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High-resolution spectra, including hyperfine structure, have been observed for numerous
vibrational-rotational levelsu,N) of the 433" Rydberg state of the NaK molecule. The data have
been used to construct a Rydberg—Klein—Rees potential curve, and this molecular potential has been
further refined using the inverse perturbation approximation method. Bound-free emission from the
433" electronic state to the repulsie€1) 33 * state has also been measured and used to determine
both the absolute vibrational numbering and the transition dipole moment furidt{@). The
experimentally derived potential curve ak{R) are compared with recent theoretical calculations

of Magnieret al; the agreement is very good. Each of the leveld\) is typically split into three

sets of sublevels by the Fermi contact interactibrS. Further splitting(of order 0.004 cm?) has

been attributed to the spin-rotation interactig-S. The patterns observed exhibit a clear transition
from Hund's casézs for smallN toward Hund'’s caseg; for largeN. The data can be fitted very

well using a theoretical model based on setting up and diagonalizingkaZ2.Blamiltonian matrix

with two adjustable parameter® (and y). The values ofb that fit the data best are (0.99
+0.04)x10 2 cm 1, with a weak dependence an The best fit values ofy are in the range
1-6x10 * cm ! and depend strongly an The values ofy appear to exhibit anomalous structure

for (v,N) levels perturbed by nearby levels of the’I3 state. ©2003 American Institute of
Physics. [DOI: 10.1063/1.1590638

I. INTRODUCTION As in our previous work, we use the technique of
“perturbation-facilitated, optical—-optical double resonance”
In our laboratory we are carrying out a program of high-(PFOODR (Refs. 2—29 to probe excited triplet states. This
resolution spectroscopic studies of the fine and hyperfingechnique involves two-step excitation from the singlet
structure of excited triplet states of NaK. Sodium—potassiunground state to a highly excited triplet state through specific
mixtures are of current interest for mixed-species atom trapsntermediate-state rovibrational “window” levels that dis-
and the NaK high-lying triplet states are of particular interestplay both singlet and triplet character due to perturbations.
for the understanding of future sodium—potassium photoasyhen one uses narrow-band continuous-w@ve lasers(as
sociation spectra. Recently we published an initialwe do, this technique is also capable of very high resolution
investigationt of the 13A state of NaK. In the present paper since it is inherently Doppler free. Previous studies using this
we extend our work to the %" state. One of the most method have investigated the hyperfine structure of many
interesting features of this work is the demonstration thatriplet states of Na (Refs. 6—12 and 30—-34a few triplet
different electronic states of NaK exhibit quite different be- states of Lj (Refs. 6, 14, 15, 29, and 35and also triplet
havior. Different electronic states, and even different rotastates of NaRRefs. 36 and 37and NaK(Refs. 3, 26-28,
tional levels within the same electronic state, often exhibitand 38—40.
strikingly different hyperfine structure. The analysis of this ~ We have measured the average energies of a total of 107
behavior will provide important information about funda- vibrational-rotational levelsy(,N) with 0=y <33 and 14
mental electronic and magnetic interactions in molecules. <N=46. The potential curve of the® * state is not com-
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pletely smooth: calculations by Magniet al*!*? indicate 30000 -
that it should exhibit a slight shelf. Our results indicate that

a traditional Dunham expansion of the,N) level ener- 433+

gies is unsatisfactory, so we developed an alternative expan- 25000 4

sion and used it to construct the Rydberg—Klein—Rees ] probe laser
(RKR) potential curve. This RKR curve was then refined 20000 -

using the inverse perturbation approximatiofiPA) b(1)311
method™® Both the RKR and IPA potentials exhibit a shelf -~ 1\

that is slightly more pronounced than the one predicted by
the calculations.

The 433" state exhibits novel hyperfine structure since
as a¥ state its first-order spin—orbit interaction is zero. This 10000 1 fluorescence
case is quite different from the situation observed in our ]
previous studyof the 1A state, where for each leve (N) \'K a(1)3z*
a large spin—orbit interaction leads to a coarse structure, and 5000 +
then the Fermi contact interactid - S leads to a finer split-
ting. For the 43" state, the Fermi contact interaction leads
to the coarse structure, and a still finer structure has been
observed, which we attribute to the spin-rotation interaction 2 i 4 ' 6 ' 8
yN-S. The angular momentum coupling approximately fol-
lows Hund's casés, although systematic deviations from R (A)
this limit in th.e dllrectlon of CaS(bBJ ar.e Clear!y Seen.a.N FIG. 1. Schematic diagram showing NaK molecular potentials and the
(nuclear rotationincreases. By numerically diagonalizing @ proopr pumping scheme used in this experiment.
model Hamiltonian, we are able to reproduce the observed
energy levels for intermediate coupling cases with high ac-
curacy. We achieve a satisfactory fit to the observed hyper‘i’i:sapphire laserCoherent model 899-29, 500—600 MW
fine energies of each rovibrational level with the adjustable ’

output power in the range 700-900 nm when pumped
parameterd and y. The value ofb depends weakly omn, by a 10-W argon ion lasgris used as the probe laser to
and y depends strongly on.

Thi ; ed as follows: Section Il d i excite the NaK molecules further to various levels of the
is paper is organized as follows: Section Il describes; sy + o160 o 85" (vs N=J+1)—b(1) (v, ,J)

the details of the experiment and the data obtained. SectiogA(2)12+(vA’J)_ The pump and probe beams are focused

[Il describes the analysis and interpretation of the data. Th@vith 100 and 200 cm focal-length lenses, respectively, and

discussion includes the spectroscopic parameters for the Mhe beams counterpropagate through the oven. In the later

brational and rotational energy levels, the RKR and IPA po-

tentials for the £3 * state. th | feat fthe h stages of the experiment we found we could improve the
entials for the state, the generaj features ot the yper'signal-to—noise ratio by adding 67 and 44.4 cm focal-length
fine structure, and the methodology we have developed t

: . . fnses to the pump and probe beam paths, respectively.
model that structure. Section IV contains concluding re- Several detectors are used to collect laser-induced
marks. fluorescence emitted in a direction perpendicular to the axis
of the laser beams. A freestanding photomultiplier tube
(PMT) (Hamamatsu R406 equipped with a 700—1000 nm
The experimental setup is the same as that describdoandpass filter, is used to monitor tot&(2) 3 " (va,J)
in Ref. 1 and is shown in Fig. 1 of that reference. Briefly, —X(1)!3"(vy,J*+ 1) fluorescence as the pump laser fre-
a mixture of sodium and potassium is heated in a fourquency is scanned. Once a particula(1)°II(vy,J)
arm cross heat-pipe ovéh.The oven temperature is main- ~A(2) 'S *(v,J) window level is located, the pump laser
tained in the range 361—395 °C. The densities of the variouBequency is fixed to line center of the appropriate transi-
atomic and molecular specig@t T~380°C) are~3.6 tion. A second freestanding PM{Hamamatsu R928is
X 10 cm™2 (atomic potassium 3.2<10® cm 2 (atomic  equipped with either a set of three 364—539 nm bandpass
sodium), 2.9x10* cm 3 (K,), 5.8x10" cm™3 (Nay,), and filters (Oriel model 5171p with a 465 nm transmission
1.6x 10" cm™2 (NaK).*>*® Argon gas at a pressure of 1-3 peak or with a 400-550 nm bandpass filt&COG model
Torr in the oven is used to keep the hot alkali vapor awayQB23) in combination with a 625 nm shortpass filtdey-
from the oven windows. nard model 93p This detector is used to monitor bound-free
The basic idea of the PFOODR experiment is depicNaK 433 % —a(1)33" fluorescence as the probe laser fre-
ted schematically in Fig. 1. A single-mode cw dye lag@o- quency is tuned through various 3% (vy ,N=J*1)
herent model 699-29;-300 mW output power in the 720— —b(1) 3I1(vy,J)~A(2) 2" (vs,J) transitions. Doppler-
760 nm range using LD700 dye when pumped by a 5-Wree transitions to levels of the 3" state can easily be
krypton ion laseris used as the pump laser to excite NaK distinguished from transitions to other triplet electronic states
molecules on variousb(1) 3Tl (vy,,d)~A(2) 'S (va,d) in the same probe laser frequency range by their distinctive
—X(1)=*(vy,J+1) transitions, where the upper level signature patterrisee Fig. 2 The pump laser is mechani-
is a mixed singlet-triplet “window” level. A single-mode cw cally chopped and lock-in detection is employed. Resolved
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a) b)
v=22, N=14 v=22, N=16
AN=-1 AN=+1
11753.06 11753.14 11756.26 11756.34
c) d)
v=31,N=44 v=31, N=46
AN=-1 AN=+1
11787.19 11787.27 11795.51 11795.59

Laser Frequency (cm'1)

FIG. 2. 433, * hyperfine structure for differeM values.P branch transitionsAN= —1) are on the left, an& branch transitionsAN=+1) are on the right.

fluorescence scans can also Dbe recorded with geCLi’Li3 33 staté®and are formed by a combination of
monochromator—PMT iystem. 3In +the present experimentyyperfine structuréFermi contact interactionand the spin-
resolved bound-ffee%E —a(1) "™ fluorescence was re- rotation interaction. They are also very different from the
cosrdi:d with the pump and grobe lasers flxeci to+a particulagye shapes associated with theé’Al staté and the I
4°% (UlE T =J+1)—b(1)°M(vy,J) ~ A(2) 2" (va.d)  state?® A discussion of this structure is given in Secs. Il E
—X(1) "X " (vx,J*1) double-resonance transition. These g |11 E pelow, The+/— parity of an intermediate state
scans were used to determine the absolute vibrational UG dow level b(1) 3 (vy,d)~A(2) 13 (v,,d) is given
bering of the £3 *(vy) levels as described below. The de- b’ A
tection efficiency of the monochromator—PMT system as

function of wavelength was determined using a calibrate - . .
L 7 + -+, — <« — transitions are observed from a given inter-
tungsten-halogen white light sourte. . . 3 T+
. mediate window leveb(1) °TI(vy,,J)~A(2) 2 "(va,J) to
The wavemeter of the pump laser was calibrated by 31 . . .
comparing frequencies of laser-induced fluorescence lines only two 4 2" rotational !evel;, characterized by=J=1
to those listed in the iodine atl&The probe laser waveme- (R andP lines) for each vibrational levebs .
ter was calibrated using optogalvanic signals from neon tran- '€ intensities for P_line pumping  @N=Nyppe
sitions in a hollow cathode lamp. Absolute energies of Niower= —1) shown in Fig. 2c) build at the high-
435 (vs,N) levels are considered to be accurate tofrequency enq of the hyperflne m.ulltlplet line .sha'pe. Con-
~0.02 cm L. However, splitings between hyperfine and Versely, theR line (AN= +1) intensities shown in Fig.(d)
spin-rotation components are determined to much higher adt@il off at the high-frequency end. This behavior can be
curacy, typically 0.001 cm! (30 MH2). qualitatively understood by considering selection rules, as
shown in Fig. 3. The lines drawn correspond to the possible
transitions that satisfy the selection rdié& =0,* 1. Because
of the details of our two-laser pumping schehmyery tran-
sition that reaches a particular upper state contributes to the
peak corresponding to that upper state. The initial window
Transitions to the NaK 43" state are easily distin- level does not matter. Thus, in a simple statistical model, the
guished from those to other nearby triplet states because thégtensity of each observed peak is proportional to the number
display the characteristic signature patterns shown in Fig. 2f allowed transitions reaching the corresponding upper hy-
These rotational line patterns look quite similar to those ofperfine level. FoP lines, shown on the left, no transition is

by (—1)’. Similarly, the parity of a £3"(v,N) level is
?iven by (—1)N. Due to the dipole selection rules;——,

IIl. ANALYSIS AND RESULTS

A. Rotational level structure
and vibrational numbering
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F=485 —0 433 vibrational levels ranging from 0 to 33 and rotational
R, s cesp  levelsN=14,16, 25,26, 27,28, 37, 39, 44, and(67 total
N=46 ji-g 435" levely. The observed transitions are available
438 electronically?®
The absolute vibrational numbering was determined
P Branch 475 from the spectrally resolved %" —a(1) 33" bound-free
AN = -1 46.5 y G=3/2 fluorescence recorded with the pump and probe laser fre-
N=44 jﬂ:g quencies fixed to populate a particular upper state level
l 433" (vy ,N). Examples of these spectra are shown in Fig.
F 465 B 4(a) forvs=0, 1, 2, 3, 4, and 8with N=37). According to
465 455 G=12 the classical Franck—Condon principle, the oscillations in the
445 i G52 continuous spectrum Q|rectly reﬂect .the_ os_C|IIat_|ons in the
13'2 upper bound-state radial probability distributioadial wave
a1e function squared® Because the 2% " —a(1) 33" differ-
ence potential is a monotonic function over the region of
455 — - internuclear separation spanned by the upper bound-state
445 ! G=3/2 T M wave function, the number of nodes in the spectrum gives a
Py direct measure of the vibrational numbering of the upper
state level. Figure @) shows quantum mechanical
a5 simulations® of the same 43 (v,N=37)—a(1)33"
435 G=112 emission based upon the experimental IPAS4 potential
determined here, the composite experimeaid) 3" po-
A= tential of Refs. 28 and 54, and the theoretical dipole moment
- . . 42 .
T T function of Magnieret al."* These results are discussed fur-
T ther in Sec. Il D.
46.5 46.5
455 b 3Ty | 455
2‘3‘32 J=45 33;2 B. The 4 3% RKR potential
FIG. 3. 4337 state rotational line structure and selection rules. The 433" state is a “shelf” state due to interactions

among severals © states#>The shelf manifests itself by a
kink in the plot of the vibrational level spacingG,) versus
possible from a window level to the lowest energy level ofvibrational levelv. Figure 5 shows such a plot created using
the G =2 multiplet; only one transition is possible to the next the theoretical 43" state potential of Magnieet al***?
highest, two transitions to the next, and so forth. Fhines  (solid circles. Figure 6 shows a similar plot of the depen-
on the right exhibit the opposite behavior: no transition isdence of the rotational constaBf, on vibrational quantum
possible from a window level to the highest energy level ofnumbery.
the G= 32 multiplet, and there is a gradual increase in the It is clear from the plots shown in Figs. 5 and 6 that a
number of transitions possible as the frequency decrease@unham expansion is unlikely to produce a good fit to the
These arguments provide a qualitative explanation of th&lata, and this was indeed found to be the case. Instead, pre-
contrasting behaviors of the andR branch scans shown in liminary values ofT,, B, , andD, were determined for each
Figs. 4c) and 2d). They also demonstrate that the spin-432+ vibrational level for which at least three differeNts
rotation constanty is positive(see below. were available by fitting to the quadratic functi@&{v,N)
Five previously knowh®!intermediate state window =T,+B,x—D,x?, wherex=N(N+1). The values oD,
levels (listed in Table )} were used to record the present were fairly constant, and the average wéks=2.169
spectra. In all, 114 transitions were recorded, representingt 10’ cm™L. Then we fixedD, at this value for alb’s and
determined the final values df, and B, for each investi-
gated vibrational level using the functio&(v,N)=T,
TABLE . Vibrational and rotational quantum numbers for the window lev- BUX—BXZ. The results, which are listed in Table II, repro-

els originally observed in Refs. 1, 50, and 51. The window levels are de-d th . tal . ith tandard deviati n
scribed by the designatids{1) 3T1(v;, ,3)~A(2) 'S * (v4,J). In each case, uce the experimental energies with a standard deviation o

either the mostly singlet or the mostly triplet component can be used as th€-019 cm *. Experimental values oAG,=T,—T,_; and
intermediate level in the PFOODR pumping scheme. B, obtained in this work are also plotted in Figs. 5 and 6.
Comparison of the experimental and theoretit@, values

oo ) oA in Fig. 5 indicates that the change of slope in the potential
15 15 15 curve at the shelf is more pronounced than theory predicts.
17 26 18 We found we could accurately fit, and B, using a

ig gg ﬁ quadratic polynomial ing+3) as a first approximation and

18 45 20 then adding a Fourier series to represent the residual oscilla-

tions. The explicit forms of the fitting functions we used are
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v=3 H v=3
e il e
;' v=2 s A v=2
. o A + D .
v=1 k v=1
matinsmpe I mrsmanirmrr? I
2 )
v=0 v=0

T T T T T T T T T T T T T 1
510 520 530 540 550 560 570

510 520 530 540 550 560 570

wavelength (nm)

510 520 530 540 550 560 570

FIG. 4. Measured and simulated®3 * (v,N=37)—a(1) *>* bound-free fluorescence spectra. Pdaekhows the experimental spectiatensity per unit
wavelength interval corrected for the relative detection system efficiency vs wavelength. Panshows spectra simulated using the experimental IPA
potential determined in the present work and the theoretical transition dipole moment function of Magli€¢Ref. 42 (solid lines plus, for comparison,
every fifth data point from panéh). Panel(c) shows spectra simulated using a dipole moment function that is constant with internuclear separhtits)
and(c) the theoretical spectra were scaled to the experimental spectra at the shortest wavelengthype8k foand 2, at the second peak for3 and 4,

and at the third peak far=8.

10

0.41 cm 1. Conventional spectroscopic constats, we,

&)

wXe, and B, derived from the fitting constants, are also

T,,=<:1+<:2y+<:3y2+n§1 Cry4c0SNCyy)

and

listed in Table IIl.
Finally, we modified LeRoy’s RKR1 prograthslightly

10

B,=Ci+Cjy+Chy?+ n; C/,4codnCpy),

wherey=uv + 3. The constant€, andC/, are listed in Table
lll. The T, andB, functions in Eqs(1) and(2), combined

with the fixed valueD=2.169<10 ' cm !, reproduce the

so that it would accept these functions rather than Dunham

)

coefficients and would use them to determine an RKR po-
tential for the 4’3 * state. The RKR turning points are listed

in Table 2 of the accompanying EPAPS fifeThe program

LEVEL 7.4 (Ref. 56 was used to calculate energies of
433" (v,N) levels from the RKR potential. The RKR points
Rmin(v) and R, (v) were truncated fow >30. LEVEL ex-

experimental energies with a standard deviation ofrapolated the potential points to smaller valueRafsing an

80.0 ~ 0.07 -
70.0 -%) * Theory (Magnier et al.) 0.06 « Theory (Magnier et al.)
1 © o Experiment (this work) | o Experiment (this work)
60.04 o
| s 0.05 4
50.0 - 1
1 0.04 - o
(o 40.0 o 1 “,
q [
; 0.03 4 %o,
30.0 4 |
20.0 4 0.02 ]
10.0 1 0.01
] ] S
0.0 T 0.00 T T T T T T T T T T T T T T 1
o} 10 20 30 40 50 60 70 80 o} 10 20 30 40 50 60 70 80
v v

FIG. 5. AG, vs v for 433 7: theory and experiment. The points labeled FIG. 6. B, vs v for 433*: theory and experiment. The points labeled

“theory” were calculated by us using the theoreticaf¥" potential curve

of Magnieret al. (Refs. 41 and 4R

“theory” were calculated by us using the theoreticaf®* potential curve

of Magnieret al. (Refs. 41 and 4R
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TABLE Il. Measured values of,, AG,, andB, for the NaK 4%3 " state. exponential function and to larger values Rfusing an in-
In the fits, D, was fixed at the valu®=2.169<10 " cm ! for all v. verse power law. This procedure improved the agreement
Uncertainties in the least significant digits are given in parentheses. Uncei—) N .

tainties are only reported for vibrational levels where three or more rota etween the eXpe“mental and calculated energies feru30
tional levels were recorded. =<33. The calculated energies match the experimental ener-

gies for all measured levels € 0—-33) with a standard de-

v T, (em™) AG, (em™) B, (cm™) viation of 0.55 cm *.

0 23979.382 0.06496

1 24052.450 73.069 0.06429 C. IPA potential

g ;ﬂ;g:%? 7;‘:352 oggzg(?i()) The inverse perturbation approximatioiffA) method?

4 24261.2382) 67.511 0.0616@) can be used to find a potent(R) whose calculated rovi-

5 24325.597 64.361 0.06005 brational energy levelsE ydv,N) match experimentally

6 24385.1587) 59.562 0.0574@) measured energies as closely as possible. The methodology
7 24436.390 51.232 0.05473 has been documentétithe essential feature is that one starts
8 24481.21722) 44.826 0.0544@) with an approximate “reference” potenti&l,(R) whose en-

9 24528.081 46.864 0.05462 ergies roughly match the experimental values and seeks to
10 find a potential

1 24626.715 49.317 0.05439

12 V(R)=Vy(R)+ 6V(R) 3)

ii ;g:ﬁ:gz 21;23 8:82223 that matches the data better. The method is based on.varying
15 24832 873 51952 0.05355 the values ofsV(R) at a set ofP pointsR;,R;, ... ,Rp in

16 24885.35() 52.486 0.05314) order to achieve the best agreement between experiment and
17 24937.676) 52.317 0.05282) calculation. Values obV(R) at intermediate points are ob-

18 24989.97@) 52.297 0.0524Q@) tained by cubic spline. The method normally must be iter-
19 25041.938) 51.966 0.05204) ated. One uses thé(R) found in one cycle as the “refer-

20 25093.726.1) 51.789 0.05164) ence” potential for the next cycle.

g; 25145.05@) 51.326 0.05120) The calculations reported here were performed using a
n o amesms s omom LR e st rom
24 25297.070 50.420 0.04901 ’ N

o5 25345684 48.614 0.04906 the programLeVEL (Ref. 56 to calculate the rovibrational

26 25394.800) 49.120 0.0479@) energy levels of the reference potential. UsigyEL has the

27 25441.256) 46.454 0.0478@) advantage that initial guesses for the energy levels are not
28 25488.13(5) 46.872 0.04734) required.

29 25534.02(25) 45.890 0.0466(1) Because the IPA method adjusts the values of the poten-
30 25578.6163) 44.598 0.04608) tial on a grid of points, it can introduce unphysical structure
2; ;ggéjg?g)@ ji;ig g'gjjgg; (“wiggles™) into the result. To minimize this effect in the

33 25705.9801) 41414 0.04270) present case, we decided first to smooth the RKR potential

presented above, since the RKR curve already showed some

TABLE . Spectroscopic constants and fitting constants Tprand B, for the NaK 433" state. The fitting
constants are defined in the text in E(9.and(2). The large numbers of digits reported in the fitting constants,
which are more than are statistically significant, are required to reproduce the experimental energies to within
the accuracy quoted in the text.

Fitting constants (cmt)

Spectroscopic constants (crh) Vibrational Rotational
Te 23940.45-0.23 C; 23795.473318.0 C; 8.6560E-02+9.0E-03
we 78.94+0.03 C, 78.94285-1.9 C, —2.5334E-03+8.8E-04
WeXe 2.8694+0.0009 Cs —0.579504-0.037 C; 2.2663E-05+1.5E-05
B, 0.0662+0.0001 C42 0.111+0.007 Cc,2 9.7310E-02+5.0E-03
Cs 115.3688-10.9 Cs —1.6491E-02+5.4E-03
Cs 32.11674.6 Cq —1.402E-03=1.4E-03
C, 1.8456+2.3 C; —2.84E-04+6.2E-04
Cg —3.6579-0.83 Cq 2.73E-04+=3.9E-04
Co —3.7362-0.56 Cq —2.92E-04+3.2E-04
Cio —1.2245-1.0 Clo —3.78E-04+1.9E-04
Cny 0.7121:0.64 Chy —6.42E-04+2.3E-04
Ci, 1.5045+0.44 Ci —5.99E- 04+ 1.4E-04
Cis 1.5258£0.29 Cls —3.54E-04+1.1E-04
Cus 0.5250-0.58 Cis —2.37E-04+=1.3E-04

%, andC, are dimensionless.

Downloaded 13 Jan 2004 to 128.180.23.36. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp



J. Chem. Phys., Vol. 119, No. 9, 1 September 2003 The 433" state of NaK 4749

2.5 -

]
T Theory
26000 '| .- i
1 - (Magnier et al.)
—~ 255004 Experiment
< 2.0
£ (this work)
L 25000 —
> [0}
o Fy
Pt o0} 1.5 4
© 24500 a :
LICJ --=-- Magnier et al. -
—— IPA (present work) c
24000 o
5
4 6 8 10 = 1.0
[0}
R(A) 5
2
FIG. 7. Comparison of the IPA potential for the’3 * state of NaK(solid (@]
curve with the theoretical calculation of Magniest al. (dashed curve 0.5 4
(Refs. 41 and 42 The RKR curve is not plotted because on the scale of this
figure, it would be difficult to see the difference between the IPA and RKR
curves. At allR values, the difference between the IPA and RKR curves is
less than 30 cmt.
0.0 T T T T T T T 1
2 4 6 8 10

small wiggles on the inner wall. We plotted the RKR inner R(A)
wall turning pointsR,, versus energy and fitted these pointsg 5 o Comparison of bestit quadratic®*—a(1)3s* transition

to the function dipole moment functionM(R) with the calculations of Magnieet al.
(Ref. 42.
Rmin=A1 IN[(E—A2)/As], (4)

which is equivalent to fitting the energies to an expor'lentialD. The 4 33 *—a(1)
function E=Az; expRmin/A)+A,. The inner-wall turning
points were corrected to the fitted values, and the outer-wall The intensity of the bound-free %&*(v',N’,J")
turning points were also adjusted to maintain the differences=a(1) > fluorescence emission within a randk about
(Rum—Rmin) calculated in the RKR analysis. We used this\ is given by°
gmoothed_versio_n of the _RKR curve as the reference_ ppten— di(\) 12875¢24N,
tial Vo(R) in the first iteration of IPA. The standard deviation ax dr= ING Z Syrgn
of the calculated versus experimental energies was J
0.74 cm * for Vy(R).

Following each iteration, we calculated the energy levels X
of the current IPA potential and compared them with the
experimental values. We also plotted the IPA potential to see (5)

if any unphysical wiggles had been introduced during thatyhereN,, is the number of molecules in the upper state and
iteration. In the early iterations, we used a very coarse grid o . ' "
y Y ¢ gyy, is the Honl—London factory’, ”'(R) and x{"" (R)

points (starting with P=5) and we slowly increased this : y
number in subsequent iteration@ventually reachingP &€ respectively, the wave functions for the upper, bound
state of energyg, and for the lower, continuum state of

=35). Using more grid points led to wiggles on the inner or _
outer wall. The IPA program allows the user to freeze theSN€r9yE:. These wave functions are taken to be real, and

potential for some grid points while varying it for others in a XlE' ! (R) is energy normalizedM (R) is the transition di-
particular iteration. Therefore, once relatively good agreepole moment function, anl,— E;=hc/\. Equation(5) gen-
ment was obtained for the lower-level energies, we froze therally predicts oscillatory spectra for cases like this one
potential near the bottom of the well and only varied pointswhere the difference potential is monotonic over the relevant
higher on the inner wall or on the outer wédir both). The  range of internuclear separation. The positions of the nodes
final IPA curve, listed in Table 3 of the accompanying contain information on the shapes of the upper- and lower-
EPAPS file>®> was obtained by seeking a compromise be-state potentials, and the relative intensities of the peaks re-
tween the goals of a reasonably smooth curve and goodeal information abouM (R).

agreement between calculated and measured level energies. Figure 4c) shows a series of simulated spectra obtained
The standard deviation of the calculated versus experimentaising the IPA potential obtained in the present work and
level energies for the final IPA potential is 0.14 ¢l The  assuming that the dipole momehlt(R) is a constant. The
IPA potential obtained in this work is shown in comparisoncalculations were performed with the progr&monT (Ref.

to the theoretical potential of Magniet al***?in Fig. 7. 53). Note that the lower sta@(1) 3" has a shallow well at

33 * transition dipole moment

© " 2
fo xo ' (RMR) X7 (R)dR| d,
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large internuclear separation, so that the short-wavelengtintermediate between Hund’s limiting caskg; and bgs.
end of the fluorescence band consists of unresolved discre@ur starting point’ ~®'is the Hamiltonian

lines that are not calculated by the simulation program. In
the present case, due to the shape of the lower-state potential,
the long-wavelength end of the resolved fluorescence is de-
termined primarily by the potentials and transition dipole
moment at smalR, while the short-wavelength end of the
fluorescence spectrum is determined by the potentials and
dipole moment at larg®. Thus a comparison of the simu- whereH,, is the rotational HamiltoniariL - S is the spin—
lations and experimental spectra of Figciindicates that orbit interaction,bl-S is the Fermi contact interactid®,
the transition dipole moment function must increaseRas which is the dominant contribution to the hyperfine structure
increases over the range 3.7-5.5 A. We have fitted the exf Rydberg states in alkali molecul&s*%263and ¢(3S?
perimental spectrérelative intensities of the bound-free 0s- —s?) s the spin—spin term. As usud\ is the sum of the
cillations in Fig. 4a)] using a quadratic approximation for rotational angular momentum of the nucl&) plus the elec-
the dipole moment functionM(R)=Mo+Mi(R—Re)/Re  tron orbital angular momenturtL), S is the total electron
+M,(R—Rg)?/R¢, where R,=4.20 A is the measured gpin, andl is the nuclear spin. We taketo be the nuclear

equilibrium separation of the % * state. Since the measure- spin of Na only, since the nuclear magnetic moment of Na is
ments determine relative intensities, only the ratibs/M much larger than that of K.

and M,/M, are determined. The best-fit values obtained
were M, /My=2.865 andM,/M,=15.882. Figure 8 com-
pares our best fiM (R) for the 433" —a(1) 33 transition
moment with the corresponding theoretical results of Mag
nier et al*? In this figure, the experimental dipole moment
was scaled to the theoretical functionR#=R,. The agree-
ment is quite good over the limited range where compariso
is possible. Figure ) shows a comparison of the experi-
mental spectra with simulations carried out using the prese
IPA potential for the £3 " state, the composite experimental
a(1) 33" potential of Refs. 28 and 54, and the dipole mo-
ment function calculated by Magniet al*?

H=H g+ AL -S+bl-S+ yN-S+ (352~ SD), (6)

We consider the matrix representationtdfin a Hund’s
caseb basis, modified to include nuclear spin. The case
basis functions may be denotgeNSJM;), and they specify
the electronic, vibrational, and rotational degrees of freedom:
a is shorthand for the 35" electronic state {=0) and a
rgarticular vibrational leveb, andN, S, J, andM; are the

ngular momentum quantum numbers. The simplest way to
add the nuclear spin is to define direct product states
rTtozN SJIMy)|IM,). Alternatively, one may use the basis states
|aNSJLFMg), which correspond to the coupling scheme

N+S=J, J+I=F. )

E. Analysis of the hyperfine structure

Our interpretation of the &% hyperfine structure is The statedaNSJILFM¢) are eigenfunctions ofl, S, J, I,
based on analyzing the angular momentum coupling that i&, andMg and may be constructed as follows:

|aNSJI;FMF)=§ % C(IMy,IM | ;FME)|aNSIM)|IM,), (8
J |

whereC(--+) is a Clebsch—Gordan coefficient. Using sum rules for the Clebsch—Gordan coeffiéigmtan be shown that
<CYN,SJ,|,FMF|Hr0t|aNSJI,FMF>: 5J/J5N/N<CYNSJMJ|Hr0t|afNS\] MJ> (9)

The state3aNSJFM) correspond to Hund's cadey; (Ref. 62. In this basis, botti,; and yN- S are diagonal. Following
well-established proceduré%;%°one can arrive at the following matrix elements:

(aN'SI;FMg|(Hyort YN- S)|aNSILEME) = 85138 nd B,N(N+ 1)+ 39[I(I+1) = N(N+1) — S(S+1)]}. (10)

For triplet statesS=1, and so for eachN, J takes on the value®—1, N, and N+ 1. Higher order terms such as
D,[N(N+1)]?> may be added as needed.
The alternative coupling scheme

S+1=G, G+N=F, (11)
which is denoted 45 (Ref. 62, corresponds to a bagisSIGN,FM¢) in which the Fermi contact terinl - Sis diagonal. That
is,

(aSIG'N";FMg|bl- S| aSIGNFM) = 5G,G5N,N§b[G(G+ 1)—1(1+1)—S(S+1)], (12)
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whereG takes on the valud$—S|,...,|l + S|. In the present cas&E 1 andl =3), G=3, 3, and3. The unitary transformation
between the two possible basis sets is given by standard angular momentum Hlgebra:

G S |
<ozN’SJ|;|=|\/|F|aS|GN;|:|v|F>=5N,N(—1)F+'+5+“‘\/(2J+1)(2G+1)J E N], (13

where{---} is a 6 symbol. Using this transformation be- +3)y. For N=15, we obtain essentially the same reduced
tween the basis sets, it is straightforward to set up and diagenergies for any value of/b. The reduced energies were
onalize the matrix representation of the Hamiltonian. obtained by dividing the absolute energ[ebtained by di-

For aX state in Hund'’s cashk, the spin—orbittermin Eq. rect diagonalization of Eq14)] by \/'yZ(N+ 124 (2b)2 and
(6) can be taken to be zero as long as no second-order pefen adding the same constant to all the energies to make the
turbations are considered. Also, there is no clear experimenyyerage zero. The reduced energies are well described as a
tal indication thate is different from zero. Therefore, for the | niversal function ofy. In other words, for any specific val-
calculations we performed on the®3 " state, we dropped yes ofN, v, andb, the reduced energies will fall very nearly
the spin—orbit term, and we usually set0. With these 4 the universal curve at the point=2b/(N+3)y. We
simplifications, the analysis above corresponds to the classigsted this scaling extensively using many valuey andb,
situation_where the appropriate poupling scheme depends QfhdN in the range 8—100Small values oN were omitted
the relative values of the coupling constafjsandb) for  pecause in that case fewer than 12 hyperfine levels exist.
two different parts of the Hamiltonian. Sind¢ is @ good  The |eft-hand side of Fig. 9 corresponds to the limiting case
quantum number in either thbs, or the bys basis, the bgy, for which (N+3) y>2b. In this case, the spin-rotation
Hamiltonian reduces to interaction[depending onl{+ 3) y] leads to the coarse split-

H=B,N(N+1)+bl-S+yN-S. (14)  ting of the states, and the hyperfine interactidepending on

) ] o ) b) causes smaller structure. The right-hand side corresponds

This form emphasizes that the Hamiltonian consists of a congy 1 nd’s casd s, for which 2o (N+ 1)y. Here the roles
stant energy depending only & plus two termsl-Sand 4t the spin-rotation and hyperfine interactions are reversed.
NS wh.|ch are mL_JItlphed by different parameters. This type 1,0 midpoint of the graph isy=1 or equal coupling
of situation was nicely an.alyzed by Cond_on and Shoﬁ?e_y, strengths U+ 1) y=2b. For the 4°3 " levels we have inves-
who showed that the relative energy spacings for any ratio Oﬁgated, the ratioy/b is such that 1y changes from around
the two parameters could be written using dimensionless pgy 3 tor N~14 to around 0.9 foN~46. Therefore. ad\
rameters. To exploit the parallel to the situation Condon ang,-reases, one expects to see a transformation in the structure

Shortley considered, we rewrité- S as|N|N-S, whereN is  of the hyperfine multiplets that corresponds to moving from
a unit vector. Now one part of the Hamiltonian obviously the right-hand side of Fig. 9 towards the middle.

scales asy|N|~y(N+3), and another part ds, leading us The present situation(=0) is simpler than the general
to expect that the reIatwe_energy level differences shoulg¢ase, because without the spin—orbit interaction there are no
depend primarily on the ratioN+ 3) y/b. matrix elements connecting states of the sdmaed different

We have found, by direct numerical calculation, that thISN For a generajL we diagona"ze a 12 12 matrix for each
predicted scaling is essentially exact in the limit of lalj)e  vajue of F that includes states wittN=F—3F—%,...,
Figure 9 illustrates the results obtained. For a particar F+ 5. States of one rotational levl and a giverF may be
we show reduced energy levels as a functionyef2b/(N  coupled to the states of the sarReand a differentN. To
obtain all the states for a particull, we must diagonalize
matrices for several values &f. The coupling betweeiN
andN’ levels does not occur faX states, so in this case the
correlation diagram in Fig. 9 represents all the coupled states
for any givenN. The only effect of the specific value bfis
to set an absolute enerdy,N(N+ 1) (plus a term involving
D, if needed. Another simplification in the present discus-
sion is that the spin—spin term is neglected. The simple de-
pendence onN+ 3)y/b no longer holds wheie is nonzero.

J=N+1

F. Method of fitting the hyperfine structure

0 0.5 1.0 0.5 0
% = 2b/(N+a)y —> < Uy = (N+a)y/2b We wish to determine the parametdrsand y for the

6. 0. Corelation di Howing th ion b Hund model Hamiltonian given by Eq14) that best fit the data. In
. 9. Correlation lagram showing the transition between Hund’s cases, . H
by, (o the left andbys (0n the right, The hyperfine energieiscaled as principle these parameters may depend pand our results

described in the textare shown as a function of the dimensionless rgtio will cqnflrm th_at y'does exhibit a strong dependen'ceuon
—2b/(N+%)y. On the left hand sidg increases from 0 to 1, and on the W€ _W'” describe first the techniques we used to fit the _hY'
right 1/x decreases from 1 to 0. perfine structure of eachv(N) level separately. The basic
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TABLE IV. Results of individual fits that determineld and y for each
(v,N) level indicated. The last column gives the RMS deviation of fitted
hyperfine level energies from the measured energies.
= N=44 1 |
Do oy CMSdevaion | ymg9,
v N (107“ cm™ % cm” ~cm- t‘: Q E\
0 39 1.018 1.44 l l
12 37 1.0 2.0
28 37 1.0 2.0
42 39 1.0 2.0
52 39 1.0 2.0
6 39 1.013 211 0.95
7 39 1.026 2.32 1.94
8 39 1.018 2.22 2.56
9 39 1.0 2.0
112 39 1.0 2.0
13 37 0.910 5.79 105
13 39 0.879 6.46 15.6
15 39 1.0 2.0
16 39 1.047 6.98 10.0
17 39 0.930 3.46
17 37 0.952 3.88
20 14 0.960 4.72 3.50
23 37 0.974 4.18
25 25 0.985 3.18 4.16
25 27 0.996 3.33 3.00
28 37 0.997 3.66 6.01
28 39 0.983 3.62 3.40
29 44 1.018 3.73 5.59 —- |
29 46 1.030 3.52 6.61 0.01 cm-1
32 16 1.029 4.02 3.53
34 39 1.034 414
% or thisv, the value ofy given is an estimated upper bound. i % %
I

computational tool is a nonlinear least-squares fitting pro+iG. 10. Comparison between experiment and theory for the hyperfine split-
gram based on the Levenberg—Marquardt algorithm_ tings of the indicatedy(,N) levels of the £ * state. The horizontal axis is

As discussed in the previous section, we can calculat® cm %, and theldisplacement of each scan along the vertical axis is pro-
the energies of the 12 hyperfine levels for a given\) for ~ Portional to N+3)y, according to the scaling predicted by theory. The

- . largest peak of each experimental scan is lined up with the average of the

any specific values db and y. SinceB, (as well asD, and three closely spaced theoretical levels. The stick spectra show the spacings
T,) contributes only an additive constant to the absolute enpredicted by the correlation diagram of Fig. 9. The line in each oftiaad
ergies[cf. Eq. (14)], we can treat eachv(N) level com- R spectra forbidden because of selection rules is omitted.
pletely independently if we consider only energy differences
between the hyperfine levels. Twelve energies would provide
11 pieces of data to be fitted by two parameters. Howevemften could also be easily identified. This peak appears in the
several issues complicate that simple picture. The 12 enerdy branch spectrum shown in Fig(@. We obtained prelimi-
levels for each,N) could not always be clearly assigned to nary values ob andy for each ¢,N) level by fitting three to
peaks in the experimental scans. In some cases, two or mofige spacings between the clearly resolved peaks. The results
levels were separated by less than their homogeneous linef the preliminary fit predicted positions for all 12 hyperfine
widths. In other cases, peak positions were difficult to re-energies, and we used those positions to assign the remaining
solve due to low signal-to-noise ratios. Finally, one of the 12experimental peaks to specific states. The fit was then per-
lines is missing from each spectrum because of selectioformed again, including additional energy spacings. The new
rules. values forb andy never changed by more than 5%. Table IV

To account for these complications, we based the fittingshows the results of these fits. Table 1V also reports estimates
procedure on the following two-step strategy. We first iden-of b and y for several additional experimental scans where
tified the peaks whose assignments were reasonably certasome peaks were too close to be resolved. All of the results
For example, from Fig. 9 it is clear that, near thgs limit in the table are consistent with the conclusion thdtas the
(1/x<1, right-hand side of Fig.)9 the first three energies value 0.9% 0.04 cm ! for these £3* rovibrational levels.
(counting from the bottomare usually well separated and This result is within a few percent of values measured for the
that the next three energies are always very close togethet.3A (Ref. 1) andc(2) 33" (Refs. 26, 38, and 4Glectronic
We normally took the average of the fourth, fifth, and sixth states of NaK.
calculated hyperfine energies to give a single value to fit to  Once we have determined valuesto&nd y for each of
the large central peak. The seventh pé&sdain, assuming the the (v,N) levels considered, we can investigate how each
ordering on the right-hand side of the correlation diagram scan corresponds to a different point on the correlation dia-
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8.0 T y T T T T y T parameters instead of two leads to any useful new informa-
60 0 ° | tion. The fit usingb andy appears preferable. The objective
g o of further work will be to develop a quantitative explanation
Y 40 [y o T5o " °-e- Sy e of thev dependence of these parameters.
=20 ooe®%o g IV. CONCLUSIONS

0.0 We have measured the energies of 107 rovibrational lev-
<15} ] els of the NaK £3 * state using PFOODR spectroscopy. We
5 also measured spectrally resolved4" —a(1) *>* bound-
q, 1.0 [~~~ ©8E-BO000E-B (%% g - o -0-0-0%--9-3--1  free fluorescence, which enabled us to establish the absolute
% 05 vibrational numbering of the " levels. The measured

level energies were used to determine th&4 potential
0.0 : : : : ' : ; : with the RKR and IPA methods. The potentials obtained are

0 5 10 15 20 25 30 35

. very similar to the theoretical potential of Magnietr al*42

We also calculated the intensity of the bound-free fluores-
FIG. 11. The best-fit values df and y as a function ofv. The circles  cence as a function of wavelength, using several transition
indicate best-fit values, and the squares are estimated upper bounds. dipole moment functionM (R). The quality of the RKR and

IPA potentials determined in this work is validated by their

ability to reproduce the positions of the peaks and troughs of
gram in Fig. 9. Figure 10 shows selected results that illusthe oscillating spectra. Similarly, the quality of the transition
trate how the experimental results for differentl) levels  dipole moment function is tested by its ability to reproduce
correspond to different intermediate angular momentunthe relative magnitudes of the peaks in the oscillatory spec-
coupling. The dotted lines are theoretical calculations of thera. The spectra calculated using the transition dipole mo-
absolute energy spacingborizontal axi$ as a function of ment of Magniert al. agree very well with the experimental
(N+3)y (vertical axig for the fixed value b=0.977  spectra, confirming the high quality of the theoretical calcu-
%1072 cm™ !, atypical value ob from the individual fits in  lations. A slightly better fit was obtained by varyindg(R)
Table IV. using a quadratic trial function.

Another way to consider the results is to examine the  The 433" hyperfine structure presents a unique signa-
dependence db and y onv. Figure 11 presents our results ture pattern resulting from a combination of spin-rotation
in this way; the best-fit values are shown for evenyN) and Fermi-contact interactions. We have analyzed this struc-
level considered. The bottom panel shows that the depenure and determined the Fermi contact constaregnd the
dence ofb onv is quite weak. The most striking feature of spin-rotation constany for many of the levels. The results
the data is thaty exhibits a very strong dependence. Our indicate that the angular momentum coupling scheme varies
preliminary interpretation is that this structure arises becauseith N, shifting from the limiting casé s towardsbg; asN
y is the sum of two termsy=yV+ y(?) (Refs. 66—6% increases. The Fermi contact constant is independent of vi-
Here vV arises in first-order perturbation theory as the av-brational level, while the spin-rotation parameter varies con-
erage value, in the electronic state of interest, of a particulasiderably withv. Future work will explore this dependence
one electron operato?) appears in second-order perturba-in more detail.
tion theory when the effects of other electronic states are
taken into account. We suspect thdt) depends smoothly ACKNOWLEDGMENTS
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