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The NaK 1(b) I, state hyperfine structure and the 1  (b) *II,_,~2(A) ‘3"
spin—orbit interaction
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We have measured the hyperfine structure of mutually perturbing rovibrational levels of the
1(b) 31'10 and 4A) 3" states of the NaK molecule, using the perturbation-facilitated optical-optical
double resonance method with copropagating lasers. The unpertL(lth)emg levels are split into

four hyperfine components by the Fermi contact interackidnS. Mixing between the (b) 3HO

and 2A) 13" levels imparts hyperfine structure to the nominally singlet component of the perturbed
levels and reduces the hyperfine splitting of the nominally triplet component. Theoretical analysis
relates these observations to the hyperfine splitting that e@gHI, level would have if it were not
perturbed by a @) 'S* level. Using this analysis, we demonstrate that significant hyperfine
splitting arises because théb) °T1, state cannot be described as pure Hund’s Gas#Ve determine

be for the 1(b) 3H0 levels and also a more accurate value for the magnitude of the singlet-triplet
spin—orbit couplingHgo=(1(b) ?’Ho(ub,J)|Hso|2(A) 13*(va,J)). Using the known spectroscopic
constants of the (b) I1 state, we obtairb-=0.009 89+0.000 27 cf. The values ofHsd are
found to be between 2 and 3 th depending orvy, v,, andJ. Dividing [Hsd by calculated
vibrational overlap integrals, and taking account of tk(dz))fl'[Q rotational mixing, we can
determine the magnitude of the electronic pat, of Hgo Our results vyield |Hg|
=(16.33+0.1% cm%, consistent with our previous determinations using different techniques.

© 2005 American Institute of PhysidDOI: 10.1063/1.1844293

I. INTRODUCTION Investigations of the hyperfine structure of th&ll state
have also focused primarily on the homonuclear
Mixed b°Il,~A'S* window levels have been used to molecules’ 8810122135315 aver, many PFOODR studies
study a large number of alkali triplet states using the,q
“perturbation-facilitated optical-optical double resonance”
(PFOODR technique-™*In addition, considerable effort has
been focused on the details of the individédal>* andb °I1
states and the spin—orbit coupling between tffém>° This

dress heteronuclear as well as homonuclear molecules, so
it is equally important to understand trtesﬂo hyperfine
structure of the heteronuclear molecules. In fact, there are
interesting issues regarding the hyperfine structure of the

interest reflects the importance of these states in many appl'i\-laK 1_(b) Il state. Pre_wous Investigators _havg studied the
cations. For example, understanding th%l'[o~AlE+ per- hyperfine structure of high (1~62), low Jg, r?V|brat|g)7ngl lev-
turbations is important for ultracold atom studies where fine€!s perturbed by nearby(®) “II and c) “%" levels™*Ish-
structure changing collisions occurring through these perturikawaet al* observed measurable hyperfine splittings in the
bations can result in trap 10853 The present work explores 1(b) *I1, state only for levels that are strongly perturbed by
the hyperfine structure of mutually perturbing, rovibrational2(c) 3" levels. The ratioA,/(B,J) ~ 173/J (whereA, is the
levels of the NaK 1b) 3HO and 2A) 13" states. spin—orbit interaction constant arg} is the rotational con-
Most studies of theb *IT,~A*S* spin-orbit perturba- stani indicates that for typical values df(20-50, the NaK
tions have focused on the homonuclear molecules'Li  1(b) °I1 state should lie intermediate between the Hund's
Nap,™""""and K, ""although in recent years similar case(a) and caseb) coupling schemes, but closer to cae
studies on the heteronuclear molecules NaKlaRb; and | the pure Hund’s cas) limit, the analysis of Frosch and
RbCs (Ref. 30 have also been undertaken, Techniques ingoey ingicates that @11, state should exhibit negligible
.cludmg.ex%mmatmn of anomalous I_|fet|n?é§ or transition magnetic dipole hyperfine structure. In alkali molecules, the
intensitiest> and deperturbation of high-resolution spectra Ofdominant contribution to the hyperfine structure is the mag-

perturbed level$1921% have been employed to analyze ~~ . . _ . 37,40-42
these interactions. Previously in our fEbwe determined netic dipole Fermi contact_mteractldnpl S 3 There-
values for the NaK (b) 3Ty~ 2(A) 'S* spin—orbit interac- fore, any observed hyperfine structure ibX°Il, levels

tion matrix elements using high-resolution measurements dinust be attributed to interactions involving théolL°IT; and

pairs of perturbed level energies in combination with thel(b) °II, levels™® Earlier work in our lab on the A state of
deperturbed (b) %I, molecular constants of Rosat al'®  NaK (Ref. 11 using the PFOODR technique with copropa-
These values were in good agreement with less accurate igating and counterpropagating beams suggested that the hy-
tensity measurements also carried out as part of that &ork. perfine structure of the(h) 31'10 state was not negligible. Our
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present work clearly demonstrates that the Nal) iHO —1(X) 13" red and near-IR fluorescence, which allows us to
state cannot be described as pure daseand does indeed set the pump laser to a particular(b13H0(vb,J)
display significant hyperfine splittings. ~2(A) 13 (va,d) —1(X) 13 *(vy,d%1) transition (either the

In the present work we have measured the hyperfinenostly singlet or the mostly triplet component of the upper
splittings of selected NaK (b) *ITo(vp,J) ~2(A) '3*(va,J)  statd. The pump laser is chopped and the output of the pho-
mixed levels using a variation of the PFOODR techniquetomultiplier tube(PMT) is sent to a lock-in amplifier. A free-
with copropagating lasers. These mixed levels display hyperstanding Hamamatsu 928 PMT, equipped with green or vio-
fine structure in proportion to the amount o(fo).3H0 char- let bandpass filters, monitors the total grédn— 1(a) °3* or
acter they possess. By sweeping through states with differemotal violet A — 1(X) '>* fluorescence from higher lying
values of the quantum numbéywe are able to monitor the triplet and singlet states, respectively, that are populated by
changes in the hyperfine structure for different amounts offi:sapphire(probe laser photons as the laser frequency is
singlet-triplet mixing. We observe a reduction in the hyper-scanned. The pump laser wavemeter is calibrated by compar-
fine splittings of the nominally “triplet” levels and a corre- ing frequencies ofJllaser-induced fluorescence lines to those
sponding increase in the splitting of the nominally “singlet” listed in the iodine atla$' The probe laser wavemeter is
levels as the value aof approaches that of the most strongly calibrated using optogalvanic signals from neon transitions
interacting levels. We have developed a model that permits i a hollow cathode lamp. Absolute energies 6AR'S* and
direct determination of the spin—orbit coupling matrix ele-1(b) 31'[0 levels studied here are considered to be accurate to
ments and the mixing coefficients from the measured hypemwithin 0.01 cml. However, splittings between individual
fine structure of a pair of perturbed rovibrational levels. Fur-hyperfine components are determined to much higher accu-
ther analysis enables us to determine the value of the Fermacy, typically 0.001 crmt (30 MHz).
contact constanie for the 1(b) 31, state.

This paper is organized as follows: Section Il describes
the experimental setup and an analysis of the expected lird. Hyperfine structure in the copropagating
splittings in the copropagating and counterpropagating ge@nd counterpropagating geometries

ometries. Section Ill A discusses the expected hyperfine | the experimental setup, the pump and the probe laser
splittings of %[, state, including effects that arise when the heams can be counterpropagated or copropagated along the
state is not pure cage). Section Ill B presents an analysis of ayis of the heat pipe oven. In previous studies of the hyper-
the hyperfine structure of mixed singlet-triplet levels. Thes&ine structure of high-lying triplet staté$:>'%he counter-
theoretical results permit the Fermi contact constant and thﬁropagating pump/probe geometry was used because, in that
1(b) *IT,~2(A) X" spin-orbit matrix elements to be deter- configuration, the hyperfine structure of the intermediate
mined from the measured line positions and hyperfine splitstate cancels for the most pattHowever, direct measure-
tings. The principal experimental results of this work aréments of the hyperfine structure of individualbl®Il state
presented in Sec. IV, and a few concluding remarks can bgyyibrational levels are possible using PFOODR spectros-

found in Sec. V. copy in a copropagating geometry. To understand how this
works, we refer to EQ.(9) of Ref. 11, which gives
Il. EXPERIMENT the  *A(vy,J%1)« 1(b) *[ (v, d) —1(X) 'S (vy, I£1)

OODR pump/probe laser resonance condition. In Ref. 11, the
upper state considered was théAlstate. However, because
The experimental setup is the same as used in our préhe 1(b) °I1,(v,,J,) levels we consider are actually singlet/
vious PFOODR studies of NaK and is shown in Fig. 1 oftriplet mixtures(usually Q=0), the upper staté>A(v,,J,)
Ref. 11. Briefly, sodium and potassium metals are placedan, in fact, be either a singlet or a triplet. In Ref. 11, it is
within a crossed four-arm heat pipe ovErWhen the center shown that the observed splittings of the OODR transition
of the oven is heated, a vapor of NaK, Nand K, mol-  are determined by the upper state level hyperfine structure,
ecules, as well as sodium and potassium atoms, is produceahinus [ 1+ (wprond @pump] times the hyperfine splitting of
Selected levels of the NaK() °TT,~ 2(A) *>* manifold are  the intermediate (b) *I1,(vy,,Jp) level [where the uppemi-
excited from the (X)'S* ground state using a Coherent nus sign corresponds to the case of counterpropagating
model 699-29 cw dye laser operating in the 710-770 nnpump and probe lasers, and the lowglus) sign is used for
range with LD 700 dye. A Coherent model 899-29 copropagating lasefsNote that Eq.9) of Ref. 11 was ob-
Ti:sapphire laser operating in the 730—920 nm range is thetained using the assumption that the hyperfine structure of
used to probe these levels on transitions to higher lyinghe ground state(X) " is negligible.
states. In some cases, the roles of the dye and Ti:sapphire Since wpope aNd wymp are approximately equal, the hy-
lasers are reversed. The dye laser power is 150—400 m\pferfine structure of the intermediatébl °I1,, level contrib-
while the Ti:sapphire power is in the range 300—700 mW.utes little to the observed structure of the probe transition in
Both lasers have linewidths of500 kHz. Absorption of the counterpropagating geometry. Thus this geometry is ideal
pump and probe laser photons is monitored by detectindor studying the hyperfine structure of the upper state. How-
fluorescence emerging from the side arms of the heat pipever, for the copropagating case, the hyperfine splitting of the
using two different detectors. A freestanding Hamamatsui(b) 3HQ level will contribute to the observed line splittings
R406 photomultiplier tube, with a 700—1000 nm bandpaswvith almost twice its actual value. Thus the copropagating
filter mounted in front of it, detects total (B)!3* geometry can be used to study the hyperfine structure of any

A. Setup

Downloaded 09 Feb 2005 to 128.180.17.180. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



074306-3 NaK ftriplet hyperfine structure J. Chem. Phys. 122, 074306 (2005)

a) Counterpropagating IIl. THEORETICAL ANALYSIS
A. Hyperfine structure of the NaK 1 (b) 3H0 state

We base our analysis on the following model
Hamiltonian®>~*°

H=H+AL -S+bel -S (1)

Intensity (arb. units)

, T : whereH, is the rotational HamiltoniamAL -S is the spin—
Detuning (GHz) _orblt n_‘\tezglctlon, and bgl -S s _the Fermi c_ontact
interaction.” We have dropped certain small hyperfine terms
: to arrive at Eq(1); details about these terms are found in our
b) copropagating previous work® and in the original treatment&*°As usual,
L is the electron orbital angular momentu®,is the total
electron spin, and is the nuclear spin. We taldeto be the
nuclear spin of Na onlyl=3/2). Previous work as well as
our own calculatior’ support this approximation. The
nuclear magnetic moment of Na is much larger than that of
K, and for the molecular orbitals of the(H) 31'10 state, the
electron spin density is also larger at the Na nucleus than at
-1 0 1 the K nucleus.
Detuning (GHz) The present situation is similar to the case we analyzed
FIG. 1. Hyperfine structure of the 'Bl(v=13,J=46)—1(b) I, q(v in Ref. 13, so we su_mmarize_ our method_ology very briefly.
=18,J=45—1(X) '3*(v=0,J=46) pumplprobe transition usinga) the ~~ We calculate energies by finding the eigenvalues of the
counterpropagating geometry afigj the copropagating geometry. model Hamiltonian Eq(1), using appropriate values of the
coupling constants. For each value of the total angular mo-

1(b) %I, level with sufficient singlet amplitude that it can be Mentum quantum numbé, we diagonalize a 12 12 matrix
directly excited from the singlet ground state. If we choose’®presentation ofH, using a set of basis functions
an upper state that has negligible hyperfine structure, thel¢NSJLFMg). For these functionsy denotes the electronic
the probe laser transition line shapes will provide a direcgtate and vibrational level, and the quantum numbers corre-
measurement of the(l) *IT,(vy,,Jp) hyperfine structure. spond to the coupling+S=J, andJ+1=F, whereN is the

Note that Eq(9) of Ref. 11 was based on the assumptiontotal angular momentum apart from spin. In the present
that the pump laser frequency was held fixed to line center of/OrK, the parameters in the Hamiltonian, &g), will lead to
the 1b) 3H9(vb,Jb)H1(X) IS*(vy,Jpt1) transition while @ coupling scheme intermediate between_ Hund'_s ¢bgg
the probe laser frequency was scanned. However, a simil@d Hund's caséa,), but the caseby;) basis functions can
analysis applies to the case where the probe frequency &ill be used. _ o
fixed and the pump frequency is scanned. Both techniques We expect that each(t) °I1, level will be split into four
were used in the present work, depending on the variouglosely spaced states by the hyperfine interaction term. If the
transition frequencies, in order to take advantage of the suRriginal level has quantum numbets and J, the model
perior scanning operation of the Ti:sapphire laser. Hamiltonian[Eg. (1)] leads to the states

The dominantbel -S Fermi contact contribution to the
hyperfine splitting is zero for spin-singlet states. Thereford1(b) *[y(v)JI;FMg), F=J- g J- % J+ % J+ g (2
we carry out a singlet-triplet<singlet PFOODR experi-
ment in the copropagating geometry in order to observe th&or the large values df that we consider, and in the absence
hyperfine splitting of the intermediate k) 3Ho(vb,Jb) level  of interactions with other electronic states, the splitting be-
without contamination from the upper state hyperfine struciween any two adjacent levels within the four states defined
ture. Figures (@ and 1b) display 3MI(v=13,J=46) by Eq.(2) will be about the same, and we denote the average
—1(b) *l,(v=18,J=45) « 1(X) '*(v=0,J=46) PFOODR splitting of these triplet states hyE",. The energies of the
signals recorded using the counterpropagating and copropéur states must be calculated by separate matrix diagonal-
gating geometries, respectively. The former shows that inizations for each value df.
deed the 311 state has no observable hyperfine spliting, ~ We have used our model to look for a relation between
while the latter shows the () *IT,(v=18,J=45) level the Fermi hyperfine coupling constant in Eq. (1) and the
hyperfine splittings (multiplied by the factor [1  observed spliting\EZ of the 1(b) 3II, state. We performed
+(wprobd wpump])-  If  the  intermediate state is a calculations for many different values of the coupling con-
1(b) 3H0(vb,J)~2(A) 13*(va,Jd) mixed level (which is re-  stants, and we probed in particular the ratio of the observed
quired in order for the singlet triplet transitions to be ob- splitting AEZ to the coupling constartig, for small values
servablg, the observed hyperfine structure of the probe tranof bg. By examining the calculated rat'rbEﬁfs/ be for differ-
sition line shape will reflect the triplet amplitude of that ent values ofA, B, and J, we found that to a very good
mixed level. approximation for large,

Intensity (arb. units)
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Angs X We analyze the hyperfine splittings by considering four
b_F = \1—TX2 (3 independent two-state models. Neglectig, the 2A) 13*
rovibrational level has four degenerate hyperfine levels, all
wherey is a dimensionless parameter that determines wheraith energyEg, and the 1b) 31]0 rovibrational level has four
the coupling scheme lies on the continuum between Hund'siistinct hyperfine levels denotegf),, ... ,EY,. WhenHgg is
case(a) and Hund’s casé¢b): “turned on,” pairs of levels with the sanfeare pushed apart
ZB(J+ l) by the interaction. The lower mixed state is now split into
= 2 (4) four levelsL,, ... L4, and the upper mixed state is split into
AA levelsU4, ... ,U,. According to Eq.(2) and the text thereaf-

The limit y=0 corresponds to pure ca&®, and in that limit €, €ach pair of stated;,U;) has a different value of. If
Eq. (3) reduces to the established re¥iff that the magnetic e neglect the interactions with other more distant rovibra-
dipole hyperfine splitting\E%,, of a °I1, state is zero in pure tional levels and assume thhikso is independent of, we
case(a). However, the NaK (b) 31]0 state is not pure case ©an write the energies of each pair;,U;) using two-state
(a), and our results indicate that the levels will exhibit a formulas:
splitting proportional tobr. We emphasize that Eq3) is
based on the limibr— 0. In practice, this condition means
that the hyperfine splitting should be smaller than the fine . L
structure splitting(governed byA) and smaller than the ro- L= E(E%i +EY) - z\"(E%i - E2)?+ 4|Hsd?. (9)
tational splitting(governed byB). Plots of AEZ/bg versusy . ) ]
for different values of, B, andJ suggest that the proposed FOr @ given pair of adjacent leve(t);, Uj.1) and (L, Lisy),
functional dependence op describes the essential featuresWe can solve four equatior&gs. (8) gmd(o9) fori, i+1] for
of the observed small hyperfine splittings. the unknown unperturbed leve, Epy;, Efy,, and the cou-
We regard Eq(3) as an approximate relation that facili- Pling parametefHsd| in terms of the measured energlgs
tates estimates o or be directly from the measured data. If Yi+1: Li- @ndLi.; (see Ref. 52 for detailsThe solution is
the conditions assumed for its validity are not fulfilled, a AUAL[(U _ L)g_;(AU +AL)2]
more elaborate fitting program should be used to find the |Hg ?>= 4 5
values that best fit the data. (AU+AL)

_AUAL(U-L)?
(AU +AL)? '

U = 3(ED; + E) + 2V(ED; - ED? + 4/Hsof?, ®

B. Spin—orbit matrix element and mixing coefficients (10)

We now consider additional effects that arise because the ) )
rovibrational levels of the (b) °Il, state are coupled with Where we have introduced the notatidt) =U,,~U;, AL
those of the PA) 'S* state by the spin—orbit Hamiltonian. =Li+1~Li; U=3(Ui+Ujq), andL=3(L;i+L;.y), and where
This spin—orbit coupling is an additional effect not includedn the last step we have used the fact that the splittings of the
in the termAL -S in the model HamiltoniafiEq. (1)], which ~ UPPer and lower levels are generally very much smaller than
only couples states of the same total spin quantum nu@ber the differences between the levelsy, AL<(U-L). The

The term we now consider is given by unperturbed @A) *S* level energy is given By
Hso= (1(b) *My(vp)dl; FMe|Hso 2(A) '3+ (wa)d1; FME). £0 - UAL + LAU D
(5) 2T OAU+AL

As a result ofHgo, rovibrational levels belonging to the and the average energy of the unperturbén)’ll, levels is
2(A) '3* and the 1b) *I1, states may couple and form mixed

singlet-triplet levels. Closely spaced pairs of levels of these g0 — E(Eo EC )= UAU +LAL (12)
two electronic states with the same quantum numBeasd g AU+ AL

F can be expressed as linear combinations of unperturbed . )
It is also straightforward to demonstritehat

states:
|W,) = cosb|2(A) 13 (va)II;FME) AEY =E%,, - E% =AU +AL, (13
— sin 6|1(b)*To(vp)J1; FMg), (6)  which shows that the original splitting of the unperturbed
l(b)3H0 level is exactly equal to the sum of the splittings of
(W) = sin 6]2(A) 'S (0a)d1; FME) the upper and lower mixed levels.

Finally, the mixing angled defined in Eqs(6) and (7)
can be obtained by finding the eigenvectors of the appropri-
where the subscripts andU designate the lower and upper ate two-state Hamiltonian. In principle, a different value
states of the pair, respectively. The effect of this mixing iswould be obtained for eacflL;,U;) pair. However, for all
that both| W) and| ¥ ) will exhibit hyperfine splitting pro- levels studied in the present worklJ, AL<(U-L) holds to
portional to the amount of their triplet character. Thus we caran excellent approximation, and we expect that ga¢hJ;)
estimate the magnitude &fgg from the observed hyperfine pair will have essentially the same mixing angle. Thus we
splittings of the perturbed window levels. find>?

+c0s6|1(b)°T,(vp)I1; FME), (7)
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074306-5 NaK triplet hyperfine structure
I(bYIl, 2(A)Z*
(v=12) (v=11)
A 0 [N A 0 1
N J=40 ;
z | /
E | i
s VJ=40 |
° J=39
=] ) ) T i ) I FIG. 2. Double resonance line shapes for mixed
; | / 1b) *My(vp,d) ~2(A) 'S*(va,J)  levels near  the
= i H 1(b) 3y (vp=12,J=38) ~ 2(A) 13 (v,=11,J=38) cen-
8 5 1=39 i ter of perturbation recorded using the copropagating la-
k= fEa / ser geometryJ values range from 37 to 40.
{138
R 0 1 ,"' 1 0 1
N J=38 /
§J=37 0
=37 | H
] 0 T -1 0 1
Detuning (GHz) Detuning (GHz)
(U—Eg)z model to the present situation, in which each of the two
cos = g2+ (U - E9)2 interacting rovibrational levels has four hyperfine levels, we
s , * regardU, AU, L, andAL as the average energies and hyper-
_ IHsd _ AU (14) fine splittings of the upper and lower perturbed levels, re-
(E% -L)2+|Hsd?> AU+AL spectively. With our current resolution, we find that hyperfine
q splittings of less than~0.002 cm? are often too small to
an resolve directly. However, Fig. 2 shows that even then the
i? 9= AL observed perturbed level spectral lines are definitely broader
sin 0= AU+ AL’ (15 than those of a pure singlet level. In all cases, we determined

. ) . the hyperfine splittings from the measured signals by model-
According to Eq.(ng), tk(])e denominators in Eqs14) and  jng each line as a sum of four equally spaced Lorentzians
(15) are equal tdEp;,, —~Epy;. With this in mind, we note that 414 varying their separation to match the overall experimen-
these equations show that the mixing probabilities are simply,| strycture and line widths. The observed splittings of the
related to the way the unperturbed hyperfine splitting i_SPFOODR spectral IineSAEE,bf, were then divided byl
shared between the upper and lower states of an mteractm_g(wpmbe/wpump)]U,L to obtain the upper and lower(t) 31—[0

pair. ~2(A) 13* perturbed level hyperfine splittingsU and AL.
According to Eq(13), the unperturbed (b) *[1, level hyper-
IV. RESULTS fine splittings are just given by the sum &fU and AL.

Figure 2 shows the measured line shapes for mixedyalues of these quantities are available in Table 1 of the
1(b)°,(vp,d) ~ 2(A) '3*(va,d) levels near the strong accompanying EPAPS documentatfBn.
1(b) °My(12,38 ~2(A)*>"(11,38 perturbation. The se- The sum ofAU and AL is just the quantityAEp; con-
lected data illustrate how levels lying near the centers ofidered in the analysis of Sec. lll A. Therefore, each pair of
perturbation contain strong admixtures of both singlet andhe mutually perturbing levels provides a valueAty for
triplet character, while levels lying further away from the an unperturbed (b)°Il, state. The corresponding value ypf
centers of perturbation exhibit mostly unperturbed line shapédefined by Eq.(4)] can be calculated using the spectro-
signatures. The relatively unperturbeto®l, line shapes —Sscopic constant8, and A, of the 1(b) °II state determined
away from the center of perturbation clearly exhibit the fourby Rosset al.*® The experimental values dfEp and the
peaks predicted by the analysis of Sec. Il A. best fit curve of the formA\EX,=bex/1+x? are plotted as a

The analysis presented in Sec. Il B considered pairs ofunction of xy in Fig. 3. The data and fit provide a striking
hyperfine levels for each of the two interacting statesdemonstration of the approach to the pure c@sdimit as
1(b)3M,(vp,J) and AA) 3*(va,J). In order to apply this x— 0. Since the rati®/A only changes a few percent for the
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0.006 T T T T T
0.005} ° V=12 FIG. 3. The sum\U+AL=AEY, of the experimentally
o Vp= 17 measured hyperfine splittings for several mutually per-
v v,=18 turbing A(b) *[y~2(A) 'S* rovibrational pairs.AEY
0.004} best fit 1 corresponds to the splitting that eackbl®Il, level
— would have if it were unperturbed by the nearby
T 2(A) 's* level. Three groups of points are shown, cor-
€ 0.003} 1 responding to vibrational quantum numbefs12, 17,
\0, and 18. The error bar@0.000 42 cm') correspond to
of the statistical uncertainty in the data. The valueyof
g 0.002} 1 determines where a particular level lies between Hund'’s
case(a) and caséb). y=0 corresponds to pure ca&s,
for which the hyperfine splitting is zero. The curve
0.001f . shows the best fit to the data, obtained fbg
=0.009 89 critt. The statistical error estimate fbg is
about +3%.
0.000 L L L L L
0.00 0.10 0.20 0.30 0.40 0.50 0.60
x=2B(J+3)/A
three vibrational levels of the(th) 3H0 state investigated, the As discussed in Refs. 24 and 56, the spin—orbit operator

change iny is almost entirely due to the changednThese acts primarily on the electronic part of the wave functions.
results clearly show that the(l) 3H0 state exhibits signifi- Thus by factoring the total wave function into products of
cant hyperfine structure because it is not pure ¢ageand electronic, vibrational, and rotational wave functions, we
that the magnitude of this structure is strongly dependentay define a quantitye that depends primarily on the in-

onJ. teracting electronic wave functions,

The value reported for the Fermi contact constanivas 3 Tat
determined by noting that a value bf can be explicitly He =~ (1(b) “Tg(vp, J)|Hsol2(A) = (UA’J»_ (17)
obtained from each pair of mutually perturbing levels (vplva)

(x,AE%.=AU+AL) using Eq.(3), be=AE%1+x*/y, and
the known values oB, and A, for the NaK Xb) °II state

from Rosset al*® Thesebg values are listed in EPAPS Table
1‘53

However, in writing the upper and lower state wave func-
tions as linear combinations of unperturbedﬁ\)zly and
1(b) 311, wave functions in Eqs(6) and(7), we neglect the

The best value and its statistical uncertainty can be der'otational coupling between the(H) 3HQ levels. Instead,

te_rmmed by averaging t.he yalueskm‘from each data point, .each “unperturbed” (b) 3HO level should be written more
with an appropriate weighting factor. For our case, we esti-

i inationa’ 3
mate a statistical uncertainty of 0.0003 ¢nfor each of correctly as a linear combinationa’|1(b) “Lly(vs,J))

the measured\U and AL values, leading to dconstant +0'[1(b) gnl(vb"]»ﬂ,'l(b) 3H2(vb,J)). As explained in
statistical uncertainty  of ’[(0 00032+ (0.00032]12 Refs. 2 and 24 each spin—orbit matrix element obtained from

—0.000 42 crit in Angs' which is the main source of uncer- the data using the two-state analysis must also be divided by

o . " . the mixing coefficient’ to obtain the underlying (b) °I1,
tainty in thebg values. The final best-fit value is ~2(A) I3* spin—orbit matrix element:

be = (0.009 89 + 0.000 27cm*. (16) . (1(b)*M (v, I)|Hsd 2(A) 2" (0, )

o a'(vp|va)

(18)

A least squares fit using the ¥212 spin—orbit/hyperfine ma- . :
trix diagonalization method gives essentially the same result/Sing the programsq (Ref. 57 we calculated values af
The value o we report here is within a few percent of ranging from 0.942 to 0.98fsee EPAPS Table @Ref. 53].
the values measured for théc233s*, 13A, and 433" elec-  The vibrational overlap integrals in the denominator were

tronic states of Nak*%37385459The value reported for the Calculated from the experimental Rydberg-Klein—-Rees
Fermi contact constant of the Nak®4* state in Ref. 13 (RKR) potentials for the @) *X" and b) °II, states given
(page 4752 should read0.0099+0.000%cmi? rather than 1IN Refs.sBZQ and 18, respectively, using the program
(0.99+0.04 cm™™, The correct value was given in the ab- LEVEL7S. Figure 4 and EPAPS Table (Ref. 53 show the
stract of that referenck. values of|Hg| for each mutually perturbing pair. Note that
Values for the 1b) 31y~ 2A 'S* spin—orbit matrix ele- the uncertainty idH_e|| is much smaller for Ieve_ls near the_
ment |Hsd were determined from the measured hyperfinece“ters pf perturbatlon_that have comparable singlet _and trip-
splittings for 20 sets of mutually perturbing pairs, using thel€t amplitudes. The weighted mean value td| determined
final form of Eq.(10). Estimates confirmed that the dropped USing the technique described here is
term makgs a negligible contribution. .The values.rnqg(j Ho| = (16.33+0.15 cmi™, (19)
are listed in EPAPS Table* The statistical uncertainties of
these values arise in part from the 0.01 émncertainty of where the quoted error bar represents statistical uncertainty
the absolute line positions, but mostly from the 0.0003%cm only. The systematic error could be as high as 2%—3% if, for
uncertainty of the measured line splittings,) and AL. example, our method for fitting the data systematically over-
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301 formulas based on the pure Hund’s céadimit suggest that
1 T the magnetic dipole hyperfine structure ofl&, state should
254 be negligible. Our analysis and measurements have provided
a quantitative demonstration that significant hyperfine split-
204 = ting arises in the NaK (b) 3HO state precisely because the
‘TE ; L] angular momentum coupling is not pure céae The mag-
S 154 nitude of the hyperfine splitting varies strongly widhwith
;3 -.l smallerJ corresponding to coupling closer to pure céae
= 104 Because spectroscopic constafhre available for the
] NaK 1(b) 31'[0 state, we were able to extract an accurate
5- value for the Fermi contact constant for that state from our
measurements. The value that best fits the ddia,
0 ' . . . . . : =(0.009 89+0.000 27cm™?, is very similar to the value ob-

15 20 25 30 35 40 45 50 tained for other NaK electronic states with similar molecular
J orbitals. This agreement lends credence to the reliability of
our conclusions, but it also raises the possibility that other
F|(I;t_t_4_ Vafluest0f||||'|e|| df—;‘te{)mi”ﬁ’ E?£;3E‘3(35U5)9d 29{/‘39;? a”; hyperfineNaK electronic states with significantly different molecular
Z?alti:)r;gasl I?evr;l;.u'l?hg sc(?lzdu{w;?igon?al line ré)pl;g’sents the weigﬁtéd :/\grage qubltqls (most notably the 8 Stat651 will have different
the resultdcf. Eq. (19)]. Fermi contact constants. As has been demonstrated, for ex-

ample by Levenson and Schawi®wand Bacis and

0 =64
estimates or underestimates the hyperfine splittings. co-workerS” for I, and by Janda and co-workEfs"*for ICI,
Finally, the unperturbed energi@ and E% and the Measurements of the hyperfine structure can serve as a very

mixing probabilities, for each level studied, were determined®€nsitive probe of the molecular electronic wave function.
using Egs.(12), (12), (14), and (15). These values are also Our ongoing and future work will exploit this relationship to
given in EPAPS Table 2 As expected, the mixing coeffi- gain a deeper understanding of the electronic states of het-
cients and unperturbed level energies show that the mixin§ronuclear alkali molecules.
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