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The Na2 43P g state has been studied by continuous-wave (cw) perturbation-facilitated optical–optical double resonanc
(PFOODR) fluorescence excitation and resolved fluorescence spectroscopy. The absolute vibrational numbering was de
mined by resolved fluorescence to thea3S u

1 state. The OODR excitation lines of the 43P g (v, N) 4 b3P u (v9b, J9) ; A1S u
1

(v9A, J9) 4 X1S g
1 (v0, J0) transitions show hyperfine splittings, and the hyperfine coupling scheme of the upper 43P g levels

is casebbS. Although this 43P g state dissociates to the 3p 1 3p atomic limit, it is a Rydberg state at a small internuclear
distance, and the hyperfine splitting is caused mainly by the Fermi contact interaction of thes g3s valence electron with the
nuclei. The Fermi contact constant was determined to bebF 5 218.36 3.9 MHz. © 1999 Academic Press
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INTRODUCTION

The 43P g state of Na2 has been observed recently by Liuet
l. (1) using pulsed perturbation-facilitated optical–opt
ouble resonance (PFOODR) spectroscopy. Since its dev
ent in 1983 (2), this method has proven to be a very powe
xperimental tool in the spectroscopy of triplet states of a
iatomic molecules. Most PFOODR experiments are base

wo-step consecutive excitation and resolved fluorescen
timulated emission pumping (SEP), starting from various
ls of the thermally populated ground state. Since the gr
tate of all alkali dimers is of1S g

1 symmetry, transitions int
riplet states are generally forbidden by the spin selection
he PFOODR method is based on the existence of mut
erturbed levels of theA1S u

1 andb3P u states. Because of t
pin–orbit interaction, each of the two partners acquires
inglet and triplet character and thus can serve as a “gate
3, 4) or “window” (5–8) level through which higher excite
riplet states can be reached. TheA1S u

1 ; b3P u perturbation
as been studied experimentally and theoretically, and m
ixed levels of Na2 have been identified (9). We used th
1S u

1 (v 5 26) ; b3P u (v 5 28) window levels to study th
3P g state.
Observation of the hyperfine structure of the triplet st

an provide information about the electronic structure, w
n turn can be used for configuration assignment. Although
issociation behavior can be obtained fromab initio calcula-

ions (10, 11), the configurational character might change w
nternuclear distance. This complicated evolution can be
owed by studying the hyperfine structure of electronic stat

1 To whom all correspondence should be addressed.
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ntermediate internuclear distances. With the developme
arrowband lasers, it has become possible to observ
yperfine splitting in the excited states of various alkali
tomic molecules with great accuracy. The hyperfine stru
f the 23P g, 33P g (12, 13), 13D g (14), 43S g

1 (15), 23D g (16),
ndb3P u (17, 18) states of Na2, and the 23S g

1, 33S g
1, 43S g

1

19, 20), b3P u, 23P g, 33P g (21), and 13D g (8, 20) states o
7Li 2 has been resolved by cw PFOODR spectroscopy.

In this paper we report on our new experimental data w
llow us to determine the absolute vibrational numbering
yperfine structure of the 43P g state of Na2.

EXPERIMENTAL

The experimental setup has been reported previously (4, 9).
odium vapor was generated in a heat-pipe oven. Argon b
as was used at 1-2 Torr pressure, causing the heat p
perate at a temperature of about 500°C. Two single-m

requency-stabilized cw dye lasers were used to provide c
erpropagating PUMP and PROBE beams, overlapped a
enter of the heat pipe. Laser-induced fluorescence (LIF)2
as used to calibrate the PUMP and PROBE laser freque

22). The PUMP laser was operated with R6G dye and
requency wasfixed on a particularb3P u (v9b, V9, J9) ; A1S u

1

v9A, J9) 4 X1S g
1 (v0, J0) transition. The PROBE laser w

canned in the 18 300–18 800 cm21 frequency range (Py
omethene 556 dye) to provide a second excitation step
he intermediate levels to the 43P g (v, N) levels. The OODR
ransitions were detected by monitoring the strong collis
nduced violet 23P g3 a3S u

1 fluorescence in the side directi
23) using a filtered PMT/lock-in system. A combination
0022-2852/99 $30.00
Copyright © 1999 by Academic Press
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260 LAZAROV ET AL.
hree filters was used, and the maximum transmission was
t 420 nm, falling to;1% atl . 470 nm andl , 360 nm.
ith the PUMP and PROBE laser frequencies held fixed

articular 43P g (v, N) 4 b3P u (v9b, J9) ; A1S u
1 (v9A, J9) 4

1S g
1 (v0, J0) OODR transition, the total 43P g (v, N) 3

3S u
1 fluorescence emerging from the opposite side windo

he heat-pipe oven was dispersed with a double grating m
hromator (SPEX 1404) and detected with another PMT
rating in the photon-counting mode.

RESULTS AND DISCUSSION

From the mixed intermediate levelb3P u (v9b, J9) ; A1S u
1

v9A, J9), both singlet and tripletgeradestates can be excite
e observed the 43P g, 43S g

1, 23D g, and 61S g
1 states in th

5 800–36 400 cm21 energy region above the potential mi
um of the ground state. All these states have been previ
bserved (1, 15, 16, 24).

3Pg 3 a3Su
1 Resolved Fluorescence: Absolute Vibration

Numbering of the 43Pg State

The OODR signals we report in this work were observe
onitoring the violet fluorescence while scanning the PRO

aser frequency. To distinguish transitions into triplet st
rom those into singlet states, we recorded OODR excita
pectra via both mutually perturbed mixed intermediate le
he OODR signals into triplet states are stronger through

ntermediate level with predominantly triplet character t
hrough the other member of the mutually perturbing inter
iate level pair with predominantly singlet character, and
ersa. This technique of triplet vs. singlet assignment is i
rated in Fig. 1. Spectrum (b) was recorded with the PU
aser frequency held fixed to theb3P 1u (v9 5 28, J9 5 22)4

1S g
1 (v0 5 2, J0 5 21) transition. Spectrum (a) w

ecorded with the PUMP laser exciting theA1S u
1 (v9 5 26, J9

22) level which is the predominantly singlet member of
ame mixed singlet–triplet intermediate pair. Scan (c) is i
ical to (b) except that it was recorded at 0.95 Torr, dem
trating the improved signal-to-noise ratio at lower press
learly, the signal at 36 240.527 cm21 is due to a transition int
triplet state [assigned as 43P g (v 5 12, N 5 21)], while the

ine at 36 240.613 cm21 represents a transition into a sing
tate [assigned as 31P g (v 5 25, J 5 22); seealso Ref. (24)].
The OODR data for the 43Pg state is summarized in Table

igure 2 shows the bound-free portion of the reso
uorescence from the 43P g (v 5 12, N 5 23) level, with
erm valueT(v, N) 5 36 249.760 cm21, to thea3S u

1 state
he fluorescence belowl 5 3308 Å corresponds to transitio

nto the bound levels of thea3S u
1 state (not resolved in o

pectrum). The PUMP and PROBE laser frequencies were
xed on the 43P g (v 5 12, N 5 23) 4 b3P u (v9 5 28,
9 5 22) 4 X1S g

1 (v0 5 2, J0 5 21) transitions (nPUMP 5
Copyright © 1999 by
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FIG. 1. Singlet vs. triplet assignment: the energy region near 36 2
m21 was probed via (a) the predominantly singletA1S u

1 (v9 5 26,
9 5 22) level, and (b) the predominantly tripletb3P u (v9 5 28, J9 5 22)
evel. Both scans (a) and (b) were recorded with an argon buffe
ressure of 1.8 Torr. Scan (c) is identical to (b) except that it was reco
t 0.95 Torr, demonstrating the improved signal-to-noise ratio at l
ressures.
Academic Press
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26143P g STATE OF Na2: v-NUMBERING AND HFS
7 127.297 cm21, nPROBE 5 18 658.903 cm21). The presence o
3 peaks (12 nodes) indicates that the correct vibrational q

um number of this upper 43P g level is v 5 12.

yperfine Structure of the 43Pg State

Each23Na nucleus has a nuclear spin quantum number o
Fermi statistics). Therefore the nuclear spin quantum nu
f the Na2 molecule can take valuesI 5 3, 2, 1, and 0. Sinc

he total wavefunction (including nuclear spin) has to be a
ymmetric for nuclei of half-integer spin (25), a symmetric
otational level (the even-numbered rotational levels of

1S g
1 state and the odd-numbered rotational levels of

1S u
1 state) can only have antisymmetric nuclear spin w

unctions (namelyI 5 2, 0), and an antisymmetric rotation
evel (the odd-numbered rotational levels of theX1S g

1 state and
he even-numbered rotational levels of theA1S u

1 state) can
nly have symmetric nuclear spin wavefunctions (namelyI 5
, 1). Since the rotational wavefunction symmetric7 symmetric
ntisymmetric7 antisymmetric, and antisymmetric4/3
ymmetric selection rules hold rigorously for both pertu
ions and dipole-allowed transitions, the even- (odd) numb
otational levels of theb3P u state perturbed by theA1S u

1 state

TAB
PFOODR Excitation Da
Copyright © 1999 by
n-
re antisymmetric (symmetric) and the 43P g rotational levels
bserved via even- (odd) numbered intermediate rotat

evels are also antisymmetric (symmetric). All the 43P g levels

1
for the Na2 43Pg State
LE
ta
/2
er

i-

e
e
-

-
d
FIG. 2. 43Pg (v 5 12,N 5 23)3 a3Su

1 resolved fluorescence. The prese
f 13 peaks (12 nodes) in the bound-free fluorescence spectrum indicates
ibrational quantum number of the upper 43Pg level isv 5 12.
Academic Press
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262 LAZAROV ET AL.
tudied in the present work were observed via even-J9 ( J9 5
6, 22, 28),e-parity, a-symmetry intermediate levels.
For Rydberg triplet states of Na2, the most significant term

n the hyperfine Hamiltonian is the Fermi contact interac
etween the nuclei and thes g3s electron (26), bFI z S, where
F is the Fermi contact parameter (constant). All triplet R
erg states of the Na2 molecule that have been observed, ex

he 23P g and 33P g states, follow the casebbS hyperfine
oupling scheme, in which the electronic spinS couples to th
uclear spinI to yieldG (G 5 S1 I ), andG is a good quantum
umber. (Note thatG, in turn, couples toN to form the tota
ngular momentumF; F 5 G 1 N.) The eigenenergies in th
asebbS coupling scheme are given by

EG,I ,S 5 ~bF/ 2! @G~G 1 1! 2 I ~I 1 1! 2 S~S1 1!#. [1]

The 43P g state follows Hund’s case b coupling and

FIG. 3. OODR excitation lines of the 43P g (v 5 12)4 b3P 1u (v9 5 28
s a transition into a singlet level, assigned as 31P g (v 5 25, J 5 22) (comp
he transitions involved. Note, however, thatJ is not a good quantum num
tructure (i.e.,J 5 N 1 S).
Copyright © 1999 by
n

-
t

ntermediateb3P u state is between case a and case b. Thus
otational lines,N 5 J9 2 2, J9 2 1, J9, J9 1 1, J9 1 2 4
9 (O, P, Q, R, andS lines), are expected. Figure 3 shows
ve lines of the 43P g (v 5 12)4 b3P 1u (v9 5 28, J9 5 22)
ransition. If the 43P g state follows the casebbS hyperfine
oupling scheme, there will be sixG(5I 1 S, I 1 S 2
, . . . , I 2 S) components within everyN level: G 5 4, 3,
for I 5 3, andG 5 2, 1, 0 for I 5 1 (in Ref. (12) it is

hown that theG 5 3, I 5 3 component overlaps in ener
ith the G 5 1, I 5 1 component, and therefore only fi
istinct hyperfine components should be observable in
otational line). The OODR excitation lineshapes for tra
ions into the 43P g state are very similar to those previou
bserved for transitions into the 13D g, 23D g, and 43Sg

1 Ryd-
erg states of Na2 (14–16). In Fig. 4 we compare signals f

he 43P g (v 5 12, N 5 26) and 23D g (v 5 25, N 5 22)
evels, excited viab3P 0u (v9 5 28, J9 5 28) andb3P 1u (v9

5 22) transition. The sharp line on the right-hand side of theN 5 21 pane
to Fig. 1c). The schematic energy level diagram gives a simplified pic

for the 43P g state. TheJ values in the figure are based on neglect of hype
, J9
are

ber
Academic Press
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26343P g STATE OF Na2: v-NUMBERING AND HFS
28, J9 5 22) intermediate levels, respectively. Clearly,
wo spectra show the same pattern, suggesting that the
pper states have the same coupling scheme. The 23D g state

ollows the casebbS hyperfine coupling scheme (16). There-
ore, it is reasonable to characterize the 43P g state with the
amebbS coupling case.
The energies of the 43P g level hyperfine components,EG,I ,S,

an be calculated from Eq. [1] and areE4,3,1 5 3bF, E3,3,1 5

1,1,1 5 2bF, E2,3,1 5 24bF, E2,1,1 5 bF, E0,1,1 5 22bF. Thus
he energy differences between the hyperfine componen
from lower to higher energy) 2bF, bF, 2bF, 2bF; the secon

FIG. 4. PFOODR excitation spectra of (a) the 43Pg (v 5 12, N 5 26)4
3P0u (v9 5 28,J9 5 28) and (b) the 23Dg (v 5 25,N 5 22)4 b3P1u (v9 5 28,
9 5 22) transitions. In (a) the hyperfine components are labeled by theG, I, S
uantum numbers.
Copyright © 1999 by
wo

are

eak being very weak. The hyperfine splitting of theb P 1u

tate is unresolvable at a resolution of 15 MHz (17). Theb3P 0u

nd b3P 2u states have larger magnetic hyperfine splittin
owever, in the counterpropagating PUMP and PROBE
eometry used in this work, the Doppler shift of the differ
yperfine structure components of the intermediate state i

he most part, canceled (12, 27), and the hyperfine structure
he OODR signals in Figs. 3 and 4 is mainly due to the u
evel splitting. The value of the Fermi contact paramete

easured from 10 experimental OODR spectra with w
esolved hyperfine structure (based on the 2bF, bF, 2bF, 2bF

attern described above) isbF 5 218.3 6 3.9 MHz. This
alue is in excellent agreement with the one predicted
i Li et al. (14):

bF~4
3Pg, Na2! 5 ~1/4!bF~3

2S, Na! 5 221.5MHz,

herebF(3
2S, Na)5 886 MHz for the free atom2S ground

tate (28).
Although ab initio calculation predicts that the 43Pg state

issociates adiabatically to the 3p 1 3p atomic limit, it has a
ydberg character at a smaller internuclear distance (1, 11). The

act that the 43Pg state follows casebbS hyperfine coupling and i
yperfine constant is similar to other Na2 Rydberg triplet state

ndicates that this state has asg3s valence orbital character a
herefore can be classified as a Rydberg state in the ran
nternuclear separations probed by this experiment.

SUMMARY

The 43Pg state of Na2 has been studied by cw PFOOD
pectroscopy. The absolute vibrational numbering has been
ined. The hyperfine structure of the 43Pg state has also be
easured, and the Fermi contact parameter has been report

asebbS hyperfine coupling scheme and 218 MHz Fermi con
onstant indicate that the 43Pg state can be classified as a Rydb
tate in our observation region, although it adiabatically dis
tes to the 3p 1 3p atomic limit.
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