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The hyperfine spectra of the Na 3Ag state have been recorded with sub-Doppler continuous wave
(CW) perturbation facilitated optical—optical double resonarfB&OODR spectroscopy via

A 1S ~Db 3, mixed intermediate levels. The rotational lines into tie14—51 levels of the

13Ag state observed previousfyJ. Mol. Spectrosc134, 50 (1989] have four components for
transitions between symmetric rotational levels or five components for transitions between
antisymmetric rotational levels and the hyperfine coupling belongs to Hund'sbcaseFor the

low-N levels observed later, however, the hyperfine spectra are much more complicated. We have
worked out the matrix elements of the molecular Hamiltonian in the lsgsbasis. After taking into
consideration spin—orbit, spin—spin, and spin—rotation interactions, we obtained a set of molecular
constants for the Nal 3Ag state, with which we can reproduce the hyperfine spectra of both high-
and lowN rotational levels. ©2001 American Institute of Physic§DOI: 10.1063/1.1388543

I. INTRODUCTION =14-51,N is the rotational quantum numbeof the 13Ag

tate from intermediaté = ~b 31, mixed levels. They

h ;r?iif :;:ﬁcr::j?g% ég)e?r:e;'glilef&gre;psélgzggﬂy%tﬁ_'es 0zuccessfully explained the hyperfine splittings with the Fermi
yb P ' contact interactiog| - S' term. We report here the hyperfine

kali metal diatomic molecules have received much attention o 3
. . o1 . . structure of transitions to lowt levels of the Na 1 °A, state.
in hyperfine researcl=2! The sodium dimer, one of the g

most important alkali metal dimers, is an exemplary moI—ThIS s]:cruhcturr](.a :]urnls Olljt o be TUCh more compr]l!cated than
ecule for studying hyperfine spectroscopy, due to the nonzer%1at oft .e ighN levels. Hypgr ine pattgrns at hig-are
nuclear spin,l;=1,=3/2, of Na atoms. The total nuclear only partlally1 ;tzasolved according to their quantum number
spin quantum numbet=1,+1, can be 3, 2, 1, 0. The G(G=1+9.7" The F(F=G+N) components of eacts
nuclear spin wave function of Nas symmetric forl=3, 1, ~ are not resolved. At lowN, the intervals between hyperfine
or antisymmetric fol =2, 0. splittings become larger and thus the |diryperfine spectra
The hyperfine splitting of the Nal 3Ag state has been become much more complex and more completely resolved.
resolved by sub-Doppler CW perturbation facilitated Although the Fermi contact interaction term alone is suffi-
optical—optical double resonancé8W PFOODR fluores-  cient to interpret highN hyperfine spectra, it is not sufficient
cence excitation spectroscofMin Ref. 10, Liet al.analyzed to explain the observed low-hyperfine splittings. In order
the hyperfine splittings of transitions to highdevels (N  to satisfactorily explain the hyperfine spectra obtained for the
entire range olN, we have derived the Hamiltonian matrix

dAuthor to whom correspondence should be addressed. Electronic maif?h::"jnent _'n the (faSbBS _coupll_ng scheme, 'nC_IUd_mg Spl!’l—
lili@Isad.tsinghua.edu.cn orbit, spin—rotation, spin—spin, and magnetic interactions.
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Using such an effective hyperfine Hamiltonian, we have suc-  HS°=AL.S,  spin—orbit interaction, 3
cessfully explained the hyperfine structure of these spectra
and obtained a set of molecular constants for tﬁAéLstate

of Na,. HS=2\ (352~ S?), spin—spin interaction, (4)

Il. OBSERVATION HS=yN-S, spin—rotation interaction, (5)
Sub-Doppler CW PFOODR spectroscopy has been used

to observe the hyperfine structure of the,N&A 4 state. The HMagMe= o] . L + bl - S+3¢(31,S,~1-9),

experimental setup has been reported elsevxiﬁdBeieﬂy, a magnetic hyperfine interaction, (6)

five-arm heatpipe oven was used to generate sodium vapor.

The sodium vapor temperature was around 500 °C withb

Torr argon as buffer gas. Two CR899-29 ring dye lasers were ~ H32"P°&= —eT2(Q). T%((VE),
used as the PUMP and PROBE lasers. The two laser beams
were co-propagated along the axis of the heatpipe. The
PUMP laser frequency was held fixed to excite A=} (7)
~b %X '=; transition and the PROBE laser fre-

guency was scanned to further excite the molecule from the" ion o the Hamiltonian is t ¢ ith the IUPAC
; ; 3 o minus sign to the Hamiltonian is to conform wi e
intermediate state to the“1\ state. The OODR excitation g

signals were detected with an ion detector through the ass(gt_acomm_(andation%". Due to the Rydberg character of the
ciative ionization (N&+Na—Nal +e") 24 electronic states, the effects of the nuclear electric quadru-

The A 1S v=22~b 3, v=25 levels are mixed by pole interaction is small, this Hamiltonian term has not been

spin—orbit interaction and have been studied by sub-Dopple¢Sed in our analysis. _ _ o
laser-induced fluorescence spectroscopy in a molecular, 1h€ parameters in the magnetic hyperfine Hamiltonian
bean? The rotational levels of the 3I1,, component inter-  °f Ed- (6) are*"

sect theA 'S v =22 levels atJ=4. The term values and

mixing coefficients of theA 'S v=22~b 3l w=25, J 1

=0-10 levels can be obtained by diagonalizing &= a=gsUNMBAND <—3> : (8)

~b 3, interaction matrix. The hyperfine structure of the AN

b 31w =25 levels has been studiédAll rotational levels

with predominant’ll; character have no resolvable HFS at

2_0 MHz rgsolution. In our sub-Doppler fI_uorescer_me excita- bF:?WgsgNMBMNZ <¢12(fi:0)>av, 9
tion experiment, we used 311, levels as intermediate state !

windowlevels. Since both the ground state and the interme-

diate levels do not have resolvable HFS, the HFS splitting in

our PF(S)ODR eﬁ:itation spectra is due exclusively to the = EgSgNMBMNE, <
upper 1°A4 state. [

nuclear electric quadrupole interactibn.

theree is the electronic charge, the incorporation of the

3 (10

3cog 6,— 1>
av
Here ug and wuy are the Bohr and nuclear magnetons,
9s(9s=2.00233% andgy are the electron spig-factor and
There are many publications on the theory of hyperfinenuclear sping-factor, respectively, and , 6; are the spheri-
structure of diatomic moleculd€®—2°The spin—orbit con- cal polar coordinates of electrandefined with respect to the
stant for the N§11‘°’Ag state is very small, while the Fermi- nucleus under consideration. The average is over the valence
contact interaction constant is relatively lafdélhe logical  electrons. The termal-L represents the nuclear spin-
choice of angular momentum coupling case for th%&a electronic orbital angular momentum interactibg) - S rep-
state is therefore Hund's cadess. Molecular coupling resents the Fermi contact interactibrgnd thec term repre-
schemes including nuclear spin are shown in Ref. 31. Wesents the dipolar electronic spin—nuclear spin interaction.

Ill. THEORY

will express the matrix elements in the Hund's chgg basis The wave function for the iAg state in the casé,s
set. The effective Hamiltoniawithin a given vibrational —coupling basis set is symbolized b N(SI)GF).
statg can be written as The matrix element of the rotational terf&q. (2)] is
diagonal in the casbgs basis and is given as
H= Hr0t+ HSO4+ HSS+ HS'+ Hmag.hyp_|_ Hquadrupole (1)
(AN(SI)GF[H™|AN(SI)GF)
where =BN(N+1)—D[N(N+1)]% (11)
H"'— BN2— DN? Matrix elements of Eq9.3)—(7) can be expressed compactly
’ using the spherical tensor formalisi®®
rotational and centrifugal distortion energy2) The spin—orbit matrix elements are
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(AN’(S)G'F|HSIAN(SI)GF) (AN'(SG'F|HSIAN(SI)GF)
v/ N G _2  _weesell G N
:AA(_]_)N G F{l G' N'} _3)\( 1) 2 Nr Gr
I G' S
X(—1)!"STeHL(2G+1)(2G" +1) ><(—|)'+S+G+2¢(2G+1)(2G'+1)[2 < G]
LG S] SSTDES D) X[S(S+1)(25—1)(25+ 1)(25+3) V2
1 S G N 2 N
N 1N X(—=1NV A J(2N+1)(2N' +1) A o A),
_1\N =A ’
X (—1) J2N+1)(2N’+1) A o A). 13
(12)
The spin—spin matrix elements are and the spin—rotation matrix elements are
J
<AN'(S|)G'F|H5f|AN(S|)GF>=5NN,y(—1)N+G’+F[1 N G] YN(N+1)(2N+1)(—1)'*StCe+1
| G' S
7 \/—
X\(2G+1)(2G’' +1) 1 s G S(S+1)(2S+1) (14)

Magnetic hyperfine matrix elements can be separated into three additive terms, nuclear spin—electron orbital interaction,
Fermi-contact interaction, and the spin dipolar term. The Fermi-contact interaction matrix is exclusively diagonal in the case
b 55 basis

BS

(AN(SI)GF|bgl - SIAN(SI)GF)= %[G(GJr 1)—1(1+1)—S(S+1)]. (15)

The nuclear spin—electron orbit interaction matrix elements are similar in form to the spin—orbit matrix elements

F N
(AN'(S)HG'F|al - L|AN(S|)GF>=aA(—1)N+G’+F{ G,’(—1)'+S+G’+l¢(2e+1)(2e'+1)

1 N
S G | N 1 N
_ N —A ’
Xrl | G,’\/I(I+1)(2|+1)( 1) V(2N+1)(2N’+1) A 0 A)’
(16)
and the dipolar interaction matrix elements are
\/3—0 ) F ! !
<AN’(SI)G’FchZSZ|AN(SI)GF>=c?(—1)N*G +F s N G VI(+1)(21+1)S(S+1)(25+1)
S S 1
, N 2 N
X\(2G+1)(2G'+1) | I 1 (=N AJ(2N+1)(2N'+1) A 0O A),
G G 2
(17)

From the above expressions of the matrix elements, Eqga) real symmetric;

(11)—(17), and the properties of the B- 6-j, and 94 (b) diagonal inF;

symbols®® AN=N—N’ can be 0,=1, and =2, AG=G  (c¢) diagonal inl;

—G' can be 0,1, and =2, andAl=0, =1. When the (d) off-diagonal in G(AG=0;+1;*+2) and N(AN=0;
nuclear spin quantum numbkchanges by one quantum, the +1;+2).

symmetry of the nuclear wave function must change from

symmetric (antisymmetri¢ to antisymmetric (symmetrig.

Thus the only allowed value fakl is 0. The full matrix has In order to obtain the hyperfine eigenenergies, we must first
the following properties: set up and then diagonalize the matrix. The dimensions of
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the Hamiltonian matrix for different rotational quantum coupling scheme is cas®;s with bg=214+50 MHz. Since

numbersN are listed below: this is a3 state and its spin—orbit splitting is zero, the
low-N HFS pattern remains caggs.
Dimension of the Hamiltonian matrix The 1%A state is a 85 Rydberg stat® and asymptoti-
Antisymmetric rotational levels Symmetric rotational levels Ca"y. dlssquates to thes3-3d ato_m'c limit. The electronic
N (1=3,1) (1=2,0) configuration of the ng state is predominantly of;3s)
(3déy). The spin—orbit interaction arises mainly from the
2 82 52 spin—orbit interaction of the Na atoBd state, as in the case
i ilé ;g of the NaK 13A state®® The spin—orbit splitting between the
c 148 % 3d(°Dg,) and A(?Dg,) components is very smal,
=6 150 90 E(°Dsjp) —E(?D3p) =1.48 GHZY In Ref. 41 a simple rela-

tion between the atomic spin—orbit constant and molecular
spin—orbit splittings was derived semiempirically. For the Na
3d(%Ds,) state, the wave function i$sa), and for the
3d(%Dy,) state the wave function i$58), wheres symbol-

The intermediaté °T1,Q0=1 levels have no resolvable izes them;=2 projection for thel=2 atomic angular mo-
hyperfine splittings at 20 MHz resolutidhOur sub-Doppler mentum on the internuclear axis, amdand 8 symbolize
resolution was 50 MHz. Thus the hyperfine splittings mea-€lectronic spin projection quantum numbeng= +1/2 and
sured in the PFOODR excitation lines are due solely to the-1/2, respectively. The spin—orbit interaction Hamiltonian
13‘Ag upper state. for the Na3d state is

IV. RESULTS AND DISCUSSION

A. Fermi contact interaction Hs°=al.s. (18

The previously reported OODR excitation spectra of theThe eigenenergy for th&éDs), state is
Na, 1 3Ag N=14-51 rotational levels exhibit a five line pat- ) o2
tern for transitions between antisymmetric rotational levels Esiz= (D52 H*1°Dss2)

(I =3,1) anq a four line pattern for traq;itions between sym- =(?Dg/al- 92Dy

metric rotational levelsl(= 2,0). No additional structure was

resolved within any of the Jor 4) lines. These rotational =(dalal-§éa)

levels are well desprlbed by the casgs hyperfme cpuplmg. —2x 1x(3d|a|3d)

scheme and dominated by the Fermi-contact interaction,

which describes the contribution from tlseslectron density =azq. (19

at the nucleusy?(0). Li et all® predicted that the Fermi
contact constants of the Nand L, triplet Rydberg states
will all be about 1/4 of the values of the Fermi contact con-
stants of the ground-state atoffts=(’Li 2s°S) =402 MHz,

From the angular momentum relatipr | +s, 1-s=2(j2—12
—¢%), the eigenenergy for Nad¥D, can be expressed in
another form

and br(Na 3s?S)=886 MHz. The experimentally deter- Eso=(?Dsg H39?Ds))
mined bg value from theN=14-51 levels is 21688 MHz 5 )
for the Na 13A, state. Hyperfine splittings of other triplet =(“Dsilal-§°Dspp)
Rydberg states of Naand Li, were also resolved and the =j(j+1)—1(1+1)—s(s+1)]¢
Fermi-contact constants obtained experimentally were found
to agree quite well with the predicted values. ={, (20)

Since the Fermi contact interaction is Métdependent,

X N ; where
we will usebg=220 MHz as its initial value in our calcula-
tions and simulations. 27 41
§=<3d —= 3d> , (21)

B. Spin—orbit interaction andj=I+s (herel =2, s=1/2 for 2D, andj=5/2).

At the caseb s coupling limit, Sandl couple to yieldG From Egs.(19) and(20)
and G then couples withN to produceF. For the 13Ag N

=14-51 levels, the hypermultiplets are well described by g = ¢ (22)
En,c, 1= (be/2)[G(G+1)-S(S+1)—I(I1+1)], and theF  The eigenenergy for&?Dg),) is
splittings within eachG component were unresolved for all 5 o2
N=14-51 levels at 50 MHz resolution. Es= (D3 H*1"D3p)
At high-N the angular momentum coupling scheme for —irici _ —
the Ng 1°3A, state is close to Hund's ca$d’ due to weak A+ =s(s+ 1=+ 1)1
spin—orbit interaction. However, at loM, the spin—orbit =-3L (23)

interaction will have an important effect on the hyperfine
structure. The HFS of the N& 32; state has been studied
by PDOODR fluorescence excitation spectroscopy and the Esp,—Egp,=3¢ and (=agy=2(Eso—Egp). (24)

From Egs.(20)—(23), the atomic spin—orbit splitting is
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A simple correspondence between molecular spin—orbit in-
teraction constant and atomic spin—orbit interaction can be

estimated below.
For 13A3g (2=3), the wave function is

PAsg)=|A=2,3=1,0=3)=|0gadya). (25)
The diagonal matrix element of the spin—orbit term is

(A,2,5,Q,0[H9A,Z,5,0,0)=A, ,AZ. (26)
So,

(CAgg|HPA5g)=2A , . (27

From the electron configuration of théA3g state, the spin—
orbit interaction matrix element can also be written as

<3A3g| H50|3A39> = EI (oqadyalali-s|ogadya)

=(59a|al~s|59a>. (28)

Consider the admixture o8d and 4d orbitals due to the
necessity to minimize spatial overlap of tiag orbital with
the valenceoy(ns) bonding orbital. The mixing of d into

3dis an overlap repulsion effect due to a charge distributiong
near the Na nucleus different from what it is on the free *

atom.
|0'935>= Ngg(|380'1>+ |3s05)), (29
1EN§Q(1+ 25+1), (30)

where S(R) =(3s04|3s0,) is a two center overlap which

depends on internuclear distandé, =[2(1+ S)]Y2is the
normalization  factor. 049, corresponds to [2(1

+5)] 13s e on each Na atom. This is slightly less than 1/2 ~

of a 3s e, which shields(destabilizes the 3dse ! from
the Na" ion-core and also destabilizes thé®e™~ by overlap
repulsion. The 86 orbital expands by mixing in somed4

orbital character with the phase that reduces the electron den-

sity along the internuclear axis.

Hyperfine structure of Na, 3651

Experiment

simulation
with A=-148MHz

Relative Intensity(a.u.)

simulation
with A=0MHz

— 7T T
-600 -400  -200 0 200 400 600
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T T — T
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FIG. 1. Experimental and calculated spectra wigh b=220 MHz, A
—148 MHz, andA=0 MHz for 13A, (v=14,N=2)«b *[,, (v=25,
J=2), and(b) with b;=220 MHz, A= —148 MHz for 1A, (v=17,N
=22)—b 3, (v=28,N=22). All other constants are set to zero.

The admixture oB8d and4d orbitals can be expressed as From Eqgs.(34) and(35), Eq. (32) becomes

| 3g)=N(|55(3d)) + €| 55(4d))), (31

whereN=(1+ €% 2 s the normalization factor ane ex-
presses the mixing ofd into the nominal 8 orbital. If one
substitutes Eq(31) into Eq. (28), one obtains

[a(3d)+ 2ea(3d,4d)

1+ €2
+ €%a(4d)]. (32
There is a relation foa(nd)*?
a(nd)“n3(|+1)(|+1/2)|’ 33
SO
a(4d)=a(3d)(3)3=0.422(3d) (34)

and

a(3d,4d)=[a(3d)a(4d)]¥?=0.65((3d). (35)
1
(PAzg|HZPA ) = m)a(Bd)[lJrZe(O.GSO
+€2(0.422]. (36)

From Eqs.(27) and(36), we obtain the relationship between
the molecular spin—orbit interaction constant and the atomic
spin—orbit interaction constant

AszE ! a(3d)[1+2€(0.650 + €2(0.422]
Y2\ 14 €
37

€< 0 is the right sign to cancel electron density near the bond
axis. From the fit of the hyperfine spectra, the spin—orbit
constant for the Nal SAg state is very close to one tenth of
the atomic N&3d spin—orbit splitting,—148 MHz, ande can
be estimated to be-0.37.

Figure 1 gives a comparison between the observed
OODR excitation spectrum and the calculated spectrum in-
cluding only the Fermi-contact and spin—orbit interactions.
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FIG. 2. Hyperfine splittings of the %g state calculated vs the rotational
quantum numbelN with b,=220 MHz and(a) y=0.00%¢, and (b) y FIG. 3. Hyperfine splittings in the %Ag state withbg=220 MHz, and(a)
=0.02¢. A=50 MHz, and(b) A=150 MHz.

(b)

In the calculation we takes=220 MHz, a spin—orbit con- generate the intermediate angular momentilinwhich is
stant of—148 MHz, and all other interaction#ifS HS', etc)  then coupled to the nuclear spirto form the total quantum
are taken as zero. It is evident that the extra splitting of thd'umberF.

low-N levels beyond what is observed at higiers mainly N+S=J, J+I=F.

due to the diagonal spin—orbit term. ] ) ) )
This coupling case is called calsg; . In order for the Fermi-

contact interaction to be extremely strong, an unpaired elec-
tron in a molecular orbital must have significant atorsic
orbital character in order to have high-electron density at the
There are three limiting hyperfine coupling schemes innucleus as required by E€Q). In this case, electron splis
caseb: bgy, bgs, andbg;. Thebgy coupling case, nuclear first coupled to nuclear spinto form the intermediate quan-
spin| is first coupled toN to form an intermediate angular tum numberG which is then coupled to the rotational quan-
momentumF;, which then couples to spi@i to generate the tum numberm to obtain the final quantum numbEgtr
quantum numbeF. Casebgy is seldom observed, because SHI=G  N+G=F
the much larger magnetic moment associated with the elec- : '
tron spin should couple much more stronglyNahan does  This is called casegs.*"**As the rotational quantum num-
the nuclear magnetic moment. Cabgg andbg; are the two  ber increases, the spin—rotation interaction inevitably be-
usually observed hyperfine coupling cases in das&hether comes strongerxN, and the coupling scheme will evolve
a state belongéor is close to casedss or bg; depends on  from caseb s toward casédg; .

C. Spin—rotation interaction

whether the electron spi@ interacts more strongly with the That the coupling scheme of the MAQ state is very
nuclear spinl (via Fermi-contactpgl-S) or the rotational close to casé s for rotational levels up tdN=>51 indicates
guantum numbeN (via spin—rotation,yN-S). If the spin—  that the spin—rotation interaction remains negligible relative

rotation interaction is stronger than the Fermi-contact interto the Fermi-contact interaction even fbr=51 rotational
action, the coupling order is th& is first coupled toN to levels. Figure 2 displays the calculated hyperfine splittings
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TABLE |. Relative line intensities for the transitions between th#A rotation interaction is stronger in these states than in the
— — 3 [ r— . . . apr
(v=14,N=2) and theb "I, (v’ =25,J'=2) states. 13A, states. This is because there is signifiamharacter
G= F= AE=_1 AE=0 AF=+1 in all of these states, even the nominailiy states, and.there
can be ngp character in £A . Spin—rotation interaction is

2 0.309 0 0.048 4 1S0, rot SO

3 0.691 0117 0.102 second order iH*°® H™ andH®*° is very small ford.
G=4 4 0.673 0.528 0.054

5 1 0.027 D. Spin—spin, spin—electronic, and

6 1 rotation—electronic

1 1 0.044 _

2 1 0.056 0.048 Spin—electronic J*-S°) and rotation—electronic

=3 G=3 3 0.382 0.2 0.014 (N-L) interactions have little effect on the hyperfine split-

;‘ 0 g-ggg 8-8;‘7 tings of the 1A, state and are not considered in the hyper-

0 0.2 ' ' fine analysis. The spin—spin interaction term,is usually

1 0.018 0.206 smaller than second-order spin—orbit effects. The above
G=2 2 0.055 0.128 0.3 spin—rotation analysis shows that spin—rotation is very

3 0.273 0.011 0.571 small. This is conclusive evidence that tH&° contributions

4 0.255 0.056 0.497 in second-order are always negligible for Ba This means

(1) 8.073 0.067 that the non-negligible spin—spin contribution comes from a
G=2 2 0.2 0.311 0.014 true microscopic spin—spin mechanism. Figure 3 shows the

3 0.711 0.014 calculated hyperfine splitting as a function of rotational

=1 4 0.694 guantum numbeN for different values of the spin—spin in-

1 0.218 0.206 teraction constanta) A =50 MHz, (b) A\=150 MHz all with
c=1 g 0.036 é)_'llolg 09;30;52 bp=220 MHz. The calculated splitting patterns show that
G=0 2 0.073 0.05 0.34 spin—spin interaction controls the hyperfine splittings within

eachG component and, at large-values, becomes indepen-
dent ofN. From a comparison of the calculated splittings in
Fig. 3 to the experimental spectra, a reasonable initial trial
value of the spin—spin interaction constant is between 50 and
100 MHz for the simulation of hyperfine speciiiatensities
“and splittings.

for different values of the spin-rotation constanty (
=0.00%¢, 0.0bg, and b,=220 MH2 as the rotational
guantum numbeN increases. As discussed above, the split
tings of the lowN levels are dominated by the spin—orbit
interaction. The calculation shows that the spin—rotation in€. Simulation of hyperfine spectra

teraction constanty, must be smaller than 0.00p=1.1

MHz in order to explain the hight experimental results. The Na 13A,—b [, transition intensities can be
Because the spin—rotation interaction constant is so smallyell approximated by a model of transitions from a case
we ignore this spin—rotation interaction term in our theoret-a, %1, state to a casbgs 3Ag state. Theb 3II,, interme-

ical analysis. Previous studies show that the transition frontiate levels §=2-10) are very close to casg coupling.
bps to by, for the 2327, 3327, and 4’3 states of Na  An expression for the line strengths of transitions between
occurs at much smalleN levels, implying that the spin— these two coupling cases has been given in Ref. 27.

(A';8,2:3",Q 1LF'|| T w)||A;N,(SNG,F)

N
=§J‘, (—DNFSTHR(2J+1)(2G+ 1) {

J , "R
}(—1)J FHFHLJ(2F+1)(2F ' +1) [ )

| F G F J 1
X D (—1)N"SHQ N+ 1 N )E (-1)Y 2 (23+1)(23' +1) ! J)
£ 0O -3 —-AJ4 -Q' q Q
X(A";S,2|Ty(w)|A;S,2). (38)

For the Na 13A b °IIy, case it is expressed as

(1;1,00', 1], F'||THw)[|2;N, (1) G,F)

=S (-1 ) @ T DEG T DEF DEE D D | - o
’ I F GJ|F J 1

X _
11 -2/l-1 0 1J* 2 0o —2/\-1 -1 2/ (39

J 1 N)(J’ 17

J 1 N)(J’ 1 3J
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TABLE Il. Nonlinear least-squares fit results of molecular constants for the
Na, 1%A state p=14).

B,=0.112 77755 (cmY) (Ref. 37
D,=0.439696 X10° % (cm™Y) (Ref. 37
A=—158+5 (MHz)

y=0 (MHz)

A=80+10 (MHz)

a=5+1 (MHz)

bp=220+5 (MHz)

c=3+1 (MHz)

where
Mo= <3H1u|Té(M)|3A1g>%Ov

#—1E<3H1u|T£1(M)|3Azg>-

The selection rule for nuclear spin quantum number Al
=0. The total wave functioriincluding both nuclear spins
and rotation should be antisymmetric with respect to permu-
tation of the two Na nuclei. AIA~b mixed levels have
e-parity because allA levels havee-parity. The even}',
e-parity antisymmetric levels of thé °II, state can only
combine with symmetric nuclear spin wave functions with
| =3, 1, while oddd’, e-parity symmetric levels of the °II,,

(40)

Liu et al.

Experiment

Relative Intensity(a.u.)

Simulation

M 1 T T T T T
-200 0 200 400 600 800
Hyperfine splitting (MHz)

T T T T T
-1000 -800 -600 -400

FIG. 5. (a) Experimental spectrum for transition%g (v=14, N=5)
—b 3, (v=25,J=7), and(b) theoretical simulation with parameters in
Table II.

functions with 1=2, 0. Thus, from eved‘ levels of the
b %I, state, we can reach nuclear-spin symmetric levels of
the 1%A, state withl =3, G=4, 3, 2, orl=1,G=2, 1, 0.
Nuclear-spin antisymmetric levels with=2, G=3, 2, 1, or
=0 G=1 can only be reached from odd-levels of the

state can only combine with antisymmetric nuclear waventermediate state. The transition selection rule for total

a) AF=-1
Ed
3,

2 AF=0
w
(=4
@
E
2
=
&

AF=+1

T T ' T . T b T ¥ T ¥ T ¥ T b T ¥ T v T L

-1200 -1000 -BOO -600 400 -200 0 200 400 600 BOO 1000 1200

Hyperfine Splittings (MHz)

b)

Relative Intensity(a.u.)

c)

¥ T b T v L x. T N ] M i v Ll - T N I
-1200 -1000 -B00 -6O0 -400 -200 O 200 400 600
Hyperfine splittings (MHz)

—T—T—
800 1000 1200

FIG. 4. (a) Theoretical simulation of hyperfine spectrum with the param-
eters listed in Table Il for Na13A; (v=14, N=2)«b *ll,, (v=25,J
=2) for AF=—1, AF=0, andAF=+1, respectively,(b) experimental
spectrum andc) summation of theoretical simulations (g).
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quantum numbeF is AF=0,+1. As an example, the calcu-
lated relative transition intensities for32hg (v=14,N=2)

—b ®M,,(J'=2e) are listed in Table I. As the intermediate

b %I1,, state does not exhibit hyperfine splittings at 20 MHz
resolution, the frequencies for all transitions to the same hy-
permultiplet component of the%g state are superimposed

in the spectrum. The observed intensities are obtained by
summing all possible transition?\E=0,=1) to the same
final F level.

F. Line shape simulation

Although the fine structure for the3]Sg state was com-
pletely resolved, the hyperfine components were incom-
pletely resolved for all rotational vibrational levels, It is dif-
ficult to determine the individual hyperfine frequencies by a

Experimental
E
s
=
‘B
c
2
£
o
2
o
K Simulation
T T T T M T T T M T T T M T T T T T T 1
-1200 -1000 -800 -800 -400 -200 0 200 400 600 800 1000 1200

Hyperfine Splitting (MHz)
FIG. 6. (8) Experimental spectrum for transition%g (v=14, N=22)

—b 31, (v=25,J=22), and(b) theoretical simulation with parameters in
Table II.
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1000 least-squares fit, one set of optimized molecular constants is
500 ] obtained. The molecular parameters thus determined result in
600 ] G=41=3 good agreement between calculated and experimentally ob-
T, served line profiles for rotational levels frodd=2 to the
I 400 .
S ] o2 1ot highest observgd levels|=51. ' o '
.g ] Our analysis shows that the weak spin-orbit interaction
=S e3 103 of the 13Ag state plays a major role for the hyperfine split-
g 'ZOO'W G=11=1 tings of the lowN rotational levels. Effects of the electronic
§-4°0'_ 6=01=1 spin—rotation coupling ¥N-S) to the HFS are negligible
T -600 and do not play an important role for levels with=51. The
-800 - separations between tliecomponents depend on the Fermi-
1000 Gm21=s contact parameteb . The electron spin—spin and nuclear
21200 T A spin—electron dipolar interactions give rise to the splittings
5 10 15 20 25 30 3% 40 45 50 5560 within each group ofG value and this splitting does not
change withN asN increases up tdl<51.
FIG. 7. Hyperfine splittings of the Nd 3Ag state vs the rotational quantum We studied vibrational levels af=13—17. The HFS is

numberN, calculated with parameters in Table Il. o . .
P not v-dependent within the vibrational levels we observed.
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