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We have investigated collision induced rotational and vibrational energy transfer in the
Li2 A

1Su
1(v i , j i530)2Ne system experimentally under single-collision conditions at an effective

temperature of 691 K. Over 800 inelastic rate constants have been measured, with the initial
vibrational levelv i ranging from 2 to 24 and22<Dv<12. Increasingv i results in a linear
increase in the vibrational transition rate constants, which is accompanied by a decrease in the
rotationally inelastic transition rate constant. The total inelastic rate constant increases withv i only
at the highest values ofv i . Net vibrational energy transfer̂DE& calculated using rotationally
summed rate constants is qualitatively consistent with a simple model. However, explicit inclusion
of rotation gives quite different values of^DE&. The experimental results are compared with our
three-dimensional trajectory calculations on anab initio potential surface and on a simple repulsive
potential surface. ©1996 American Institute of Physics.@S0021-9606~96!01404-5#

I. INTRODUCTION

The phenomenon of vibrational energy transfer has
many facets. In spite of a history of intensive study that dates
to the 1950s and before,1 numerous aspects of the problem
remain to be investigated in detail. In the present study, we
explore vibrational transfer over a wide range of reagent vi-
bration at constant reagent rotational angular momentum.
Unlike most previous studies, ours has resulted in resolution
of both initial and final vibrational and rotational levels. Our
results also include detailed measurements of pure rotational
energy transfer over the same range of vibrational quantum
numbers. In addition to adding detail to what is known about
a fundamental molecular collision process, this work consti-
tutes a contribution to a topic receiving much current atten-
tion, the collision of molecules at high levels of internal
excitation,2–6 and paves the way for investigations at yet
higher levels of reagent vibration. To the best of our knowl-
edge, no similarly detailed investigation has been undertaken
previously.

Measurements were made in the system

Li2 A1Su
1~v i , j i530!1Ne→Li2 A1Su

1~v f , j f !1Ne,

with v i and j i the initial values of the vibrational and rota-
tional quantum numbers andv f and j f their final values. The
initial vibrational level was varied from 2 to 24, almost com-
pletely spanning the range ofv for which published spectro-
scopic data exist;7,8 the initial rotational level was held con-
stant atj i 5 30.

The choice of lithium dimer was dictated by several con-
siderations. The alkali dimers possess simple, well-

characterized structure in their lower excited electronic
states, and these states are accessible by optical frequency
lasers. Lithium, being the lightest of these, has the widest
level spacings, resulting in uncongested dispersed fluores-
cence spectra that enable us to extract level-to-level inelastic
rate constants. The relatively wide level spacings also make
the collisions partially vibrationally adiabatic at the tempera-
ture of our experiment, placing them in the dynamical re-
gime most relevant for the molecules with wider level spac-
ings whose energy transfer is of practical interest.
Perturbations are few, isolated, and largely known,9 reducing
the concern6 of interference from electronically nonadiabatic
effects. Moreover, lithium dimer is the second lightest mol-
ecule with a stable ground state at ordinary temperatures and
is hence the most tractable theoretically. As a result, one of
the fewab initio potentials that include the molecular inter-
nuclear separation has been calculated for the
Li2 A1Su

12Ne system.10 We have used this potential sur-
face in three-dimensional trajectory calculations for compari-
son with our experimental results. TheA-state lithium dimer
– rare gas systems have been subjected previously to inves-
tigation of their rotational and vibrational transfer
properties,11–17and our work contributes to this increasingly
comprehensive body of data. Finally, interest in the lithium
dimer has increased recently due to its production in photo-
associative collisions,18 and two groups are in the process of
determining its vibrational spectroscopy up to the region of
the photoassociative data.19,20The opportunity now exists for
us to continue these studies in future work into the regime
where competition with collisional dissociation occurs and
interesting long-range effects may become observable.21

II. EXPERIMENT

The experiments were carried out using a technique, first
employed by Franck and Wood,22 that uses fluorescence in-
tensities as a measure of excited state populations. The tech-
nique has been refined throughout the century, particularly
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subsequent to the development of narrow bandwidth
lasers;12,15,23,24as currently implemented, it uses the excited
state lifetime to establish single-collision conditions. Our
version of the technique is similar to that of Magillet al.;15 a
brief description has been given previously.17A single vibro-
tational level in the excited state is populated with a dye
laser. The dispersed fluorescence signal contains strongpar-
ent lines that emanate from laser-populated levels, and
weakersatellite linesthat emanate from collisionally popu-
lated levels. Variation of the target gas pressure results in
variation in the satellite line intensities. These intensities,
after correction for line strength and instrument response, are
taken as measures of the excited state population densities;
analysis of the pressure dependence then yields the level-
resolved rate constants. The experimental concept is shown
in Fig. 1.

A. Data acquisition

The equipment arrangement is shown in Fig. 2. Lithium
metal and neon gas were placed in a stainless steel cell. The
cell is a 16 in. stainless steel tube, 2 in. in diameter, that has
flanges welded to its ends to hold the optical windows in
place. A cartridge heater~ARI Industries! wound around the
center of the cell establishes a hot zone that is uniform over
the central 1.5 cm region, a length approximately equal to
the depth of focus of the lens used to image fluorescence into
the monochromator. Three inch water cooled zones at either
end of the cell cool the lithium and buffer gas, resulting in
condensation of the lithium before it reaches the windows. A
stainless steel mesh that lines the cell returns condensed
lithium to the hot zone at its center. This arrangement makes
it possible to operate the cell for periods in excess of a year
without the need to open it to replenish the lithium. The cell
temperature was maintained at 898.06 0.1 K with a Euro-
therm model 91 temperature controller. The vapor pressure
of atomic lithium at 898 K is 0.0918 torr, and the vapor
pressure of lithium dimer is 1.4731023 torr.25 The neon

pressure was varied from 0.6 to 3.0 torr to enable us to carry
out a pressure analysis to obtain the rate constants. The range
of pressures was chosen so that the neon pressure was always
substantially in excess of the lithium pressure, preventing the
establishment of heat pipe conditions.26 Pressure was deter-
mined by use of a Baratron capacitance manometer.

A single vibrotational level in the Li2 A
1Su

1 electroni-
cally excited state was populated by a Spectra-Physics 380D
single-frequency cw dye laser. This level was carefully cho-
sen to minimize off-resonant excitation of other levels whose
fluorescence, though weak, would interfere with our analysis
of the very small vibrationally inelastic satellite lines. A
Spectra-Physics model 373 power stabilizer was used to
maintain a constant excitation rate. Power densities were
maintained at low levels~typically around 10 mW/cm2) to
prevent saturation of the transition; measurement of a parent
line signal as a function of laser power before the experiment
enabled us to operate at the highest power that gave a linear
response. The polarization of the emission was analyzed at
an angle of 54.7° with respect to the polarization of the
incident radiation27 to eliminate alignment effects. Signal
was maximized by setting the analyzer angle to give the
greatest monochromator signal and rotating the laser polar-
ization with respect to the analyzer by means of a double
Fresnel rhomb. Three dyes, DCM, Kiton Red, and
Rhodamine 6G, spanned the range of excitations needed. The
lowestv8 could be reached fromv9 5 0, but poor Franck–
Condon overlap necessitated exciting from higherv9 for the
higher values ofv8 5 v i , reducing signal and limiting the
dynamic range of the measurements.

The emission was dispersed in a SPEX 14018 double
monochromator. With a slit width of 50m, the resolution
was 0.3 cm21. Photoelectric detection with an RCA C31034
photomultiplier tube and photon counting using a Stanford
Instruments SR400 photon counter were employed to deter-
mine line intensities; particular care was taken to optimize
discriminator levels and to reduce stray light in an effort to
achieve the maximum possible dynamic range in our mea-
surements of the small vibrationally inelastic rate constants.
The monochromator was scanned nonlinearly so that a con-
stant number of data points was collected for each line. The

FIG. 1. Experimental concept. Laser excitation of a single vibrotational
level in theA1Su

1 state results inparent lineemission from the laser popu-
lated level andsatellite lineemission from collisionally populated levels.
The satellite to parent intensity ratios are related to the level-to-level rate
constants through a Stern–Volmer analysis.

FIG. 2. Experimental arrangement. A single-frequency cw dye laser excites
lithium molecules in a heated cell containing neon gas. Fluorescence is
imaged into and dispersed by a double monochromator, making possible the
identification of parent and satellite lines and measurement of their intensi-
ties.
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highest three of these were summed as a measure of the line
intensity.15A typical scan range was 200 cm21, long enough
to include at least one parent line to determine the absolute
wave-number scale for the scan. Dwell times of 0.5–1.0 s
were used. Before and after each scan, both the laser fre-
quency and intensity were checked by monitoring and maxi-
mizing the fluorescence signal from one parent line. A por-
tion of an experimental scan is shown in Fig. 3. Enough
scans were taken to cover several of the strongest vibrational
bands, with the result that multiple determinations of many
rate constants could be made from the several lines emanat-
ing from a given excited state level. Scanning over several
bands also increased the chance that a very small line corre-
sponding to a very small rate constant appeared at least once
in the spectrum without interference from larger nearby
lines.

B. Data analysis

To obtain measures of the excited state population den-
sities, it was necessary to normalize the fluorescence signal
by instrument response and line strength. This normalization
entailed computingj -dependent vibrational bandstrengths,
including ther -dependence of the electronic transition mo-
ment. The potential is well known forv8<26 ~Refs. 7 and 8!
and the transition moment has been measured and calculated
~see, e.g., Refs. 28 and 29!, facilitating these calculations.
The parent line intensities themselves, after normalization by
the vibrational bandstrengths and Ho¨nl–London factors,
were used to determine the wave-number dependence of the
instrumental response.

Experimental scans were taken over a sufficient range
that many vibrational bands were observed. This enabled us
to glean enough unblended lines to determine many of the
very small vibrationally inelastic rate constants forDv

5 62. The rate equation for the final level population den-
sity

dnf
dt

5ki f ninNe2G fnf ~1!

then gave, in steady state, the absolute level-resolved rate
constantski f from the excited state lifetimesG f and the pres-
sure dependence of the population density ratiosnf /ni . In
practice, we added to Eq.~1! terms representing multiple
collisions and collisions with lithium atoms in order to im-
prove the accuracy of our rate constants.15 In cases where we
had intensities from multiple transitions originating from a
given excited state level, the data were averaged after cor-
rection for line strength and instrument response, but before
the pressure fit was used to extract the rate constants.

The excited state lifetime is 18.56 0.5 ns over the ex-
perimental range ofv i .

9,30 A cubic fit to the lifetime as a
function of term energy was used to remove most of the
small systematic variation. A very few excited state levels
were accidentally predissociated by coupling with the
b 3Pu state,

30,31 necessitating corrections to their lifetimes.
Also, competition from collisional dissociation required con-
sideration. The rate constant for collisional dissociation in
this system forv i 5 15, j i 5 21 has been determined to be
6.161.2310215 cm3 s21,32 an order of magnitude smaller
than the smallest of our measured rate constants. This rate
constant was determined at a temperature of 908 K. Using
the approximate scaling suggested by Ennen and Ottinger,32

we estimate a cross section of 2.0310214 cm3 s21 for v i
5 24 at our experimental effective temperature of 691 K.
This is smaller than any level-resolved rate constant at that
value of v i , and hence is negligible. However, collisional
dissociation will increase rapidly in importance at higher val-
ues ofv i and will need to be considered in future work.

Because the molecules were excited at line center, the
distribution of collision velocities was not a Maxwell–
Boltzmann distribution. One velocity component of the Li2

molecule was frozen out, resulting in a relative velocity dis-
tribution of the form13 ~in units ofAkT/mLi2

)

d f5
ve2v2/2~a11!

Aa11
erfS v

A2a~a11!
D dv, ~2!

where a is the mass ratiomLi2
/mNe. This distribution is

nevertheless very similar to a Maxwell–Boltzmann distribu-
tion (d f 5 A2/pv2e2v2/2dv in the same units! at an effec-
tive temperature;12 we foundTeff 5 690.8 K from a least-
squares fit to the true distribution.17 The distribution of Eq.
~2! is a bit lower at its maximum than the best-fit Maxwell–
Boltzmann distribution, and a little higher in the exponential
tail. Although the fit is quite close in the present case, the
distributions can differ significantly when the mass ratioa is
small, and in any event it is necessary to use the effective
temperature rather than the cell temperature in reporting rate
constants derived from molecules excited with a narrow
bandwidth laser. The average relative velocity of the colli-

FIG. 3. Dispersed fluorescence spectrum at a total pressure of 1.0 torr for
v i 5 2. An intense parent line is visible, as are satellite line progressions due
to rotationally inelastic collisions. The smaller lines, 1000 counts per second
or less in size, are due to the vibrationally inelastic collisions that are of
primary interest in this study. The noise level, due to dark counts and scat-
tered light, is about ten counts per second. Most of the lines shown have
been assigned, although blended lines were excluded from the analysis.
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sions at this effective temperature is 1.333105 cm s21, cor-
responding to a collision energy of 611 cm21. The mean
collision energy is 720 cm21.

Error estimates reported with the rate constants include
easily determined statistical effects such as photon counting
noise and standard errors from pressure fits and multiple rate
constant determinations. The actual uncertainties in the data
are somewhat larger, but are difficult to quantify. Effects
such as spectral overlap and imperfect knowledge of the vi-
brational band strengths contribute to the uncertainty to an
increasing degree as the size of the rate constants declines.
Based upon the observed scatter in the rate constants deter-
mined from multiple bands and also on the use of different
functional forms for the pressure dependence, we estimate
that the quoted uncertainties for rate constants larger than 1
310212 cm3 s21 should be augmented by 5% of the rate
constant at lowv i and 10% or more at highv i . The absolute
error estimate climbs as the rate constants decline, and
should probably be regarded as 50% below 1310213

cm3 s21.

III. CLASSICAL TRAJECTORY CALCULATIONS

We have computed rate constants from quasiclassical
trajectories for comparison with our experimental data. We
used a fast action-angle variable algorithm,33 which assumes
that Li2 A

1Su
1 is bound by a potential of the form

U~r !5
1

2
mv2r 0

2S r2r 0
r D 2, ~3!

where r is the molecular internulear separation andr 0 its
equilibrium value,m is the reduced mass of the Li2 mol-
ecule, andv is its vibrational frequency. This simple poten-
tial approximates very closely the empirical Li2 A

1Su
1 RKR

potential determined spectroscopically by Kusch and Hessel7

for v i<25.33 Calculations were carried out on potential sur-
faces of the formV(R,r ,cosg), whereR is the atom–diatom
separation,r the diatom internuclear separation, andg the
angle between the rotor axis and the line connecting the atom
and diatom centers of mass. Calculations typically consisted
of 20,000 trajectories at each of eight velocities, chosen to
correspond to the first eight points of a 15 point Gauss–
Laguerre integration34 over the Maxwell–Boltzmann veloc-
ity distribution at the effective temperature of 691 K. Level-
to-level cross sections were determined by the standard
histogram method.35 Rate constants thus determined agree
with those obtained by integrating over the exact velocity
distribution of Eq.~2! to within a few percent for all but the
smallest rate constants.17

A. The Alexander–Werner ab initio potential

Alexander and Werner have obtained anab initio poten-
tial energy surface for the Li2 A

1Su
1 – Ne system36,10 from a

multireference configuration interaction calculation. The
range of internuclear separationsr is somewhat limited, in-
cluding ther values 2.672, 3.108, and 3.493 Å, the second of
these values being the equilibrium internuclear separation.
The inner and outer turning points for Li2 A

1Su
1 atv 5 2 are

2.805 and 3.482 Å, so the potential is near the limit of the
range of validity of its input data for this value ofv. The
Alexander–Werner potential has been used previously in
quantum mechanical calculations of rotationally10,36 and
vibrationally36 inelastic scattering. The rotationally inelastic
calculations agreed very well with experimental rate
constants12 and velocity dependent cross sections13 even
though these calculations were carried out atv i 5 9, beyond
the range of the potential input data. We find the potential to
be reasonably well behaved in trajectory calculations up to at
leastv i 5 7, although an increasing number of trajectories
fail at the highest energies asv i increases. Collisions at these
energies make a very small contribution to the rate constants.
We have reported previously classical trajectory calculations
using this potential surface withv i 5 2.17

Figure 4 shows 720 cm21 equipotentials of the
Alexander–Werner potential for its equilibrium internuclear
separation as well as thev 5 2 inner and outer turning
points. It is apparent that the potential is extremely aniso-
tropic: its expansion in Legendre polynomials required inclu-
sion of terms throughP18(cosg).

10 Similarly extreme poten-
tial anisotropy has been noted previously in the Li2 A

1Su
1 -

He system.37 It is also interesting to observe that the bulk of
the change in the potential due to the variation ofr occurs at
angles less than 45° from the molecular axis. This potential
surface resembles ground state alkali dimer – rare gas
potentials38,39 in its R-dependence, but is substantially more
anisotropic.

B. Exponentially repulsive model potential

Because the Alexander–Werner potential cannot be used
at highv i , we employed a simple model potential to explore
the dynamics throughout the measured range ofv i . More
importantly, use of this simple potential also enables us to
determine which features of the observed rate constant dis-
tributions can only be mo deled using a realistic potential
and which can be modeled using a generic potential.

FIG. 4. Equipotentials of the Alexander–Wernerab initio potential surface
at a collision energy of 720 cm21, the mean collision energy of our experi-
ment. The heavy line is the equipotential forr 5 3.108 Å, the equilibrium
internuclear separation. The thin lines give the equipotentials forr 5 2.805
Å and r 5 3.482 Å respectively, the inner and outer turning points of the
lithium dimer for v 5 2.
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Using a simple exponentially repulsive~Born–Mayer!
potential of the formV5Ae2R/L for the lithium atom – neon
atom interaction, and treating the three-body potential as a
simple sum of two-body potentials, we have

V5Ae2r /2L@e2Ra /L1e2Rb /L#, ~4a!

Ra5SR21
r 2

4
2rR cosg D 1/2, ~4b!

Rb5SR21
r 2

4
1rR cosg D 1/2, ~4c!

whereRa and Rb are the distances from neon to the two
lithium atoms. In this formula, we have assumed that the
interaction of the more distant lithium atom with the neon
may be neglected. After adjusting the parameters, we found
our data best reproduced withA 5 1.23107cm21 and L
5 0.5 Å.

IV. RESULTS AND DISCUSSION

The RKR potential for7Li 2 A
1Su

1 ~Ref. 7! is shown in
Fig. 5; levels for which we have taken experimental data are
indicated. Atv i 5 24, the highestv i for which we have data,
the vibrational energy is 57% of the dissociation energy. The
potential is not very anharmonic in the region of our data; the
vibrational spacing declines from 249 cm21 at v i 5 2 to 181
cm21 at v i 5 24, with the point of inflection in the outer
turning point occurring aroundv 5 17. Also indicated in Fig.
5 is the expectation value of the internuclear separation,
which increases from 3.24 to 4.18 Å over the range ofv i
studied. It is not known how many vibrational levels theA
state has, but the number has been estimated21 to be 105 for
6Li2 , corresponding to 113 for7Li2 . The large number re-
sults from the shallow long range 1/R3 potential, which sup-
ports many closely spaced vibrational levels with large outer
turning points. Thus the remaining 43% of the potential con-
tains nearly four fifths of the vibrational levels.

We have measured more than 800 inelastic rate constants
in the seven vibrational levelsv i 5 2,5,6,7,12,17, and 24, of
which over 600 are vibrationally inelastic. The initial rota-
tional quantum numberj i is equal to 30 for all values of
v i . The rate constants span more than four orders of magni-
tude and include the particularly well determined rate con-
stants forv i 5 2 that were the subject of our recent detailed
comparison with calculations on the Alexander–Werner
potential.17 Tables of individual level-to-level rate constants
have been deposited with the AIP Physics Auxiliary Publica-
tion Service~PAPS!.40

A. Rotationally inelastic rate constants

Figure 6 shows thej f distribution of purely rotationally
inelastic~vibrationally elastic! rate constants forv i 5 2, 12,
and 24. The rate constants are consistent with previously
measured rate constants withv i 5 9 and j i 5 22 and 42.12

The change in the distribution with increasingv i is very
slight, although it is clear that there is a small decline in the
overall size of the rate constants asv i increases. In an at-
tempt to discern any variation in the shape of the distribu-
tions, we have carried out a fit using the energy-corrected
sudden~ECS! fitting law of DePristoet al.41 The matrix of
rate constants$kj i→ j f

% is generated from an array of basis
rate constants$kj→0% through the scaling relation

kj i→ j f
5~2 j f11!e2~E.2Ei !/kT(

j
~2 j11!

3S j j i j f

0 0 0D
2

A~ j , j.!kj→0 , ~5!

where j. is the larger ofj i and j f , T is the temperature,~ !
is a 3-j symbol, andA( j , j.) is an adiabatic factor given by

A~ j , j.!5
11t j

2/6

11t j.
2 /6

. ~6!

It is this adiabatic factor that makes ECS scaling differ from
infinite-order sudden~IOS! scaling. The scaled collision du-

FIG. 5. The vibrational levels of Li2 A
1Su

1 ~Refs. 7 and 8!. The open circles
indicate the vibrational levels for which we have made measurements and
are located at the expectation value of the internuclear separation^r & for
their respective levels.

FIG. 6. Measured vibrationally elastic (Dv 5 0! rate constants as a function
of final rotational quantum numberj f for v i 5 2, 12, and 24, andj i 5 30.
The scale at the right gives the corresponding thermal cross section size,
obtained by dividing the rate constant by the mean thermal velocity.
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ration t j 5 v jTd , with v j the rotational angular frequency
of the molecule andTd the collision duration, gives the num-
ber of radians the molecule rotates during a collision. This
may be approximated as

t j54pcB jl c / v̄, ~7!

whereB is the molecular rotation constant,c is the speed of
light, v̄ is the average collision speed, andl c is a length
characteristic of the atom–diatom interaction. The physical
significance of this characteristic length is not well defined,
but l c has been interpreted as the average impact parameter
for rotationally inelastic collisions.41 A fit of the ECS fitting
law to data results in a determination of this parameter.

A complete fit to the data can be obtained by employing
the exponential-power~EP! expression for the basis rate con-
stants

kj→05a@ j ~ j11!#2ge2~ j / j* !2, ~8!

wherea, g, and j * are parameters determined from the fit.
The ECS fitting procedure, in conjunction with the above
exponential-power law expression for the basis rate con-
stants, has proved quite successful in modeling large quanti-
ties of rate constant data for lithium–rare gas collisions with
a single value ofv i .

12

Application of the ECS-EP relations to our data was
complicated by the fact that the fit parameters are quite sen-
sitive to the range ofj f in the data, which differs for each
v i . It was nevertheless possible to discern an increase in the
length parameterl c with increasingv i , consistent with an
increase in the average moment arm due to the increasing
mean molecular anisotropy. This implies that the global ECS
fitting that has been employed previously13 is not applicable
over a range of quantum numbers that includes substantial
variation in the average internuclear separation. Thus, global
ECS scaling may also break down for a data set including a
large range ofj i , since the mean internuclear separation in-
creases withj due to centrifugal distortion. We also obtained
the l c parameter from ECS-EP fits to rate constants resulting
from trajectories on the Alexander–Werner potential. Al-
though the range of validity of this potential is restricted, the
l c values from fits to calculated rate constants are entirely
consistent with the experimental results. The experimental
and computed values ofl c are shown in Fig. 7.

The variation in the total~rotationally summed! rotation-
ally inelastic rate constantkDv50 with the initial vibrational
level is subject to two competing influences. Asv i increases,
many collisions that are vibrationally elastic at lowv i be-
come vibrationally inelastic; the bulk of these collisions
come at the expense of the purely rotationally inelastic chan-
nel, resulting in a reduction ofkDv50 . On the other hand, the
increase in the molecular length results in an overall increase
in the collision rate constant, and an increase in the rotation-
ally inelastic rate constant in particular due to the attending
increase in molecular anisotropy. The outcome of this com-
petition will be determined by the collision energy and de-
tails of the potential energy surface. We have obtained total
rotationally inelastic rate constants by summing over allj f
for a givenv i and j i ~see Table I!. This necessitated interpo-

lating a small number of missing rate constants; the interpo-
lations were carried out by inspection. We find thatkDv50

decreases by about 25% asv i increases from 2 to 24.
Other experimental work examining the dependence of

rotational transfer on initial vibration is sparse. Yang and
Wodtke42 examined rotational transfer in collisions of NO
with itself. They changedv i from 8 to 19, adding 2 eV of
vibrational energy to the NO molecule, but could discern no
systematic effect of the vibration on individual or total rota-
tionally inelastic rate constants. They placed an upper limit
of 20% on the possible variation in the total rotationally
inelastic rate constant. Barneset al. compared rotational
transfer in HF – Ar withj i52 at v i51 and 2,43 finding no
significant effect except perhaps a small increase in the cross
section forD j 5 61 with increasingv i .

Rubahn44 calculated total rotationally inelastic cross sec-
tions as a function ofv i for the Na2 X

1Sg
1 – Ne system at

collision energies of 1, 10, and 100 meV via quasiclassical
trajectories on a semi-empirical potential surface.45 The cross
section rises withv i at each of these energies, sharply at 1
meV and almost not at all at 100 meV. This latter collision
energy is most similar to our average collision energy of 89
meV. On examining the velocity dependence of the rotation-
ally summed cross sections resulting from classical trajecto-
ries on theab initio potential surface, we find the same be-
havior. At still higher collision energies, the trend is reversed,
with increased vibration leading to a decline in the rotation-
ally inelastic cross section. This results from the steep in-
crease in the vibrationally inelastic cross section at the higher
collision energies, which withdraws flux from the purely ro-
tationally inelastic channels. The crossover point is almost
exactly at the mean thermal velocity of our experiment. The
slight decline we observe results from the preferential
weighting of larger velocities in the velocity averaged rate
constant and from the fact that the cross sections for different
v i are similar just belowv rel51.33105 cm s21 but diverge

FIG. 7. Length parametersl c from ECS fits to the vibrationally elastic rate
constant distributions. The open circles are from fits to experimental data,
and the filled circles are from fits to rate constants obtained from quasiclas-
sical trajectory calculations on the Alexander–Wernerab initio potential
surface.
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rapidly above this velocity. The computed velocity depen-
dence of the total rotationally inelastic cross section is shown
in Fig. 8 for several values ofv i .

B. Vibrationally inelastic rate constants

Representative vibrationally inelastic rate constant distri-
butions are shown in Fig. 9 for several values ofv i . Tables
containing all the experimental level-resolved rate constants
are given in the supplementary material.40 At v i 5 2, the
largest vibrationally inelastic rate constant is about 2
310212 cm3 s21, just 1% the size of the largest rotationally
inelastic rate constant at the samev i . The smallest measured
rate constant is about 5310214 cm3 s21, corresponding to
an average level-to-level cross section of 0.004 Å2. Experi-
mental and computed rate constant distributions forv i 5 7
are shown in Fig. 10. The agreement between trajectory cal-
culations on theab initio surface and experimental rate con-
stants forDv 5 21 is nearly quantitative, with the calcu-
lated distributions slightly narrower than the experimental
distributions. But the model potential does quite a good job
also, perhaps even better forDv 5 11 than theab initio
potential. However, it fails to capture the shift in the peak of

theDv 5 21 distribution. A similar comparison of calcula-
tions with experimental data forv i 5 2 can be found in Ref.
17.

1. j f distributions

Examination of the rate constant distributions of Fig. 9
reveals several trends with increasingv i . First, the overall
magnitude of the rate constants increases with increasing ini-
tial vibrational excitation. This well-known phenomenon will
be discussed in the following section on rotationally summed
rate constants. Second, the peak of the rate constant distribu-
tion is shifted sharply away fromj i for negative values of
Dv but barely or not at all for positive values ofDv. Third,
the distribution of final rotational levels is superficially simi-
lar for all v i , although detailed analysis reveals systematic
changes with increasing vibration.

The systematic shift of the peak away fromj i for
Dv521 is reminiscent of the behavior seen in this system
at higherj i .

14 For j i 5 44–76, the peak of the vibrationally
inelastic rate constant distribution is shifted away fromj i
according to the rule

D j peak524Dv. ~9!

This rule coincides atj i 5 64 with the criterion for intramo-
lecular energy conservation

D j peak

Dv
.2

vv

2Bv j i
; ~10!

its persistence at otherj i has led to the term ‘‘quasiresonant
V-R transfer’’ for this phenomenon. The phenomenon is fur-
ther characterized by very narrowj f distributions and an
enhancement of the vibrationally inelastic cross section at
low velocity. The rate constants are very large, entirely domi-
nating the energy transfer process byj i 5 64. Moreover, Eq.
~9! is valid at these high values ofj i for 23<Dv<2. The
phenomenon has been subjected to a variety of
analyses.36,46–49The most important factor in its onset is that
the rotational frequency is comparable to the vibrational fre-
quency, enhancing collisional coupling of these two degrees
of freedom.

In the present case ofj i 5 30, not all the conditions for
efficient V–R transfer are present. The frequency ratio of Eq.
~10! varies little asv i increases from 2 to 24, changing from

TABLE I. The rotationally summed rate constantskDv, determined from the experimental rate constant distri-
butions. Statistical uncertainties are given in parentheses; the true uncertainties are larger~see text!. Results in
brackets are estimates; the total rate constantskV andktotal for v i517 and 24 are lower bounds, including the
estimates shown but excluding higher values ofDv, which may contribute substantially.

v i k22 k21 k0 k1 k2 kV k total

2 0.76~0.01! 3.46~0.05! 102.1~1.2! 2.44~0.04! 0.40~0.01! 7.25~0.06! 108.4~1.0!
5 1.49~0.02! 6.24~0.04! 96.1~1.5! 3.77~0.05! 0.70~0.02! 13.4~0.2! 109.4~1.7!
6 2.38~0.04! 6.75~0.09! 89.8~1.7! 4.43~0.06! 0.88~0.04! 16.1~0.2! 105.9~1.9!
7 2.48~0.13! 7.48~0.17! 91.2~3.6! 4.88~0.05! 0.96~0.04! 17.5~0.2! 108.4~3.8!
12 3.72~0.06! 10.29~0.12! 84.0~1.2! 7.57~0.12! 1.26~0.02! 25.8~0.2! 109.8~1.4!
17 5.96~0.10! 12.96~0.18! 90.7~2.8! 9.24~0.18! @1.7# .29.9 .120.6
24 @7.6# 17.84~0.65! 76.4~0.9! 14.07~0.82! @2.3# .41.8 .118.2

FIG. 8. Velocity dependence of the total rotationally inelastic cross section
for several values ofv i . Cross sections were calculated from quasiclassical
trajectories on theab initio potential surface and were summed overj f . The
vertical line indicates the mean thermal velocity of the experiment.
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8.45 to 8.02. This ratio is twice the ratio atj i 5 64, and the
rotational frequency is apparently not sufficiently near the
vibrational frequency in the present instance for the strong
coupling necessary for quasiresonant V–R transfer to occur.
The shift observed in theDv 5 21 distribution is about 6
\, less than that predicted by energy resonance, but still
consistent with the idea of quasiresonance. However, as can
be seen in the data shown in Fig. 9, the shift is essentially
absent in theDv 5 11 case. The same observations hold for
Dv 5 62, although the data forDv 5 12 are limited.

Another distinguishing feature of quasiresonant V–R
transfer is absent here: its independence of the atom–
molecule interaction potential. At higherj i , the interaction
potential was found to have little effect on the shape of the
j f distributions.

14,15 The experimental evidence for this ob-
servation was the similarity of the distributions for target
gases ranging from Ne to Xe. The Li2 – Xe potential should
have a deep well owing to the large polarizability of the Xe
atom, whereas the Li2 – Ne potential does not. The compu-
tational evidence was that even a simple ‘‘breathing ellip-
soid’’ potential function – which bears little resemblance to
the Alexander–Werner potential – gave rate constant distri-
butions similar to those measured, with peaks having the
same locations and comparable widths. The rate constant dis-
tributions calculated from classical trajectories on the
Alexander–Wernerab initio potential surface resemble our
results closely in all respects except overall size~see Fig. 10

and Ref. 17!; in particular they reproduce the shift for the
Dv 5 21 rate constants and its absence for theDv 5 11
rate constants. However, calculations on the simple exponen-
tial potential give little or no shift for either value ofDv. We
conclude that the case ofj i 5 30 in this system is too low to
induce the strong vibration–rotation coupling that is charac-
teristic of quasiresonant V–R transfer, although it is high
enough to display some of its features and should probably
be regarded as marking the onset of a transition to the regime
of efficient coupling.

The rotational level distributions of the vibrationally in-
elastic rate constants appear quite similar in shape for the
different initial vibrational levels. Attempts to scale them to
one another, however, reveal that theD j, 0 portion of the
distribution rises faster with increasingv i than theD j. 0
portion. We observe this phenomenon in both our experimen-
tal rate constants and in rate constants calculated on theab
initio potential.

2. Dependence on v i

The role of initial vibration in determining the overall
scale of vibrational transfer can best be examined by com-
paring rate constants summed overj i . Forming these sums
necessitated some interpolation and extrapolation of missing
data, which was accomplished by inspection. The substantial
uncertainties in the extrapolated data were offset for the most

FIG. 9. ~a! Measured vibrationally inelastic rate constants withDv521 as a function of the final rotational
quantum numberj f for v i 5 2, 12, and 24, andj i 5 30. The vertical line indicates the rotationally elastic
channel. The connecting lines are to guide the eye only.~b! Measured vibrationally inelastic rate constants with
Dv511 as a function ofj f for v i 5 2, 12, and 24.~c! Measured vibrationally inelastic rate constants with
Dv522 as a function ofj f for v i 5 2, 12, and 17. Note the change in ordinate scale.~d! Measured vibra-
tionally inelastic rate constants withDv512 as a function ofj f for v i 5 2 and 12.
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part by the small size of missing rate constants in the wings
of the distributions. Forv i < 12, sufficient measurements of
rate constants withuDvu.2 were made that their small con-
tribution to the vibrationally inelastic rate constantkV was
well determined. Forv i.12, however, worsening signal to
noise conspired with the increased importance of unmea-
sured rate constants withuDvu.2 to make the task of esti-
matingkV difficult, so that we report only lower bounds to
the total rate constants forv i 5 17 and 24. Generous error
estimates were associated with interpolated and extrapolated
data. The resulting rotationally summed rate constants are
given in Table I and shown graphically in Fig. 11.

The total vibrationally inelastic rate constantkV is small
at lowv i . It has the value 7.25310211 cm s21 atv i 5 2, 7%
of the total inelastic rate constantktotal, and extrapolation to
v i 5 0 gives a value of 3.5310211 cm s21, only 3% of
ktotal. At v i 5 24, kV exceeds 42.0310211 cm s21, at least
35% of k total. This lower bound includes no estimate of
kuDvu.2 . Multiple quantum jump rate constants (uDvu.1)
increase more rapidly than single quantum jump rate con-
stants~in a relative but not an absolute sense!: the rate con-
stant forDv 5 21 increases by a factor of 3.7 asv i in-
creases from 2 to 17, while theDv 5 22 rate constant
increases by a factor of 7.8. Rate constants for individual
values ofDv are linear inv i to within experimental uncer-
tainty @see Fig. 11~a!#. For Dv 5 61, this linearity is con-
sistent with the prediction of one-dimensional perturbative

models.53 It has also been seen in IF B3P(01) - rare gas
collisions.50 However, the observed slope of theDv 5 21
rate constants cannot persist down tov i 5 0, as this rate
constant must be zero there.

Total vibrationally inelastic rate constants calculated
from quasiclassical trajectories on theab initio potential sur-
face agree in overall magnitude with the measurements but
have a differentv i dependence@see Fig. 11~b!#. The rate of
increase of the calculated rate constants forDv 5 61 is
sharply higher than that of the measurements: calculated rate
constants are lower at lowv i but higher abovev i 5 4. In
contrast, calculated rate constants increase more slowly than
measured rate constants forDv 5 62. It is possible that at
least part of the discrepancy is due to failed trajectories at the
highest energies, where regions are sampled in which the
Alexander–Werner potential is not valid, but in which most
of the strong collisions that lead to large changes inv occur.
Also, the calculated rate constants forDv 5 62 exhibit
upward curvature abovev i 5 4, whereas the measured rate
constants do not. In fact, the linearity of these experimental
rate constants seems remarkable in light of the results of
perturbation theory, which would lead one to expect a qua-
dratic dependence onv i of theDv 5 62 rate constants.

The total inelastic rate constantktotal, ~the sum of rota-
tionally and vibrationally inelastic rate constants! is constant

FIG. 10. A comparison of vibrationally inelastic rate constants forv i 5 7
and j i 5 30. Open circles: experimental results; solid line: results of quasi-
classical trajectories on theab initio potential surface; dashed line: results of
trajectories on a simple exponentially repulsive model potential surface for
~a! Dv 5 21, and~b! Dv 5 11.

FIG. 11. The total~rotationally summed! vibrationally inelastic rate con-
stants as a function ofv i ~from Table I!. ~a! Rate constants forDv 5 61
and62 over the entire measured range ofv i . The lines are least-squares fits
to the data.~b! Enlargement of~a! with the addition of rate constants com-
puted from quasiclassical trajectories on theab initio potential surface~open
symbols!.
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to within experimental error throughv i 5 12; the steady
decline in the rotationally inelastic rate constant is offset by
the increase in the vibrationally inelastic rate constant. At
v i 5 17 and 24, our total rate constants are lower bounds as
noted above, but it is clear that these values are at least ten
percent larger than the values at lowerv i . This increase in
total inelastic scattering coincides with thev i value at which
the average diatom internuclear separation begins a sharp
increase~see Fig. 5!.

It is easily shown that first-order time-dependent pertur-
bation theory predicts a vibrationally inelastic rate constant
for uDvu 5 1 that increases linearly with increasingv i for
collinear collisions. The exponentially repulsive intermolecu-
lar potential is expanded in powers of the separation between
the atom and the end of the molecule, which depends onr .
Matrix elements ofr connecting adjacent vibrational levels
depend on the square root ofv, and hence the transition
probability is linear inv to lowest order inr . This is the
essence of the Landau–Teller semiclassical approach,1,51

which has formed the basis for later, more elaborate pertur-
bative collinear treatments.52,53A nonperturbative and more
intuitively appealing model of the role of reagent vibration in
vibrational transfer has been offered by Nesbitt and Hynes.54

Building on the earlier collinear work of Benson and
coworkers,55 they have pointed out that

~1! At low initial vibration, increased vibration increases the
vibrational velocity in the nearly harmonic portion of the
well. The result is increased velocity in the encounter
between the atom and the end of the molecule, resulting
in greater momentum transfer and hence increased vibra-
tional energy transfer;

~2! At intermediate vibration, the rapid vibrational motion
‘‘shadows’’ certain vibrational phases as the end of the
molecule rushes out to meet the atom. Phases including
the most rapid vibrational motion begin to be lost, result-
ing in somewhat reduced vibrational energy transfer ef-
ficiency;

~3! At the highest vibrational levels, the molecule lingers at
its outer turning point, so that collisions occur almost
exclusively with the nearly stationary end of the mol-
ecule, resulting in drastically reduced vibrational energy
transfer efficiency comparable to that at the lowest levels
of vibration.

The quantity ^DE&, the net energy transfer averaged
over all collisions, is the primary experimentally testable re-
sult of the Nesbitt–Hynes model. This quantity is often of
interest;53,54 it is important in determining relaxation times
for vibrationally excited species, and is often the most de-
tailed parameter that it is practical to determine in poly-
atomic systems.2 Construction of^DE& from rotationally
summed rate constants according to

^DEv i&5 (
v fÞv i

~Ev f
2Ev i

!
kv i→v f

kV
~11!

will in general give a result quite different from that obtained
using the detailed rate constants:

^DEv i , j i&5 (
v fÞv i , j f

~Ev f , j f
2Ev i , j i

!
kv i , j i→v f , j f

kV
. ~12!

Equation~11! is in the spirit of the the measures most often
employed, for the simple reason that rotational resolution is
usually unavailable.~Our restriction of the sums to vibra-
tionally inelastic rate constants artificially inflates^DE& in
size but keeps the much larger rotationally inelastic rate con-
stants from swamping the trends we are looking for.! We
have computed both these quantities from our experimental
data; the results, scaled by the local oscillator spacing, are
plotted in Fig. 12 as a function ofv i . The effect of including
the rotation explicitly in Eq.~12! is to dramatically shift
^DE& to more positive values. This occurs because of the
shift toward positiveD j of the distributions withDv,0 and
because of the quadratic growth withj f of the rotational
energy. For comparison, these averages are displayed for rate
constants calculated from trajectories on theab initio sur-
face; the agreement is quite good. Also shown in the figure is
the prediction of the simple phase average approximation to
the hard sphere model of Nesbitt and Hynes.54 The one-
dimensional model drastically overestimates the amount of
energy transfer, as expected,54 since energy transfer in hard
collisions does not suffer the adiabatic reduction that results
from impacts with a soft potential. However, the location of
the zero in^DE& is quite accurately given if comparison is
made with the results of Eq.~11!, which employ rotationally
summed rate constants. It would be interesting to see if this
observation holds in other systems; whether it does or not,
theactual net energy transfer behaves quite differently from
that calculated from rotationally summed rate constants.

FIG. 12. The net total energy transferred in vibrationally inelastic collisions,
scaled by the local oscillator energy spacing, versusv i . Open squares: net
energy transfer computed from level-to-level rate constants@Eq. ~12!#. Filled
squares: net energy transfer computed from rotationally summed rate con-
stants@Eq. ~11!#. Solid lines: results from quasiclassical trajectories on the
ab initio potential. Dashed line: the simple phase average hard sphere model
of Nesbitt and Hynes~Ref. 54!.
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V. CONCLUSION

We have explored vibrational transfer in the7Li2
A1Su

1 – Ne system withv i ranging from 2 to 24 andj i fixed
at 30. The range of vibrational term energies spans the lower
57% of the lithium potential, although little more than 20%
of the vibrational levels occur within this range. We find
simple trends in the rotationally and vibrationally inelastic
rate constants.

It would be desirable to extend the results of this work to
higher vibrational levels and to other systems through com-
putation and experiment. Computationally, a comparison of
the dynamics at various levels of vibrational and rotational
excitation for several widely different systems is called for;
such a study is feasible now that high quality vibrating po-
tential surfaces are becoming available.10,56,57The dynamics
of vibrotational transfer on a soft potential is sufficiently
complex that no one-dimensional model is likely to quanti-
tatively model the experimental observations with realistic
parameters, even though the observations themselves take a
simple form. An explicitly three-dimensional model such as
the effective mass model of Miklavc and co-workers49,58

may be able to capture enough of the dynamics to be useful;
a quantum mechanical coupled-states calculation would pro-
vide a welcome benchmark for comparison with the experi-
mental and quasiclassical results.

Experimentally, the present results may be extended,
both in detail and to higher initial vibration. Absolute
velocity-dependent cross sections can be measured by a Dop-
pler technique,13 as can angle-differential cross sections.16

The decreased averaging of these measurements, particularly
the angle-differential cross sections, may permit them to re-
flect details of the dynamics that are hidden in the present
measurements. Extension of this study nearer to dissociation
will make possible a rigorous test of the ideas of Nesbitt and
Hynes. It will also make it possible to investigate the colli-
sional properties of the fascinating long-range levels of the
Li2 A

1Su
1 state,21 as well as the additional dynamical com-

plication of competition with collision induced dissociation.
The restrictions that limited the present study tov i 5 24 are
being removed as a variety of novel techniques, ranging
from triple-resonance spectroscopy19 and fourier transform
infrared detection20 to photoassociative spectroscopy,59 are
mapping out the rest of theA-state vibrational levels and
opening a window on their collision dynamics.
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