Bound-free 1311132+ emission from the NaK molecule: Determination
of the 13X+ repulsive wall above the dissociation limit
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We report the observation of bound—free emission on the 1°I1— 1?2+ band of the NaK
molecule. The spectra, which consist of oscillating continua in the near-infrared, have been
analyzed to determine parameters describing the repulsive wall of the 1 33 * state above the
dissociation limit. Spectra calculated using a potential of the form de ~ 2% 4 C for the 1 °= *
state were compared to experimental spectra to yield the following values: 4 = 5.94 x 10°
cm~',B=1.605A""', C= —220.520 cm~". This potential, which is referenced to the
bottom of the RKR 1°Z*+ well (D, =209.1 cm '), is valid over the range R = 3.4-4.5 A
(R = 6.4-8.5 a.u.), The relative transition dipole moment of the 1*I1- 132+ band has also
been determined over a limited range in R (7.5 < R < 8.9 a.u.) through the study of relative
intensities of various maxima within each oscillating spectrum. In the simulated spectra, the
dipole moment was represented by a functional form D(R) = m(R — R,) + D, where D, was

used to normalize the results to a recent theoretical calculation (D, = 1.07 a.u. R, = 8.034
a.u.). The best fit for the parameter m was determined to be 0.121 + 0.029 in atomic units.

I. INTRODUCTION

The lowest triplet state, 132+ | of the sodium—potas-
sium molecule is mostly repulsive, but with a shallow van der
Waals minimum at large internuclear separation. Bound-
free fluorescence terminating on this state has been observed
since 1978,"° and these spectra have been used in several
attempts to determine parameters describing the 1 3 * re-
pulsive wall above the dissociation limit.">*”® Interest in
the repulsive 1 >+ state of the alkali diatomics was piqued
in 1980 by Konowalow and Julienne,” who suggested that
continuum fluorescence on the 1°3;" —1°3F bands of Li,
and Na, might form the basis for continuously tunable near-
infrared lasers.

Experimental observation of alkali triplet bands has
been hindered by the dipole selection rule AS = 0, and the
fact that the ground state of all alkali diatomics is a singlet.
This has made it difficult to selectively excite to a specific
level of an upper triplet state. It is possible to populate these
triplet states by means of collisions.’ However, this results in
a great number of triplet levels being populated simulta-
neously and many interesting spectroscopic details are
washed out in the complex fluorescence spectra. In particu-
lar, the first observation of the NaK 1 *I1—1 3=+ band was
made in 1985.5 However, in this case, collisional population
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of the 1 *I1 state produced a fluorescence spectrum consist-
ing of a broad featureless continuum, decreasing in intensity
with increasing wavelength.

A more selective method used to populate the triplet
states of the alkali diatomics has been to rely upon spin—orbit
perturbations between nearby singlet and triplet levels of the
same J.!"+610-15 Tn NaK, for example, the 1 [T and 2 'S *
states both dissociate to the sodium 3s plus potassium 4p
atomic state limit. Because these two potentials overlap sig-
nificantly (see Fig. 1), there are many possibilities for the
occurrence of spin—orbit perturbations which can be used to
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FIG. 1. Lowest six NaK molecular potential curves (from Ref. 28). Note
that throughout the text the notation 2 'S+ refers to the second lowest
'S+ state, etc.
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populate the triplet. This is the approach used to gain access
to the triplet manifold of states in the present work. Accurate
spectroscopic constants for the NaK states 1°I1; and the
bound portions of the 1 >T * , have previously been attained
by way of similar 2 *IT-2 'IT state perturbations using the
technique of perturbation-facilitated Fourier-transform
spectroscopy.'®!'® These experimental 1°I1, and 1°2* po-
tentials, as well as those of the 1'=+ and 2'S " states
{which have also been mapped out using Fourier-transform
spectroscopy in Refs. 16 and 17, respectively), play a signifi-
cant role in the present analysis.

In a previous work, we reported observation of bound-
free emission on the NaK 1°[1—133* band where the
1 311 state was populated via2 'S + —1 31 spin—orbit pertur-
bations following excitation by a multimode cw dye laser.®
Because of the large bandwidth ( ~30 GHz) of the multi-
mode laser, it was impossible to avoid the simultaneous pop-
ulation of several v,J levels in the upper triplet state. This,
and the complexity of the excitation spectra, rendered it im-
possible to make accurate assignments of the upper 1°I1
state levels responsible for the bound—free fluorescence. In
addition, since several upper state levels were generally pop-
ulated, some washing out of the spectra also occurred. Al-
though bound-free oscillations were still visible, our inabil-
ity to accurately label upper state levels made it impossible to
use the spectra to determine specific information concerning
the 1 32 * potential.

In the present work, we report the observation of near-
infrared bound-free emission from the 1°3II, states
(2 =0,1,2) to the 1=+ state of the sodium-potassium
molecule following single-mode ring dye-laser excitation to
specific 1 I, (v,J) levels. Details of the experiment are pre-
sented in Sec. III. These observations of the bound—free
1°I1-133* emission, and the previously determined po-
tentials for the 1 '+, 213+, 1 3[1,, states, and the bound
portion of the 1 > * state, have enabled us to map the repul-
sive wall of the 1 33 * state above its dissociation limit, as a
function of internuclear separation R (see Sec. IV C). From
the fluorescence intensity versus wavelength, we have also
been able to determine the relative transition dipole moment
of the 1’11132 * band as a function of internuclear sepa-
ration (Sec. IV D).

Il. THEORY

NaK 1°I1-1%2* bound-free emission from one up-
perv,J level forms a broad oscillatory continuum. Contained
within each such fluorescence spectrum is much information
about the lower state potential and the transition dipole mo-
ment D(R). If the spectra can be successfully inverted, we
can obtain accurate experimental constants for the 13X+
state repulsive wall and the function D(R). Note that the
accuracy with which bound state potentials can be mapped is
a result of the hundreds or thousands of discrete lines in
bound-bound spectra which can be used to fit the potentials.
Repulsive states, on the other hand, are much more difficult
to map because they generally result in diffuse continua.
However, using a tunable laser to generate oscillating
bound-free continua from many upper v,J levels, we can
observe hundreds of maxima and minima which can be used

in a fitting procedure. Thus such spectra should be capable
of producing experimental constants for repulsive state po-
tentials with an accuracy approaching those obtainable for
bound states.

In general, the intensity of bound—free emission within a

range dA about A is given by the following equation'®?:
dIth) gy — 64 w2y 4 -sT(4)dn, (1)
dA 3

where &, is the number of atoms in the upper state level and

oo . 2
T(A)=hY Sy, U x5 (RDR)y: (R)R ] .
2
2)

Here y%’'(R) is the vibrational wave function in the upper

bound energy level E;, and )(f"r (R) is the energy normal-
ized lower free state wave function corresponding to E, . The
S;.;- are Honl-London factors, and £, — E; = hc/A. In-
formation about either the upper or lower state potential is
buried within the wave functions inside the integral. Note
that in many cases (including the present one), D(R) is a
slowly varying function, so that it may be brought outside
the integral in Eq. (2). Thus the important quantity in Eq.
(2) is the square of the wave function overlap integral,
[5exE (R)y. (R)dR]?. Before going on to discuss the
quantum mechanical calculations of these fluorescence
spectra, it is useful to discuss two approximations to Eq. (2)
which have been used to analyze bound-free spectra in the
past.

In the classical Franck-Condon approximation
(CFCA),% it is assumed that electronic transitions take
place so rapidly that the nuclei do not change their relative
position or velocity. This means that to each R value there is
a corresponding wavelength which is given by the difference
in the potentials at that R; ie., A(R) =hc [Vy(R)
— Vi (R)] ™ !. Thus, for a given wavelength, the integral in
Eq. (2) collapses to a delta function in R (since E, is fixed).
Under the CFCA, bound—free emission is particularly sim-
ple when the difference potential is monotonic, since in that
case there are no interference effects.?! This is the case for
the NaK 1°I1— 132 * band. The emission intensity at each
wavelength is proportional to the probability that the atomic
pair is separated by the appropriate R [given by y%(R)
X yu(R) where y, (R) is the upper state vibrational wave
function]. Thus the CFCA spectra directly represent a re-
flection of the square of the upper state wave function onto
the Mulliken difference potential,?! which is defined as the
sum of the lower state potential and the upper state kinetic
energy [see Fig. 2(a) ]. By simply using the reflection princi-
ple of the CFCA in comparison with the experimental spec-
tra, one could determine the NaK 1 33 * state repulsive wall
above the dissociation limit from the positions of the maxima
and minima of the reflection structure. One could also deter-
mine the relative transition dipole moment from the relative
intensities of the maxima.

A second approximation to Eq. (2) [ which we will refer
to as the delta function approximation—see Fig. 2(b)] can
be obtained by replacing y; (R) by a delta function at the
classical turning point’: y, (R)~8[E, — ¥, (R)]. Since
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3s + 4[3 FIG. 2. (a) Origin of bound—free oscilla-

tory spectra according to the CFCA, in
which both position and kinetic energy
3 are conserved. For each internuclear
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separation R there is a corresponding
unique wavelength, and the intensity at
that wavelength is proportional to the
probability distribution in the bound up-
—|  per state (sketched qualitatively in the
figure). The dashed curve represents the
lower state potential plus the upper state
kinetic energy (Mulliken difference po-
tential). Transitions at two R values are

Na +K

3s +4s
represented by arrows. (b) Oscillatory
Na +K spectra according to the delta function
Is+ approximation. Again the oscillations
reflect the probability distribution of the
—]  upper state, but here the kinetic energy is
not conserved. Instead the lower state
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the actual lower state wave function oscillates more rapidly
with increasing kinetic energy, the overlap with the upper
state wave function will tend to cancel for R values except
near the repulsive wall. This delta function approximation
exclusively weights the large maximum in the lower state
wave function which occurs at the turning point. The delta
function approximation, like the CFCA, is most accurate
when the repulsive potential is steep and the bound state
vibrational quantum number is low. Clearly, however, the
delta function approximation is quite different from the
CFCA, since the former does not conserve kinetic energy
and therefore velocity during the transition.

Both the CFCA and the delta function approximation
were tested for use in the inversion of the NaK 1 *I1 - 132 +
data by comparison of their resuits with fully quantum me-
chanical calculations of the spectra. (The quantum mechan-
ical calculations were carried out using the program
BOUND-FREE.'® These calculations are described more
completely in Ref. 6.) Figure 3 shows such a comparison.
Although both approximations reproduce the oscillatory
structure, including the correct number of maxima, neither
is sufficiently accurate in determining the positions of the
maxima and minima for use in obtaining an improved
133+ state experimental potential.

The difficulties encountered by the two approximation
techniques described above can be traced to the fact that the
overlap of the upper and lower state wave functions does not
collapse to a delta function in R. In Fig. 4, following Tel-
linghuisen,” we show the accumulated overlap integral as a
function of R. From calculations of this type we found that
the integrand of the overlap integral can be represented by a
“square window.” Rather than only a single R value contrib-
uting to the overlap integral as in the CFCA and the delta
function approximation, the overlap builds up over some
finite range of R which is a significant fraction of the width of
the upper state well (typically on the order of 20%). Thus,
with the fully quantum mechanical calculations, the transi-

wave function is represented by a delta
function at the classical turning point.

R (Bohr)

tion dipole moment is much more difficult to determine be-
cause one cannot directly relate a specific R to each wave-
length as in the CFCA or delta function approximation. The
transition dipole moment at any R will affect the intensity
over a fairly broad range of wavelengths, which can include
several maxima of each oscillatory spectrum. In effect, one
must deal with a moving average which is difficult to decon-
volve. It is thus impossible to determine fine details within
the transition dipole moment using these techniques. How-
ever, the finite width of this window does not cause any seri-
ous problems in the determination of the 1 S+ repulsive
wall above the dissociation energy because one does not need
to directly relate wavelength to R in the fitting procedure.
Problems of this nature and our results are discussed further
in Secs. IV B through IV D.

. EXPERIMENT

The experimental set-up is shown in Fig. 5. The sodi-
um-—potassium mixture was contained in a stainless-steel,
five arm, crossed heat-pipe oven.>® The oven was operated at
about 360 °C with approximately 2 Torr of argon as a buffer
gas. The oven temperature was such that it was near to, but
short of, the conditions necessary for true heat-pipe oper-
ation.

A single-mode ring dye-laser with built in wavemeter
(Coherent Autoscan CR-699-29), was used for the excita-
tion of NaK. The ring laser, using LD700 dye, was pumped
by ~7WfromaKr™* laser operatingat 647.1 and 676.4 nm.
This gave the dye laser a tuning range of approximately 700
to 780 nm with between 200 and 300 mW power. The laser
wavelength was initially calibrated with the optogalvanic ef-
fect using a Ba hollow-cathode lamp.

Fluorescence was viewed at right angles to the laser ex-
citation axis. Two monochromators were used to disperse
the triplet (13[1-132* ) and singlet (2'2+* -1!2+)
fluorescence. The triplet fluorescence was resolved using a
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FIG. 3. Comparison of theoretical NaK 1 3II,(v' = 18,J' =37)~13%+
emission caiculated using four different methods: (a) delta function ap-
proximation, (b) CFCA, (c¢) Eryomin and Kuz’'menko approximation,
and (d) fully quantum-mechanical calculation. For all the calculations the
experimental 1°I,, and bound portions of the 133+ potential energy
curves from Refs. 15 and 16 were used, in conjunction with the 1 T+ re-
pulsive wall determined in the present work. All four calculations predict
the correct total number of oscillations which extend to very long wave-
lengths ( ~4.3 um). Here, the calculations were cut off at 1.6 um corre-
sponding to the cutoff of the detector sensitivity in the experiment.

0.22 m monochromator with 1 mm slits (giving a resolution
of 7.2 nm), and was detected using a liquid-nitrogen cooled
intrinsic germanium detector. The wavelength dependent
relative triplet detection system efficiency was calibrated
with a quartz-iodine lamp.** The correction of the triplet
fluorescence spectra for the detection efficiency is important
in the determination of D(R) since that determination de-
pends entirely upon relative intensities. A long-pass filter
was used in front of each monochromator to block second
and higher order diffractions from the gratings. Singlet band
fluorescence was resolved using a 0.5 m monochromator
with 150 um slits (giving a resolution of 0.25 nm), and was
detected with a photomultiplier of S-1 response. Both mono-
chromators were calibrated with lines from the Ba hollow-
cathode lamp.

We were able to take both excitation and fluorescence
spectra by the use of two translating mirrors. The mirrors
could be positioned to intercept the fluorescence and redi-
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FIG. 4. Wave functions, integrand, and accumulated overlap integral for
(a) the first and (b) the third maximum (from the left) of the spectrum
shown in Fig. 12(d). The upper state level is 1 *I1, (v' = 10,J’ = 38). Note
that the width of the region where the integral accumulates increases as it
moves to smaller R values.

rect it to two free standing detectors. These were a Ge detec-
tor and a photomultiplier. The monochromators in this case
were replaced by interference filters. The filter placed before
the free-standing photomultiplier passed light from 0.65 to
1.0 um. As a result, this detector acted as a monitor of the
total singlet emission. The filter before the free-standing Ge
detector passed light from 1.0 to 1.6 gm and therefore moni-
tored the total triplet fluorescence. A beam splitter placed
before the heat pipe sent a fraction of the laser beam to an
iodine cell so we could continuously verify the accuracy of
the wavemeter on extended laser scans. The laser was
chopped at 200 to 300 Hz and the fluorescence signals were
recorded using two lock-in amplifiers.

While using the free-standing detectors, we would scan
the laser and observe the total triplet and total singlet flu-
orescence. The Autoscan laser data acquisition system is
limited to three input data channels. One channel was used
to acquire the vernier etalon scan, which was used to insure
that no mode-hops occurred. The other two were used to
acquire the three sets of data we were interested in observing:
the total triplet fluorescence, total singlet fluorescence, and
fluorescence from the I, cell. Thus we carried out two excita-
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tion scans in each region of interest. First, we would record
an excitation scan of the singlet fluorescence with the I, sig-
nal. Then we would repeat the scan, recording the total trip-
let spectrum with the singlet spectrum. Following this, we
would fix the laser wavelength to a position where the rela-
tive triplet to singlet intensity was high. Under these condi-
tions, the laser was presumably tuned to a level with mostly
triplet character. We would then translate the movable mir-
rors out of the way and record spectrally resolved fluores-
cence. Again two lock-ins were used. The excitation scans
were directly recorded by the laser’s computer, while the
fluorescence spectra were recorded both on chart recorder
and on computer.

IV. RESULTS
A. Spectra

Figure 6 shows an example of a composite excitation
spectrum. Each spectrum contains an etalon scan, a total
triplet fluorescence scan, a total singlet fluorescence scan,
and an I, scan, each as a function of laser frequency. The
total triplet fluorescence trace follows the total singlet, near-
ly peak for peak. This is due to collisional transfer from the
pumped singlet level to nearby levels of the 1 °I1 state. Occa-
sionally a large triplet peak, corresponding to a level with a
large triplet amplitude, was observed. Such peaks were used
for fluorescence scans. Under these conditions, for fixed la-
ser wavelengths, the resolved singlet spectra consists of se-
riesof P-R doublets extending from near the laser frequency
to about 1.0 um (part of which is shown for one case in Fig.
7). The corresponding triplet spectra (see Fig. 8) consist of

Etalon Trace

{a)

" "
y T T T

Total
Triplet
Emission

{b)

b +
$ u t

(c) Total Singlet Emission
() 1, Fluorescence
A . B W
13607.75 13608 25 ! 13608.75
!3608 00 13608.50

LASER ENERGY IN cm™'

FIG. 6. Excitation spectra. {a) laser etalon signal indicating the continuity
of the scan. (b) total triplet band emission. (¢) total singlet emission. (d) I,
fluorescence. The arrow in (b) indicates a position of enhanced triplet emis-
sion and therefore a perturbed energy level.
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FIG. 7. P-R doublets of the downward 2'S* (v =20, J' =37)
-1'S+ (v, J" = 36,38) transitions. The upper state was pumped from
thev” =0,J" = 36level ofthe 1 'S state. Typically these P~R doublets
extend to approximately 1.0 zm.

oscillatory continua, which are characteristic of bound-free
reflection structure.

The singlet spectra can be assigned to the NaK molecule
after measuring the energy separations between adjacent P—
R doublets. The energy separation between the lines depends
entirely upon the energy levels of the NaK ground state. The
ground states of NaK, K, and Na, (which are all present in
the vapor) are sufficiently different to allow distinction. (In
fact, almost all observed fluorescence signals could be as-
signed to NaK. This is because potassium tends to be pushed
out of the central region of the oven where the fluorescence is
produced, so that the K, concentration is low in that region.
In addition, Na, does not absorb strongly at these excitation
wavelengths. ) The triplet bound-free emission can be unam-
biguously assigned to NaK since the analogous
131-132* transitions in Na, and K, are forbidden by
symmetry considerations. (The analogous states in the ho-
monuclear molecules are designatedas 1 °I1, and 1 £, and
u — u transitions are strictly forbidden.) Since all signals are
linear in laser power, the upper state must lie in the first
excited manifold of states.

[\'.

VAU |
0.2 i \:/ /M oL .
w»/ ¥ \/\JA\'/\V’\/’"WW i
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114 1.2 1.3 1.4 1.5 1.6

Wavelength (um})

FIG. 8. Bound-free emission from the 1°I1,(v' = 18, J' = 37) level. This
spectrum was obtained with the same pump wavelength used to produce
Fig. 7.
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B. Analysis of spectra

The excitation spectra are very complex since there are
so many thermally populated levels of the ground state. In
general, these spectra were used simply to locate levels with a
large triplet amplitude.

In order to assign v and J for the pumped 1 °II level,
which were needed to model the bound—free emission, we
analyzed the associated singlet band emission. Since levels
which produce enhanced triplet fluorescence are spin—orbit
perturbed, these 1 °Il,, levels have an admixture of 2 '+
probability amplitude which allows population from the
ground state. This 2 'S * amplitude also results in down-
ward transitions to the 1'=+* state [2'S+ (v, J')>
1'T+ (v",J' + 1)] obeying the selection rule, AJ = + 1.
The singlet spectra consist of a series of P~-R doublets (see
Fig. 7) which can be analyzed to yield the assignments of v”
andJ'. In particular the Pand R line splitting within a doub-
let roughly identifies J ', while the splitting between doublets
yields the various values of v”. In practice, both quantities
depend upon both v” and J', so assignments were made by
comparison of a list of 12+ @"J —1),
1'S+ (v",J' + 1) energy differences with the observed P-R
splittings, and by comparison of a list of 1'2* (v",J"),
1'S* (v" + 1,J”) energy differences with observed split-
tings between doublets. The energy differences were genera-
ted from the constants of Ref. 16.

Once the assignments of J' and the various v” were
made, it was easy to determine the level of the ground state
which was pumped by the laser. A search program identified
all possible levels of the 2 'S * state which could be pumped
from the initial 1 'S rovibrational level given the laser
wavelength, the unperturbed 2 'S+ level energies (from
Ref. 17), and an energy error or tolerance. The energy error,
typically chosen to be 5 cm ~ !, was needed to cover possible
perturbation-induced deviations from the unperturbed ener-
gy positions.

Since the 2 '= + —1 *I1 perturbations only involve states
of the same J, it is straightforward to assign the ), v, and J
values to the mixed state’s 1°I1, probability amplitude.
This was done using a second search program which found
the closest unperturbed 1 *T1, level with the same J ’ value as
the pumped 2 '+ level. We identified triplet emission from
all fine-structure levels of the 1 *II state. However, most of
the spectra analyzed involved 1°3I1,-2 'S+ perturbations
which give rise to the strongest triplet fluorescence. This is
because the spin—orbit operator only couples the 2 'S + lev-
elstothose of the 1 3I1,. The 2 'S * levels are also coupled to
1311, and 1 *I1, levels, but only through more complex sec-
ondary perturbations. Table I shows the v, J levels of the
1'2+,2!'3S+  and 1l states which were coupled by the
laser for specific pump wavelengths.

As an additional check, we verified that the observed
shift of a mixed level from its unperturbed position was con-
sistent with the assigned perturbation; i.e., that the higher of
the two levels was shifted up in energy or the lower of the two
levels shifted down. We found that most of the chosen
pumped levels were perturbed triplets (triplet amplitude
greater than singlet amplitude) since these levels generally
give rise to the largest triplet fluorescence.
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TABLE I. NaK levels coupled by the laser for specific pump frequencies
which produced spectra analyzed in the present work. In each case, the
initialstateis 1 '=* (v,J) with vand J given in the table. The final state is an
admixture of 2 '2* (v,J) and 13Tl (v,J) levels with Q, v, and J given in
the table for both components. (£ =0 for the 2 'S * state.)

Laser energy 1'z+ 218+ 1°1
(em™") (v)) (vJ) Q)
13 949.88 4,45 32,46 1,26,46
13 788.32 1,30 24,31 0,21,31
13 698.69 0,27 21,28 0,19,28
13 606.73 0,36 20,37 1,18,37
13 572.00 0,47 20,46 0,18,46
13 569.45 0,63 21,62 1,18,62
13 488.05 0,23 18,24 0,17,24
13 269.68 0,15 15,16 0,15,16
12 939.08 0,37 11,38 0,12,38
12713.26 0,37 8,38 0,10,38

The largest error in the above procedure results from
inaccuracy in the 1 31, state constants which were used in
predicting the unperturbed energies for that state. These
constants were derived from the highly accurate 1 °I1, state
constants of Ref. 15, together with the measured fine-struc-
ture constant from the same reference:

{E[1°1, (v )] — E[1°Ty(vJ)]
=15.55Tcm ™' — 0.0112(v + {)em ~ '}.

This is not very satisfactory for our purposes, and we esti-
mate that neglect of higher order terms leads to an error of as
much as 1 cm ! in the unperturbed 1 *Il, energies. (This
estimate was made by comparing calculated energies for the
1 *I1, levels using the 1 *I1, level energies and the fine-struc-
ture constant of Ref. 15, with more accurate values which
include higher order terms.?* ) This uncertainty has a negli-
gible effect on our determination of the 1 *°Z + repulsive wall
(see next section), but makes it difficult to study the pertur-
bations themselves.

In principle, it should be possible to determine the elec-
tronic contribution to the spin—orbit interaction matrix ele-
ment &, '*:

(‘I’l—‘u., |Hso |\P2|2+ )= Ea (Xl"ll‘, |X2-2 o (3)
where W3y and ¥, . are the total molecular wave func-
tions, and the y’s are vibrational wave functions. By ignoring
interactions between 1 *I1,, and 1°I1, levels, we can con-

struct a simple interaction matrix involving only the 1 31,
and 2 'S+ states®®:

Es el (Xl‘n,, [x25+)
, (4)
el (Xz‘z* Xl"ll(,) E,

where E5 and E;; are the unperturbed energies. Diagonaliz-
ing the matrix gives an expression for the perturbed energies,
E, andE_7:

E, +Es 1[ )
E, =——=4+—|(Eu—E
* ) 3 (£n s)
12
+4§§1'<X!»‘n‘,ll’2-2+>|2] . (5)

Determination of £,, therefore requires knowledge of three
of the four quantities, Es, E;,, E, ,and E _ . In the present
experiment, we accurately know one of the perturbed ener-
gies and E;. Unfortunately, we were unable to locate the
second perturbed level with the techniques employed. This,
combined with the above mentioned uncertainties in E;,
made it possible to determine £, accurately, since a pertur-
bation typically results in a shift only of 0.5 cm ~'."* Work
to further investigate these perturbations is currently in
progress.

C. Determination of the 1 3=+ potential above the
dissociation energy

Having determined the particular rovibrational level of
the 1 *[1,, state which was populated at a specific laser wave-
length through perturbations with the 2 'X * state, we could
proceed with the determination of the 1*3 ¥ repulsive wall
above the dissociation limit. Qur procedure was to assume a
repulsive potential of a certain form with free parameters,
quantum mechanically simulate the oscillatory spectra us-
ing this potential, and vary the parameters of the potential to
obtain the best agreement between observed and calculated
spectra (i.e., positions of the oscillatory maxima and mini-
ma). We chose to fit the repulsive wall by a function of the
form Ae ~ 2R 4 C. This form for ¥(R) was used previously
by LeRoy et al.® to describe this same 1 > * repulsive po-
tential in a fit of bound—free fluorescence from a higher trip-
let state (2 *IT). In their work, the fitted potential was re-
quired to join smoothly with the experimentally determined
bound portion of the 133 * state!®; i.e., both the function
and its first derivative were made continuous at the junction.
This effectively reduced the fit to one parameter, since the
continuity of the potential, and the continuity of the deriva-
tive each eliminated one degree of freedom. The final free
parameter was then obtained by requiring the best match to
the spectra. We attempted to obtain “one-parameter” fits
using the forms de 2% 4 C and (4 /R)e*%* + C. How-
ever, we were unable to obtain a good match (within experi-
mental error) to observed spectra from both high and low v
levels of the 1 °I1 state using the same values for the param-
eters. In order to fit all of our data, we dropped the require-
ment of a continuous derivative of the repulsive wall poten-
tial with the known 1 *Z * bound well. This resulted in what
is effectively a two-parameter fit. We believe this is accepta-
ble since our data do not detail the region of the “wall” to
well junction.

The simulations of the bound-free spectra were fully
quantum mechanical and were carried out for the specific
levels of the 1 °I,, state which were previously determined
to be the levels pumped in the experiment. The calculations
were carried out using the program BOUND-FREE.'®'? The
program utilized the assumed form of the 1°2 ¥ repulsive
wall in conjunction with the experimental 1 *I1,, and bound
portion of the 132 * potential energy curves. These latter
two were calculated using a spline fit to the RKR rotation-
less potentials obtained from the experimentally determined
term values in Refs. 15 and 16. For the 1°I1,, states, we
determined turning points for v= —1 to 50, yielding a
range in R of 2.5145 t0 5.7223 A. For the 1>+ , we deter-
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mined turning points forv = —~ Jtov = 11, yielding a range
in R of 4.6452 t0 9.0780 A. These RKR turning points are
given in Table II. We limited the inner turning point of the
133+ state to R = 4.6452 A (corresponding to v = 6) be-
cause at R ’s near the dissociation energy, the turning points
become unreliable as generated by the RKR procedure.® P,
@, and R transitions were all included in the simulations,
which causes a slight broadening of the oscillatory maxima,
but little change in intensity at the minima. However, the
instrument function of the monochromator does significant-
ly increase the intensity at the minima in the experimental
spectra. In order to take this into account, we convoluted the
simulated spectra with a triangular instrument function of
7.2 nm full width half-maximum, corresponding to the mea-
sured monochromator resolution. This procedure resulted
in good agreement of the intensities at the minima. Each
simulated spectrum involved calculation of the intensity at
200 wavelengths to cover the observed region. Because we
were simulating spontaneous emission dispersed on a linear
wavelength scale, a weighting factor of A ~° was used [see
Eq. (1)]. All calculations were made using a theoretical de-
termination of the transition dipole moment, D(R),?” since
the experimental transition dipole moment function was yet
to be determined. The effect of using this theoretical D(R)
was later seen to shift the calculated peak positions by an
amount which was less than our experimental error.

For each simulation, the parameters 4 and B were esti-
mated, while C was determined by tying on to the 132+
experimental potential at R = 4.6452 A. 4 and B were then
varied until the simulations were consistent with our data.
This procedure converged fairly quickly since the effects of
the 1>+ state repulsive wall parameters were very clear in

Masters et al.: Emission from NaK

the calculations. If the oscillations in the calculated spec-
trum were too spread out at short wavelength, then the trial
133+ state wall was not sufficiently steep. Conversely, if
the oscillations in the calculated spectrum were too close at
short wavelength, then the trial potential was too steep. Our
reported best fit potential was, of course, required to simul-
taneously fit all analyzed experimental spectra within ex-
perimental error.

We found that in the present case, the emission from
higher v levels of the 1°I1, states was less sensitive to the
shape of the 132 © potential, over the range of R studied,
than emission from lower v levels. This is because all infor-
mation about the shape of the 1 S * potential repulsive wall
is contained within the lower (1 33 * ) state wave function
x: (R), which is most sensitive to the shape of the potential
for R values near the turning point. {The oscillation wave-
length of y, (R) is determined by the kinetic energy
P*/(2m) at R, and the de Broglie relation 4 = 4 /p. Relative
changes in 4 due to changes in V(R) [and therefore
p’/(2m) at R] are greatest when kinetic energy is smallest;
i.e., near the turning point. Alternatively, looking at it from a
mathematical standpoint, the solution to the Schrédinger
equation for the lower state wave function y, (R) is most
sensitive to the boundary conditions for positions near the
boundary.} In the present case, for higher v’ levels, the prin-
cipal contribution to the intensity at A comes from larger R
values and thus from regions farther from the 1 >°=*+ repul-
sive wall. Therefore our derived potential is most sensitive to
spectra obtained from the lower v’ levels. In the more general
case, the repulsive potential at R is most accurately deter-
mined by emission from a bound vibrational state with either
of its turning points (inner or outer) close to R.

TABLE I1. RKR turning points for the 13 *, 1 *I1,, and 1 *I],, states of NaK calculated from the constants of Refs. 16 and 15, respectively. The energy
zerosofthe 1 = * and 1 *I1, are with respect to the bottom of each well. The bottom of the 1 *I1,, state is with respect to the 1 *I1, zero. These RKR potentials
were used in the quantum mechanical simulations of the 1 °Il,, - 1°S* bound-free emission.

135+ D, =209.1cm ™ 1%, 1°11,

v R(A) Energy (cm ') v R(A) Energy (cm™') R(A) Energy (cm ')
6 4.6452 122.945 401 45 2.5339 4711.961 397 2.5339 4696.913 997
5 4.6886 107.526 156 40 2.5700 4280.095 498 2.5700 4264.992 098
4 4.7403 90.822 054 35 2.6113 3823.133 155 2.6113 3807.973 755
3 4.8027 72.842 288 30 2.6586 3343.438 421 2.6587 3328.223 021
2 4.8804 53.596 053 25 2.7134 2842.775 852 2.7134 2827.504 452
1 4.9848 33.092 543 20 2.7777 2322.453 075 2.7777 2307.125 675
0 ¢ 5.1567 11.340 952 15 2.8550 1783.432 583 2.8550 1768.049 183
- 172 5.4834 0.000 000 10 2.9524 1226.412 730 2.9524 1210.973 330
4] 5.8008 11.340 952 5 3.0877 651.877 947 3.0877 636.382 547
1 6.1271 33.092 543 0 3.3669 60.118 160 3.3669 44.566 760
2 6.3925 53.596 053 —-1/2 3.5045 0.000 000 3.5045 — 15.557 000
3 6.6400 72.842 288 0 3.6455 60.118 160 3.6455 44.566 760
4 6.8837 90.822 054 5 4.0229 651.877 947 4.0229 636.382 547
5 7.1316 107.526 156 10 4.2608 1226.412 730 4.2608 1210.973 330
6 7.3896 122.945 401 15 4.4655 1783.432 583 4.4655 1768.049 183
7 7.6638 137.070 593 20 4.6555 2322.453 075 4.6555 2307.125 675
8 7.9606 149.892 540 25 4.8388 2842.775 852 4.8387 2827.504 452
9 8.2878 161.402 046 30 5.0203 3343.438 421 5.0202 3328.223 021
10 8.6555 171.589 916 35 5.2040 3823.133 155 5.2039 3807.973 755
11 9.0780 180.446 958 40 5.3938 4280.095 498 5.3937 4264.992 098
45 5.5945 4711.961 397 5.5943 4696.913 997
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From detailed comparison of simulated and observed
NaK 131132+ spectra, we report our best fit for the
132+ repulsive wall potential of the form ¥(R) = Ae ¥
+C:  A=594x10° cm~!', B=1605 A~',
C = —220.520 cm~'. This potential is referenced to the
bottom of the RKR 132+ well, given in Table II (D,
=209.1 cm~'), and is valid for 34<R<45 A
(6.4 < R < 8.5a.u.). Wenote that because we are only able to
observe the bound—free emission out to about 1.6 um with
the intrinsic germanium detector, we can only accurately
map the 1 > * potential to a point ~2000 cm ~' above the
dissociation energy. {This limit is obtained by subtracting
the energy of a 1.6 um photon from the energy of the highest
1°11,, level producing observed and analyzed emission. ]

In Fig. 9 we have compared our experimental 1°2*
repulsive wall with those of LeRoy et al.® and Kato and
Noda* and with the calculated potentials of Stevens ez al.?®
and Jeung et al.?® The filled area (i.e., heavy solid curve) in
Fig. 9 shows the estimated uncertainty of our experimental
potential. Parameters outside this range predict spectra
which disagree with our observations by more than the ex-
perimental uncertainties.

It can be seen that the 132 = potential determined in
the present work is in reasonable agreement with that of
Kato and Noda® (obtained from their analysis of
231-13%* band bound—free emission) but disagree sig-
nificantly with that of LeRoy et al. who used the uniform
harmonic approximation”® to analyze the 2°I1-1°3+
spectrum obtained by Breford and Engelke.' This latter dis-
crepancy is significant given that the uniform harmonic ap-
proximation has been shown to yield accurate results when
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15001

1000+
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Energy in cm

-500+

\
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used to invert synthetic spectra. However, we do not believe
this discrepancy is an indication of any problem with this
method. Rather, in the case of the NaK 2 *[1-1 32+ band
analyzed by LeRoy et al.® neither the upper nor lower state
potentials was assumed known in the inversion. Thus the
analysis of the bound—free emission yielded an infinite fam-
ily of pairs of possible upper and lower state potentials.
Choice among these possible pairs of states was made by
considering also the bound-bound emission into the 1 °2 +
van der Waals well. In the analysis, the 1 >+ potential was
represented by F(R) = Ae ~®% + C where B was a free pa-
rameter and 4 and C were fixed by requiring continuity of
the potential and its derivative with the known bound por-
tion of the 1 32+ potential. LeRoy ef al. found that bound
state energies and bound-bound transitions were in best
agreement with observation when B was chosen to be 1.68 or
1.80 A —'. However, their analysis did not rule out the possi-
bilities that B = 1.52 or 2.27 A ~! might be correct, since
these values also gave local minima in bound state energy
discrepancies.® We have found that the potential obtained
using B =2.27 A~ is actually in fairly good agreement
with the potential determined in the present work. However,
as stated earlier, we were unable to fit both our high and low
v data within uncertainties with a one-parameter potential
such as that used by LeRoy.

The discrepancy between the present result and that of
LeRoy etal. for the 1 ?°= + potential is also consistent with a
similar discrepancy between LeRoy’s 2 °II potential and
that recently obtained experimentally by Kowalczyk.*
Kowalczyk (whose 2 *I1 potential is in good agreement with
that of Kato and Noda*), found the inner turning point for

FIG. 9. A comparison of the 1 3%+ re-
pulsive wall (including range of uncer-
tainty) obtained in the present work
(filled area or heavy solid line), with
those determined by Kato and Noda
(Ref. 4) (thin solid line), and by LeRoy
et al.® (The two medium dashed lines la-
beled 1 and 2, corresponding to LeRoy’s
B parameter equal to 1.68 and 1.80
A-', respectively, are those recom-
mended in Ref. 8. Curve 3, correspond-
ingtoB=227A"",issuggested as less
likely but not ruled out in Ref. 8.) Also
included are the calculated potential of
Stevens et al. from Ref. 28 (long dashed
curve), and that of Jeung et al. from Ref.
29 (short dashed curve). The solid
curve for R>4.5 A is the experimental
bound portion of the 1 2+ state from
Ref. 16. In this figure, the energy zero is
taken as the Na(3s) + K(4s) dissocia-
tion limit.

-1000 ,

Rin A
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the 2 *IT(v = 13) level to be 3.53 A which compares with
LeRoy’s turning point of ~3.38 A. We believe this ~0.15 A
shift of LeRoy’s 2 *II inner turning point is consistent with
the similar shift in their 133 * potential. We note that the
results of Kowalczyk,*® Kato and Noda,* and the present
work all seem to be mutually consistent. The bound—free
portion of Breford and Engelke’'s 2°[I(v= 13,
J=14)-1?3* spectrum (using Kato and Noda’s assign-
ment) is extremely well reproduced using K owalczyk’s 2 *I1
potential and the 1 32 potential of the present work (see
Fig. 10). This is strong confirmation of the analysis present-
ed here.

D. Relative transition dipole moment function D(R)

The transition dipole moment function D(R) is reflect-
ed in the relative intensities of the various maxima in the
oscillating continua. However, determination of this func-
tion proved to be more difficult than that of the 1 >+ state
potential. Initially, we tried to use the CFCA to directly
relate a particnlar emission wavelength to a particular R.
Since the CFCA assumes that the dipole moment varies
slowly enough to be pulled out of the integral in Eq. (2), the
intensity is proportional to | D(R) |>. We could then obtain a
relative dipole moment function, D(R)™, from the follow-
ing formula®:

(6)

D(R)™ = [ 1™ ]'/2.

This procedure, when based upon the CFCA, proved unsuc-
cessful. The problem occurs because the CFCA assumes that
the wave function overlap is localized at a particular R, when
in fact it occurs over a relatively broad region of R. This
means that a fairly wide region of R contributes to each emis-
sion wavelength. In fact, the dipole moment at any R can
contribute to several intensity maxima in a given spectrum.
A trial and error approach is also unsatisfactory, as it is not

obvious how to adjust D(R) to correct for errors in the cal-
culated spectrum.

Our eventual resolution of these difficulties came from
looking at accumulated overlap integrals similar to those
shown in Fig. 4. These tell us the range of R values which
contribute to a given wavelength. We model this range as a
square “window” which was determined for each peak in the
spectra. The average R of each of these windows then relates
the internuclear separation to a corresponding A, similar to
the CFCA. However, these R(A)’s are not the same as those
given by the CFCA. As in the CFCA, we have assumed that
D(R) is sufficiently slowly varying to allow it to be removed
from within the integral of Eq. (2). Since these integration
windows are broad, they will wash out any small details in
D(R). Thus we were unable to determine such details using
a formula equivalent to Eq. (6). Instead we modeled the
dipole moment by a linear function D(R)=
m(R — R,) + D, and determined a best value for the pa-
rameter m. Since only relative dipole moments were deter-
mined in the experiment, these results were normalized to
the theoretical value”’ D(R,) =D,= 107 au. for
R, = 8.034 a.u. The fitting procedure was as follows. Each
set of relative dipole moments, corresponding to a particular
spectrum, was fit by a linear function which was then nor-
malized to the value D(R,) = D,. Once all the dipole mo-
ment sets were placed on the same scale, the entire set of
points was fit to the function D(R) = m(R — R;) + D,.
The determined best value for m is 0.121 4 0.029 in atomic
units, valid for the range 7.5 <R <8.9a.u. (4 <R <4.7 A).
This transition dipole moment is plotted in Fig. 11, where it
is compared to the theoretical result of Ratcliff et al.2” We
should note that the error bars on the parameter m above are
purely statistical, but that the biggest error in our procedure
is clearly the assumed linear form of D(R). Nevertheless,
the technique, which was adapted from LeRoy ef al.,® is ca-
pable of providing a reasonable experimental picture of the
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FIG. 10. Comparison of Breford and Engelke’s (Ref. 1) 23M1(v = 13,/ = 14} =1 *=*+ bound—free emission [assignment from Kato and Noda (Ref. 4)]
with spectrum calculated using Kowalczyk’s (Ref. 30) 2 *I1 potential and the 1 *Z* potential from the present work. The transition dipole moment was
taken from Ratcliff ez al. (Ref. 27). Only the ten maxima shown in the calculated spectrum represent bound-free emission (Refs. 4 and 8). The remaining
maxima in the experimental trace correspond to bound—bound emission into the 1 >3+ state van der Waals well.
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FIG. 11. Comparison of the relative dipole moment obtained in the present
work (solid line) with the theoretical dipole of Ratcliff er al. (Ref. 27)
(dashed line). The experimental D(R) was normalized to the Ratcliff e al.
result at R = 8.034 a.u. The flat line of the theoretical curve to the right
represents the asymptotic theoretical dipole moment.

relative dipole moment function. It would be of greater value
in cases where the available data cover a larger range of R
values.

Figure 12 shows a comparison of several experimental
spectra with the relevant simulated spectra calculated using
the 1 >+ repulsive wall determined as outlined in the pre-
vious section and the transition dipole moment determined
as discussed in this section.

E. Comparison of “exact” experimental 13X+ potential
to resuits of reflection approximations

There has been much interest in reflection approxima-
tions and efforts have been made to find a new reflection
method which will correctly give the positions of the maxi-
ma and minima of bound-free spectra. In their very recent
paper, Eryomin and Kuz’'menko®' have developed several
new methods for determining bound-free spectra by reflec-
tion of the upper bound state nuclear probability function
[ Xt (R)yy(R)]. Of the three methods proposed, one per-
mits the straightforward inversion of bound—free spectra to
determine the lower unbound state potential, if the upper
state potential and energy level are known. The method lies
between the two semiclassical approximations previously
described; the CFCA and the delta-function approximation.

Rather than conserving all the initial state kinetic ener-
gy as in the CFCA, or losing all kinetic energy as in the delta-
function approximation, the Eryomin and Kuz’menko
method retains one third of the kinetic energy:

f’f=Eu—{VL(R>+g[EU—VU(R>}}, M
with E,; = the upper state energy, V', = the upper state po-
tential, and ¥, = the lower state potential. As in the other
two approximations, the emission intensity is proportional
to the probability that the atomic pair is separated by the
appropriate R. This approximation is justified by the reason-

T T T
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FIG. 12. Comparison of quantum-mechanical calculated spectra with ex-
perimental spectra. Each spectrum was generated from a single rovibra-
tional level of the 1°[1, states: (a) =0, v =21, J =31 (b) Q =1,
V=18, =37.(c)2=0,0=15J"=16.(d) Q2 =0,v" = 10,J' = 38.In
part (a) the first peak in the calculated spectrum is cut off, since that part of
the spectrum represents bound-bound 1°3[1,— 132+ emission which is
not handled by the program BOUND~FREE. The small feature at 1.17 gum in
trace (c) is a potassium atomic line.

ing that the first large maximum of the lower state wave
function (which contributes most to the radial overlap inte-
gral) does not occur at the turning point (as assumed in the
delta-function approximation), but is located between the
turning point and the momentum conservation point. The
effect of this offset is approximated by the preservation of
one third of the kinetic energy. It can be seen that this ap-
proximation is intermediate between the CFCA and the del-
ta-function approximations. Figure 13 compares the poten-
tials determined using the CFCA, the delta-function
approximation, and the Eryomin and Kuz’menko approxi-
mation with the potential determined here by fully quantum
mechanical methods. Figure 3 shows a comparison of spec-
tra calculated using the delta function approximation, the
CFCA, the Eryomin and Kuz’menko approximation, and a
fully quantum mechanical calculation, for fixed potential
curves.
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FIG.13.132* state potentials calculated from the various reflection tech-
niques using the observed 1°T1,(v =18,/ =37)—-13%* spectrum, and
compared to the quantum-mechanical result of the present work. In each
case, the rotational energy was subtracted off to yield rotationless poten-
tials.

We should comment specifically on the very poor per-
formance of the CFCA in Fig. 13 where it does not even
correctly predict the repulsive nature of the 1 =+ state. In
any of the reflection methods, the function A (R) is uniquely
determined by the experimental spectrum and the bound
upper state wave function (i.e., maxima and minima of the
spectrum correspond uniquely to antinodes and nodes of the
wave function). Thus the repulsive state potential is directly
determined by the function A(R) and the fraction of the
kinetic energy which is preserved by the particular reflection
method (O for the delta function, 33.3% for the Eryomin
and Kuz’menko approximation, and 100% for the CFCA).
The actual potential will generally be bounded by the two
extreme cases (the delta function and CFCA ) which in turn
must differ by exactly the upper state kinetic energy at each
R. Child et al.” point out that reflection methods work best
when the de Broglie wavelength of the bound state wave
function is much longer than the free state wave function in
the region near its turning point. This occurs for low » bound
state energies, a steep repulsive curve, and high free state
energies. Under such conditions, the derived delta-function
approximation and CFCA potentials will lie close together.
In Fig. 13, we inverted a spectrum originating from v’ = 18
in which the kinetic energy is greater than 2000cm ~!. These
spectra are also sensitive to a region of the lower state poten-
tial where the slope is not very steep. Thus this is a severe test
of the reflection methods.

The quantum mechanical results can perhaps best be
compared to the reflection methods by calculating the frac-
tion of the kinetic energy preserved at each R from the func-
tion A(R) and the quantum mechanical lower state potential
(i.e., we treat the quantum result as if it were a reflection
method and determine the fraction of kinetic energy pre-
served). Forthecaseof 1 ’II(v =18,/ =37) -1 33 * emis-
sion (Fig. 13) this fraction ranges from 5% to 34%. In com-
parison, for v' =21, J'=31 and ' =10, J' =38 the
corresponding fractions range from 5% to 30% and 15% to

30%. We have made similar calculations for Kato and No-
da’s 2°M(v=13,J=14) 132+ emission,* the synthetic
Br, X '2;" (v=>5,J = 0)-"'Il,, spectrum of LeRoy et al.®
and the synthetic Kr, spectra of Eryomin and Kuz’menko.?!
In these cases, the fraction of kinetic energy preserved typi-
cally ranges from 10 to 50%. Thus it can be seen that the one-
third kinetic energy prescription of Eryomin and
Kuz’menko is indeed an improvement over the delta func-
tion approximation and the CFCA, but is still only an ap-
proximation. The actual level of agreement depends strongly
on the details of the potentials.

V. CONCLUSION

In summary, we have observed NaK 131, 133+
bound-free emission from specific rovibrational levels of the
1 3T1, states. We have carried out quantum mechanical sim-
ulations of the emission spectra based upon previously deter-
mined experimental potentialsforthe 1 '+ ,2 '3+, 1 °[1,,
and 132 T states, and the 1 °I1 fine-structure constant. Us-
ing these simulations, we were able to fit the repulsive wall of
the 1 °= *+ state above the dissociation limit by a potential of
the form 4e ~ 2% 4 C. In addition, this potential, combined
with the 2 31 state potential of Kowalczyk,® was able to
accurately fit the NaK 2 *I1— 133+ bound-free spectrum
of Breford and Engelke.! Finally, we were able to crudely
determine the 1°I1- 1?2+ relative transition dipole mo-
ment function by comparing measured relative intensities of
the oscillatory bound-free emission maxima to those of sim-
ulations. In the latter, a linear dependence
D(R) =m(R — R,) + D, was assumed.

At present, we are involved in extending our detection
system’s sensitivity further to the red in order to extend our
experimental 1 2+ potential to shorter R. We also hope to
determine the lifetimes of perturbed states, which will allow
us to place our experimental dipole moment function on an
absolute basis. Finally, we are in the process of determining
the perturbation strength, £, by finding both levels of each
mutually perturbing pair.
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