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We have studied spin-orbit perturbations between the A (2) ‘E+ and 6( 1) 3110states of the
NaK molecule by accurately measuring the energies of mutually perturbing levels,
and by measuring ratios of A (2) ‘Zf -+ X( 1) ‘8+ and b( 1) 3110 + a( 1) 32+ emission
intensities, for five perturbed pairs. This allows twz partially independent determinations of
each perturbation matrix element I( 1 3110(ui,JI) 1H, ]2’2+ (r&J’) ) 1. From these
matrix elements, and calculated vibrational overlap inmgrals (u: 1vi), the electronic part of
theperturbationmatrixelement,
H,1~~(13~,(v~,J’)~H,,~2’2+(v~,J’))I/I(vjIv~)~,
was obtained. Our results for He, from the two methods are consistent, and independent of
vibrational and rotational quantum numbers, as expected. The determined best value
for H,, is (15.64=tO.39) cm-‘.
I. INTRODUCTION

.

.

Singlet states of alkali diatomic molecules have been
studied extensively using the full range of high-resolution
laser spectroscopic techniques (for example, see Ref. 1 for
a review of data on Na, and Ref. 2 for an excellent summary of the current state of knowledge concerning CsZ).
However, while singlet states couple to the X( 1) ‘ZZ+
ground state through some number of dipole-allowed transitions, the AS=0 selection rule makes the triplet states
more difficult to study. In recent years this situation has
changed with the advent of the perturbation-facilitated
optical-optical .double-resonance technique.3-5 Thus spinorbit perturbations between singlet and triplet states of alkali molecules create pathways into the triplet manifolds,
allowing researchers to map out many of these triplet
states. Moreover, the fact that the lowest triplet state of all
alkali diatomic molecules, 1 3Zf, is repulsive, means that
triplet bands terminating on this state are continuous. It
has therefore been suggested that this “excimerlike” nature
of these triplet bands may be used for developing highpower, tunable, near-infrared lasers.6
Spin-orbit perturbations between the alkali A IX+ and
b 311 states are also of interest since they contribute to
collisional excitation transfer from one fine-structure level
to another,7-9
@P3,2)

+N*~*,*)-‘d(*~*,*)

+~(*~*,2).

(1)

Here A(*f’3,2)
and A (*Pi,,) represent alkali atoms in the
J = f and J = $ fine-structure levels, respectively, of the
first excited state, and B(*Sl,2) is a ground-state alkali
atom of the same or a different species. In the light alkalis,
this excitation transfer process is dominated by long-range
Coriolis interactions.’ However, for heavier alkalis such as
cesium, this process is dominated by the A ‘X+-l 3110
spin-orbit interaction. In this latter case, the value of the
spin-orbit interaction strength is significant, because the
excitation transfer process [Eq. ( 1 )] limits the performance
of ultracold cesium traps. These traps are currently produced by laser cooling techniques utilizing diode lasers
tuned to the 6S’i/z -+ 6P3,2 transition. In this case, excited
6P3/2 atoms colliding with ground-state atoms can interact
4714
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along the 1 3110potential, switch over to the A ‘H+ potential (due to the spin-orbit interaction), and dissociate to
the 6 *PII limit, gaining 554 cm-’ of kinetic energy in the
process. This additional kinetic energy is sufficient to cause
these atoms to leave the trap.
The A ‘8+-l 3110 spin-orbit perturbations have been
extensively studied for the homonuclear alkali molecules.475V’G’9Because the perturbations between bound molecular states cause rovibrational spectral lines to shift
from their unperturbed positions, which are defined by empirical ( deperturbed ) energy expressions, a common
method of studying the spin-orbit perturbation effects is
high-resolution
spectroscopy.‘*-r6*‘* Also A ‘2+-l 3110
perturbations can be explored by studying ‘altered properties, such as anomalous lifetimes or line intensities associated with perturbed levels.475’17P19
These spin-orbit perturbation parameters have been reported for the Li2,4P5
Na2,13*16*17*‘
and
9 K2 (Ref. 18) molecules. In this paper we
report the perturbation parameter for the analogous
A(2) ‘8+-l 3110spin-orbit perturbation of NaK, the first
such measurement for a heteronuclear alkali molecule. The
heteronuclears are of particular interest because the
1 31-1
c+ 1 3Z+ transitions are allowed, whereas the analogous 1 311U+ 1 38,’ bands of the homonuclears are forbidden by the II + I + u symmetry selection rule. In our experiment,
the
NaK
b(1) 311e-A(2) ‘Zf
spin-orbit
perturbation strength is determined by accurately measuring the energies of pairs of perturbed levels, and by measuring the ratio of the b( 1) 3110 + a( 1) 38+ bound-free
emission intensity to the A( 2) IX+ + X( 1) ‘E+ boundbound emission intensity for each member of the same
pairs of perturbed levels.
In NaK the 1 311n and 2 ‘X+ states both dissociate to
the sodium 3s plus potassium 4p atomic state limit, and
these two potentials overlap significantly (see Fig. 1). The
spin-orbit perturbation between nearby singlet and triplet
levels of the same J results in perturbed levels with properties that are mixtures of those of the pure 1 311 and
2 ‘2+ levels.2c-23 Therefore we can directly excite NaK
molecules from a single rovibrational level of the ground
state , 1 IX+, to a specific perturbed upper state, by using a
tunable, narrow-bandwidth, single-mode cw dye laser.23
94714~09$006.00
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FIG. 1. Lowest six NaK molecular potential curves (from Ref. 33).
Throughout the text, the notation 2 ‘Z+ refers to the second-lowest
‘I’ state, etc. This replaces the older notation in which states were
labeled by letters (i.e., X ‘8+ = 1 ‘X+, A ‘LE+ = 2 IX+, a 3S+ = 1 3X+,

b’II = 19).

We detect these perturbed levels by simultaneous observation of bound-bound
(2 ‘2+ -+ 1 IX+) and bound-free
(1 ‘II,+ 1 ‘2+) emissions. The analysis of the spin-orbit
2 ‘X+ - 1 3110perturbations relies heavily on previous experimental determinations of the bound 1 3111, 1 ‘2+, and
2 ‘Z+ potentials of NaK which were accurately mapped
using high-resolution Fourier-transform spectroscopy.2”26

II. THEORETICAL

ANALYSIS

In the specific case under consideration in this paper,
the spin-orbit perturbation only occurs between levels of
the 1 ‘II, and 2 ‘2+ states because of the Aa=0 spinorbit perturbation selection ru1e.11P13~27
The 1 3112(vi,J’)
and 1 “lll(u:,J’)
levels also couple to the 1 3110(vi,J’) and
2 ‘2$ (r&J’) levels through second-order spin-orbit effects*’ (AJ=O is still a strict selection rule for this type of
perturbation as well). Thus in the general case, a 4x4
perturbation matrix must be solved. However, if we study
sets of levels in which the 2 ‘X+ (t&J’) lies closest to the
1 3110(u:,J’), and neglect the weaker second-order effects,
the problem reduces to a two-state system. (Later in this
paper we will introduce a small correction term to account
for the rotational mixing within the 311n manifold; i.e., to
account for the fact that the “unperturbed” 3110level actually contains small admixtures of 3111and 3112character. )
Under these conditions, the interaction matrix can be
written as*’

E&--EHm

(2)
JO i =”
where the column vector (g) represents the perturbed state
wave function
HIIx

i&E

Cz12‘B+(u;,J’))+bll

Q&&P)),

separation

(3)

FIG. 2. Schematic diagram showing one pair of perturbed levels (solid
lines) and the corresponding unperturbed levels (dashed lines). In this
case we assume that the unperturbed singlet lies higher.

and 12 ‘X+(&J’))
and 11 3110(v~,J’>) are the unperturbed level wave functions. Therefore, a and b are the
mixing amplitude coefficients. In the energy matrix, pZ
and tin are the energies of the unperturbed 2 ‘X+ and
1 3110levels, respectively. The spin-orbit perturbation matrix element I H,, I is defined as

I&I = If&II
= IHml
= I(2 ‘z+(vp>

pQ

1 %I,(vj,J))

I.

(4)

The perturbed state energies E*, found by setting the
determinant of the 2 x 2 energy matrix in Eq. (2) equal to
0, are given by
E,=fC(~~+~,)~I[:~~-~,)*+4~H,,~*11’*}.
The specific perturbed state wave functions
42, which are solutions to Eq. (2)) are given by

(5)
+1 and

$‘=A12

‘B+(u;,J’))+BI

1 31-Io(v;,J’))

(6)

#*=Bl2

‘~+(uJ,J’))--AI

1 3110(u;,J’)).

(7)

and

Using the normalization condition A* + B* = 1, the mixing
coefficients are easily found to be

Ir;r,cll
A=(a2+ lHs,12)“2

(8)

6
B=(82+ IHs,12)1’2*

(9)

and

Here we have defined the energy shifts SE,
- @=
= l$n - E- and A = E, - I$, = E”) - E- as the splittings
of the perturbed and unperturbed levels (see Fig. 2) and
we have assumed that S is the smaller energy shift (6 < A)
as depicted in Fig. 2. (Note that if the unperturbed triplet
lies above the unperturbed singlet, then SEE,
- tin

=@x-E-andA=E,-~=l$n-E-.)
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From Eq. (5)) it is clear that H, can be determined
from any three of the four quantities E,, E-, @z, and
l$n. In particular, it can be shown that
lHsol = $i?i

(10)

Conversely, 1H,I can be determined from the amplitude
ratio and the energy shift; i.e.,
1H,I =SA/B.

(11)

In our experiment, E, and E- can be determined accurately by precise measurement of the laser frequencies
required to pump the NaK molecule from one specific level
of the ground ( 1 ‘8+) state to each of these two perturbed
levels, respectively. We obtain the unperturbed 2 ‘2+ levels (pz) from the experimental constants of Ross and coworkers26 for that state. Using these three values, we can
obtain I H, I from Eq. ( 10). The unperturbed 1 ‘II, level
energies can be derived from the accurate 1 311, constants
of Ref. 24 and the splittings of levels in the various
1 311n states suggested in that same reference,
Eo[l 311e(u~,J’)]=P[1

311t(u~,J’)]-15.557

Spin-orbit

perturbations

TABLE I. Rotational mixing coefficients for the “unperturbed” 1 ‘Ilo
levels [a’1 1 3110(v;,S)) + 6’11 311,(ui,J’)) + ~‘11 311,(u~,J’))] of NaK
studied in this work.
1 3110(u;,s)
13II,(23,34)
1 ‘II,(21,31)
1 3110(19,28)
1 ‘l-l& 18,451
1 ‘l-I,( 17,26)

Rotational

cm-‘.

However, the uncertainties of unperturbed 1 3110level energies derived in this manner are sufficiently large [as much
as 1 cm-’ (Ref. 28)] that these values cannot be used in
the determination of the energy shifts S and A.
Alternatively, it can be seen from Eq. ( 11) that the
spin-orbit matrix element can also be obtained from measurements of 6 and the amplitude ratio A/B. The latter is
related to the ratio of bound-bound 2 ‘2+ + 1 ‘Z+ emission to bound-free 1 3110- 1 3Z+ emission intensities from
a particular perturbed level. For example, for state +2 detined by Eq. (7)

Itriplet
=--arks IAl2
I-l
Isinglet 2

Es 72 -iv

1

-

(14)

vt-iT*

H,-E
(

Ho,
HII-E

H20

H21

whose matrix
Baba,”

0.0337
0.0292
0.0247
0.0562
0.0219

Ho2

a’

H12

b’ =o,

H22-E

)o

(16)

c’

elements are given by Kati;

Otani, and

f&~=(~~olHI~~o)
=T,-A,+B,(X+

1) -0,(X2+4X+

l),

=T,+A,+B,(X-3)-D,(X2-4X+5),
(17)

Here T, = T, + G, X = J( J+ 1 ), and T, G, B, D, and
A, have their usual spectroscopic meanings [A, = A,
+ aA (u + l/2) and A, is the 311n state spin-orbit coupling
constant]. Higher-order terms involving centrifugal distortion constants (H,,L,) have been neglected.
The measured perturbation strength I H, I meaSis related to the true 2 ‘Z+-1 3110 spin-orbit perturbation
strength I H, I by the following relation:

IfLlmeas= I(2

:;;;;;;;;;j’“.

(15)

‘E+(ui,Y)

I&la’

3110(uiT)

+b’3TTl(ulJ’)+c’3n2(U:,J’))l

Therefore by measuring the energy shift 6 and the ratio
of triplet-to-singlet fluorescence intensities for both members of a perturbed pair, we can determine I H, I from
IH,,I +S(~)ln=S(

0.2539
0.2367
0.2183
0.3240
0.2060

HoI=H,o=(3110(H~3111)=(ZY)“2[B,-2D,(X+1)],

=--Otis PI2

Itriplet

Isinglet

0.9666
0.9712
0.9756
0.9444
0.9783

(13)

Here (7,) -’ and (TV) -’ are the natural radiative rates
(Einstein A coefficients) of the unperturbed singlet and
triplet components, respectively, and es and E, are detection
system efficiencies which incorporate collection solid angles, wavelength- and polarization-dependent monochromator (or interference filter) and detector response functions, bandpass of the monochromator
(or interference
filters), etc.
For the other member of the perturbed pair, d1 [see Eq.
(6)], we find

I-l

C’

As stated above, the measured values of I Hw I must be
corrected slightly to account for rotational mixing within
the 311n manifold. This rotational mixing causes the “unperturbed” 3110level to contain a small admixture of 3111
and 3112character. One can approximately calculate these
mixing coefficients by diagonalizing a 3X3 matrix,

cm-’
(12)

b’

mixing correction

Hlo
+0.0112(~:+0.5)

0’

= Ia’1 IHsoI-

(18)

Thus we must divide each measured value, I H, ( meas,by
the mixing coefficient I a’ I. The 3 x 3 311n matrix [Eqs.
(16) and (17)] was diagonalized for each of the five “un-
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FIG. 3. Experimental setup. IF and PMT represent the interference filter and photomultiplier

perturbed” 3110levels studied in this work, and the mixing
coefficients a’, b’, and c’ were determined. These are listed
in Table I.
III. EXPERIMENTAL

SETUP

The experimental setup is shown in Fig. 3. Since a
setup very similar to this has already been described in
detail in Ref. 23, we will only present a brief sketch of it
here. The sodium-potassium
mixture is contained in a
stainless-steel, five-arm, crossed, heat-pipe oven.29 The
oven is operated at about 360 “C with approximately 1.5
Torr of argon as a buffer gas. A single-mode ring dye laser
with built in wave meter (Coherent Autoscan CR-699-29)
is used for the excitation of NaK molecules. The ring laser,
using LDS 722 (pyradine 2) dye, is pumped by the 514 nm
line of an argon-ion laser (7.5 W). This gives the dye laser
a tuning range of 700-780 nm with between 150 and 300
mW power. The bandwidth of the ring dye laser is about
750 kHz. To check the accuracy of the wave meter on
extended laser frequency scans (i.e., - 10 cm-‘), and to
provide absolute calibration, part of the laser beam is split
off and sent through an iodine cell. I2 transitions are then
calibrated against a standard reference atlas.30’3’
Fluorescence is observed at right angles to the laser
beam. Excitation spectra, in which we record total singlet
emission (in the range 600 nm-1.0 ,um) and total triplet
emission ( 1.1-1.6 pm) as a function of scanned laser frequency or wavelength, are taken with the removable mirror in place (see Fig. 3). In this configuration, fluorescence
is sent through the two interference filters (with 600 nm1.0 pm and 1.1-1.6 pm transmission windows) and onto

tube, respectively.

the free-standing photomultiplier
and liquid-nitrogencooled, intrinsic germanium detector, which record total
singlet and total triplet emissions, respectively. These scans
are referred to as excitation scans.
Alternatively, the laser can be locked to a specific rovibrational transition, and spectrally resolved fluorescence
can be recorded. In this configuration, the removable mirror is withdrawn (see Fig. 3) and singlet or triplet fluorescence is spectrally resolved using a 0.5 m monochromator.
For triplet fluorescence, the monochromator slits are set to
1.5 mm (giving a spectral resolution of -2.3 nm) and a

I

c
134a82.550

13483.550
LASER ENERGY (cm-l

)

FIG. 4. Excitation spectrum. (a) The laser vernier &talon signal which
demonstrates continuity of the laser frequency scan, (b) total singlet, and
(c) total triplet excitation spectra, obtained as described in the text. The
arrows in (c) show four frequencies where a large triplet-to-singlet intensity ratio is observed. Such positions are likely to mark mixed levels with
relatively large triplet amplitudes. The oven temperature was 360°C for
this scan. The argon buffer gas pressure was 1.5 Torr.
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FIG. 5. Bound-free1 3110(uj= 18,J’= 45) - 1 3Z+ oscillatorycontinuum in the nearinfrared.The laserwastunedto 13 572.006cm-‘, pumping the [l ‘n&u: = 18,J’= 45)-2 ‘B+(u: = 20,J’= 45)] + 1 ‘X+(u”
= OJ” = 46) transition. T=36O”C. PAr= 1.5Torr. Sharpspikeson the
spectrumare due to cosmic rays to which the Ge detectoris sensitive.

second intrinsic Ge detector is mounted to receive the
transmitted light. For singlet fluorescence, a photomultiplier tube (PMT) (either Hamamatsu R928 or R406) is
mounted on the monochromator, and the slits are set to
50-70 pm, giving a resolution of better than - 1 A. This
resolution is necessary to distinguish individual rovibrational transitions originating from neighboring levels.
IV. EXPERIMENTAL

PROCEDURE

The step-by-step procedure we used for identifying
both members of a mutually perturbing pair and for measuring the energy splittings and singlet and triplet conponent amplitudes is given below. We note that the cumbersome nature of this procedure is a result of the availability
of only one single-frequency laser. With two such lasers,
state-labeling techniques could have been used, which
would have allowed rapid identification of both members
of the pair.
A. Finding the first member of a mutually
pair

perturbing

The technique of finding a good candidate for a wellmixed 1 311(r2 ‘E+ level involves the monitoring of total
laser-induced singlet and triplet band fluorescence. Since
the emission wavelengths of the 2 ‘E+ + 1 ‘Z+ and
1 3110-+1 32+ bands are well separated, we are able to observe the total fluorescence of each band individually with
the use of interference filters. Figure 4 shows an example of
an excitation spectrum taken as a function of laser frequency. The spectrum consists of a vernier Ctalon scan
(which shows continuity of the laser frequency scan), a
total singlet fluorescence scan, and a total triplet fluorescence scan.
In the excitation spectra, the total triplet fluorescence
trace follows the total singlet, nearly peak for peak, because collisions can transfer population from the laserpumped 2 IX+ levels to nearby rovibrational levels of the
1 311n states. However, there are a few peaks showing an
enhancement of total triplet fluorescence relative to total
singlet fluorescence. These are likely candidates for mixed
levels with large triplet amplitudes. We therefore fix the
laser frequency at some of these enhanced triplet emission

(b)

1
1 .l

1
1.2

1.3

1.4

1.5

1 .6

wovelength

FIG. 6. Laser-inducedfluorescence. (a) Bound-bound singlet laserinduced fluorescence spectra generated when the same upper mixed level
[onelevelofthe 1 ‘II&u; = 21,J’ = 31)-2 ‘E+(u: = 24,J’ = 31) mutually
perturbing pair] is pumped with R line excitation from the 1 ‘Xs+(u”
= 1,P = 30) level with the laser tuned to 13 787.742 cm-’ (upper
panel), and by P line excitation from the 1 ‘2+ (u” = 1,J” = 32) level
with the laser tuned to 13 775.886 cm-’ (lower panel). Note that in
addition to the primary series of interest (marked by **), members of
unrelated series, resulting from accidental pumping of other transitions
which happen to overlap the laser frequency within their Doppler widths,
are also sometimes present. However, the assignment of uf, J’ is confirmed
by identifying the same ** series (including the same relative amplitudes)
in both spectra. Note: Only short segments of the spectra are shown here.
However, this ** series can be followed out to - 1 pm, and all such peaks
match up in the two spectra. (b) Triplet spectra corresponding to pumping the same R line (upper trace) and P line (lower trace) as in (a).
Again, the continuum oscillations must line up if the assignment is correct.
positions and record-resolved
1 3110-+1 32+ spectra
(fluorescence spectra obtained using the monochromator
in Fig. 3). The triplet spectrum from a strongly perturbed
level will consist of a well-developed oscillatory continuum
(see Fig. 5), which is characteristic of bound-free reflection structure (see Ref. 32). For cases where the triplet
emission results primarily from singlet-to-triplet collisional
excitation transfer, the oscillatory structure is largely
washed out.
B. Determination of the unperturbed energy of the
2 ‘X+(w&J’) component of a mixed level
In order to determine the line shifts S and A, we must
tist calculate the energy of the unperturbed singlet component. To do the latter, we must identify the vibrational
and rotational quantum numbers (vi and J’) of the singlet
particular
mixed
for
the
component
2 ‘2+(&J’)-1
‘l&(v:,J’)
level (#1 or &). We therefore
record the resolved singlet fluorescence spectrum with the
laser tuned to pump the mixed level of interest. The singlet
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spectrum
consists of a series of P-R
doublets,
2 ‘Z+(u:,J’)
-+ 1 ‘X+(u”,J” = J’ f I), obeying the AJ
= f 1 selection rule appropriate for a B -+ Z transition. The
upper panel of Fig. 6(a) shows part of one of these resolved singlet spectra.
The analysis of such a spectrum yields 0,’and J’ since
the splitting between doublets depends primarily on u”
while the P-R line splittings within each doublet depend
primarily on J’. These identifications are made by comparison to a list of 1 ‘E+ state rovibrational level energies
generated from the experimental constants of Ref. 25.
Combining the lower state assignments with the known
laser frequency determines vi with no uncertainty. However, due to the resolution of the monochromator, the assignment of J’ has an uncertainty of approximately =t2.
Therefore we calculate

AE(v”,J’~

1) -E(l
--E(l

‘LY+(u”,J”=J’+l))
‘Z+(u”,J”=J’-

1))

Spin-orbit
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C. Finding the second
pair

level of a mutually

perturbing

Next, we must find the other perturbed level, shifted by
1E, - E- 1 (between OS-6 cm-’ for the five perturbed
pairs studied in this work) from the first. This is not easy
since there are hundreds of unrelated lines between the
transitions to E, and E-.
It is well known that the energy shifts of both perturbed levels from their unperturbed positions are “repulsive;” i.e., the higher unperturbed level is displaced upward
and the lower is displaced downward by the same
amount2’ (see Fig. 2). Therefore we can estimate the position of the second member of the perturbed pair from the
position of the first one and the accurately known unperturbed energy ,!?$ If the energy of the first level is greater
than l& we have found E,. Otherwise we have found
E- (see Fig. 2). In either case, the difference 1EF,
- pz 1 is equal to either S or A. Thus the other member of
the perturbed pair is separated from the first by

(19)
E+-E-=26+

from the experimental constants of Ross et aL2’ for each of
the possible values of J’ determined from the monochromator scans. We shift the laser frequency by AhE( u”,J’h 1)
for each of these possible J’ values and look at the resolved
singlet spectra that are generated. For the correct assignment of J’, the shift of AB( v”,J’k 1) will result in pumping the same upper state (i.e., if we initially pump RJtml
then the shift will cause us to $mp PJI+ r and vice versa).
Thus when the assignment is correct, we observe the same
resolved singlet [see Fig. 6(a)] and triplet [Fig. 6(b)] spectra for both P and R excitation of the same upper mixed
level.
Once the assignments of vi and J’ are confirmed,
Z&2 ‘B+ (u&J’)] can be calculated from the exprimental
constants of Ref. 26.

@-tinI

=2A-

I,+.?$uI,

which can be calculated roughly from the accurate l$ values of Ref. 26 and the approximate ,Z$nvalues from Ref. 24.
Depending on whether our first measurement yielded 6
(i.e., if we found the “perturbed singlet,” defined as the
level with singlet amplitude greater than triplet amplitude)
or A (if we found the “perturbed triplet”) we can narrow
the search to either one of tfvb smaller ranges. Most’ofteri;
we first find the perturbed triplet (since we pick out peaks
with large triplet amplitudes), so we begin our search in
the region shifted by (2A - 1I$ - ,$u I ).
The keys to finding the correct level in this region
(since the total number of transitions to choose from is still
large) are as follows:
( 1) The other member of the perturbed pair will give

TABLE II. Experimental measurements of the energies (relative to the bottom of the ground-state well) of
mutually perturbing pairs of NaK 2 ‘Z+ (ui,J’) and 1 ‘II,( u:,J’) levels, and the ratios of triplet-to-singlet
emission intensities.
Excitation
2 ‘x+ (u;,J’)-1 ‘IIe(q’)
+ 1 ‘I + (U”,J’)

(Z/Z*),

Eo(2 ‘Zf)
(cm-‘)

E, (cm-‘)

E- (cm-‘)

2 ‘X+(27,34)-1 j&(23,34)
+ 1 ‘X+ (2,33)

14 285.4775

14 286.502

14 284.675

1.566

2 ‘X+(24,31)-1 311,(21,31)
+ 1 ‘Z’ ( 1,30)

14 060.5476

14 060.961

14 060.386

7.109

2 ‘Z+ (21,28)-l %Ic( 19,28)
- 1 ‘Z+ (0,27)

13 833.5357

13 835.338

13 832.251

1.456

2 ‘IX+ (20,45)-l
c 1 ‘2+(0,46)

13 835.4795

13 838.224

13 833.722

1.512

13 607.5995

13 611.582

13 606.232

3.582

%a[ 1845)

2 ‘E+ (18,26)-l 3110(17,26)
- 1 ‘z+ (0,25)

(20)

U,/Zs)

I
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R (P) line since the method is based on the splitting between upper states assuming pumping from the same lower
state.
(4) Once found, a shift of the laser frequency by
AE(v”,J’*l)
[Eq. (19)]switchesfromRtoP(orPtoR)
line pumping of this second perturbed upper level and
must therefore produce the same singlet and triplet spectra.

To carry out this procedure we set the monochromator
slits to give a resolution no better than twice the expected
energy difference (E, - E-) and the monochromator
transmission wavelength to one of the lines in the resolved
Cc)
total triplet emission
singlet spectrum of the first perturbed level. The laser is
scanned in the range where the transition to the second
T
(kph
member is predicted to lie, and an excitation scan (for
(Lip)2
producing emission within the monochromator
bandwidth)
is
recorded.
Generally,
in
the
resulting
excitation
----_\
,I
BLOCK BEAM
spectrum there is still a fairly large number of lines. We
1
.-.
13787
550
121L18.550
then set the monochromator wavelength to the position of
ELASER ENERGY (cm-l)
E+
another line in the first level’s resolved singlet spectrum
and again record the excitation scan. After recording scans
FIG. 7. Intensity
measurements for the perturbed pair (E,
= 14 060.961 cm-’ and E- = 14 060.386 cm-‘). The singlet excitation
for several such monochromator wavelength settings, we
spectrum was taken by scanning the laser while monitoring the boundlook for lines that appear in all of them, eliminating those
bound2 ‘Z+(IJ’ = 24,J = 31) -+ 1 ‘2+ (v” = 2,J” = 30) transition. The
with
intensities for P-R fluorescence doublets which are
total triplet excitation spectrum was measured simultaneously. The base
line was obtained by blocking the laser (region between the /\slash
not comparable. For each of the remaining transitions (5
marks).
10 lines in an -5 cm-’ range) we must record complete
resolved singlet and/or triplet spectra using both P and R
line pumping. The two members of the same perturbed
an identical resolved singlet spectrum (including relative
pair, with both P and R line pumping, yield the same reline intensities) as the first, but all lines will be shifted by
solved singlet and resolved triplet spectra. Our experimenS+A.
tal measurements of E, and E- are listed in Table II for
(2) The other member of the perturbed pair will give
the five pairs studied. These energies are all referenced to
an identical resolved triplet spectrum as the first.
the bottom of the 1 IX+ well (i.e., they are the calibrated
(3) If the first transition we pumped was an R (P) line
laser excitation energies added to the energy of the lower
2 ‘2+(uJ,J’)
+
1 lZ+(U”,J
1) [2 ‘z+(u;,J’)
level of the transition, which is computed from the con+ 1 ‘X+ ( u”,J’ + 1 )], the transition to the second member
of the perturbed pair found in this manner must also be an
stants of Ref. 25).

T
;.B\>

TABLE III. Parameters for 2 ‘X+-l ‘IIs spin-orbit perturbations in NaK. The subscripts s and 2 represent
values obtained from shift and intensity measurements, respectively. Values of H, and H,, have been
corrected for the 1 ‘II, rotational mixing effects. Values in parentheses indicate uncertainties.
Excitation
2 ‘g+(v;J’)-l
sIIs(v;,J)
+ 1 ‘z+(v”,J’)

A2

82

UW,
(cm-‘)

(cm-‘)

l(u;Iu:)I

(HcJ,
(cm-‘)

(&)I
(cm-‘)

(&JI

2 ‘2+(27,34)-l
cl ‘2+(2,33)

31U23,34)

o.56

o.44

0.9381

0.929 1

0.057 36

16.36 (1.59)

16.20 (3.43)

2 ‘2+(24,31)-l
-1 ‘X+(1,30)

‘W21,31)

o,72

028

02663

0.2720

0.016 14

16.50 (6.67)

16.86 (12.76)

2 ‘X+(21,28)-1 3&,(19,28)
+ 1 ‘E+ (0,27)

058
.

042
.

1 5597

1.4463

0.09803

15.91 (0.93)

14.75 (2.59)

2 ‘X+(20 45)-l
+ 1 ‘X+:0,46)

3110(18,45)

0.61

0.39

2.3254

2.0633

0.1463

15.89 (0.66)

14.10 (2.44)

2 ‘2+ ( 18 26)-l
c 1 %+;0,25)

3IIo( 17,26)

0.74

0.26

2.3856

1.9235

0.1507

15.83 (0.75)

12.82 (1.54)
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D. Intensity

measurements

With laser pumping of each member of a perturbed
pair, we simultaneously measure the triplet and singlet
fluorescence intensities. The experimentally measured resolved triplet spectra, from all levels studied here, show
well-developed oscillatory structures, indicating that these
emissions are predominantly direct rather than collision
induced. Therefore we monitor total triplet emission from
these perturbed levels by the free-standing Ge detector as
described above. On the other hand, some of the resolved
singlet spectra show additional lines, unrelated to the perturbed levels, which result from accidental pumping of
other transitions. We therefore monitor the singlet intensity using the monochromator set to a particular P or R
line of the perturbed level fluorescence spectrum. Figure 7
shows intensity measurements for one perturbed pair. The
experimental results of these intensity measurements, for
our five observed perturbed pairs, are listed in Table II.
Due to uncertainty in base lines caused by overlapping
lines (see Fig. 7), and from collisional contributions to the
triplet emissions, these results carry considerable uncertainties.
V. RESULTS AND DISCUSSION
The values of the perturbation
matrix elements,
I&, I, were determined from our measurements for these
five observed perturbed pairs and are given in Table III.
(H,), denotes the values of j&j
obtained from the energy shifts S and A and Eq. ( 10). Similarly, (H,J1 denotes
values obtained from the shift S, the amplitude ratio A/B,
and Eq. ( 15). In both cases these values have been corrected for the 3IIn rotational coupling effect discussed in
Sec. II; i.e., the measured values of I H,, I meaShave been
divided by the rotational mixing coefficient I a’ I listed in
Table I. This correction is typically 2%-5%.
The spin-orbit operator acts primarily on the electronic part of the wave functions. Thus we can factor the
full singlet and triplet wave functions into products of electronic, vibrational, and rotational terms. We can then define a quantity,

H,,= I(1 3~,(~:,J’)Ii3012‘~+ww
I<414)I

l
’

(21)

which only depends on the electronic wave functions so
long as the spin-orbit matrix element is roughly independent of R over the range of overlap of the two wave functions.‘4P*6*19To obtain the vibrational overlap integrals
( LJ:I u:) we constructed Rydberg-Klein-Rees
potential
curves for the 2 IX+ and 1 3110states using the constants of
Refs. 26 and 24, respectively. We then numerically solved
the radial Schriidinger equation for these potentials and
numerically integrated the product of the resulting vibrational wave functions.
Under these conditions, HeI, the electronic part of the
spin-orbit perturbation matrix element, is expected to depend only on the two electronic states and not on the specific vi, ui, and J’ values. Our results for He1, obtained from
both the shift and intensity methods, for each of the five
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TABLE IV. Spin-orbit coupling constant for the 1 311n levels (A,) and
the electronic part of the A ‘PC-l ‘II, spin-orbit perturbation strength
(He,) for alkali diatomic molecules.
Molecule

A, (cm-‘)

41 (cm-‘)

...

Li,
Naz
NaK
KZ

0.114*0.006”
5.91*0.14b
15.64*0.39d
18.4*0.2’

7.0Sb
15.56’.
21.5’

“Reference 4.
bReference 16.
‘Reference 24.
dThis work.
‘%eference 18.

perturbed pairs studied, are given in Table III. Although
the intensity results are less accurate, all of these values are
consistent, as expected.
E, and E- can be measured with high precision using
the single-mode laser and wave meter. However, the uncertainty
in the unperturbed
singlet energy levels
Z8(2 IX+) is estimated to be -0.12 cm-’ (see Ref. 26).
Thus the small shifts S and A can also be uncertain by that
amount. If the shift is small (as for our second entry in
Tables II and III), the uncertainty in I?(2 IX+) will dominate the overall uncertainty in HeI. The other significant
source of uncertainty in the HeI values determined by the
energy shift method is the uncertainty in the vibrational
overlap integral (0: I vi). This latter uncertainty is primarily due to uncertainty in our knowledge of the 1 3110potential well. The uncertainty of the HeI values determined
from the intensity measurements (combined with the shift
S) comes not only from the uncertainties in S and
(vi I vi), but also from uncertainties in the singlet and triplet emission intensity measurements. The latter is particularly large due to triplet emission resulting from collisional
transfer. In both cases, the 1 31’In rotational mixing corrections are only a few percent. Thus the manner in which this
correction was included is not expected to affect our results
significantly. In this context, it should be noted that the
“correct” way to deal with this rotational mixing effect is
to diagonalize the full 4x4 matrix. However, in the
present case, this was not possible since the unperturbed
1 3112 and 1 3110 energies are not known with sufficient
accuracy. As a test of our method for including the rotational mixing effect, we have analyzed the results for sodium presented in Ref. 19 using this method (Le., first
solving the b 3II,,-A ‘X+ 2 X 2 matrix and then introducing
the rotational mixing correction as described in Sec. II),
and found that values of HeI we obtained agree extremely
well with values found from the 4x4 matrix analysis in
that work. Note also that the present method does not
depend critically on knowledge of the unperturbed 1 ‘II,
and 1 3112energies since the full rotational mixing correction only changes the value of He1 by a few percent.
Estimated uncertainties in (He,), and (Hel)r are given
in Table III. From the weighted mean of the ten measured
values of HeI we find the best value of
He,= (15.64hO.39)

cm-

1

.
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Table IV
gives a comparison
of measured
A ‘X+-l 3110HeI values for various alkali diatomic molecules. It can be seen that the value for NaK lies between
those for Na, and KZ, as expected. It is also reasonable to
expect that He, for NaK would lie closer to the value for
K2 than to the value for Na2, since the A(2) ‘2+ and
b( 1) 311 states of NaK both dissociate to the Na( 3s)
+K( 4~) atomic limit. This idea is also in agreement with
the present results. However, we note (see Table IV) that
while the values of He1 for Naz and Kz are approximately
85% of A, for those molecules (where A, is the spin-orbit
coupling constant for the 1 311n levels), our value of He, for
NaK is 101% of the corresponding A, value. At present,
we do not understand the origin of this difference, although
it may be partly explained by uncertainty in the approximate A, value reported in Ref. 24.
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