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Effects of initial orbital alignment have been investigated for the fine-structure transitions of Hg(63P1 f
63P0) induced by collisions with N2 and CO in a crossed molecular beam experiment using a laser pump-
probe technique. The orbital alignment effects are observed by monitoring the population of the product
Hg(63P0) as a function of polarization angle (θ) of the linearly polarized pump laser, which prepares the
Hg(63P1), relative to the direction of the initial relative velocity vector. The alignment effects in this study
are represented by an asymmetry parameterâ in the angle-dependent cross section,σ(θ) ) σ0[1 + âP2(cos
θ)]. The measurement for Hg-N2 exhibits a large alignment effect withâ ) -0.50(7), but for Hg-CO a
small effect withâ ) -0.20(6). Both processes show preference for perpendicular excitation of the pump
laser withθ ) 90°. The nonadiabatic transitions responsible for this fine-structure process therefore occur
mainly via the B̃(23A′ + 23A′′) molecular electronic state and not via the A˜ (13A′) state for Hg-N2. In contrast,
the small effect for Hg-CO indicates that the contribution from the nonadiabatic transition via the A˜ state is
comparable with that via the B˜ state for Hg-CO.

I. Introduction

Mercury atoms are excited to a 63P1 state from the ground
state (61S0) through photoabsorption of 253.7 nm light and then
usually decay by emitting fluorescence of the same wavelength
with a lifetime of 114 ns.1 However, when they collide with
molecules, the fluorescence from the excited state is quenched
through chemical reactions or inelastic energy transfers. Col-
lisional inelastic and reactive processes initiated by the photo-
absorption of mercury are called mercury photosensitized
processes and have been the subjects of many experimental
studies for a long time.2-7 Among them, the target of the present
study is intramultiplet transitions of Hg(63P1-63P0) induced by
collisions with molecules(M),

which is an important elementary process in mercury photo-
sensitized reactions, because it produces a metastable state of
Hg(63P0) with a considerable amount of internal energy (E )
37645 cm-1) which leads to subsequent chemical reactions.2-6

When the collision partners are rare gases, no quenching
processes are observed but collisions with molecules lead to
these quenching processes efficiently. Accordingly, internal
motions of the molecules and anisotropy of electrostatic
interactions between the Hg and molecules are expected to be
of great importance in these inelastic quenching processes. We
selected two diatomic molecules, N2 and CO, as the collision
partners in the present study because they are isoelectronic
molecules with the same mass number and similar polarizability,
but the cross section for CO (σ ) 22 Å2) is about 30 times
larger than that for N2 (σ ) 0.77 Å2).7 Furthermore, since total

quenching cross sections are almost the same as the partial cross
sections for the fine-structure transitions of the Hg-N2 and Hg-
CO systems,7 this fine-structure changing process is the main
pathway in the collisional quenching of Hg(63P1) with both N2

and CO.
To understand the mechanism of them in detail, we have to

know (i) which electronic surface is more efficient for this
inelastic process, (ii) where the nonadiabatic transition respon-
sible for process 1 is localized in the potential surface, and so
on. The main subject of the present manuscript is related to the
feature (i) by observing effects of an atomic orbital alignment
of the excited Hg(63P1) on the relative cross sections for the
fine-structure process (1) with M) N2 and CO. In the following
article (referred to as paper 2 in this manuscript), we describe
the translational energy dependence of the cross sections to
discuss the problem (ii).8

Figure 1 shows schematically the intermolecular potentials
of an Hg-AB(1Σ+) (AB ) diatomic molecule) relevant to the
present fine-structure process. Three electronic states can be
responsible for process (1) as initial molecular states, which
correlate with the Hg(63P1) at an infinite nuclear separation.
Two (23A′ and 23A′′) of them are degenerate in a linear
configuration and denoted as the B˜ state, and the last one (13A′)
is the Ã state, just like the potential curves of Hg-rare gas
systems.9,10 The electronic state correlating with the product
Hg(63P0) is the ã(13A′′) state. The purpose of this experiment
is to obtain information on molecular state selectivity between
the Ã and B̃states in the fine-structure process (1) with N2 and
CO. The state selectivity in collisions of excited atoms with
rare gases or closed-shell molecules are described as orbital
alignment effects of the excited atoms in lots of problems in
low-energy atomic collisions.11-52 There are two kinds of
experimental methods to elucidate the effects of initial orbital
alignment of the excited atoms, i.e., (i) precollision alignment
method11-28 and (ii) half-collision alignment method.29-52 The* Corresponding author. E-mail: okunishi@rism.tohoku.ac.jp.
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half-collision method has already been applied to the present
fine-structure process with N2 and CO,30,31,51and in the present
study, we have employed the precollision alignment method to
reveal the alignment effect of the atomic orbital of Hg(63P1).
We summarize, here, these methods and their applications to
the present fine-structure process in the half-collision experi-
ments as follows.

(i) Precollision alignment method, where alignment of an
excited atomic orbital is achieved prior to the collision by
polarized laser radiation under crossed-beam or beam-gas
conditions. The effects of the orbital alignment are measured
as a function of the polarization angle of the laser radiation with
respect to the initial relative velocity of approach (collision
velocity). In this kind of experiment, one can obtain only partial
state selectivity of the molecular states because the molecular
axis is defined in the molecule-fixed frame and does not coincide
with the initial collision velocity, which is referenced to the
space-fixed frame. This is, however, a universal technique with
less restriction of the target species and has been widely applied
to a variety of collisional events such as electronic deexcitation
and excitation energy transfers,13-15 electronic-to-vibrational
energy transfers,16-18 near-resonant energy transfers,19-22 in-
tramultiplet mixings,23-25 and chemical reactions.26-28

(ii) Half-collision alignment method, where a binary collision
complex is optically pumped to an excited molecular state to
initiate inelastic or reactive collision processes. The selection
of a molecular state is achieved by the choice of an excitation
wavelength around the corresponding atomic transition, and
therefore, the state selectivity is usually fairly good unless more
than two electronic states are simultaneously excited ac-
cidentally.

There are two types of situations in the half-collision
experiments. In one situation, bound states of stabilized van
der Waals (vdW) molecules in supersonic free jets are used as
initial states for the photoexcitations,29-38 and in another one,
free states of transient collision complex are used under thermal
energy conditions in gas cell experiments.39-52 Spectroscopic
studies on intramultiplet predissociations of the Hg(63P1)-N2

and Hg(63P1)-CO vdW molecules to Hg(63P0) + N2 and CO
have already been reported.30,31These studies have shown that
the predissociation rate of Hg-N2 in the Ã state depends on
rotational and vibrational quantum numbers and conclude that
the overall rotation of the complex and the bending motion (i.e.,
restricted internal rotation) of N2 accelerate the predissociation

rate. In addition, the average predissociation rates were almost
in the same order for both the A˜ and B̃states. For Hg-CO, no
detailed information was obtained because the predissociation
rate was too fast to observe well-resolved vibronic structures.
Although this method is useful to study the photodissociation
of the vdW complex in a state-to-state sense, the dynamical
conditions are far from those in the full collision processes; for
example, the initial collision velocity and the range of angular
momentum (l) associated with the relative nuclear motion are
completely different.

The excitation of the collision complex in the latter situation
was accomplished via an optical collision process, in which
absorption of light occurs during the collision.39-52 The selection
of the molecular state was achieved by photoabsorption in (far)
red or blue wings of a collisionally broadened atomic transition,
which usually lead to the excitation to the different molecular
electronic states. We have recently applied a laser pump and
probe technique in the far-wing spectral region of the Hg atomic
resonance line (63P1-61S0) broadened by collisions with N2 and
CO to study the fine-structure process (1).51 The dynamical
conditions in these experiments are almost the same as those
in the full collision processes. It is, therefore, possible to obtain
information on the molecular state selectivity under the full-
collision conditions from the analysis of the broad far-wing
excitation spectrum. For Hg-N2, we found that this fine-
structure process took place mainly via the B˜ state and the
contribution of the nonadiabatic transition via the A˜ state was
negligibly small. The intermolecular potentials of Hg-N2, which
are indispensable for the correct analysis of the far-wing
excitation spectrum to separate the free-free and bound-free
components in the spectrum, had been known with a consider-
able accuracy from the photoexcitation studies of the Hg-N2

vdW molecule30,31 as well as the analysis of the far-wing
absorption spectrum.51 On the other hand, since almost no
information was available on the intermolecular potentials for
Hg-CO, it was impossible to know its state selectivity.
Furthermore, the measurement of the far-wing absorption
spectrum of Hg-CO, which is also indispensable for the
analysis of the far-wing excitation spectrum, could not be
observed due to its experimental difficulty.

In the present experiment, we employed the precollision
alignment method under crossed molecular beam conditions to
investigate the orbital alignment effects of the excited Hg(63P1)
for the fine-structure transitions (1) with N2 and CO. Despite
measuring integral cross sections, we observed a large alignment
effect for Hg-N2, with a preference for perpendicular alignment
with respect to the initial collision velocity. These results clearly
indicate a preference of the B˜ state for this fine-structure
transition, as expected from our previous far-wing experiment.51

In contrast, a small effect was observed for Hg-CO, and it
also favors the perpendicular alignment. This means that the
contribution of the nonadiabatic transition from the A˜ state is
not negligible for Hg-CO. The difference between the results
of Hg-N2 and Hg-CO is readily explained by anisotropy of
electrostatic interactions between the Hg(63PJ) and diatomic
molecules (N2 and CO) at shorter internuclear separations.

II. Experimental Section

A. Crossed Molecular Beam Apparatus.All experiments
in this study were carried out in a crossed molecular beam
apparatus schematically illustrated in Figure 2, which consists
of two differentially pumped source chambers of pulsed
molecular beams, a main scattering chamber, and a detection
system of laser-induced fluorescence (LIF).

Figure 1. Schematic potential energy diagram of the Hg-AB (AB )
diatomic molecule) system relevant to the present fine-structure
transitions and the ground electronic state. The B˜ state consists of two
molecular electronic states, 23A′ and 23A′′.
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A mercury beam was crossed with a molecular beam of N2

or CO perpendicularly at the scattering center of the main
chamber, which was evacuated by a 6 in. diffusion pump with
a liquid-nitrogen baffle. A liquid-nitrogen trap was also located
in the main chamber to trap the mercury atoms from the first
source chamber of the Hg beam. This configuration enabled
the operating pressure to be maintained in the low 10-6 Torr
range and the base pressure about 1.5× 10-7 Torr.

The pulsed supersonic beam of Hg seeded in helium gas was
generated with a pulsed valve (General Valve 9-Series, 0.4 mm
orifice) operated at 10 Hz in one source chamber. The valve
was equipped with an mercury reservoir heated to 200°C to
obtain enough vapor pressure (15 Torr). The stagnation pressure
of the carrier gas (He) was kept at 2 atm. The Hg beam was
collimated with a nickel skimmer (Beam Dynamics, 1.5 mm
orifice) and introduced into the scattering center of the main
chamber, 55 mm downstream from the nozzle orifice of the
Hg valve. The skimmer was 15 mm away from the nozzle orifice
to make the diameter of the beam about 5.5 mm at the scattering
center. The velocity of the Hg was determined to be 1790 m/sec
at the scattering region by a time-of-flight measurement, which
is described in detail in paper 2. This Hg source chamber was
evacuated by a 10 in. diffusion pump with a liquid-nitrogen
trap, and the pressure was maintained in the low 10-5 Torr range
during operation.

The supersonic molecular beam of pure N2 (Nippon Sanso,
purity >99.9999%) or CO (Nippon Sanso, purity>99.95%)
without seeding gas was produced with a second pulsed valve
(General Valve 9-Series, 0.8 mm orifice) in another source
chamber, and the valve was operated at 5 Hz for shot-by-shot
subtraction of background signals. The molecular beam passed
through a nickel skimmer (Beam Dynamics, 2.0 mm orifice)
and a homemade stainless aperture with a 3 mmorifice into
the main chamber, and the beam diameter was about 5 mm at
the scattering center. The total distance to the nozzle orifice of
the second valve from the scattering center was also 55 mm.
The velocity of the N2 or CO beam was estimated to be 770
m/sec.8 The rotational temperature of the CO in the molecular
beam was observed to be about 15 K under the present
experimental condition by a measurement of a rotationally
resolved (2+ 1) resonantly enhanced multiphoton ionization
spectra of the E1Π-X1Σ+ (0,0) band of CO.53,54 Since N2 has

similar properties to CO as a gas, such as mass number,
viscosity, polarizability, and so on, we assume that the rotational
temperature of N2 is about the same as that of CO under the
same operating condition. This second source chamber was
evacuated by a 6 in. diffusion pump, and the pressure was kept
at about 1× 10-5 Torr during the operation.

B. Preparation of the Aligned Hg(63P1) and Probe of the
Metastable Hg(63P0). Figure 3 shows an energy diagram of
the Hg atom relevant to the present experiment with their
transition wavelengths. The Hg atom at the interaction region
was excited to the 63P1 state by linearly polarized laser light at
253.7 nm (pump laser), which was obtained by frequency
doubling the output of a pulsed dye laser (Spectra Physics PDL-
2) pumped by the 355 nm output of a Nd:YAG laser (Spectra
Physics GCR 130). A second dye laser (PDL-2) was excited
by the 532 nm output of another Nd:YAG laser (Spectra Physics
DCR-3). The probe laser light at 404.7 nm was generated by
frequency mixing of the output of the second dye laser and the
fundamental output (1064 nm) of the Nd:YAG laser, in which
an intracavity Etalon was inserted. The two laser beams passed
through light baffles into the interaction region in the main
chamber collinearly and intersected both the Hg and molecular
beams at right angles.

A spacial filter with a 200 mm pinhole was used to obtain a
uniform beam of the pump laser, which was necessary to prepare
the Hg(63P1) without saturation of the atomic transition. We
confirmed this by measuring the power dependence of the
resonance fluorescence at 253.7 nm before starting each
experiment. The polarization of the pump laser pulse was
improved by a Gran laser prism and its direction was rotated
by a double Fresnel rhomb polarization rotator. The polarization
purity of the pump laser was estimated to be>95%.

Fluorescence Hg(73S1 f 63P2) was detected with a photo-
multiplier tube (Hamamatsu R374, PMT1 in Figure 2) through
a bandpath filter centered at 546.2 nm and a notch filter which
reflected light only around 253.7 nm, as a function of the
polarization angle of the pump laser. The measurements were
performed with an interval of 20°, and the order of the
measurements were determined randomly to avoid systematic
errors. The fluorescence at 253.7 nm was detected simulta-
neously with another photomultiplier tube (Hamamatsu R1464,
PMT2 in Figure 2) to normalize the probe signal with the PMT1,
because this signal is proportional to the amount of the Hg(63P1)
at the interaction region and can be used to correct the
fluctuation of power of the pump laser light as well as the
density of the ground-state Hg in the atomic beam. The signals
obtained with the PMT1 and PMT2 were amplified and
integrated by boxcar integrators (SRS SR250) for 400 laser shots

Figure 2. Schematic drawing of the apparatus for the crossed molecular
beam experiment.

Figure 3. Energy diagram of mercury illustrating the excitation and
detection schemes, with their transition wavelengths.
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per angle in each run. The fluorescence from Hg(63P1) measured
with the PMT2 also depended on the polarization angle of the
pump laser and this dependence was not related to the amount
of the Hg(63P1). Hence, we measured this polarization angle
dependence in each experiment to correct the normalization
procedure of the probe signal.

If an excited atom has a hyperfine structure caused by a
coupling with its nuclear spin, this hyperfine coupling makes
the problem more complicated and usually reduces the polariza-
tion dependence significantly.13 There are six main isotope
species in Hg, and two of them (199Hg and201Hg) have odd
mass numbers with nonzero nuclear spin moments. The natural
abundances of199Hg and201Hg are 16.9% and 13.2%, respec-
tively. The resolution of our lasers (∼0.5 cm-1) is not high
enough to separate these isotope and hyperfine splittings of the
two atomic transitions. However, the atomic line (73S1-63P0)
at 404.7 nm has large hyperfine splittings (0.3-0.7 cm-1) for
odd mass species but small isotope splittings (less than 0.1 cm-1)
for even mass species, which have no hyperfine structures.55

Thus, we estimated that the contribution from the even number
species to the total absorption was more than 90% when the
probe laser frequency was tuned to the center of the atomic
line (73S1-63P0).

Since the 63P1 state of mercury has a largeg factor (g )
1.479),56 the electronic angular momentum (J) is likely to
precess around the direction of the magnetic field at the
interaction region, which is induced by the earth’s field and
the solenoids of the two pulsed valves. To estimate the effect
of the residual magnetic field on our measurements we observed
the polarization dependence with several delay times between
the pump and probe lasers and found that delay times less than
50 ns were sufficiently short to avoid this effect within our
experimental errors. The precession time was estimated by the
frequency of the Zeeman quantum beat observed in the
resonance fluorescence of the atomic transition (63P1-61S0) and
was about 300-400 ns under the present experimental condition.
Therefore, all measurements of the polarization dependence in
this study were carried out with the delay time of 50 ns.

III. Results and Discussion

A. Evolution of the Electronic Orbital of the Excited
Hg(63P1). To understand the effect of the initial orbital
alignment in the present experiment, we must describe the
evolution of the atomic orbital of the excited Hg(63P1) during
the collision. This is accomplished by classifying the molecular
electronic states using Hund’s coupling schemes as a function
of the internuclear separation, as depicted in Figure 4, because
the molecular electronic state of the colliding pair may be
adequately described by one of the Hund’s coupling schemes
at each stage of the collision.57 The triplet character of the
excited state of Hg(63P1) results in a more complicated situation
than a singlet state, due to the existence of the nonzero spin
angular momentum (S) 1). When linearly polarized laser light
excites a mercury atom in its ground state to the 63P1 state, the
total electronic orbital (including spin) of Hg(63P1) is aligned
parallel to the direction of the laser polarization in the space-
fixed frame. The charge cloud of the 6p electron coming from
the Hg(63P1) state is therefore proportional to|Y11(θ,φ)|2
distribution as shown schematically in Figure 4c, whereθ and
φ are polar angles of the 6p electron with respect to the electric
field vectorElas, andY11(θ,φ) is a spherical harmonic function
(see Appendix). Thus, we use the concept of “orbital alignment”
to express this angular property of the electronic wave function
of the excited Hg atom.

If there is no external electric or magnetic field, the atomic
orbital retains its alignment before spontaneous emission.
However, when it collides with a molecule, the direction of the
atomic orbital varies during the collision. At large internuclear
separations where the electrostatic interaction (Vint) between the
Hg and molecule (M) is much less than the rotational coupling
(Vrot) with respect to the relative nuclear motion, the direction
of the atomic orbital is space fixed and its direction remains
unchanged, as shown in Figure 4c. On the other hand, in
molecular regions (Vint(R) . Vrot(R)) where the atomic orbital
is fixed to the molecular axis of this system, the atomic orbital
rotates as the molecular axis rotates during the collision.11 How
the atomic orbital is fixed to the molecular axis is called as an
“orbital locking process” and it plays an essential part in
understanding the orbital alignment effect.11-15,58,59

There are two ways to couple the atomic orbital to the
molecular axis, depending on the relative strength of the
electrostatic interaction (Vint) to the spin-orbit interaction (VLS).
In the region whereVLS(R) . Vint(R) at relatively large
internuclear separations, the atomic orbital including spin is fixed
to the molecular axis and the molecular states in this region are
classified by the projection (Ω) of the total angular momentum
(J) onto the molecular axis, as shown in Figure 4b (Hund’s case
(c)). At much shorter internuclear separations whereVLS(R) ,
Vint(R), the atomic orbital without spin, the 6p orbital of Hg
here, is coupled to the molecular axis and the character of the
molecular state is described by the projection (Λ) of the total
electronic angular momentum (L) without spin, as depicted in
Figure 4a (Hund’s case (a) or case (b)). Therefore, we have to
consider the transformation of the character of molecular states
from case (c) to case (a) at an intermediate region whereVint(R)
≈ VLS(R), and this change of the electronic character of
molecular states often causes the nonadiabatic transitions
between the different molecular states.57 In the present situation,
however, the molecular electronic states are well characterized
by the Hund’s case (c) wave functions in a wide range of
intermolecular separations due to a large spin-orbit interaction
of Hg(63PJ), where the spin-orbit constant is about 2100 cm-1.
Thus, we only have to consider how the atomic orbital
characterized by|J, MJ〉 in the space-fixed frame, whereMJ is
the projection ofJ onto the space-fixed axis, is locked to the
molecular axis in the intermediate region whereVint(R) ≈ Vrot(R)
here.

In addition to the orbital locking to the molecular axis, we
have to consider how the atomic orbital is locked to the
molecular plane(system plane) which contains the three nuclei

Figure 4. Evolution of the atomic orbital of Hg(63P1) during the
collision depicted schematically. It is classified using Hund’s coupling
schemes at each stage of the collision.
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in the atom-diatom collisions. We can describe this locking
process in the same way as is done for the orbital locking to
the molecular axis.17 At relatively large internuclear separations,
the energy separation of the A′ and A′′ components of the B˜
state is much less than the rotational energies associated with
the out-of-plane rotation of the diatomic molecule. In this region,
the reflection symmetry with regard to thecollision plane, which
contains the colliding pair and its relative collision velocity, is
almost conserved in the space-fixed frame just like in atom-
atom collisions. At much shorter internuclear separations,
anisotropy of the electrostatic interaction between the Hg and
diatomic molecule is large and reflection symmetry with regard
to the molecular planeis almost conserved in the molecular-
fixed frame.

B. Results of the Polarization Dependence Measurements.
Relative cross sections for the fine-structure transitions in the
Hg-N2 and Hg-CO collisions are shown in parts a and b of
Figure 5 as a function of the laboratory polarization angle (θlab)
of the linearly polarized pump laser. Both of the measurements
were carried out with relative translational energy of 3800 cm-1.
Since the product state (63P0) of Hg has no alignment (J ) 0),
we do not need to worry about the direction of the probe laser
polarization. The symbols “perpendicular” and “parallel” in these
figures mean that the direction of the pump laser polarization
is perpendicular and parallel to the initial collision velocity,
respectively. The origin of the laboratory angle is defined to be
almost parallel to the direction of the Hg atomic beam. The
solid lines are results of the least-squares fitting using a
function60

whereP2(cos(θ)) is the second-order Legendre polynomial and
â is the asymmetry parameter. As seen in Figure 5, we obtained
a large polarization effect for Hg-N2 but a small effect for Hg-

CO. Both of them also show a preference for perpendicular
excitation of the pump laser.

To obtain a simple picture on the polarization dependence in
this experiment, we use an “orbital locking and following
model”, in which the atomic orbital is suddenly locked to the
molecular axis at an adequate internuclear separation (RL),
called as a “locking radius”. This model has been widely used
to describe the inelastic collisions of the polarized
atoms11-15,17,19,20,22,24-25 or the collisional redistribution of
radiation in optical collisions.44-46 Assuming a straight-line
trajectory with an impact parameterb, Figure 6 illustrates the
evolution of the atomic orbital of the Hg(63P1) in this ap-
proximation. Figure 6a shows the orbital locking process with
the formation of the “+” component of the B˜ (31) molecular
state and Figure 6b shows the formation of the A˜ (30+) state.
The orbital locking motion is located at relatively large
internuclear separations where the anisotropy of the electrostatic
interaction is small, and therefore, atom-atom notation is used
to describe the molecular states.

Since the nonadiabatic transitions from the A˜ and/or B̃states
to the ãstate are expected to occur at small distancesR (as
discussed in paper 2), the range of impact parameter involved
in the present fine-structure process must be much smaller than
the RL. Hence, when the laser polarization is perpendicular to
the initial collision velocity, most of the trajectories with this
perpendicular alignment are connected to a molecular state with
Ω ) 1, which is the B(31) state here, as shown in Figure 6a.
On the other hand, parallel excitation with respect to the collision
velocity is mainly related to a molecular state withΩ ) 0
(A(30+) state) as shown in Figure 6b. The present picture is, of
course, too simple, because we observe only integral cross
sections averaged over the impact parameterb (and azimuthal
angle), and therefore, perfect selection of the molecular state
cannot actually be achieved. However, the large polarization
effect for Hg-N2 in our experiment clearly indicates that the
main route for the present inelastic process is that via the B˜
state. On the other hand, there must be a considerable contribu-
tion from nonadiabatic transitions via the A˜ state for Hg-CO.

The contribution of the nonadiabatic transition via the A˜ state
relative to that via the B˜ state for Hg-CO is estimated roughly

Figure 5. Results of the polarization angle dependence of the pump
laser on the relative cross sections by collisions with (a) N2 and (b)
CO, normalized by the LIF intensity from Hg(63P1) at 253.7 nm. The
solid lines are the results of least-squares fitting to eq 2. Parallel (|)
and perpendicular (⊥) in the figures mean that the direction of the
polarization is parallel and perpendicular to the direction of the initial
collision velocity vector.

σ(θlab) ) σ0[1 + âP2(cos(θlab - θ0)] (2)

Figure 6. Schematic view of the orbital locking motion of Hg(63P1)
to the (a) Ãor (b) B̃ molecular state.
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as 0.7, using the polarization dependence for Hg-N2 as a
standard. In this estimation, we tried to reproduce the shape of
the polarization dependence for Hg-CO in Figure 5b by adding
the polarization dependence for Hg-N2 in Figure 5a and a
hypothetical flat dependence (â ) 0) with an appropriate ratio,
from which we could calculate the relative contribution from
the Ã state for Hg-CO. In this calculation, we assume that the
polarization dependence for the limiting case when the contribu-
tion from the Ãstate is negligible would be given by the curve
for Hg-N2 in Figure 5a and that the polarization dependence
should be flat when the nonadiabatic transitions via the A˜ and
B̃ states contribute equally to this fine-structure process. This
simple estimation neglects details of the differences in the
potentials between the Hg-N2 and Hg-CO systems. However,
it may be assumed that the locking radii of the two systems are
not so different, because the intermolecular potentials for Hg-
N2 and Hg-CO should be similar at large internuclear separa-
tions due to the similar values of the polarizability for N2 and
CO (R ) 17.6 and 19.5× 1025 cm3, respectively61). The present
estimation also neglects the differences in the shape of opacity
functions between these two systems. In low-energy collisions,
the range of impact parameters involved in nonadiabatic
transitions usually changes rapidly as a function of the collision
energy; for example, as shown in paper 2, the cross sections
for Hg-N2 show energy threshold for appearance of the
Hg(63P0) at a collision energy around 900 cm-1, where only
collisions with very small impact parameters lead to the
nonadiabatic transition and a large polarization dependence with
â ≈ -1 is expected. Hence, direct comparison of the polariza-
tion dependence for the different species is difficult at such low
collision energies. However, the cross sections show almost flat
energy dependence around the present collision energy (Et ≈
3800 cm-1) in both Hg-N2 and Hg-CO collisions (see paper
2), and therefore, the direct comparison of the polarization
dependences for these two systems is possible, approximately.
We can thus claim for Hg-CO that the transition probability
from the Ãstate is a little less than that from the B˜ state but of
the same order.

C. Discussion of the Mechanism for the Nonadiabatic
Transitions. 1. Atom-Atom Collisions. Before discussing
atom-diatom collisions, let us consider the case of atom-atom
collisions as a reference, where only structureless rare gas atoms
are considered as the collision partners. Nonadiabatic couplings
involved in these fine-structure mixings are summarized in
Figure 7. In many cases, the most important coupling is the
radial coupling induced by the spin-orbit interaction and it is
usually localized at intermediate nuclear separations between

the Hund’s case (c) and (a) regions as discussed in section III.A,
because the character of the molecular electronic states changes
rapidly at this region. However, this radial coupling cannot be
involved in the fine-structure mixing between the3P1 and3P0

states and can only be responsible for fine-structure transitions
between the3P1 and3P2 states or those between the3P0 and3P2

states, as depicted in Figure 7.
The rotational coupling mixes the molecular states differing

in Ω by (1. There is only one rotational coupling, between the
a(30-) and B(31) states, which can cause3P1 f 3P0 transitions.
The nonadiabatic transition from the A(30+) to a(30-) states is
strictly forbidden because the reflection symmetry with respect
to a collision planeis conserved in atom-atom collisions. In
mercury-rare gas collisions, this fine-structure transition has
not been observed3 probably due to the large energy separations
between the related potential curves at thermal collision energies.

In the measurements of the polarization dependence of atom-
atom collisions, all trajectories with the parallel polarization of
the pump laser lead to the “+” component of the B(31) state or
the A(30+) state. Since the nonadiabatic transition from the “+”
component of the B(31) to the a(30-) states is symmetrically
forbidden as well as that from the A(31+) state, we can conclude
that the value of the cross section for parallel polarization must
be zero, as demonstrated in the collisional fine-structure
transition of Ca(3P1 f 3P0) with He.23 Strictly speaking, this is
due to conservation of the e/f symmetry of the rovibronic wave
functions of the collision pair, and a detailed discussion of this
point was presented in theoretical calculations of Ca(4s4p1P1)
+ He collisions.62,63

2. Atom-Diatom Collisions.When the collision partners are
diatomic molecules, the situation is much more complicated.
In Cs symmetry, the B(31) state is split into the two electronic
states with A′ and A′′ symmetry (the 23A′ and 23A′′ states),
and A(30+) and a(30-) states are classified as the 13A′ and 13A′′
states, respectively, as indicated in Figure 1. The A′ and A′′
correspond to the positive and negative reflection symmetries
with respect to themolecular plane. There are six kinds of
nuclear motions which can induce nonadiabatic transitions.51

Two radial motions and two in-plane rotations have A′ sym-
metry; they can connect A′ (or A′′) electronic state with A′ (A′′)
states. One radial motion is the relative nuclear motion and the
other is the vibrational motion of the diatomic molecule. One
in-plane rotation is associated with an overall rotation of the
system plane, and the other is an internal rotation of the diatomic
molecule within the system plane. Two out-of-plane rotations
have A′′ symmetry and can couple A′ electronic states with A′′
states. One out-of-plane rotation is associated with the rotation
of the diatomic molecule and the other is that related to the
overall rotation of the triatomic system; both of them are
classified as the rotation of the system plane. It is not necessary
to conserve the reflection symmetry with respect to thecollision
planeduring the collisions because of the rotational couplings
associated with the out-of-plane rotations of the diatomic
molecule.

3. QualitatiVe Interpretation for the Hg-N2 and Hg-CO
Collisions.There are two factors which affect the probability
for nonadiabatic transitions between two molecular electronic
states; one is the strength of the nonadiabatic couplings between
these states and the other is the energy separation between the
two molecular potential surfaces at the point where the non-
adiabatic transition occurs. The experimental result for Hg-N2

indicates that the nonadiabatic transition from the A˜ (13A′) to
ã(13A′′) states is negligible, even though the energy separation
of these two states is small around the inner wall of the

Figure 7. Nonadiabatic couplings responsible for the intramultiplet
mixing of M(nsnp 3PJ) sublevels in atom-atom collisions in each
Hund’s case region.
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potentials, as depicted in Figure 1 (and see paper 2). This means
that the rotational couplings associated with the out-of-plane
rotations are negligibly small so that the radial couplings or
rotational couplings associated with the in-plane rotation, which
can couple the A′′ component of the B˜ state with the a˜(13A′′)
state, are important in the nonadiabatic transition for Hg-N2.
In contrast, the results for Hg-CO indicate that the rotational
couplings associated with out-of-plane rotation must play an
important role for the Hg-CO system.

Due to the spherical-like electronic character of N2, the
electrostatic interaction between the Hg(63PJ) and N2 is expected
to have only small anisotropy and we can rationalize the small
probability of the Ã-ãnonadiabatic transition for Hg-N2, given
this small anisotropy, as follows. There are two kinds of
anisotropy in the electrostatic interactions. One is associated
with the in-plane rotation of the diatomic molecule, which
determines the anisotropy of the intermolecular potential
surfaces. The other is associated with the out-of-plane rotation
of the diatomic molecule with respect to the direction of the 6p
orbital of Hg, and it determines the energy separation between
the A′ and A′′ components of the B˜ state.64 There must be strong
correlation between these two types of anisotropy because both
of them depend strongly on the anisotropy of molecular orbitals
of the diatomic molecule which can mix the atomic orbitals of
Hg in the molecular region. The latter type of anisotropy is
important for nonadiabatic transitions between A′ and A′′ states.
For Hg-N2, the nonadiabatic coupling associated with the out-
of-plane rotation of N2 must be small because the character of
electronic states changes slowly during the rotation of N2

perpendicular to the system plane due to its small anisotropy.
For Hg-CO, the large contribution from the rotational

coupling associated with the out-of-plane rotation probably
indicates large (out-of-plane) anisotropy of the electrostatic
interaction. To examine the origin of this large anisotropy for
Hg-CO, we refer to an ab initio calculation by Kato et al.65

They calculated potential surfaces of the Hg(63PJ)-CO system
and found large (in-plane) anisotropy in these molecular surfaces
with respect to the rotation of CO within the system plane. In
their calculation, all electronic states correlating with the3Π
states in the Hund’s case (a) limit (see Figure 7) have strong
attractive surfaces when Hg approaches to the C side of CO
but less attractive ones when it approaches to the O side or
with a T shape. Excited molecular orbitals of these electronic
states are strongly mixed with an unoccupiedπ* orbital of CO,
because molecular states correlating with the excited triplet state
of CO lay just above those associated with the excited Hg(63PJ).
The large anisotropy of the intermolecular potentials of Hg-
CO is probably due to the large anisotropy of theπ* orbital of
CO; its electron density must be relatively localized around the
C side of CO. Therefore, the electrostatic interaction would also
have large anisotropy with respect to the out-of-plane rotation
of CO.

For Hg-N2, the cross section with the parallel excitation has
a value being about 40% of that with the perpendicular excitation
in our measurement for Hg-N2 as shown in Figure 5a. It shows
sharp contrast to the polarization dependence predicted for the
atom-atom collisions in which the cross section for the parallel
polarization must drop to zero because of the conservation of
the reflection symmetry with respect to thecollision planeduring
the collision as explained in the discussion for the atom-atom
collision. This means that the initial memory of the reflection
symmetry with respect to thecollision planein the space-fixed
frame, which must be conserved for the atom-atom collisions,

has been lost at short internuclear separations for Hg-N2 where
the nonadiabatic transitions take place.

IV. Summary

We have measured the polarization angle dependence of the
pump laser for the fine-structure changing collisions of Hg(63P1

f 63P0) with N2 and CO to observe the orbital alignment effect
of excited Hg(63P1). We have found a large polarization
dependence for the Hg-N2 collisions with a preference for
perpendicular polarization versus the initial collision velocity.
This clearly indicates that the nonadiabatic transitions respon-
sible for this inelastic process occur mainly via the molecular
B̃ state and not via the A˜ state. In contrast, the small dependence
for Hg-CO, which also favors perpendicular excitation, means
that there is a significant contribution from the nonadiabatic
Ã-ã transition, even though the B˜ -ã transition is the main route
for the fine-structure changing collisions. An explanation for
this large difference between the results for the Hg-N2 and
Hg-CO systems has been proposed based on the anisotropy of
the electrostatic interaction of the Hg(63PJ) states and the
diatomic molecule (N2 or CO).
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Appendix

The wave function of the Hg(63P1) state prepared by linearly
polarized laser radiation is

using LS type basis functions,|L, ML〉L |S, MS〉S, where the
quntization axis is taken parallel to the direction of the electric
field vector (Elas) of the laser radiation. The Hg(63P1) state is
essentially two electron system (with 6s and 6p electrons), and
therefore, the electronic basis functions,|1,1〉L and |1, -1〉L,
can be written as66

The basis functions,|l,ml〉l, are electronic wave functions of the
6s or 6p electron, and are proportional to spherical harmonic
functions,Yl,m(θ,φ), whereθ and φ are polar angles of each
electron with respect to the direction ofElas. Since|Y11(θ,φ)|2
) |Y1-1(θ,φ)|2 ∝ sin2θ, an electronic part of the Hg(63P1) wave
function is proportional to|Y11(θ,φ)|2 distribution. Strictly
speaking, the pure LS type wave function of the Hg(63P1) state
is mixed with that of the Hg(61P1) state by the spin-orbit
interaction. However, the contribution from the Hg(61P1) state,
which is propotional to|Y10(θ,φ)|2 distribution, is small, and
the charge cloud of the 6p electron in the Hg(63P1) state is
therefore almost proportional to the|Y11(θ,φ)|2 distribution.
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