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Hyperfine structure of the 1 3Dg , 2 3Pg , and 3 3Sg
¿ states of 6Li 7Li
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The hyperfine splittings of the 13Dg , 2 3Pg , and 33Sg
1 states of6Li7Li have been resolved by

sub-Doppler, continuous wave, perturbation facilitated optical–optical double resonance excitation
spectroscopy through newly identifiedA 1Su

1 (vA855, J8524);b 3Pu (vb8512, N8523, J8
524) mixedwindowlevels. The 33Sg

1 and 13Dg states follow the casebbS coupling scheme. The
Fermi contact interaction between the7Li nucleus and the electron spin is the dominant term for the
observed hyperfine splittings. The Fermi contact constants for the7Li nucleus in the6Li7Li molecule
have been determined to be 110 MHz for the 33Sg

1 state and 107 MHz for the 13Dg state. The
2 3Pg state has doubly excited character and its hyperfine coupling is different from that of the
3 3Sg

1 and 13Dg states. The Fermi contact constants of triplet Rydberg states of6Li7Li versus7Li2

are discussed, and insights into the physical basis for casebbS coupling are illustrated. ©2002
American Institute of Physics.@DOI: 10.1063/1.1478692#
tri
o

m

ta
c-
c
.
c

ne

o
a

e

n-

ent

in

ion

ing

se

rmi

ent

i

I. INTRODUCTION

Molecular hyperfine structure~HFS! comes from the in-
teraction of the magnetic dipole moment and/or elec
quadrupole moment of the nuclei with other angular m
menta~electron spin, electronic orbital angular momentu
nuclear rotation, etc.!. When the molecule has as(ns) va-
lence orbital and a nonzero electronic spin, the Fermi con
interaction,bI "S, is usually the dominant hyperfine intera
tion term. Thus the hyperfine splitting can provide dire
information about the electron spin density at the nucleus
other words, the hyperfine splitting gives direct eviden
about the electronic configuration, which cannot be obtai
from the vibration-rotation structure alone.

The nuclear spins of the Na and7Li atoms are both 3/2.
The hyperfine splittings of several triplet Rydberg states
Na2 and 7Li2 have been resolved by sub-Doppler, perturb
tion facilitated optical–optical double resonance~PFOODR!
excitation spectroscopy.1–9 All previously observed triplet
Rydberg states of Na2 and 7Li2 ~with the exception of
the Na2 2 3Pg and 33Pg states and low-N levels of the
Na2 1 3Dg state! follow the casebbS coupling scheme. In
this coupling scheme, the total nuclear spin angular mom

a!Author to whom correspondence should be addressed.
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tum, I , first couples to the total electron spin angular mome
tum, S, to yield G (G5I1S), and thenG couples toN to
yield the total angular momentumF (F5N1G). Each rota-
tional level, N, splits into 2I 11 or 2S11 ~whichever is
smaller! G components, described by

EG,I ,S5~b/2!@G~G11!2I ~ I 11!2S~S11!#, ~1!

whereb is the Fermi contact constant, which is independ
of N and arises almost entirely from the singly occupiedsg

valence orbital common to all@sg(ns)#1@(ml)lg/u#1 triplet
Rydberg states. TheG components have been resolved
sub-Doppler, CW, PFOODR excitation spectra of Na2 and
7Li2 . The predicted values for the Fermi contact interact
constants,b, for all Na2 and7Li2 Rydberg states are;1

4 the
value of the Fermi contact constant of the correspond
atomic 2S ground state~for 7Li 2s 2S b5402 MHz, for
Na 3s 2S b5886 MHz!.1 This is based on the idea that the
Rydberg states are built on the M2

1 X 2Sg
1 ion-core ground

state. The experimentally determined values of the Fe
contact constants of Na2 and 7Li2 are ;210–220 MHz and
;100 MHz, respectively, which are in very good agreem
with the predicted values.

The nuclear spin of the6Li atom is 1 and the Ferm
contact constant of the 2s 2S atomic state is 152 MHz.
4 © 2002 American Institute of Physics
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Therefore it is very interesting to compare the hyperfi
splittings of the triplet states of6Li7Li with those of the
triplet states of7Li2 .

Recently, a new pair ofA 1Su
1;b 3Pu mixed levels of

6Li 7Li, A 1Su
1 (vA855, J8524);b 3Pu (vb8512, N8523,

J8524), was identified.10 These two mixed levels have bee
used as intermediatewindowlevels in the study of the triple
Rydberg states of6Li7Li by both CW and pulsed PFOODR
excitation spectroscopy.10,11 Vibronic levels of the 23Dg

state have been observed via these newwindow levels by
pulsed PFOODR excitation,10 and vibronic levels of the
1 3Dg , 2 3Pg , and 33Sg

1 states of6Li7Li have been ob-
served by CW PFOODR excitation.11 Hyperfine structure has
been resolved in the CW PFOODR excitation spectra. H
we report the hyperfine structure of the 13Dg , 2 3Pg , and
3 3Sg

1 states.

II. EXPERIMENT

The experimental setup is the same as in our previ
PFOODR fluorescence excitation study of7Li2 .5,6 Briefly,
natural isotopic abundance lithium metal was heated i
five-arm heatpipe oven. Argon gas was used as the buffer
at a pressure of 0.3–0.5 Torr, which corresponds to an o
temperature of about 1000 K in the active region of the he
pipe. In the vapor the percentage of Li2 molecules at 1000 K
is about 2.8%,12 with the composition being 85.7%7Li2 ,
0.55% 6Li2 , and 13.74%6Li7Li. Two single-mode, fre-
quency stabilized CW dye lasers~1 MHz linewidth! were
used as thepumpandprobe lasers in a counter-propagatin
geometry along the axis of the heatpipe. Thepumplaser was
operated with DCM dye and its output was 300–600 m
theprobe laser was operated with DCM dye~200–400 mW!
or R6G dye~400–600 mW!. The pump laser excited the
A 1Su

1 (vA855, J8524);b 3Pu (vb8512, N8523, J8524)
←X 1Sg

1 ~v950, J9523 or 25! transition and theprobe la-
ser frequency was scanned. PFOODR excitation signals
sociated with transitions into triplet states were detected
selectively monitoring violet fluorescence to thea 3Su

1

and/orb 3Pu states with a system consisting of various filte
~Kopp 4-9615-5615-57!, a photomultiplier tube~PMT!
~Hamamatsu R928!, and a lock-in amplifier.

III. HYPERFINE COUPLING SCHEMES
AND HAMILTONIAN

6Li 7Li is interesting because it can be considered hom
nuclear with regard to Coulomb interactions but hete
nuclear with regard to nuclear spin hyperfine interactio
The nuclear spins for6Li and 7Li are 1 and 3/2, respectively
The coupling strengths between nuclear spin and electr
angular momenta are different for6Li and 7Li. The hyperfine
coupling scheme for7Li2 is casebbS , and is illustrated in
Fig. 1~a!. In this case, the Fermi contact interactions betwe
the electron spinS and each of the nuclear spinsI7 are iden-
tical. Thus we may write HFermi contact5bI7"S1bI7"S
5bI "S, where we represent the vector sum of the t
nuclear spinsI7 and I7 as I (I71I75I ). Due to this Fermi
contact interactionI couples withS to form G, and the en-
ergies of theG components can be calculated from Eq.~1!.
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The 6Li7Li triplet states could also follow a subcase
coupling casebbS similar to that of the7Li2 triplets. This
would be represented by Fig. 1~a! with one of theI7’s re-
placed byI6 (I5I61I7 ,G5I1S,F5G1N). However, in
the case of7Li2 , the Fermi contact interactions for the tw

FIG. 1. Possible hyperfine coupling schemes for7Li 2 and 6Li7Li triplet
Rydberg states.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nuclei are identical. For6Li7Li, the Fermi contact interaction
of the 6Li nucleus is weaker than that of the7Li nucleus.
Thus the Fermi contact interaction cannot be treated in
same manner as for7Li2 ~i.e., HFermi contact5b7I7"S1b6I6"S
ÞbeffectiveI "S!. In this case, the two nuclear spins in6Li7Li
would couple as in Fig. 1~a! only if the magnetic dipole
interaction,I7"I6 , is stronger than all other nuclear spin i
teractions, including the Fermi contact interaction, for a p
ticular N level. Since that situation is unlikely, we must co
sider the alternative hyperfine coupling schemes of Figs. 1~b!
and 1~c! to describe the triplet states of6Li7Li. In Fig. 1~b!,
the7Li nuclear spin,I7 , first couples with the electronic spin
S, to giveG. G then couples with the6Li nuclear spin,I6 , to
give G1 , andG1 in turn couples toN to giveF. In Fig. 1~c!,
the 7Li nuclear spin couples with the electronic spin to gi
G. G then couples withN to give F1 , and finally, the6Li
nuclear spin couples toF1 to give the total angular momen
tum F. The actual coupling of a particular6Li 7Li electronic
state need not be in one of these pure limiting cases,
rather in an intermediate case.

The effective Hamiltonian within a particular vibration
level of a6Li7Li electronic state can be written as

H5Hrot1Hso1Hss1Hsr1Hhfs, ~2!

Hrot5BN22DN4,

rotational and centrifugal distortion energy, ~3!

Hso5AL•S,spin–orbit interaction, ~4!

Hss5 2
3l~3Sz

22S2!,spin–spin interaction, ~5!

Hsr5gN•S,spin–rotation interaction. ~6!

Matrix elements of the rotational, centrifugal distortio
spin–orbit, spin–spin, and spin–rotation interactions can
found in Kovacs.13 The triplet states of6Li7Li have nonzero
electronic spin, so the magnetic dipole terms will be t
dominant hyperfine interaction. The magnetic hyperfine
teraction Hamiltonian is given by14

Hhfs5Hhfs,71Hhfs,6, ~7!

where

Hhfs,75a7I7"L1b7I7"S1 1
3 c7~3I 7zSz2I7"S!, ~8!
Downloaded 25 Aug 2002 to 128.180.23.36. Redistribution subject to A
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Hhfs,65a6I6"L1b6I6"S1 1
3 c6~3I 6zSz2I6"S!. ~9!

Here I7 and I6 identify the nuclear spins of7Li and 6Li,
respectively, anda7 , b7 , c7 and a6 , b6 , c6 stand for the
hyperfine interaction parameters of the7Li nucleus and6Li
nucleus, respectively. The hyperfine constants are define

a5gSgNmBmN(
i

K 1

r i
3L

ave

, ~10!

b5
8p

3
gSgNmBmN(

i
^C i

2~r i50!&ave, ~11!

and

c5
3

2
gSgNmBmN(

i
K 3 cos2 u i21

r i
3 L

ave

. ~12!

In these expressionsmB and mN are the Bohr and nuclea
magnetons,gS(gS52.0023) andgN are the electron sping-
and nuclear sping-factors, respectively, andr i , u i are the
spherical polar coordinates of electroni, defined with respect
to the nucleus under consideration and the internuclear a
The termaI "L represents the nuclear spin–electron orb
angular momentum interaction,bI "S represents the Ferm
contact interaction, and thec term represents the dipola
electron spin–nuclear spin interaction.C i

2(r i50) is the elec-
tron spin density at the nucleus. The average is over all e
trons in the molecule. If the angular momenta of a group
electrons add vectorially to a resultant angular momentum
zero, as in the case of a closed shell, then their contribu
to the average magnetic field at the nucleus is zero. Hen
is necessary to take into account only the electrons in
filled orbitals. Hyperfine splitting is particularly importan
and large fors orbitals, since they penetrate most closely
the nucleus~there is no nodal plane that includes the inte
nuclear axis!. In this case, the Fermi contact term will mo
likely dominate the hyperfine structure.

We have worked out the magnetic dipole hyperfine
teraction matrix elements using basis functions appropr
to the coupling case of Fig. 1~c!. In this basis, the electronic
orbital–nuclear spin interaction matrix elements are
^LSI7G8N8F18I 6Fua7I7"L uLSI7GNF1I 6F&

5a7L~21!N1G1F11I 71S1G1I 1N82LdF18F1
AI 7~ I 711!~2I 711!~2G11!~2G811!~2N11!~2N811!

3H F1 G N

1 N8 G8
J H S G I7

1 I 7 G8
J S N8 1 N

2L 0 L
D , ~13!

^LSI7G8N8F18I 6Fua6I6"L uLSI7GNF1I 6F&

5a6L~21! I 61F12F181N1G111N82LdGG8AI 6~ I 611!~2I 611!~2F111!~2F1811!~2N11!~2N811!

3H F I 6 F18

1 F1 I 6
J H N8 F18 G

F1 N 1 J S N8 1 N

2L 0 L
D . ~14!

The Fermi-contact interaction matrix element of the7Li nucleus is
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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^LSI7G8N8F18I 6Fub7I7"SuLSI7GNF1I 6F&5
b7

2
dGG8dN8NdF1F18@G~G11!2I 7~ I 711!2S~S11!#, ~15!

and the Fermi contact interaction matrix element of the6Li nucleus is

^LSI7G8N8F18I 6Fub6I6"SuLSI7GNF1I 6F&

5b6~21! I 71I 61F12F181N1G1G81SdNN8AI 6~ I 611!~2I 611!~2F111!~2F1811!~2G11!~2G811!S~S11!~2S11!

3H F F18 I 6

1 I 6 F1
J H G8 F18 N

F1 G 1 J H S G8 I 7

G S 1 J . ~16!

The electronic spin–nuclear spin dipolar interaction matrix elements are

^LSI7G8N8F18I 6Fuc7I 7zSzuLSI7GNF1I 6F&

5c7

A30

3
~21!N1G81F11N82LdF1F18

AI 7~ I 711!~2I 711!~2G11!~2G811!S~S11!~2S11!~2N11!~2N811!

3H F1 G8 N8

2 N G J H S S 1

I 7 I 7 1

G8 G 2
J H S G I7

G8 S 1 J S N8 2 N

2L 0 L
D , ~17!

and

^LSI7G8N8F18I 6Fuc6I 6zSzuLSI7GNF1I 6F&

5c6

A30

3
~21! I 61F181F1I 71S1G81N82L

3AI 6~ I 611!~2I 611!~2F1811!~2F111!~2G811!~2G11!S~S11!~2S11!~2N11!~2N811!

3H F1 I 6 F

I 6 F18 1J H G G8 1

N N8 2

F1 F18 1
J H S G I7

G8 S 1 J S N8 2 N

2L 0 L
D . ~18!
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In these expressions, the brackets

S " " "

" " " D ,H " " "

" " "J , and H " " "

" " "

" " "
J

represent 3-j , 6-j and 9-j symbols, respectively.
Diagonalization of the full Hamiltonian matrix, includ

ing all terms listed in Eq.~2!, yields the energies of hyperfin
levels in intermediate as well as limiting case coupli
schemes. Here we report the full set of magnetic dipole m
trix elements evaluated in the Fig. 1~c! basis as an aid to
future workers when higher resolution spectra become av
able. However, for our purposes it appears that terms inv
ing the 6Li nuclear spin, as well as the electron orbita
nuclear spin and electron spin–nuclear spin dipo
interactions of the7Li nucleus do not contribute to structur
we are able to resolve with our current experimental se
~see Results!.

IV. RESULTS

The energy separation between theA 1Su
1 ~vA855, J8

524! and b 3Pu ~vb8512, N8523, J8524! mixed levels is
0.225 cm21.10 The Doppler linewidth~FWHM! of 6Li7Li
Downloaded 25 Aug 2002 to 128.180.23.36. Redistribution subject to A
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transitions at 1000 K is about 0.1 cm21. Thus, when the
pumplaser is held fixed to the center of the Doppler profi
of the b 3Pu (vb8512, N8523, J8524)←X 1Sg

1 ~v950,
J9523 or 25! transition, not only does it excite all hyperfin
components of theb 3Pu ~vb8512, N8523, J8524! level
~different velocity projections along the laser propagation
rection are resonant with thepumplaser for each of the dif-
ferent hyperfine components!, but also it simultaneously ex
cites theA 1Su

1 ~vA855, J8524! level. It has been shown in
Refs. 5, 6, and 15 that when thepump and probe lasers
co-propagate, the hyperfine structures of both the interm
ate and upper levels contribute to the observed structur
the probe laser excitation spectrum. However, when t
pump and probe lasers have comparable frequencies a
counter-propagate through the vapor, as in the present
periment, then the Doppler shifts from the two lasers mos
cancel, and the observed splittings of the OODR excitat
lines reflect the hyperfine structure of the upper triplet Ry
berg states only.15

A. The 3 3Sg
¿ state

The Li2 3 3Sg
1 state has the electronic configuratio

@sg(2s)#1@(4s)sg#1. The 6Li2 3 3Sg
1 state was first ob-

served by CW PFOODR excitation spectroscopy.16 No HFS
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. The splitting of the 33Sg
1 (v56, N523)

←b 3Pu (vb8512, N8523, J8524) PFOODR hyper-
multiplet. The probe laser power was reduced to;1
mW in order to reduce power broadening.
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was resolved. The7Li2 3 3Sg
1 state was observed by CW

PFOODR excitation with resolved HFS.5 Using the accu-
rately calculable reduced masses for the three6Li2 , 7Li 2 , and
6Li7Li isotopomers, the term values of the6Li7Li 3 3Sg

1 vi-
bronic levels can be calculated from the 33Sg

1 state con-
stants of6Li 2 or 7Li2 . Five vibrational levels,v53 – 7, of the
6Li7Li 3 3Sg

1 state have been observed.11 Transitions from a
single b 3Pu(vb8 , N8, J85N811) level into one 33Sg

1 vi-
brational level should consist of two rotational lines~N
5N812←N8 and N5N8←N8!, but only theN5N8←N8
component was observed in our spectra. TheN5N812
←N8 line is predicted to be almost 4 orders of magnitu
weaker than theN5N8←N8 line according to intensity
calculations.13

The PFOODR excitation line into the6Li7Li 3 3Sg
1 (v

56, N523) level is shown in Fig. 2. Observed transitio
into the N523 level of other vibrational states show th
same hyperfine splitting. The spectrum contains three m
components. The weak component at lowest frequency c
sists of two partially resolved peaks. The middle compon
is narrower and displays no resolvable structure. The c
ponent at highest frequency is broader and exhibits u
solved structure.

From the free atom values we know that the Fermi c
tact interaction of the7Li nucleus is much stronger than th
of the 6Li nucleus. Therefore the hyperfine splitting will b
dominated by the Fermi contact interaction of the7Li nucleus
if either coupling scheme, shown in Figs. 1~b! or 1~c! are
valid. In either of these casesI 753/2, S51, and therefore
G55/2, 3/2, 1/2, and the energies can be calculated from
expression

DE~G11, G!5E~G11, I 7 , S!2E~G, I 7 , S!

5b7~G11!. ~19!

The main component splittings are therefore predicted to
(5/2)b7 and (3/2)b7 . The measured separations are 0.2
GHz and 0.167 GHz, respectively, and the ratio of the se
rations~1.66! agrees well with this prediction. The absolu
magnitude of the splittings yieldsb75111 MHz for the
Fermi contact constant of the interaction between the7Li
Downloaded 25 Aug 2002 to 128.180.23.36. Redistribution subject to A
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nucleus and the electronic spin, in good agreement wit
simple prediction based on the Fermi contact constant of
7Li ground state atom~see Discussion!.

Alternatively, we note that the nuclear spins of6Li and
7Li are 1 and 3/2, respectively. Thus if the hyperfine coupli
scheme is that of Fig. 1~a!, then we should still observe 3
main components~I 55/2, 3/2, and 1/2! and the splittings
should be 5/2 and 3/2 times theI 7"I 6 interaction constant.
However, for this scheme to be valid, theI 7"I 6 interaction
must be much stronger than theI 7"S Fermi contact interac-
tion. On theoretical grounds, we believe this is unlikely$the
I 7"I 6 interaction strength should be comparable to the dipo
electron spin–nuclear spin interaction@the ‘‘c term’’ in Eqs.
~8! and~9!# which we know is negligible%. Moreover, in this
Fig. 1~a! coupling scheme, the primary splittings~due to the
I7•I6 interaction! should be much larger than those predict
from the I 7"S Fermi contact term. Since we have just dem
onstrated that the primary splittings are consistent with
Fermi contact interaction, we reject the coupling scheme
Fig. 1~a!.

Now the question is: which of the remaining couplin
cases, Figs. 1~b! or 1~c!, best describes the coupling for th
6Li7Li 3 3Sg

1 state? IfI 6 couples toG „G5I 71S… beforeN
@Fig. 1~b!#, theG1 components will exhibit the splittings,

G51/2, I 651, G153/2, 1/2,

G53/2, I 651, G155/2, 3/2, 1/2,

G55/2, I 651, G157/2, 5/2, 3/2.

However, if N couples toG before I 6 @Fig. 1~c!#, the F1
components will split according to the following scheme:

G51/2, F15N11/2, N21/2,

G53/2, F15N13/2, N11/2, N21/2, N23/2,

G55/2, F15N15/2, N13/2, N11/2, N21/2,

N23/2, N25/2.

In Fig. 2, theG51/2 peak splits into two partially resolve
components; theG53/2 peak exhibits no resolvable spli
ting; and theG55/2 peak exhibits 5 slightly resolved com
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. The splitting of the 13Dg (v54, N
5 22, 23, 24)← b 3Pu (vb8 5 12, N8 5 23, J8 5 24)
PFOODR hypermultiplet. The probe laser pow
was reduced to;1 mW in order to reduce power
broadening.
t
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ponents. These components do not appear to be noise as
were always present when we repeated the scan many ti
This suggests that the 33Sg

1 state follows the coupling cas
shown in Fig. 1~c! rather than that shown in Fig. 1~b! since
the Fig. 1~b! coupling scheme yields only 3 componen
within the G55/2 peak. Our attempts to obtain the spin
spin, spin–rotation, and/or the6Li Fermi contact parameter
from simulations of the current spectra have failed beca
this substructure is not sufficiently well resolved. Howev
the Fermi contact constant for the6Li nucleus in the6Li7Li
molecule triplet Rydberg states can be estimated to be1

4 of
the Fermi contact constant of the6Li atomic ground state,
i.e., b6'38 MHz.
Downloaded 25 Aug 2002 to 128.180.23.36. Redistribution subject to A
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B. The 1 3Dg state

The 13Dg state of6Li 2 was observed by Xie and Fiel
with sub-Doppler resolution.16 No HFS was resolved. The
1 3Dg state of 7Li 2 was observed by sub-Doppler, CW
PFOODR excitation spectroscopy with resolved HFS.4,17

Transitions from an intermediateb 3Pu level into the 13Dg

state consist ofDN5DJ50, 61 Q, P, andR lines. The term
values of the 13Dg levels of 6Li 7Li can be calculated from
the 6Li2 or 7Li2 constants. Three vibrational levels,v
52 – 4, have been observed with resolved HFS.

Figure 3 shows transitions to the three rotational leve
N522, 23, and 24 of the6Li7Li 1 3Dg v54 vibrational
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. The hyperfine splitting of the 23Pg (v54,
N 5 22, 24 )← b 3Pu ( vb8 5 12 , N85 23, J85 24 )
PFOODR hypermultiplet. The probe laser power w
reduced to;1 mW in order to reduce power broaden
ing.
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level. The three lines exhibit the same basic hyperfine st
ture as the 33Sg

1 lines; each rotational line splits coarse
into three components; the one at lowest frequency has
partially resolved components; the middle one is narrow
and exhibits no splitting; the one at highest frequency ha
partially resolved components. The Fermi contact constan
the 7Li nucleus,b75107 MHz, has been calculated from th
measured intervals. The Fermi contact constant of the6Li
nucleus,b6 , and other small parameters, could not be de
mined at our resolution.

C. The 2 3Pg state

The 23Pg state of6Li 2 and 7Li2 was observed by sub
Doppler, CW PFOODR spectroscopy.16,18 The 23Pg state
dissociates adiabatically to the 2p12p atomic limit. Ab ini-
tio calculations show that its electronic configurati
changes with internuclear distance: at smallR, it is a Ryd-
berg state; atR'Re , it has 60% Rydberg character; at larg
internuclear distance,R'`, it becomes a doubly excite
state.18

The HFS of the7Li2 2 3Pg state has been resolved.6 The
Fermi contact constant of this 23Pg state is 60 MHz, rather
than 100 MHz as found for the3Dg , 3Sg

1 , 3 3Pg , and
b 3Pu states. The smaller value of the Fermi contact cons
reflects the@su(np)#1@pu(np)#1 doubly excited character o
the 23Pg state. The pure doubly excited state, 13Sg

2 , be-
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longs to the@pu(np)#1@pu(np)#1 configuration and its HFS
is not resolvable with sub-Doppler resolution in a heatp
oven.

Electronic transitions from a case~b! b 3Pu intermediate
level to a particular vibrational level of a case~b! 2 3Pg state
consist ofP andR lines and a weakQ line. In our PFOODR
excitation spectra of6Li 7Li, the Q line is about 250 times
weaker than theP and R lines. Figure 4 shows the HFS o
the 23Pg v54, N522 and 24 levels. The hyperfine splittin
pattern of these lines is quite different from those of t
3 3Sg

1 and 13Dg states. We cannot offer an explanation
these6Li7Li 2 3Pg state hyperfine splittings at the prese
time.

V. DISCUSSION

As we have pointed out, the dominant hyperfine inter
tion of 7Li2 triplet states is the Fermi contact interaction.
Li et al.1 estimated the Fermi contact constants of the trip
Rydberg states of H2 , 7Li 2 , and Na2 , which are all built on
the M2

1 X 2Sg
1 ion-core ground state with electronic config

ration @sg(ns)#1 ~n51, 2, and 3 for H2 , 7Li 2 , and Na2 ,
respectively!. To do so they used a simple model assum
that thesg(ns) molecular orbital is given by the primitive
linear combination of atomic orbitals ~LCAO!,
(2)21/2@ unsA&1unsB&]. They predicted that the Fermi con
tact interaction constants,b, for all H2 , 7Li 2 , and Na2 triplet
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Rydberg states are;1
4 the value of the Fermi contact con

stant of the corresponding atomicns2S ground state. A fac-
tor of 1

2 from the normalization of thesg(ns) valence mo-
lecular orbital @the probability of finding the electron a
nucleus 1 insg(ns) is half that of finding it at the free atom
nucleus in thens2S state# and another factor of12 due to the
fact that only one of the twos5 1

2 electrons that make up th
total electron spinS51 in the molecule occupies a give
spin–orbital, combine to produce the overall factor of 1
The agreement between observedb values~;100 MHz for
7Li2 and 210–220 MHz for Na2! and the predictedb values
~101 MHz for 7Li2 and 221 MHz for Na2! is quite good for
7Li2 and Na2 and slightly worse for H2 ~where the predicted
b value is 355 MHz and the observed value is 450 MHz!.19,20

For a heteronuclear molecule~for example different iso-
topomers and mixed alkali diatomics!, however, the situation
is different. The Fermi contact interaction of the7Li nucleus
is stronger than that of the6Li nucleus by a factor of 2.6. In
6Li7Li triplet states, the Fermi contact interaction of the7Li
nucleus should be the same as that for the correspon
triplet state of the7Li2 isotopomer because the electron
wave functions of different isotopomers are nearly identic
In other words, the density of the@sg(2s)# valence orbital at
the 7Li nucleus in6Li7Li should be the same as it is in7Li2

for the same electronic state. The Fermi contact interac
of the 6Li nucleus in the6Li7Li triplet states is weaker than
that of the7Li nucleus and the hyperfine splitting is therefo
dominated by the Fermi contact interaction of the7Li
nucleus. More importantly, in7Li2 the Fermi contact interac
tions of the two nuclei are identical and the coupling sche
of Fig. 1~a! must be used. For6Li7Li triplet states, either the
coupling scheme of Fig. 1~b! or that of Fig. 1~c! is valid. In
either case the HFS patterns will be quite different fro
those of7Li2 .

The hyperfine interaction scheme for the6Li7Li triplet
states is very similar to the HFS exhibited by the NaK 43S1

state.21 Other NaK triplet states follow casebbJ

coupling.15,22–26However, for all NaK triplet states studie
so far, the Fermi contact interaction of the Na nucleus pl
the dominant role. The Fermi contact interaction of the
nucleus in NaK, however, is larger than that in the Na2 triplet
Rydberg states: in NaKbNa5333 MHz; in Na2 , bNa

5220 MHz. This means that in those NaK triplet Rydbe
states studied so far the density of thes valence orbital at the
Na nucleus is not only higher than that at the K nucleus,
higher than that in the Na2 triplet Rydberg states.

When more than ones valence orbital is singly occu
pied, the Fermi contact interaction will be stronger than t
of the X 2Sg

1-core triplet Rydberg states. Thea 3Su
1 state of

Na2 is a repulsive state with a shallow well atRe55.09 Å.27

It has the configuration@sg3s#1@su3s#1. The Fermi contact
constant of thea 3Su

1 state is 293 MHz,28 rather than 220
MHz, because it has two unpaired electrons ins orbitals, one
in sg and one insu . The a 3S1 state of NaK also has a
larger Fermi contact constant, 420 MHz,29,30 compared to
330 MHz found for the NaK triplet Rydberg states.

When a Rydberg state is ionized, a ground state
forms. The ion ground state,X 2Sg

1 , only hasone valence
sg(ns) electron. The factor of 1/2~only one of the twos
Downloaded 25 Aug 2002 to 128.180.23.36. Redistribution subject to A
.

ng

l.

n

e

s
a

t

t

n

51/2 electrons that make up the total electron spinS51 in
the molecule occupies a given spin–orbital for Rydbe
states! no longer applies. Thus a Fermi contact constant t
is a factor of 2 larger than that for the triplet Rydberg sta
is expected for the ground state ions. This has indeed b
found to be the case by observation of the hyperfine cons
of H2

1 ; the Fermi contact constant of H2
1 is 923 MHz,31

while that of the triplet Rydberg states is 450 MHz.

VI. CONCLUSIONS

Hyperfine structure of the6Li7Li 1 3Dg , 2 3Pg , and
3 3Sg

1 states has been resolved and analyzed. The hype
splitting of the 13Dg and 33Sg

1 states arises predominant
from the Fermi contact interaction between the7Li nuclear
spin and thesg(2s) valence electron. The Fermi conta
constants of the 33Sg

1 and 13Dg states areb75110 and 107
MHz, respectively. Additional splittings due to the spin
spin, spin–rotation, and/or Fermi contact interaction of
6Li nucleus were not resolved. The 23Pg state exhibits
a different coupling scheme due to its doubly excited ch
acter.

The Fermi contact interactions in homonuclear alk
molecules, different isotopomers, and heteronuclear alkal
atomics have been discussed. For different isotopomers
electronic wave functions of corresponding states are ne
identical. The Fermi contact interaction of each nucleus
the same as in its homonuclear dimer. In a heteronuc
molecule like NaK the valences orbital is essentially differ-
ent than in Na2 or K2 . For NaK, there should be comple
mentary pairs of states with one member of each pair hav
its valences orbital polarized towards the Na nucleus a
the other having its valences orbital polarized towards the K
nucleus. For the first type, the Fermi contact term involvi
the Na nucleus dominates the hyperfine structure, but
Fermi contact constant is larger than that in Na2 .

Finally, when the two unpaired electrons occupy twos
valence orbitals, as for example in the Na2 a 3Su

1 state, the
Fermi contact interaction is stronger than in the case wh
only ones valence orbital is singly occupied. A ground sta
ion, however, has twice the Fermi contact constant as
Rydberg states because in the former case the Rydberg
tron is not present to reduce the Fermi contact interac
constant by a factor of 2.
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