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The Na 4°l1, state has been studied by continuous-wave (cw) perturbation-facilitated optical—optical double resonance
(PFOODR) fluorescence excitation and resolved fluorescence spectroscopy. The absolute vibrational numbering was deter-
mined by resolved fluorescence to @&, state. The OODR excitation lines of thél#, (v, N) < bIl, (v, J') ~ A3,

(v, J) < X2 4 (v”, J") transitions show hyperfine splittings, and the hyperfine coupling scheme of the uppgletels

is caseb,s. Although this 411, state dissociates to thep3+ 3p atomic limit, it is a Rydberg state at a small internuclear
distance, and the hyperfine splitting is caused mainly by the Fermi contact interactioncf3thealence electron with the
nuclei. The Fermi contact constant was determined tbde 218.3+ 3.9 MHz. © 1999 Academic Press

INTRODUCTION intermediate internuclear distances. With the development
s ~narrowband lasers, it has become possible to observe f
The 411, state of Na has been observed recently by I8t hyperfine splitting in the excited states of various alkali di
al. (1) using pulsed perturbation-facilitated optical—opticaliomic molecules with great accuracy. The hyperfine structu
double resonance (PFOODR) spectroscopy. Since its develgphe 211, 310, (12, 13, 1°A, (14), 4°3; (15), 2°A, (16),
ment in 19832), this method has proven to be a very powerfllnq h°[1, (17, 19 states of Ng and the 35, 3%, 4%,
experimental tool in the spectroscopy of triplet states of aqu[[g, 20, b’M,, 2°I,, 3°I1, (21), and £A, (8, 20 states of
diatomic molecules. Most PFOODR experiments are based M, has been resolved by cw PFOODR spectroscopy.
two-step consecutive excitation and resolved fluorescence ofp this paper we report on our new experimental data whic
stimulated emission pumping (SEP), starting from various le}tiow us to determine the absolute vibrational numbering ar

els of the thermally populated ground state. Since the grounyperﬁne structure of the*sll, state of Na.
state of all alkali dimers is of2; symmetry, transitions into

triplet states are generally forbidden by the spin selection rule.

The PFOODR method is based on the existence of mutually EXPERIMENTAL

perturbed levels of th&', | andb’ll, states. Because of the

spin—orbit interaction, each of the two partners acquires bothThe experimental setup has been reported previodsIg)(

singlet and triplet character and thus can serve as a “gatew&Pdium vapor was generated in a heat-pipe oven. Argon buff

(3, 4) or “window” (5-8) level through which higher excited 9a8s was used at 1-2 Torr pressure, causing the heat pipe

triplet states can be reached. TA&, ~ b’Il, perturbation ©OpPerate at a temperature of about 500°C. Two single-moc

has been studied experimentally and theoretically, and mdf§duency-stabilized cw dye lasers were used to provide cou

mixed levels of Na have been identified9]. We used the terpropagating PUMP and PROBE beams, overlapped at t

A'S! (v = 26) ~ b1, (v = 28) window levels to study the center of the heat pipe. Laser-induced fluorescence (LIF) of

4°T1, state. was used to calibrate the PUMP and PROBE laser frequenc
Observation of the hyperfine structure of the triplet statéd2). The PUMP laser was operated with R6G dye and it

can provide information about the electronic structure, whidfeauency wasixed on a particulab®IT, (vi, Q', ') ~ A%}

in turn can be used for configuration assignment. Although théx, J') < X% (v, J") transition. The PROBE laser was

dissociation behavior can be obtained frain initio calcula- Scanned in the 18 300-18 800 cimfrequency range (Py-

tions (10, 11, the configurational character might change witfFPmethene 556 dye) to provide a second excitation step fra

internuclear distance. This complicated evolution can be fdhe intermediate levels to theéd, (v, N) levels. The OODR

lowed by studying the hyperfine structure of electronic statestEnsitions were detected by monitoring the strong collisior
induced violet ﬁﬂg — a%3,; fluorescence in the side direction

! To whom all correspondence should be addressed. (23) using a filtered PMT/lock-in system. A combination of
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260 LAZAROV ET AL.

three filters was used, and the maximum transmission was 65% 4000
at 420 nm, falling to~1% atA > 470 nm andx < 360 nm.

With the PUMP and PROBE laser frequencies held fixed on @
particular £11, (v, N) < b°II, (v}, J') ~ A3 (Vi J') < 5 aoot
X34 (v’, J') OODR transition, the total 4I, (v, N) —» &
a3, fluorescence emerging from the opposite side window oﬁ
the heat-pipe oven was dispersed with a double grating mon&: 2000 |-
chromator (SPEX 1404) and detected with another PMT op‘g
erating in the photon-counting mode.

101 (v=25, J=22
(a) 1.8 Torr 3 Hg(v 25, J=22)

Inte

4311 (v=12, N=21)
1000 |- g 1

RESULTS AND DISCUSSION

M 1 : 1 N ] N I
186425 186426 18642.7 186428 18642.9

From the mixed intermediate levePIl, (v}, J') ~ A'S ]
(v, J"), both singlet and tripletjeradestates can be excited.
We observed the 41, 4°%;, 2°A,, and 63, states in the
35 800-36 400 cmt energy region above the potential mini- 00 -
mum of the ground state. All these states have been previously (b) 1.8 Torr
observed 1, 15, 16, 24. [

Probe laser frequency, cm-!

3000 31Hg(v=25, J=22)

4°T1, — a°3, Resolved Fluorescence: Absolute Vibrational

Numbering of the #1, State 431 (v=12, N=21)

2000 |
The OODR signals we report in this work were observed byg ] 1

monitoring the violet fluorescence while scanning the PROBEE

laser frequency. To distinguish transitions into triplet states 1o0o |-

from those into singlet states, we recorded OODR excitation I

spectra via both mutually perturbed mixed intermediate levels. L . L . L . PR )

The OODR signals into triplet states are stronger through the 186415 186416 186417 186418 186419

intermediate level with predominantly triplet character than Probe laser frequency, cm-!

through the other member of the mutually perturbing interme-

diate level pair with predominantly singlet character, and vice 36240613 om-1

versa. This technique of triplet vs. singlet assignment is illus- 4000

trated in Fig. 1. Spectrum (b) was recorded with the PUMP | (©)0.95 Torr 36240527 omt

laser frequency held fixed to théll,, (v = 28,J)" = 22) < 1

X3, (v = 2,3 = 21) transition. Spectrum (a) was

recorded with the PUMP laser exciting the | (v/ = 26,J’

= 22) level which is the predominantly singlet member of th%

same mixed singlet-triplet intermediate pair. Scan (c) is iderf. 2000 |

tical to (b) except that it was recorded at 0.95 Torr, demon‘g

strating the improved signal-to-noise ratio at lower pressureg.

Clearly, the signal at 36 240.527 Chis due to a transition into 1000 |-

a triplet state [assigned asl4, (v = 12,N = 21)], while the

line at 36 240.613 cnt represents a transition into a singlet , ) X ) . ) . ) )

state [assigned asHd, (v = 25,J = 22); seealso Ref. R4)]. 186415 18641.6 18641.7 18641.8 18641.9
The OODR data for the*#l, state is summarized in Table 1. Probe laser frequency, cm-!

Figure 2 shows the bound-free portion of the resolved

fluorescence from the®#, (v = 12, N = 23) level, with

term valueT(v, N) = 36 249.760 cm', to thea®S, state. FIG. 1. Singlet vs. triplet assignment: the energy region near 36 240.

The fluorescence below= 3308 A corresponds to transitionscm * was probed via (a) the predominantly singlat; (v’ = 26,

into the bound levels of tha®S; state (not resolved in our Y’ = 22) level, and (b) the predominantly tripletil, (v* = 28,3 = 22)

. level. Both scans (a) and (b) were recorded with an argon buffer g
spectrum). The PUMP and PROBE laser frequenmes were hSJisure of 1.8 Torr. Scan (c) is identical to (b) except that it was recorde

fixed on the 41_[9 (v =12,N = 23) < b*II, (V' = 28, ato0.95 Torr, demonstrating the improved signal-to-noise ratio at lowe
J = 22)« X'T, (V" = 2, = 21) transitions fpyye = pressures.

ensity, Arbitrary units

3000 |-

ary units
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4°T1, STATE OF Na: v-NUMBERING AND HFS 261

TABLE 1
PFOODR Excitation Data for the Na, 4°I1, State
Intermediate Probe laser 431'1g Term values (cm™)
levels frequency levels This Calculated from
A/b V' J Q (cm™) v N Work constants of [1}

b 28 16 2 18647.948 12 14 36215.290  36214.57
18650.370 12 15 36217.712  36217.66
18654.073 12 16 36221.415 36220.96
18657.218 12 17 36224.560  36224.46
18661.406 12 18 36228.748  36228.17
A 26 22 18650.749 12 21 36240.524  36240.53
b 28 22 1 18649.670 12 21 36240.527  36240.53
18654.901 12 22 36245.758  36245.05
18658.903 12 23 36249.760  36249.78
18664.726 12 24 36255.583 36254.72
b 28 28 0 18644.851 12 26 36266.207  36265.20
18656.286 12 28 36277.642  36276.50
b 28 22 1 18750.670 13 20 36341.527  36342.93
18756.229 13 21 36347.086 3634722
18761.509 13 22 36352.366  36351.72
18765.382 13 23 36356.238 36356.43
18771.234 13 24 36362.090  36361.33

17 127.297 M, vproge = 18 658.903 cm'). The presence of are antisymmetric (symmetric) and thélH, rotational levels
13 peaks (12 nodes) indicates that the correct vibrational quabserved via even- (odd) numbered intermediate rotation
tum number of this upper*#, level isv = 12. levels are also antisymmetric (symmetric). All thd K, levels

Hyperfine Structure of the’fll, State Bound-free transitions
100

Each®Na nucleus has a nuclear spin quantum number of 3/2 ]
(Fermi statistics). Therefore the nuclear spin quantum number 43H9(V=12,N=23) —-a%%
of the Ng molecule can take valuds= 3, 2, 1, and 0. Since £ %
the total wavefunction (including nuclear spin) has to be antE
symmetric for nuclei of half-integer spir29), a symmetric s 6o}

e
=

rotational level (the even-numbered rotational levels of the
X'S, state and the odd-numbered rotational levels of ttf&
A'S" state) can only have antisymmetric nuclear spin wave?,—
functions (namelyl = 2, 0), and an antisymmetric rotational @

oy [ |

level (the odd-numbered rotational levels of & ; state and = 20 il | ‘
the even-numbered rotational levels of th&S| state) can i h”‘ % M M Nl ‘ ; i
only have symmetric nuclear spin wavefunctions (nanety o bl A MI‘I Ll UI e il L
3, 1). Since the rotational wavefunction symmetricsymmetric, 330 340 350 360 370
antisymmetric <> antisymmetric, and antisymmetrie-/— Wavelength, nm

symmetric selection rules hold rigorously for both perturba- . , #TI, (v = 12,N = 23)— &’ resolved fluorescence. The presence

tions and dipole-allowed transitions, the even- (odd) numbergd s peaks (12 nodes) in the bound-free fluorescence spectrum indicates that
rotational levels of thd®I1, state perturbed by th&'S, | state vibrational quantum number of the uppéil4 level isv = 12.
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FIG. 3. OODR excitation lines of the 4, (v = 12) < b’[l,, (v' = 28, = 22) transition. The sharp line on the right-hand side ofthe 21 panel
is a transition into a singlet level, assigned a3 (v = 25,J = 22) (compare to Fig. 1c). The schematic energy level diagram gives a simplified picture

the transitions involved. Note, however, tiiais not a good quantum number for thélH, state. The values in the figure are based on neglect of hyperfine
structure (i.e.J = N + S).

studied in the present work were observed via e¥e(id’ = intermediatéh®II, state is between case a and case b. Thus fi
16, 22, 28),e-parity, a-symmetry intermediate levels. rotational linesN =J' — 2,3 —1,J,J + 1,7 + 2 <
For Rydberg triplet states of NMathe most significant term J’ (O, P, Q, R, andSlines), are expected. Figure 3 shows the
in the hyperfine Hamiltonian is the Fermi contact interactiofive lines of the 411, (v = 12) < b°ll,, (v' = 28,J" = 22)
between the nuclei and the,3s electron g6), bl - S, where transition. If the 411, state follows the casé,s hyperfine
be is the Fermi contact parameter (constant). All triplet Ryctoupling scheme, there will be sig(=1 + S, | + S —
berg states of the Nanolecule that have been observed, except ... ,| — S) components within everiX level: G = 4, 3,
the 21, and 311, states, follow the casdys hyperfine 2 for| = 3, andG = 2, 1, 0 forl = 1 (in Ref. (L2) it is
coupling scheme, in which the electronic s@igouples to the shown that theG = 3, | = 3 component overlaps in energy
nuclear spirl to yieldG (G = S+ 1), andG is a good quantum with the G = 1, | = 1 component, and therefore only five
number. (Note thaG, in turn, couples tdN to form the total distinct hyperfine components should be observable in ea
angular momenturfr; F = G + N.) The eigenenergies in therotational line). The OODR excitation lineshapes for transi
caseb,s coupling scheme are given by tions into the 4I1, state are very similar to those previously
observed for transitions into the'A,, 2°A,, and 43, Ryd-
Ecis= (b/2) [G(G+ 1) —I(l +1) —S(S+ 1)]. [1] berg states of Na(14—-19. In Fig. 4 we compare signals for
the £11, (v = 12, N = 26) and 2A, (v = 25,N = 22)
The #I1, state follows Hund's case b coupling and théevels, excited vieo®Il,, (v = 28,3 = 28) andb’[l,, (v’

Copyright © 1999 by Academic Press
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peak being very weak. The hyperfine splitting of thdl,,

(a) 411 (12, 26) =— bM1 (28, 28)
state is unresolvable at a resolution of 15 MHZ)( Theb®II,,

3500 and b’Il,, states have larger magnetic hyperfine splittings
However, in the counterpropagating PUMP and PROBE las
3000 geometry used in this work, the Doppler shift of the differen
o hyperfine structure components of the intermediate state is, 1
’§ 2500 the most part, canceledZ, 27, and the hyperfine structure of
2 the OODR signals in Figs. 3 and 4 is mainly due to the uppe
£ 2000 level splitting. The value of the Fermi contact parameter,
3 [ measured from 10 experimental OODR spectra with well
= 1500 resolved hyperfine structure (based on the, D¢, 2bg, 2b.
g 1000 pattern described above) & = 218.3 = 3.9 MHz. This
E value is in excellent agreement with the one predicted &
500 Li Li et al. (14):
0 be(4°I1,, Na,) = (1/4)b(3%S, Ng = 221.5MHz,
00 05 10 15 20 25 30 35 40 45
Distance scanned (GHz) whereb(3?S, Na) = 886 MHz for the free atoniS ground
state 28).
Although ab initio calculation predicts that the’d, state
(b) 234 (25, 22) =— b1, (28, 22) dissociates adiabatically to thep 3+ 3p atomic limit, it has a
3500 4 Rydberg character at a smaller internuclear distahcédj. The
1 fact that the 4I1, state follows casbgs hyperfine coupling and its
3000 hyperfine constant is similar to other NRydberg triplet states
@ 1 indicates that this state hasog3s valence orbital character and
S therefore can be classified as a Rydberg state in the range
E internuclear separations probed by this experiment.
.‘B'
< SUMMARY
=z
e The 411, state of Na has been studied by cw PFOODR
E spectroscopy. The absolute vibrational numbering has been de
mined. The hyperfine structure of thél¥, state has also been

measured, and the Fermi contact parameter has been reported.
. : . . . : . ,  Ccasebgs hyperfine coupling scheme and 218 MHz Fermi contax
00 05 10 15 20 25 30 35 40 45 constantindicate thatthéd, state can be classified as a Rydbert

Distance scanned (GHz) state in our observation region, although it adiabatically dissoc
ates to the B + 3p atomic limit.

FIG. 4. PFOODR excitation spectra of (a) théll (v = 12,N = 26) <
b1y, (v = 28,3 = 28) and (b) the 2\, (v = 25,N = 22) < b’[L,, (v' = 28,
J = 22) transitions. In (a) the hyperfine components are labeled b@{theS ACKNOWLEDGMENTS
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