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Fine-structure branching in the near-threshold photodissociation of NaK(X '=*-B 'IT)
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We have measured the X '2* - B ' bound-free molecular photodissociation profile of NaK un-
der molecular-beam conditions. The dissociation results in excited K*(42P). We have measured
the D, /D, fine-structure branching ratio; this ratio is a strong function of wavelength ranging from
near zero to D, /D, ~25% as the laser is tuned through the bound-free absorption profile.

I. INTRODUCTION

Molecular photodissociation leading to excited pho-
tofragments has been a subject of interest in recent years,
in part because of the insight it allows into excited-state
collision dynamics.!”* Photodissociation processes can
be described as a “‘half-collision” analog of full state-to-
state collision experiments. Photodissociation studies,
however, can have distinct advantages over gas-cell or
crossed-beam experiments in some cases. The half-
collision starts with a relatively narrow range of angular
momenta (impact parameters). In many instances the
system can be prepared in a well-defined electronic state.
In direct photodissociation processes the collision energy
can be “tuned” by tuning the dissociation laser frequency
near threshold, and in the absence of barriers, this col-
lision energy can be tuned aribitrarily close to threshold.

The final asymptotic distribution of fragment states re-
sulting from the initially prepared molecular state will be
determined by the adiabatic correlation and nonadiabatic
mixing during the dissociation. This mixing results from
effects such as spin-orbit interactions, rotational cou-
pling, etc. The collision energy can be varied over a wide
range in comparison to the strengths of these various
molecular interactions. These experiments can give de-
tailed insight into the importance of such couplings on
the dissociation as a function of energy. Thus, measure-
ments of the detailed fragment state distribution allow a
sensitive probe of the excited-state half-collision dynam-
ics.

There has been significant effort expended in measure-
ments of the final distribution of electronic levels and
fine-structure states following photodissociation of the
homonuclear alkali-metal diatomics.’ ! One advantage
of these systems is the availability of reliable potential-
energy curves.’’”2* Photodissociation of K, via the
B ', state, for example, is adiabatic leading exclusively
to the K*(42P; ,(D,)) level." For Na,, however, this
process leads to a significant branching into the
Na*(3%P,,(D,)) level.”!®!5 This degree of mixing is
higher than should be expected on the basis of nonadia-
batic spin-orbit coupling alone.!® The usual explanation
for this result assumes some direct photodissociation via
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the A '3} state which adiabatically correlates with the
Na*(3?P, ,(D,)) level. The Franck-Condon factors for
this process are quite unfavorable.

Studies of the photodissociation of the heteronuclear
alkali-metal diatomics allows an important comparison
with the homonuclear case. Here we report on measure-
ments of the direct photodissociation of NaK. The pro-
cess may be described

NaK(X '2%)+hv, (=560 nm)—NaK*(B 'll)
—Na(32S)+K*(42P)) .

The molecular-state symmetries and the atomic prod-
uct state are identical to the homonuclear K, case [with
the possibly important exception of the nuclear exchange
(g —u) symmetry]. However, there are significant
differences in the long-range form of the interaction. The
K3(B '11,) state is predominantly a repulsive R ~3 form
at long range while the NaK*(B 'Il) state is predom-
inantly an attractive R ~° form at long range. This major
difference has two important consequences: (1) the re-
gion of nonadiabatic mixing will be at much smaller in-
ternuclear separation in the heteronuclear case; and (2)
there is no natural barrier limiting the approach to
threshold.

In the discussion of K, the spin-orbit mixing is strong-
est in the region near R ~45a,[~(C,/E,, )"/?] while
for NaK the spin-orbit coupling should become
significant in the range R ~17a,[ =(C¢/E, , )!/®]. Simi-
larly, the rotational coupling will become significant at
much smaller internuclear separations. These differences
may have a large influence on the degree of mixing, and,
therefore, on the final-state distribution. Furthermore, in
the photodissociation of K,, the natural B 'II, state bar-
rier limits the final-state kinetic energy to 2300 cm ™'
In the heteronuclear NaK case there is no such natural
barrier and we are able to tune arbitrarily close to thresh-
old.

We have measured the X '=* - B 'l bound-free molec-
ular photodissociation profile of NaK under molecular-
beam conditions. The profile extends over a range from
550-580 nm, peaking near 560 nm. We have also mea-
sured the nascent D, /D, fine-structure branching ratio.
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This process is the half-collision analog of Na+K* fine-
structure changing collisions.”* In contrast to the K,
case where no D, emission was observed,'>!? photodisso-
ciation of NaK leads to a significant D, /D, branching
which is a strong function of wavelength. The result
ranges from nearly adiabatic (D,/D,=0) to D,/D,
~25% as the laser is tuned through the bound-free
profile. This branching ratio is unexpectedly large in
comparison with semiclassical model predictions includ-
ing both spin-orbit and rotational coupling.

II. EXPERIMENT

The NaK effusive molecular beam was produced by
resistively heating a mixture of Na and K (~1:4) in a
stainless-steel oven (7,~720 K). The vapor expanded
through a superheated 0.5-mm nozzle into a stainless-
steel vacuum chamber with a background pressure under
operating conditions of ~1X10™* Torr. A 4-W Ar™
laser (Innova 70-4) pumped a tunable broadband cw dye
laser (CR-599) operated with Rhodamine 560 laser dye.
The unfocused laser beam (power~100 mW) was
chopped at ~1 kHz and directed into the vacuum system
to cross the NaK molecular beam at right angles ~8 mm
downstream from the nozzle. Excitation from the
ground X 'S 7 state into the continuum of the B 'II state
produces excited atomic K*(4?P;). Emission from the
fine-structure states was detected with a filtered pho-
tomultiplier tube (EMI 9658). Narrow bandpass filters
[ 1 nm full width at half maximum (FWHM)] were used
to resolve the D, and D, resonance line emissions at 770
and 766 nm, respectively. The phototube output was
detected with a lockin amplifier (SRS 570).

The bound-free excitation profiles leading to D, and
D, emission are shown in Fig. 1. There is slight evidence
for structure in the D, profile between 565 and 570 nm
which might be associated with excitation to bound or
quasibound states.!> Heavy thermal averaging and poor
spectral resolution make detailed structure difficult to ob-
serve. Certainly there is appreciable bound-bound ab-
sorption in this region as well as bound-free absorption.
The bound-bound excitation leads predominantly to
molecular fluorescence which is not efficiently detected
through the narrow-band atomic line filters. The profile
peaks near ~560 nm in agreement with predictions based
on calculated bound-free Franck-Condon factors?® using
hybrid [RKR (Rydberg-Klein-Rees), ab initio, R )
potential-energy curves.’’”2* This comparison between
the theoretically predicted thermally averaged bound-free
absorption spectrum (solid line) and the experimentally
observed (D, +D,) excitation spectrum (circles) is given
in Fig. 2. This spectral region is relatively free from com-
peting absorption'>! in Na, and K,. In particular, the
K,(X 'S —B'll,) photodissociation profile extends
over the range from ~600-640 nm. The far-red spectral
region observed here, beyond 580 nm, may have some
slight overlap with the K, absorption spectrum. Figure 3
shows the D, /D, branching ratio as a function of laser
wavelength. This fine-structure branching ratio is a
strong function of wavelength varying from near zero to
D, /D, ~25% as the laser is tuned across the bound-free
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FIG. 1. Experimentally observed bound-free excitation spec-
trum leading to atomic fluorescence on the K*(42P;,,
—42S,,,(D,)) line or the K*(42P, ,, —42S, ,,(D,)) line.

profile.

This branching ratio is unexpectedly large. Experi-
mental tests to verify that the observed branching is not
contaminated by experimental artifacts have been carried
out. The D, /D, ratio is independent of laser power. We
have verified that the observed D, signal is not due to D,
emission leakage through the D, filter by scanning the
emission spectrum with a monochromator. The D,/D,
branching ratio is independent of oven temperature and
hence particle density in the beam over a range from
T,~670 to 770 K. Perhaps the most convincing test in-
volves running the molecular beam with pure K, and
shifting the laser wavelength into the K,(X '=—B 'Il,)
photodissociation region beyond 600 nm. Under other-
wise identical experimental conditions, we detect no ob-
servable K*(42P,,,(D,)) emission in agreement with
earlier studies of K, photodissociation.!>!® Thus there is
no observable effect of fine-structure changing collisions
following the dissociation.

It is difficult to entirely rule out collision-induced dis-
sociation of bound excited states;'* the process is thought
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FIG. 2. Comparison of the theoretically predicted thermally
averaged NaK(X '2* — B 'I1) absorption spectrum (solid curve)
with the experimental spectrum (D, + D, emission).
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FIG. 3. Experimentally observed D, /D, branching ratio vs
excitation wavelength.

to have a large cross section®® but has not been well stud-
ied. While beam-background gas interactions are certain-
ly negligible, collisions within the beam are a possible
source of concern. However, as discussed, the D,/D,
branching ratio is independent of beam density. Further-
more, fine-structure mixing collisions and collision-
induced dissociation of K, have been demonstrated to be
negligible. It seems unlikely that collision-induced disso-
ciation cross sections for NaK would be significantly
larger than for these processes.

III. DISCUSSION

The long-range adiabatic correlations for the excited
states of NaK are given in Table I. These predictions
differ from those given by Kato and Noda'* for the adia-
batic correlations based on the state ordering at short
range (R <9a,). In this case the free-state wave packet
will traverse the short-range crossings (Fig. 4) diabatical-
ly to the long-range limit beyond ~ 13a,. In this region
the adiabatic correlations of Table I are appropriate. The
photodissociation process is clearly not completely adia-
batic. We have carried out a semiclassical (classical tra-
jectory) model calculation of the dissociation, numerical-
ly integrating the Schrodinger equation in the molecular
frame following excitation of the B 'Il molecular state.
The method is similar to that described by Gordeev, Nik-
itin, and Shushin,'® but our calculation includes both
spin-orbit and rotational-coupling terms?’ and uses the ab
initio potential-energy curves of Stevens, Konowalow,
and Ratcliff.?? The Hamiltonian matrix (7X7) in the ro-
tating molecular frame can be written

H=HeS+HS'O‘+Hrm X

The Hund’s case (a) basis states are labeled 1-7 accord-
ing to ’I(Q=2), II(Q=1), 'MMQ=1), =TT (Q=1),
M(Q=0), ’3%(Q=0), and 'S7(2=0). The electrostat-
ic Hamiltonian (H*®) is diagonal with the diagonal ele-
ments given by spline fit functions to the ab initio data
points of Ref. 22. The spin-orbit Hamiltonian elements
are given by
HyP = —Hy =Hy> =Hy =H53> =HY
=—H3 =

1
)

E (103 cm!)

f

R (bohr)

FIG. 4. NaK molecular potential-energy curves from Ref.
22.

where ¢ is the asymptotic spin-orbit splitting (57.7 cm ™~ !).
The rotational-coupling elements are given by

B=HR=HE="76,
where 6 is the time derivative of the classical deflection
angle. The other elements are zero or given by the re-
quirement that the Hamiltonian be Hermitian. A num-
ber of smaller effects (e.g., spin-spin, hyperfine coupling,
etc.) have been neglected. The Schrodinger equation in
the molecular frame

da (t)

. v
—if—

dt

t — t — t —
HY=HR=HZ =

7
= 3 H,(tha,1),
p=1

coupled with the dynamical equations

dR _  dv__ 1dV(R)
dt Codt @ dR
and
9:% ,
ur

is then integrated using a Runge-Kutta routine to obtain
the complex amplitudes a,(¢) of the wave function in the
molecular basis states. Here p is the reduced mass and
V(R) is the average potential defined as 1Tr(H). The

TABLE I. Long-range adiabatic correlations. Assumes at
long range the ordering of the states is given by
'S5 <335, <l o<1

Molecular states Atomic states

A'Z55b 3,
b 1, , 0B ',

Na(32S, ,,)+K*(42P, ,)
Na(3 2S)/z)+K*(42P3/2)




42 FINE-STRUCTURE BRANCHING IN THE NEAR-THRESHOLD . . .

asymptotic wave function is then reexpressed in the
atomic basis using Clebsch-Gordan algebra. Over the
range of experimentally accessible energies
(E <2000 cm™!) and rotational quantum numbers
(J 5180), the predicted fine-structure branching to the
D, level is always S 10%. This value is significantly less
than that observed experimentally near the peak of the
bound-free profile (~25%).

We note that the spin-orbit coupling strength is a
strong function of internuclear separation in this system.
In the calculation we assumed the spin-orbit coupling pa-
rameter to be constant at its asymptotic value. However,
in the small R regions the 'II—33" spin-orbit coupling
matrix elements have been measured and are estimated to
be ~ 1 of the asymptotic value.”® Unfortunately the vari-
ation in the spin-orbit interaction as a function of inter-
nuclear separation has not been accurately determined.

Photodissociation via the 4 '=* state must be con-
sidered. Any wave packet excited at short range will pass
the '* =311 crossing diabatically, remaining on the I+
curve which then correlates at long range with the D,
level. To assess the possible role of direct excitation to
the 4 'S* state, we have calculated the bound-free
Franck-Condon factors for the X '3*— 4 !X transition
using hybrid (RKR, ab initio, R ~°) potential curves. The
calculated Franck-Condon factors for photodissociation
via the A state in this wavelength range are less than
10™* of those calculated for the B state. Thus direct pho-
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todissociation via the A state is an unlikely explanation
for the observed D, signal.

An additional complication arises since the B 'II state
and the ¢ =" state are predicted to have a crossing on
the inner wall just above threshold (Fig. 4).2> This may
contribute to the anomalous D,/D, branching ratio
through direct excitation to the continuum of a “mixed”
-2 state in the neighborhood of the crossing on the
inner wall. The free-state wave packet will traverse the
337 =31 crossing primarily diabatically; we have es-
timated a Landau-Zener probability of ~98% for the di-
abatic passage. The 3% state adiabatically correlates
with the D level at long range.

These dynamics can be further clarified by measure-
ments of the atomic line polarization, through high-
resolution studies of this excitation spectrum, and
through initial-state selected experiments. Detailed mod-
eling, however, will certainly require accurate knowledge
of the variation of the spin-orbit coupling strength as a
function of internuclear separation.
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