ladke transitions in a hollow cathpde I.amp.. Absolute energie; of

probe laseris used to further excite the NaK molecules from the 3°I,(vy1,Jdpy) levels obtained in this manner are consid-

the 1b) 3Ho(vb,J)~2(A) 12+(UA,J) window level to vari- €red accurate te-0.02 cm?. However, hyperfine splittings

ous 33H0(UH,JH) levels withJ;=J+1. The Ti:sapphire la- €an be determined with much higher precision, typically

ser produces 100—800 mW of power with a tuning range of-001 cm* (30 MH2).

730—920 nm using the short-wavelength and mid-

wavelength optics. The pump and probe lasers counterprop i ROTATIONAL LEVEL STRUCTURE

gate through the heat-pipe oven and are focused using 1, D VIBRATIONAL NUMBERING

and 2.0 meter focal length lenses, respectively, such that they

spatially overlap at the center of the oven. Transitions to the NaK 311 state are distinguished from
Fluorescence from the intermediate(b)L3H0(vb,J) those to the nearby 3A and 435" states because they are

~2(A) ¥3*(va,J) window level and from the §HO(UH,JH) characterized by a distinctly different rotational line signa-

upper level is detected at right angles to the laser propature pattern, which is shown in Fig.(tompare Fig. 4 of Ref.

gation direction using three detectors. A free standing?6 and Fig. 2 of Ref. 27 The angular momentum coupling

Hamamatsu R406 photomultiplier tub@MT), equipped scheme for the NaK 3II state is intermediate between

with a 700-1000 nm bandpass filter, monitors totalHund's case@ and caseb), but much closer to cas@).

2(A) 3% (va,J)— LX) 1" fluorescence and allows the de- Line strengths calculated using the formulas in Table 3.8 of

Il. EXPERIMENT
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Ref. 46 indicate that the only ?HQ(UH,JH) =14, consistent with thab initio potential curve of Refs. 52
—1(b) 3M4(vy,Jp) transitions with significant amplitude are and 53. The outer well Dunham coefficients, corresponding
P,; and R;; with the possible exceptions d?,; and R,;.  to the assignment,=6, are listed in EPAPS Table \Y
However, even these latter transitions should be much
weaker tharP,; andRy;, and thus we concentrated on find-
ing the two strong transitions from each of the 16 sets oilv' IPA POTENTIAL
intermediate state window levéfs®*"“*&o each 3°II vibra- The standard Rydberg—Klein—-Re@RKR) method can-
tional level. The window levels used in this work are listed in not be used to map double minimum potentiajS, such as the
Table | of the accompanying Electronic Physics Auxiliary Nak 3 °[T state. However, the inverted perturbation approxi-
Publication ServicéEPAPS deposit’’ mation (IPA) method* can be used to construct a potential
For the principal isotopomerNa*K, we measured the curve from the observed level energies. IPA is an iterative
energies of 290 31, rotational levels(listed in EPAPS  approach that aims to find a potenti(R) such that the
Table ”),49 which Span a range of vibrational states |n|t|a”y calculated rovibrational energy |ev£alc(v,‘]), agree with
labeledv, to v,+47 (Whereuv, is the vibrational quantum the experimentally measured energies in the least squares
number of the lowest observed stat&he energies of the gense. The procedure begins with a “reference potential”
various rotational levels of each vibrational state were fit tO\/O(R) whose energies agree rough'y with the experimenta”y
the functionE(v,J)=T,+B,J(J+1)-D,[I(J+1)]*. Values of  getermined values. Then, a correctié¥(R) is determined
T,. B,, andD, are listed in EPAPS Table Iff! [Note that for  gych that when the Schrédinger equation is solved by apply-
a few vibrational states, energies of only two rotational Ievelsmg first-order perturbation theory to the new potential
were recorded, and for those cases no valueb,oére re- V(R)=V,y(R) +8V(R), the calculated eigenvalues match the
ported. In addition, for mixed levels in the barrier region andmeasured values in the least squares sevigR) then be-
cases where the fitte@, value was unphysical, a linear fit comes the new reference potential, and the procedure is re-
was used. peated. At each iteration, the values 8#(R) are varied at a
Absolute vibrational numbering was established usingset of p equidistant pointR;,R,, ... ,Re, and intermediate
isotope shifts. We were able to locate one window levelgues are determined by cubic spline.
[1(b) *Ty(v=18,I=47) ~ 2(A) *3"(v=20,I=47)] of the mi- The calculations reported here use a slightly modified
nor isotopomef*Na*K which is also listed in Table | of the yersion of the publicly available IPA codéWe simplified
EPAPS file(natural®K and*/K abundances are 93.26% and the input files and incorporated subroutines from the pro-

6.73%, respectively”® We then carried out a series of stan- gram L eveL (Ref. 54 to calculate the rovibrational energy
dard Dunham expansion fits to the 86 measured energies yels of the reference potential.

*Na*K 3 °I1, levels that appeared to be located exclusively  The convergence of the IPA method is greatly improved
in the outer well(v=v, to v,+7) using different possible if the initial reference potentia¥y(R) is reasonably close to
assignments of the lowest observed vibrational lexglin  the actual potential. We used a modified form of the theoret-
these fits, three vibrational and three rotational constantgg Nak 3311 potential of Magnier et al,> Vo(R)
were determined, while the value 8, was fixed to D,, =A[U(R)-U()]+E[Na(3S)+K(3D)]+D(X !3*), where
the weighted average of the individual centrifugal distortionU(R) and U(«) are the theoretical potential of Ref. 53 Rt
constants determined previously for this set of vibrationaland at the asymptotic limit, respectivelyE[Na(39
states. Energies dfNa*'K 3 °I1, rovibrational levels were +K(3D)]=21535.35 ciit is the known atomic energy at

then calculated using the same Dunham coefficients in théhe dissociation limit (relative to E[Na(3S)+K(49))),

formula™ De(X 13%)=5173.78 critt is the ground state dissociation
1\i energy from Ref. 56, andA=1.0318 is a constant chosen
E(,J) =2, pi+2kYi,k<v + —) [JJ+1) -0, (1)  such that the minimum of the outer well agreed with The
ik 2 =Y Value obtained in the previously described Dunham fit

(corresponding to a downward shift of the outer well mini-
mum by ~66.4 cm?). Using thisVy(R), the standard devia-
w(PNa¥K) |12 tion of the differences between the measured and calculated
p= m (2 rovibrational energies is-3.95 cm.
After each iteration, level energies were calculated from
and u is the nuclear reduced mass. Comparison to the meahe new potential curv¥(R) and compared with the experi-
sured #Na"K 3 3l (v=v,+6,0,+7;J=46,48 rovibra- mental energies. In addition, we plotted each iteration of the
tional level energies reported in EPAPS Table(Ref. 49 IPA potential to ensure that no unphysical “wiggles” had
enabled us to determine conclusively thgt 6 is the correct  been introduced. Since IPA adjusts the potential at a set of
assignment. Comparison of experimental and simulatedrid points, such oscillations or wiggles become more likely
3 3 y(vr, In) — 1(a) 33" bound-free fluorescence and com- as the density of grid points is increased. In the present case,
parison of measured ?i'[o(uH,Jil)el(b) 3H0(vb,J) exci-  we started with a relatively coarse gri®?=9) and slowly
tation line strengths with calculated Franck—Condon factorsncreased the number in subsequent iterations, eventually
are also consistent with the assignmegt6. According to  reachingP=28.
this numbering scheme, the lowest observed rovibrational The IPA method has a tendency to introduce unphysical
levels showing any inner well character correspondvto wiggles, especially in the first few iterations. Since the low-

where
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27000 are between 35 and 75 chlower for the IPA curve than for

_____ the theoretical potential. This excellent agreement provides
e further evidence of the high quality of these theoretical po-
tentials.

It should be noted that levels of theR state are af-
fected by nonadiabatic coupling with the®dl state. How-
ever, 31 rovibrational levels lying below the minimum of
the 4311 state and higher energy rovibrational levels that are
more than 10 or 20 ci from the nearest 41T level with
the same] are not strongly affected and are typically shifted
down by ~1 cni? or less>’ The IPA method accommodates
these small shifts by slight adjustment of the potential, such
that the present IPA potential, without nonadiabatic correc-
- - - - Magnier et al. tions, reproduces these energies to the stated 0.24 an

26500

26000

25500

Energy (cm™)

25000 +

24500 IPA (present work) curacy. However, 311 levels lying near 411 levels of the
4 86 8 10 12 sameJ [those marked with an asterisk in EPAPS Table I
R(A) (Ref. 49] are more strongly affected by nonadiabatic cou-

pling and these levels were excluded from the IPA fit. A
FIG. 2. Comparison of the experimental Nal€I3, potential energy curve complete analysis of the AT and 3°[I states including
determined in this worksolid line) with the theoretical potential of Magnier . . . s ' . )
et al. (Refs. 52 and 5B(dashed ling nonadiabatic coupling effects, is in progress and will be pre
sented in a future publicatiol.

est experimental energies corresponad o6, there is insuf-
ficient information to map the region of the potential near the- INNER AND OUTER WELL LEVELS
bottom of the outer well. Thus, the program could introduce  The major characteristic of the8I state potential curve
wiggles into the lower portion of the outer well, while still js jts double minimum structure, which results from an
reproducing the experimental energies with good accuracyyoided curve crossing with the nearby® state.Ab initio
To eliminate this problem and prevent such unphysical recgjculation&’ show that the adiabatic 31 double minimum
sults, we used the outer well Dunham coefficients fitted tostate results primarily from the interaction of three diabatic
the experimentalv=6-13 data points to extrapolate the states, of which two are approximately parallel to the Nak
E(v,J) values forv=0-5, andthese extrapolated energies ground state, while the third is nearly parallel to the first
were added to the database and used in the IPA iteraﬁons.excited state of NaK The inner well of the adiabatic poten-
The publicly available IPA codé also allows the user to tial is dominated by one diabatic state dissociating to the
freeze the potential at some of the grid points while varyingNa(3S)+K(5P) atomic limit, which has the character of an
it at others. In the early stages of the iteration process, weyn-core ground state. The electronic wave function associ-
allowed all points to vary. However, in later iterations, we ated with the outer well has contributions from two diabatic
often fixed either the lower part of the outer well or the states, one with the character of an ion-core ground state
long-range outer wall of the potential in order to improve thedissociating to the N&S)+K(3D) limit and one with the
agreement between the experimental and calculated energieharacter of an ion-core excited state dissociating to the
In the end, 549 experimentally measured’IB(v,J)  Na(3P)+K(49) atomic limit. Hence we expect the vibra-
«1(b) [y~ 2(A) 'S* transition energies, representing 264 tional, rotational, fine, and hyperfine splittings to differ in
3 31'10 rovibrational levels withy ranging from 6 to 53, were different regions of the double minimum potential.
used in the fit. Seventy of the original 619 transition energies  Figure 3 shows a plot of the rotational constBptersus
[representing 26 of the #ly(v,J) rovibrational levels all u, demonstrating that the 31 state can be divided into three
with v=32] were omitted from the analysis because theydistinct regions: those vibrational levels located exclusively
appeared to be strongly perturbed by nearby levels of thin the outer well(0<v=<13), those in the barrier region
4311 state. A total of 25 iterations was carried out to producewhere the wave function has some amplitude in both the
the final IPA potential, which is given in Table V of the inner and the outer well€l4<v <21), and those above the
EPAPS file*® We believe this IPA potential energy curve barrier (v=22). Since the rotational constaB, is propor-
represents the best compromise between accurately repriienal to the average oR™? for a given vibrational level,
ducing the measured level energies and maintaining a reaignificantly different values oB, are expected for rovibra-
sonably smooth curve. The standard deviation of the energie®nal levels located in the inner well compared to those
calculated using the final IPA potential and the experimentalocated in the outer well, and this is reflected in the bifurca-
energies is 0.24 cm. Figure 2 shows a comparison of the tion of the B, versusv plot in the region 14v<21.
IPA potential obtained in this work and the theoretical poten-  Figure 4 shows measured rovibrational enerdiés, J)
tial of Magnieret al®>* TheR values of the experimental IPA in the barrier region plotted versuJ+1). The vibrational
potential inner and outer well minima and barrier maximumqguantum number is associated with the number of nodes in
agree with those of the theoretical potential to withinthe radial wave function. As a result, the lewet14 has
~0.10 A, and the corresponding energies of these extremianer well character at low(<27) and outer well character
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at high J. Similarly, v=15 has outer well character far  bgl -Sis the dominant contribution to the hyperfine structure
<27, inner well character for 27J<43, and outer well of all electronic states of the alkali diatomic mol-
character forJ=43. Figure 5 shows radial wave functions, ecules’?%8%ye expect the coupling constamnt to be larger
calculated using the prograreveL,>* for some rovibrational ~ for inner well than for outer well rovibrational levels. A com-
levels superimposed on plots of the313O IPA electronic  plete theoretical model explaining these results in terms of
potential for the appropriatd [i.e., V(J)=V(JI=0)+#2J(J diabatic potentials is underway and will be presented in Ref.
+1)/2uR?]. It can be seen that for the nearly degenetate 57. In cases where levels with the sathare nearly degen-
=14 and 15J=27 levels(see Fig. 4, the radial wave func- erate(i.e.,v=14 and 15J=27—see Fig. % the radial wave
tions have large amplitudes in both inner and outer well refunctions have large amplitudes in both inner and outer well
gions. However, for levels more removed from the crossingegions, and the observed hyperfine splittings are intermedi-
in Fig. 4 (i.e.,J=16 andJ=39), the wave functions are much ate between those of the pure inner and pure outer well lev-
more localized in either the inner or the outer well region. els. The changes of the splittings near the crossings shown in

Inner and outer well rovibrational levels are readily iden-Fig. 4 are related to the coupling of inner and outer well
tified by their hyperfine structure, because inner well rovi-levels, which in turn is related to the barrier tunneling prob-
brational levels display larger hyperfine splittings than outerbility. We believe that the dependence of these hyperfine
well levels (see Fig. 6. Since the Fermi contact interaction splittings onJ is a sensitive indicator of the ?110 barrier

25500 -

25450

Energy (cm™)
N
g
8

25350

25300

T T T 1
1000 1500 2000 2500

JJH+1)

T T
0 500

FIG. 4. E(v,J) vs J(J+1) for NaK 331'[o rovibrational levels in the range

height, and our analysis of this effect will be presented in a
later publication.

VI. BOUND-FREE SPECTRA

Resolved bound-free ?i'[o(v,J)Hl(a) 3%* fluores-
cence spectra were recorded for various rovibrational levels
in the outer well and above the barrisee Fig. 7. To obtain
these spectra, both the pump and probe laser frequencies
were fixed to populate a particular upper state level
33H0(v,J) and the monochromator was scanned in fre-
quency. The §HO—1(a) 33" difference potential is not a
monotonic function ofR, so an observed bound-free spec-
trum does not reflect the number of nodes in the bound state
radial wave function(cf. Fig. 4 of Ref. 27. Instead, the
3 3Ho(v,\])—>1(a) 33* bound-free spectra display interfer-
ence structuré" Nevertheless, quantum mechanical simula-
tions of these spectra calculated using the progemanT
(Ref. 62 with the 33H0 IPA potential determined in this
work, the composite experimentalal 33* potential of Refs.

63 and 64, and the theoreticaI3H0H1(a) 3%* transition
dipole moment of Ref. 5@see Figs. () and 71d)] reproduce
the bound-free parts of the spectra reasonably vislbte

14<p<19. Each symbol denotes those rovibrational levels with a specifi¢hat the short wavelength end of th@HOH 1(a) %3* fluo-
number of node$14-19 in the radial wave function. The solid lines rep- rescence band consists of transitions into bound levels of the

resent series of levels where the amplitude of the vibrational wave functio
is located mostly in the inner well. Similarly, the dotted lines denote thos

e’?ower state that are not simulated by tBeoNT program)

rovibrational levels for which the wave function amplitude is located mostly Unfortunately, weak Franck—Condon factors for pumping to

in the outer well.

3 %[, inner well levels from the (b) *I1, state, coupled with
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28000 28000+
(a) v=14, J=16 (d) v=15, =16
27500 27500
27000 27000
265001 265001
260001 26000
255001 255001 [\ /\ ﬂ {\ [\ /\
v
25000 25000
24500 245001
3 4 5 6 7 8 8 10 3 4 5 6 7 8 9 10
28000 27500+
(b)yv=14, =27 (e) v=15, J=27
~ 27500 27000
—
IE 270001 265001
O, 26500 26000-
g 260001 255001 A /\ M(\/\ [\
& 2550- /\M{\N\ 25000 VWV
=
[ 250001 \MW 24500
245001 24000
3 4 5 6 7 8 8 10 s 4 5 6 7 8 9 10
280001 28000+
(c) v=14, J=39 (f) v=15, /=39
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FIG. 5. Vibrational(radia) wave functions for some rovibrational levels depicted in Fig. 4. Each wave function is superimposed on the corresponding plot
of the 33[1, electronic potential curvea) v=14,J=16, (b) v=14,J=27, (c) v=14,J=39, (d) v=15,J=16, (¢) v=15,J=27, (f) v=15,J=39.

the small 3%1,—1(a) °%* transition dipole moment at J+3), and if the®lI state follows a coupling scheme inter-
small R, reduce the bound-free fluorescence intensity fronmediate between Hund’s cas® and Hund’s caséb), then
inner well levels to less than our detection threshold. Mixedthe average hyperfine splitting of adjacéntlevels of the
inner/outer well levels, such as=14, 15,J=27, exhibit Q=0 componeniAEY, is well represented by
bound-free spectra consistent with their outer well ampli-
tude. 0 —p X

AE = b \1+—X2 (3
VII. HYPERFINE STRUCTURE AND SPIN-ORBIT ) ) . )
INTERACTION wherey is a dimensionless parameter that determines where

_ ) ) “the coupling scheme lies on the continuum between Hund’s
The Fermi contact interaction has been found to domi¢age(a) and Hund’s caséb):

nate the hyperfine structure of all alkali molecuté&®*°For

NakK, it has also been found that the contribution from the oB \]+E
sodium nucleugl=3/2) is much more important than that v
from the potassium nucleus because the magnetic moment of X~ AA : (4)

v

the sodium nucleus is significantly larger than that of potas-
sium and because the electron spin density at the sodiuiiHere B, and A, are the rotational constant and spin—orbit
nucleus is also largéf:*"*3Under these conditions, Bures  constant, respectively, and=1 for all state. Equatioi3) is

al.*® demonstrated that rovibrational levels ofid,,_, state an approximation to the results of the more accurate full
split into four hyperfine levelgF=J-32, J—%, J+%, and  matrix diagonalization method outlined in Ref. 27. The va-
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lidity of the approximation requires that the hyperfine split- AE 1682 1, 12
ting be small compared to the fine structure and rotational A= 11- 3= |JJ+D+2-A +2B,. (8)
splittings.

Equation(3) can be put into the convenient form
a ® P We note that in the near cage) limit (A,>B,J) Eq. (6)

1 1 1 1 AA 2 yields AE=2AA, with a correction term that grows with
(AEQ,)? = (b )2< _2> = (be)? + . NE J(J+1). Therefore a value foh, can be obtained by extrapo-
h F X F ZBUbF(J + 5) lating a plot ofAE versusJ(J+1) to J=0. Rosset al®® used

an analysis of this type to determine the spin—orbit interac-
(5) tion constants of the NaK(b) °IT state from theQ)=2 and
_ o - Q=1 level splittings. We have checked that the approximate
which shows that a plot ofAE}) 2 versus(J+3)7 for the  formula Eq.(6) agrees with full matrix diagonalization re-
measured rotational levels of a given vibrational state shouldsults to better than 0.1% for values A&f, B,, andJ relevant
under appropriate conditions, yield a straight line whose into the present study of the NaK?38l state.
tercept is (bp)™® and whose slope to intercept ratio is In the present work, we have been able to identify
(AA,/2B,)2. If the rotational constar®, is known, the spin- two Q=2 window levels: ) 31‘[2(vb:20 J=32
orbit interaction constam, can be determined, even if data ~2(A) '3*(v,=23,J=32) and 1b) 3H2(Ub:17 J=45)
from only one fine structure componeii?=0) are available. ~2(A) !3*(v,=19,J=45—see EPAPS Table 4P Using
We carried out an analysis of this type using our NaRIB,  these, we have observedB (v,J=31,33,44, 4plevels for
data. Unfortunately, small uncertainties in the measured hya number of differentv’s. The 331'10(0,3:44,4@ levels
perfine splittings(due to small perturbations as well as lim- were also observed, thus allowing direct determinatioA®f
ited experimental resolutigmesult in relatively large uncer- for those J values, and hence oh, using Eq.(8). The
tainties in the fitted values dfr andA,. 33M,(v,J=31,33 level energies were not experimentally
Conversely, if the values of bot, andA, are known, accessible to us with our current set ofbL°Il,(vp,J)
the Fermi contact constant can be determined directly from-2(a) 12+(UA,J) window levels, and so we determined
the measured hyperfine splittings of a single rovibrationathese energie@vith somewhat less accuracfyom the fitted
level using Eq(3) or the full matrix diagonalization method. T B, and whenever possiblg, constants. For a given,
For a’ll state intermediate between Hund's céeand case  the best value fo, was determined from the weighted
(b), Kovacs® has shown that the splitingE between the mean of the individual values obtained from the’IB,
(=2 and 1=0 fine structure components of a particular lines® The uncertainties in the individuah, values are
rovibrational level(v,J) is given approximately by the ex- dominated by the uncertainty ikE, which is 0.02 crit for

pression theJ=44 and 46 data and slightly more for the 31 and 33
data.
AE=E(,J2=2)-E@,JQ=0) The weighted mear, values were then used, together
~ 2B,[y; + 4J(J + 1)]/2 (6)  With the B, values from EPAPS Table IlI, to determirg
values for all 3%,,_, rotational levels of a givem, using
with either Eq.(3) or the more accurate matrix diagonalization
method. Values from Ed3) were found to be systematically
—A2&<i—4> +f ) too high by typically a few percent, and so we report
Y1= B,\B, 3 weighted mearbg values obtained from matrix diagonaliza-
tion. The statistical uncertainty in individudd: values is
ThusA, can be obtained directly from this splitting: dominated by the 0.0003 ¢thuncertainty in the average
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FIG. 7. (@ 3 °[1,— 1(a) *%* bound-free spectrum associated with B, pure outer well rovibrational levelb =10, J=27). (b) Simulated FTI,(v=10,J

=27)—1(a) 33" spectrum calculated using the prograaonT (Ref. 62 with the NaK 33H0 IPA potential curve determined in this work, théal’s*

potential from Refs. 63 and 64, and the theoreticéﬂgﬂ 1(a) 33* transition dipole moment of Ref. 53. Note: The first two peaks in the experimental

bound-free spectrum located at 501.0 and 502.5 nm correspond’fﬁg(@: 10,J=27)— 1(a) *>* bound-bound transitions that are not evaluated in the
a

simulated spectrum(c) 3 3l'[0—>1(a) 33" spectrum associated with
=44)—1(a) °3* bound-free spectrum.

B, level located above the barri¢o=40,J=44). (d) Simulated 33H0(v=40,J

hyperfine splittings, but also depends to a lesser extent on the Our expectation is that, for large A, should asymptoti-

uncertainties imA, andB,. The A, andbg values obtained in
this manner are plotted in Fig. 8 as a functiorvaflong with

cally approach the value associated with the fine structure
splitting of the potassium atom in the atomic dissociation

their respective uncertainties, and they are listed in EPAP8mit K (3D)+Na(3S). Using standard formulas to evaluate

Table 111.*° In cases wher€)=2 data were not available, fits
of the (=0 data were carried out using E&) or the matrix

equivalent. However the uncertainties are sufficiently large

A L -Sfor the levels withJ=L +S, it is easily shown that
AE=Esp- Egp=3A. 9

that these results are not given here but will be reported at 8ince the experimental value AE is —2.33 cm? (the levels

later date in Ref. 67.

The most interesting result is thet and A, values are
different for different regions of the &1 double minimum
potential. Predominantly inner well levels have largeval-
ues and smalleA, values than predominantly outer well
levels. For levels located above the barrigr,gradually in-
creases and\, decreases as a function of For v in the
range 35-51p¢ is close to the value 0.01 ¢y which is

are invertedl>> we expect the limiting value oA\, to be
about —1 crii'. Figure 8 shows thaf, is decreasing as
increases, so it is plausible tha&t could pass through zero
and approach -1 crh

VIIl. CONCLUSIONS

Using the perturbation-facilitated optical-optical double-

similar to that found for other electronic states of NaK with resonance method, we have measured the energies of 290

ground state ion-core charactéf’**-**Asymptotically, we
expectbr to approach 443 MHz=0.0148 ¢f which is half

rovibrational levels spanning 85% of the well depth of the
NaK 3 °Il, electronic potential. We identified one window

the value for atomic sodium in the ground state. A discussiotievel of the minor isotopomerNa*K, which allowed us to

of the variation ofbg with v in terms of diabatic states will
be presented in Ref. 57.

calculate isotope shifts of the ?(IHO level energies and
thereby establish the absolute vibrational numbering for this
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