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Experimental Study of the NaK 3 P State
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We report the results of an optical– optical double resonance experiment to determine the NaK 31P state poten-
tial energy curve. In the first step, a narrow band cw dye laser (PUMP) is tuned to line center of a particular
2(A)1S1(v9, J9) 4 1(X)1S1(v0, J0) transition, and its frequency is then fixed. A second narrowband tunable cw
Ti:Sapphirelaser (PROBE) is then scanned, while 31P 3 1(X)1S1 violet fluorescence is monitored. The Doppler-free
signals accurately map the 31P(v, J) ro-vibrational energy levels. These energy levels are then fit to a Dunham expansion
to provide a set of molecular constants. The Dunham constants, in turn, are used to construct an RKR potenti
curve. Resolved 31P(v, J) 3 1(X)1S1(v0, J0) fluorescence scans are also recorded with both PUMP and PROBE laser
frequencies fixed. Comparison between observed and calculated Franck–Condon factors is used to determine the abso
vibrational numbering of the 31P state levels and to determine the variation of the 31P 3 1(X)1S1 transition-
dipole moment with internuclear separation. The recent theoretical calculation of the NaK 31P state potential reported
by Magnier and Millié (1996, Phys. Rev. A54, 204) is in excellent agreement with the present experimental RKR
curve. © 1999 Academic Press
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I. INTRODUCTION

One photon absorption spectra involving transitions
ween two electronic states of alkali diatomic molecu
re extremely complicated due to small vibration and

ation constants and the fact that many ground state
ibrational levels are thermally populated at the tem
tures necessary to produce a sufficient vapor pres
he complexity of the spectra is greatly reduced by
se of the optical– optical double resonance (OO

echnique. In OODR, the first laser (PUMP) is used
opulate one ro-vibrational level of an intermediate e

ronic state. The second laser (PROBE) is then used t
ite these molecules to a higher electronic state. Abs
ion of the PROBE photon can be monitored by detec
irect fluorescence from the upper level (1– 4), fluorescenc

rom nearby levels of the same or another electronic
opulated by collisions (5–9), fluorescence from atom

evels populated by predissociation or collisonal ene
ransfer (4), ions produced by photoionization or vario
ollisional mechanisms involving the upper level (2, 9 –13),
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r rotations of the PROBE laser polarization (14 –15). Be-
ause only one ro-vibrational level is used as a starting p
or this PROBE step, the spectra consist of very sim
atterns which allow easy identification of the electro
tates involved, as well as the determination of molec
onstants. In the case of homonuclear molecules, the O
echnique allows access to states of the same ge
ngerade (g/u) parity as the ground state. In a variation
his technique, called perturbation-facilitated optic
ptical double resonance (PFOODR), mutually pertur
mixed) singlet–triplet intermediate levels allow acces
igher spin–triplet states (16).
In a recent work (4), we have used the OODR techniq

o study the 61S1 state of the heteronuclear alkali mo
ule NaK. In this experiment, the PUMP laser was use
xcite specific 2(A)1S1(v9, J9)4 1(X)1S1(v0, J0) transitions
he intermediate state 2(A)1S1(v9, J9) levels were the
xcited further using the PROBE laser tuned to var
1S1(v, J9 6 1) 4 2(A)1S1(v9, J9) transitions. Due to th
election rulesDJ 5 61 for S ↔ S transitions (S1 ↔ S1

ut S14/3 S2) andDJ 5 0, 61 for P ↔ S transitions, the
attern of double lines allowed the easy identification of
pper state as aS1 state. During the course of these m
urements, a few sets of triple lines were also obse
ince the presence of strongQ (DJ 5 0) lines, in addition to
andP (DJ 5 61) lines, implies thatDL 5 1, it is clear tha

hese triple lines are associated with transitions to a1P state
17). We have now carried out detailed studies of this1P
tate (which has now been identified as the 31P state

m,

of

d

J



d m
l an
s

ibe
t es
f th
3 n
f th
p cul
t

m
p ov
( a
b er
( d b

a xcite
s
s 29),
p OBE
l
6 s
c cing
D e-
w of a
p
m ht
a ding
p S-1
r filter
( en
s oni-
t
J g
f atter

nterferen
fi

377NaK 31P STATE
issociating to the Na(3S1/2) 1 K(3D3/2) separated ato
imit), and these results are reported in the present m
cript.
This manuscript is organized as follows. Section II descr

he experimental setup and procedure. Our analysis and r
or the 31P state molecular constants, RKR curve, and
1P(v, J, f ) 3 1(X)1S1(v0, J, e) transition Franck–Condo
actors are presented in Section III. Section IV compares
resent experimental results with recent theoretical cal

ions.

II. EXPERIMENTAL

The experimental setup is shown in Fig. 1. The sodiu
otassium mixture is contained in a crossed heat-pipe
at a temperature in the range 357– 402°C) using argon
uffer gas (P 5 0.4–1.2Torr). A single-mode ring dye las
Coherent model 699-29), using LD700 dye and pumpe

FIG. 1. Experimental setup. L, M, and BS represent lens, mirror, and
lter, and photomultiplier tube, respectively.
Copyright © 1999 by
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5 W krypton ion laser, is used as the PUMP laser to e
pecific 2(A)1S1(v9, J9) 4 1(X)1S1(v0, J0) transitions. A
ingle mode Ti:Sapphire laser (Coherent model 899-
umped by a 10 W argon ion laser, is used as the PR

aser on the 31P(v, J9, f )4 2(A)1S1(v9, J9, e) and 31P(v, J9
1, e)4 2(A)1S1(v9, J9, e) transitions. The two laser beam

ounterpropagate through the heat-pipe oven, produ
oppler-free lines of approximately 60 –180 MHz lin
idth. The PUMP laser frequency is set to line center
articular 2(A)1S1(v9, J9) 4 1(X)1S1(v0, J0) transition by
onitoring totalA3 X band fluorescence, emitted at rig
ngles to the laser propagation axis, with a free-stan
hotomultiplier tube (Hamamatsu R406, 400 –1100 nm
esponse) equipped with a 700 –1000 nm interference
“PMT 2 total A band” in Fig. 1). The PROBE laser is th
canned and absorption of PROBE laser photons is m
ored by detecting 31P(v, J, f )3 1(X)1S1(v0, J, e) or 31P(v,
, e) 3 1(X)1S1(v0, J 6 1, e) violet fluorescence emergin
rom the opposite side arm of the heat-pipe oven. This l

m splitter, respectively, while SP, IF, and PMT refer to short-pass filter, ice
bea
Academic Press



fl PM
( nm
e d
t
v

th
r ve
3 h
0 es
r fix

t nals
r ect
r rifts
a lved
s
l

and
l able
m a
c ans-

ion
r
1 for
e

378 LAUB ET AL.
uorescence is monitored using a second free-standing
Hamamatsu R928, spectral response 185–900
quipped with a set of three interference filters designe

ransmit light in the range 353– 462 nm (“PMT2 total
iolet” in Fig. 1).
Removal of a mirror from the fluorescence path on

ight-hand side of the heat pipe in Fig. 1 allows resol
1P 3 1(X)1S1 fluorescence scans to be obtained wit
.5-m monochromator equipped with another PMT. Th
esolved fluorescence scans are taken with both lasers

FIG. 2. Resolved fluorescence scans. (a) First few lines of the NaK 31P (v
ule DJ 5 61 for 1P (e parity)3 1S1 (e parity) transitions results in dou
2, J 5 30, f ) 3 1(X)1S1(v0, J, e) fluorescence series. The selection r
ach lower vibrational level.
Copyright © 1999 by
T
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o the centers of their respective transitions, and sig
ecorded with the “total violet” PMT are used to corr
elative resolved peak intensities for small frequency d
ssociated with either laser. Examples of such reso
cans are shown in Figs. 2a and 2b for ane andf parity 31P
evel, respectively.

In all cases, the PUMP laser beam was chopped
ock-in detection techniques were employed. A remov

irror in the violet fluorescence path allows light from
alibrated tungsten– halogen white light source to be tr

12, J 5 29, e) 3 1(X)1S1(v0, J 6 1, e) fluorescence series. The select
lines for each lower vibrational level. (b) First few lines of the NaK 31P (v 5

5 0 for 1P ( f parity)3 1S1 (e parity) transitions results in single lines
5
ble
uleDJ
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379NaK 31P STATE
TABLE 1
NaK 31P(v, J, e/f )4 2(A)1S1(v*, J *, e)4 1(X)1S1(v(, J(, e) Transitions Identified in This Experiment

nd Comparison between the Experimentally Measured Energies of the 31P(v, J, e/f ) Ro-Vibrational
evels (Referenced to the Bottom of the Ground State Well) and the Energies Obtained from the Molecular
tate Constants (Table 2) Obtained in This Work

Note.The uncertainty in each measured level energy is taken to be 0.02 cm21.
Copyright © 1999 by Academic Press
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TABLE 1—Continued
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381NaK 31P STATE
itted through the heat-pipe oven to the monochromato
alibrate the relative detection system efficiency ve
avelength (18). Since the fluorescence is partially pol

zed, the polarization dependence of the detection
em efficiency must be taken into account (19). The
avemeter of the PUMP laser was calibrated by recor

odine laser-induced fluorescence and comparing
ositions to those given in the iodine atlas (20). The
avemeter of the PROBE laser was calibrated with o
alvanic signals from neon transitions in a hollo
athode lamp. Energies of 31P state ro-vibrational level
btained in this manner, are considered accurate to;0.02
m21.

III. ANALYSIS AND RESULTS

When exciting a1P state from a single ro-vibration
evel of a 1S1 state, a set of three lines (P, Q, andR lines)

TABLE 1
Copyright © 1999 by
to
s

s-

g
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an be observed for each1P state vibrational level. In th
resent context, where the intermediate state is known
1S1 state, this three line pattern unambiguously ident

he upper state as a1P state. Comparison with theoretic
alculations of NaK potential curves (see sec. IV) allow
o further identify this state as the NaK 31P state correlatin
o the Na(3S1/2) 1 K(3D3/2) asymptotic limit (see also Fi

of Ref. (4).
Also, for a 1P state, all rotational energy levels occur

airs with oppositee/f (rotationless) parity (L doubling).
hus, for a particular intermediate level 2(A)1S1(v9, J9, e),

he three observed lines can be assigned as follows: 31P(v,
9 2 1, e) 4 2(A)1S1(v9, J9, e) (P line), 31P(v, J9, f ) 4
(A)1S1(v9, J9, e) (Q line), and 31P(v, J9 1 1, e) 4
(A)1S1(v9, J9, e) (R line), due to the selection rulesDJ 5
1 for e ↔ e and DJ 5 0 for f ↔ e. By using severa

ntermediate levels, the energies of a large number ofe and
parity ro-vibrational levels of the 31P state can be dete
ined. In the present work, five intermediate levels 2(A)1S1

ontinued
—C
Academic Press
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382 LAUB ET AL.
v9 5 16,J9 5 10,e), 2(A) S (v9 5 16,J9 5 18,e), 2(A) S
v9 5 16, J9 5 19, e), 2(A)1S1 (v9 5 16, J9 5 30, e), and
(A)1S1 (v9 5 16, J9 5 56, e) were used to observe 1

evels of the 31P state with vibrational numbers in the ran
5 3–15. The absolute 31P state vibrational numbering ca
e determined unambiguously from the comparison of
erimental and calculated Franck–Condon factors. T
56 levels, including PUMP and PROBE laser frequenc
re listed in Table 1.
The molecular 31P state energy levels can be fit using

tandard Dunham expansion:

E~v, J! 5 O
i,k

~Yi,k 1 dyi,k!~v 1
1
2
! i@ J~ J 1 1! 2 L2#k, [1]

here theyi,k constants describe theL doubling of the1P
tate (yi,k 5 0 for k 5 0) andd 5 0 or 1 for thef ande parity
evels, respectively (21–23). (Alternatively, one can use th
onventiond 5 21 for f andd 5 11 for e levels (24 –25).)
he molecular constants obtained from a fit to our 31P state
ata (26) are listed in Table 2. In the present work, exp

mental uncertainties proved to be too large to allow ass
ent ofL-doubling constants. The higher order coefficie

hat were included in the fit are necessary to improve
greement between measured and calculated intensitie

TABLE 2
The Molecular Constants of the NaK 31P State Ob-

tained in This Work along with the Theoretical Con-
stants of Ref. (32)

Note.All values are given in cm21 except for the equilibrium
internuclear separationRe which is in Å. The dissociation energy
De was obtained from the expressionDe 5 [De(X

1S1) 1
DEatomic 2 Y0,0] with De(X

1S1) 5 (5274.96 0.5) cm21 from
Ref. (30) andDEatomic 5 E[Na(3S1/2) 1 K(3D3/2)] 2 E[Na(3S1/2)
1 K(4S1/ 2)] 5 21 536.75 cm21 from Ref. (34). Quoted uncer-
tainties represent 95% confidence limits.
Copyright © 1999 by
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s
e
seeelow). A comparison between the experimental en
evels and those calculated from the fitted molecular
tants is given in Table 1.
The experimental molecular constants can be use

onstruct an RKR potential curve using standard comp
rograms (27–28). RKR turning points obtained in th
anner for the NaK 31P state are listed in Table 3 and a
lotted in Fig. 3.
Finally, the 31P state RKR curve can be used to calcu

ranck–Condon factors for various 31P(v, J, f ) 3
(X)1S1(v0, J, e) and 31P(v, J, e) 3 1(X)1S1(v0, J 6 1, e)
ransitions (27, 29). For these calculations, the grou
tate constants of Ref. (30) were used. In the prese
ase, the entire 31P(v, J) 3 1(X)1S1 band can be ob
erved, and because the difference potential is m
onic over the range of internuclear separations (R values)
ccessed by this experiment, a counting of the node

he Franck–Condon envelope function yields an un
iguous determination of the absolute 31P state vibrationa
umbering. This is confirmed by comparisons between
erimental and calculated Franck–Condon factors obta
ith different upper state vibrational numbering ass
ents.
The relative intensities of peaks in the 31P 3 11S1

esolved fluorescence scans are given by the following
ula (17, 25):

TABLE 3
RKR Turning Points for the NaK 31P State Obtained

in This Work
Aca
demic Press
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fl~v, J3 v0, J0!

5
64p4

3
Nv,J

SJ,J 0

2J 1 1

n4

c3U E cv,JMe~R!cv0,J 0dRU 2

. [2]

ere Nv,J is the number of molecules in the upper lev

J,J0 is the Hönl–London factor (17), and Me(R) 5
c31P(R)u (i er iuc11S1(R)& is the electronic transition dipo
oment with respect to the Born–Oppenheimer wavef

ions c31P(R) andc11S1(R) (which depend parametrically o
). If it is assumed that the electronic transition dip
oment does not vary appreciably withR, then the dipole
oment can be removed from the integral and this exp

ion reduces to

fl~v, J3 v0, J0!

5
64p4

3
Nv,J

SJ,J 0

2J 1 1

n4

c3 @Me~R!#2U E cv,Jcv0,J 0dRU 2

, [3]

here u* cv,Jcv0,J0dRu2 is the Franck–Condon factor. Th
e can compare experimental 31P 3 11S1 relative inten
ities with calculated Franck–Condon factors multip
y n4. To improve the quality of the comparison, the
erimental relative intensities are also corrected for
elative detection system efficiency (obtained as desc
n sec. II using the calibrated tungsten– halogen white la
hey are also divided by the total violet band fluoresce

FIG. 3. Comparison of the experimental NaK 31P state RKR potential cu
f Ref. (32) (dotted line) and Ref. (31) (dashed line).
Copyright © 1999 by
,

c-

s-

e
d
).
e

ntensity, which is continuously monitored during the
olved fluorescence scans, to correct for small laser
uency drifts.
Figure 4 shows this comparison for a few selected1P

o-vibrational levels. In each case, the calculated inte
ies are normalized to the experimental intensities
he maximum experimental intensity peak. Here it
e seen that the node positions are reproduced with
onable accuracy. However, it is apparent that the
ulations do not predict the observed reduction of inten
ith increasing wavelength. This failure is due to the
umption that the dipole moment is constant with inte
lear separation. In fact, the transition dipole momen
xpected to decrease with increasing internuclear sepa
ince the molecular emission (at smallR) is fully allowed,
hile the asymptotic atomic transition, Na(3S) 1 K(3D) 3
a(3S) 1 K(4S) (at R 3 `), is dipole forbidden. We a

empted to fit the calculated intensities to the experime
ntensities with Eq. [2] using a dipole moment that va
inearly with R; i.e.,

Me~R! 5 m0 1 m1~R 2 Req!, [4]

hereReq 5 4.4761 Å is theequilibrium separation of th
1P state. Although this produced much better ag
ent than the Condon approximation,Me(R) 5 constant

t became clear that a more complicated function
eeded. Using the computer program LEVEL 6.0 (29), it

(solid line) obtained in the present work, with the theoretical 31P state potential
rve
Academic Press
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FIG. 4. Experimental and calculated relative intensities for transitions from 31P (v, J 5 30, f ) to different 1(X)1S1 (v0, J 5 30, e) levels. (a)v 5 6,
b) v 5 8, (c) v 5 10, (d)v 5 12. In these calculations, the transition dipole moment was taken to be constant with internuclear separation. Experim
alculated values are normalized to each other at the highest intensity experimental peak.
Copyright © 1999 by Academic Press
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385NaK 31P STATE
s straightforward to expand the dipole moment func
n either powers ofR or powers ofR22. In the end, we
ound that good agreement between the calculated
xperimental intensities could be obtained by using a f

ion of the form

Me~R! 5 p1R
22 1 p2R

24 1 p3R
26 1 p4R

28 1 p5R
210, [5]

ith p2/p1 5 276.3 (Å)2, p3/p1 5 2157 (Å)4, p4/p1 5
24 300 (Å)6, andp5/p1 5 97 850 (Å)8, or alternatively

e~R! 5 m0 1 m1~R 2 Req! 1 m2~R 2 Req!
2

1 m3~R 2 Req!
3 1 m4~R 2 Req!

4, [6]

ith m1/m0 5 21.2677 (Å)21, m2/m0 5 0.6795 (Å)22, m3/m0

20.07907 (Å)23, and m4/m0 5 20.01267 (Å)24. These
arameters were determined by trial and error while

empting to minimize the weighted mean-squared resid
igure 5 shows a comparison of the experimental intens
ith those calculated using Eq. [5] in Eq. [2]. These res
hould be contrasted with those shown in Fig. 4, wh

e(R) 5 constant was assumed. Again, only relative in
ities can be compared, so the experimental and theor
ntensities have been normalized in each case at the hi
ntensity peak. The relative transition dipole moment de

ined in this manner is plotted in Fig. 6 and should
onsidered to be valid for internuclear separations in
angeR 5 3.4–6.6 Å. Itshould be noted that the function
orms for Me(R) given in Eqs. [5] and [6] are not physic
nd simply provide convenient analytic expressions to
esent the transition dipole moment over the rangeR
alues accessed by this experiment. From a physical s

FIG. 4—
Copyright © 1999 by
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oint, Eq. [5] for the dipole moment may be preferable s
t goes to zero at large internuclear separation as the
ipole moment function must. However, we warn aga
xtrapolation using either expression beyond the range

ed in Fig. 6 since our experiment provides no informa
eyond this range.

IV. DISCUSSION

Stevenset al. (31) have calculated all NaK potentials
o the Na(3S) 1 K(3D) dissociation limit andD states
orresponding to the Na(3S) 1 K(4S) and Na(4P) 1 K(4P)
imits using full-valence configuration interaction compu
ions with effective core potentials. More recently, Magn
nd Millié (32) used pseudopotential methods to calcu
otentials up to the Na(3P) 1 K(4P) limit. The theoretica
1P potential curves from these two studies are compare
he present experimental potential in Fig. 3. The theore
olecular constants of Ref. (32) are also listed in Table 2

omparison to the present experimental values. It ca
een that very good agreement exists between the pr
xperimental results and recent theoretical calculation

his NaK 31P state. Earlier we found good agreement
ween our experimental results for the NaK 61S1 state (4)
nd the calculations of Magnier and Millie´ (32). Thus it
ppears that the theoretical NaK potentials of Magnier
illié are of very high quality, even for relatively hig

ying electronic states. High-quality experimental and
retical potential curves in this energy range will likely

mportant for future NaK cold atom photoassociation ex
ments.

The present results can also be used to test theoretical
oment functions for the NaK 31P 3 1(X)1S1 band as the

ntinued
Co
Academic Press
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386 LAUB ET AL.
FIG. 5. Experimental and calculated relative intensities for transitions from 31P (v, J 5 30, f ) to different 1(X)1S1 (v0, J 5 30, e) levels. (a)v 5 6,
b) v 5 8, (c) v 5 10, (d) v 5 12. In these calculations, the transition dipole moment was taken to beMe(R) 5 p1R22 1 p2R24 1 p3R26 1 p4R28 1

5R210 with p2/p1 5 276.3 (Å)2, p3/p1 5 2157 (Å)4, p4/p1 5 224 300 (Å)6, andp5/p1 5 97 850 (Å)8. Experimental and calculated values are normal
o each other at the highest intensity peak.
Copyright © 1999 by Academic Press
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387NaK 31P STATE
ecome available. Figure 6 compares the experimental d
oment determined in the present work with one early ca

ation (33). Although the calculation reproduces the basic tr
hat the dipole moment decreases withR, it is clear that the
alculated slope is much too small. We hope that the cu
easurements will motivate new calculations of this dip
oment in the near future.

FIG. 5—

FIG. 6. Solid line: experimental NaK 31P 3 X1S1 relative transition
ipole moment versus internuclear separation obtained in this work [Me(R) 5

1R22 1 p2R24 1 p3R26 1 p4R28 1 p5R210 with p2/p1 5 276.3 (Å)2,

3/p1 5 2157 (Å)4, p4/p1 5 224 300 (Å)6, and p5/p1 5 97 850 (Å)8].
otted line: theoretical transition dipole moment from Ref. (33). The two
urves are normalized to each other atR 5 4.23 Å (8.0 a.u.).
Copyright © 1999 by
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Note added in proof. After submission of the present manuscript,
xperimental study of the NaK 31P and 61S1 states was published by Pash
t al. [Phys. Rev. A58, 1048 (1998)]. These authors carried out a compre
ive mapping of both states using polarization labeling spectroscopy. Paset
l. point out that the 61S1 state vibrational numbering reported in our ear
ork (4) was incorrect by one unit due to the limited data set and
xtrapolation (more than 1100 cm21) to the bottom of the potential we
herefore the Pashov results for the 61S1 state molecular constants and R
otential should be considered superior to those reported in Ref. (4). (The
rincipal results of Ref. (4), which are the absolute predissociation rates

ndividual rovibrational levels, remain valid except that all vibrational ass
ents in Ref. (4) should be increased by one unit.) The present results fo

1P state molecular constants are in fairly good agreement with tho
ashovet al. for J # 31. However, the Pashov results for the 31P state
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ot study the 31P 3 1(X)1S1 electronic transition dipole moment repor
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