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Near-ultraviolet emission bands have been observed in Li-Ar, Li-Kr, and Li-Xe mixtures. The
bands are due to transitions from bound molecular Li—rare-gas states associated with the atomic Li
3d, 3p, and 3s states and ground-state rare-gas atoms. The transitions are all to the dissociative
Li—rare-gas 2so molecular ground state. The Li-Ar, Li-Kr, and Li-Xe 3s0-2s0 collision-induced
bands are progressively shifted, for the heavier rare gases, further to the red of the asymptotic atom-
ic Li 3s-2s energy difference. For Li-Xe this shift is a remarkable 4000 cm~!. We also report rate
coefficients for quenching, by all the rare gases, of the atomic Li 3d and 3p states.

I. INTRODUCTION

The discovery several years ago of intense collision-
induced emission bands in alkali-atom—rare-gas mix-
tures’? has stimulated a number of studies of excited
molecular states in these systems.>~7 The interest stems
partly from the realization that the excited states can ex-
hibit substantial binding and should lend themselves to
analysis using semiclassical, line-broadening models or be
amenable to conventional spectroscopic investigations. A
principal goal of the studies is to obtain potential energy
curves and dipole moments for the states responsible for
the observed emission bands.®~!! These quantities are
useful in descriptions of a wide range of physical phenom-
ena, including line broadening, quenching, and depolariza-
tion processes.

There is also some possibility for observing laser ac-
tion!? in the collision-induced bands. The bands corre-
spond to excimer transitions in the alkali-atom—rare-gas
molecular systems and may have oscillator strengths as
large as 10! at some internuclear separations.® Further-
more, it appears that for some systems, at high rare-gas
pressures, most excitation above the alkali-atom resonance
state is channeled into these intense bands.

Such collision-induced features have been observed in
emission, and in some cases in absorption, for all the 4-R
systemsl3 (A =alkali atom; R =Ar, Kr, Xe) except Li-R.
We report in this paper the results of our observations of
collision-induced emission bands in Li-R mixtures. We
have measured the shapes and positions of these spectral
features for Li-Ar, Li-Kr, and Li-Xe. Also among our
observations are measurements of the rare-gas pressure
dependence of the population in the atomic Li states giv-
ing rise to the bands. In particular, we have measured the
rate coefficient for collisional mixing, by all the rare
gases, of the atomic Li 3d and 3p states. We have also
measured the rate coefficient for quenching of the Li 3p
state to states other than the 3d state. The pressure
dependence of the collision-induced bands relative to
selected atomic Li emission lines has also been deter-
mined.

II. EXPERIMENT

Our experimental scheme is most easily understood

with reference to Fig. 1. In this scheme atomic Li is pro-
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duced in the 3d state by stepwise excitation via the 2p res-
onance state. Collisions between Li (3d) and rare-gas
atoms then relax the excited Li to the 3p and 3s states.
The 3s state is also populated by radiative transitions
from the collisionally populated 3p state. Subsequent
three-body collisions with rare-gas atoms produce bound
Li-R molecules in the various molecular states associated
with the atomic Li excited states shown in Fig. 1 and
ground-state rare-gas atoms. The relative intensities of
the 3d-2p, 3p-2s, and 3s-2p transitions serve to monitor
the population in the various # =3 atomic Li states. The
emission intensity in the collision-induced bands measures
the relative population produced in the relevant molecular
Li-R states. In the remainder of this paper, we will ignore
the effect of the molecular on the atomic populations.
This approximation is justified by the fact that for our ex-
periments only a few percent, at most, of the total excited
population is in molecular form.!* Of course, the effect of
the atomic on the molecular populations cannot be ig-
nored; the excited atomic Li is the source of the bound
molecular Li—rare-gas molecules that are eventually
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FIG. 1. Energy-level diagram for the lowest few states in Li.
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FIG. 2. Schematic diagram of the experimental apparatus.

created by three-body Li-R collisions. The degree of re-
laxation and the intensity of the collision-induced bands
depend strongly on the rare gas. The details of each case
will be discussed in a later section of this paper.

The experimental arrangement used to observe the
atomic and molecular emission is shown in Fig. 2. Atom-
ic Li is excited to the 3d state by two broad band, cw dye
lasers. Each laser has an output power of about 500 mw
in a band width less than 0.5 cm™!. The laser beams
overlap in an approximately 1-cm® volume near the center
of the Li vapor cell. The cell and its operation have been
described previously;!’ it produces a usable Li density in
the 10~7—10~* Torr range at a cell temperature of about
40°C. The cell is connected to a vacuum-gas handling
system which facilitates rapid gas and pressure changes
and which monitors the cell pressure. The background
pressure in the cell is about 10~° Torr.

The red emission from the vapor is detected by a fil-
tered PMT (photomultiplier tube) which measures the rel-
ative 3s-2p atomic Li emission at 812.7 nm. The output
from the PMT is monitored by an electrometer. The
bluer emission (A <650 nm), which consists of atomic
emission on the 3d-2p (610.4 nm) and 3p-2s (323.2 nm)
transitions and the molecular-emission bands, is spectrally
dispersed by a +-m monochromator with a resolution of
approximately 10 A. The monochromator throughput is
detected and recorded on a PMT-chart recorder system.
This PMT has an S-20 cathode and is operated in the
photon-counting mode.

III. RESULTS AND DISCUSSION

In general, when we excited the Li 3d state, we ob-
served atomic emission on the 3d-2p, 3p-2s, and 3s-2p Li
transitions (see Fig. 1.) We observed no emission from
states above the 3d. In addition, we discovered in Li-Ar,
Li-Kr, and Li-Xe mixtures intense emission bands in the
spectral range 360—440 nm. We attribute this continuum
emission to collision-induced bands of the associated
Li—rare-gas molecules. All observed features required
that both lasers be tuned to resonance and each appeared
sharply upon laser tuning into resonance. Emission inten-
sities were linear in laser power and were substantially dif-
ferent for the different rare gases. Ratios of atomic emis-
sion line intensities were independent of Li density, indi-
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cating an absence of radiation trapping in our experi-
ments.

The specific results of our studies divide naturally into
two parts. In the first, we present our data on collisional
relaxation, by the rare gases, of the excited Li 3d state
population. In the second, we describe the results of our
observations on the collision-induced Li-R emission
bands.

A. Collisional quenching in the Li 3d, 3p states

As mentioned previously, the relaxation of the excited
Li atomic populations can be discussed independent of the
bound molecular populations. At the rare-gas pressures
used in our experiments ( < 100 Torr), only a few percent
of the excited population will reside in bound molecular
states.!* A simple rate equations analysis shows that,
under these circumstances, the ratio of the intensities of
the 3p-2s and 3d-2p atomic transitions is given by

I“31)-3d + l—\31)-3.9
I-‘3Jd-3p

1(3d-2p)
I(3p-2s)

7/3p-3s + 7’3p-2s
343,

(1)

In this expression we have taken any quenching of the 3p
state to be to the relatively nearby 3s state. This is con-
sistent with expectations based on existing Li-R poten-
tials” for these states. The quantity G is a geometrical
factor, the quantities I' are mixing rates between the indi-
cated states, and y rePresmts radiative decay rates. Note
that I'34.3,/T3,.30=5exp(A/kT), where A is the 3d-3p
energy separation (357.7 cm~!). As I is proportional to
pressure P according to I'=kP (k is a rate coefficient), a
plot of this intensity ratio against 1/P yields a straight
line of slope G/ksz3 and intercept G(Kjpq
+K3p.35) /K33

It has been possible in our experiments to determine the
factor G, allowing us to extract both k3,34 and ks,
from our data. As will be discussed, the quenching rate
['3p.3 is very small for Li-He collisions. This means that
the intercept in a plot of (1) for He, as shown in Fig. 3, is
given by Gksp.35/k34.3,. The ratio of rate coefficients is
known from detailed balancing, so G can be determined
from this data. We obtain a value of 5.6(6) for G. Now,
G is a quantity depending on the arrangement of our
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FIG. 3. Relative intensities of the Li 3d-2p and 3p-2s transi-
tions vs (pressure)~! for He buffer gas.
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FIG. 4. Relative intensities of the Li 3d-2p and 3p-2s transi-
tion vs (pressure)~! for Ne, Ar, Kr, and Xe buffer gases. The
relative intensity scale has been normalized as described in the
text. Note the different intensity scales for each gas.

detectors and the usual intensity factors; it does not de-
pend on the rare gas. We thus use G as determined in
Li-He experiments to put the ratio (1) on an absolute scale
for all the rare gases. Plots of our data, as in (1), for
Li-Ne, Li-Ar, Li-Kr, and Li-Xe are presented in Fig. 4.
Linear least-squares fits of I(3d-2p)/I(3p-2s) versus 1/P
allowed us to determine the rate coefficients k343, and
k3p.35. Tabulated values of the relevant radiative rates'®
were used in these fits. Values of the rate coefficients
thus obtained are presented in Table I.

To confirm the absence of quenching of the 3p state for
He, we have measured the ratio I(3s-2p)/I(3d-2p) as a
function of pressure; our data are presented in Fig. 5. A
steady-state rate equations analysis yields

(¥3p-3s +T3p.35)(T'34.35)

(2)
YR +T3p3a+apsg

I(3s-2p)/I(3d-2p)=G’

where G’ is a constant and y the total radiative decay
rate of the 3p state. The data of Fig. 5 can only be ade-
quately described by (2) if I's,.3; <<73,.35; the ratio would
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FIG. 5. Relative intensities of the atomic Li 3s-2p and 3d-2p
transitions vs He gas pressure.

increase as P at high pressure if this was not true. Includ-
ing quenching of the 3s or 3d state does not alter this con-
clusion, and we are justified in neglecting I';, 3 in (1)
when determining G.

Table I summarizes our results for the rate coefficients
k343, and k3,3, and for average cross sections 6=k /7,
where D is the average thermal velocity at our experimen-
tal temperature of 40°C. Also included are available
values of the cross sections obtained by other workers.!”!3
Our results can qualitatively be discussed on the basis of
relevant interatomic potentials calculated by Pascale and
Vandeplanque.” The near proximity of the 3so and 3p7
potentials at small internuclear separations can lead to the
3p—3s quenching that we observe. The mixing of the
molecular states could be due either to Coriolis (rotation-
al) interactions or to dynamical mixing associated with a
curve crossing in this range of internuclear separations.
The calculated potentials show a rapid separation of the
3so and 3pm potentials as one goes to lighter rare gases;
the cross sections also decrease rapidly as one would ex-
pect.

The 3d-3p quenching can generally be understood in
terms of similar mechanisms. There is a crossing of the
3po and 3d6 states in the region of the attractive well for
all the Li-R potentials except Li-He; rotational mixing
should be important for all cases. The dependence of the
cross sections on the rare gas is not, on the basis of exist-
ing potentials, obvious. It has been suggested'® that the

TABLE 1. Rate coefficients and cross sections for rare-gas 3d-3p and 3p-3s quenching in atomic Li.

Our results Other
results
K(3d-3p) K(3p-3s) o(3d-3p) o(3p-3s) o(3d-3p)
Species (cm®/s) (cm®/s) (A2) (A2) (A%)
Li-He 8.3(4.4)x10~1° 52(28) 9.0
Li-Ne 3.8(5)x 1012 3.4(4)x 107! 1.2
Li-Ar 5.0(7)x 1071 1.6(1.2)x 10~ 13 4.8(6)x 1072 1.5(1.2)x 1072 >4x1073
Li-Kr 6.9(9)x 10~ 1 3.0(1.1)x 10~ 13 6.8(9)x 1072 3.0(1.1)x 1072
Li-Xe 1.4(2)x 10~ 12 8.0(1.4)x 10~ 12 1.4(2)x 10! 8.0(1.0)x 107!
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large difference between the He and Ne cross sections can
be explained on the basis of a model viewing the collision
as one between the rare gas and the Li valence electron.
Although this seems to be a reasonable possibility, sys-
tematic calculations seem to offer the best hope for under-
standing the variation of ¢ with rare gas.

The measurements of other workers,'”!® which are also
summarized in Table I, were done at a temperature of
650°C, and so direct comparisons are not really meaning-
ful. It does appear that the Li-He and Li-Ne 3d-3p
quenching is not strongly temperature dependent; howev-
er, if the velocity dependence of the rate coefficients is
structured, even this may not be true.

B. Collision-induced emission bands

The molecular emission spectra observed in Li-Ar,
Li-Kr, and Li-Xe mixtures are presented in Fig. 7. The
position of the maximum emission intensity and the full
width at half maximum for each band is given in Table IL
The origin of these spectral features can be understood
with reference to Fig. 6. As has been discussed, excitation
of the Li 3d state produces atomic population in the Li
3d, 3p, and 3s states. It is well known'” that three-body
collisions between two rare-gas atoms and an excited Li
atom can produce bound Li—rare-gas molecules in the
molecular states correlating to each of the atomic states
above. The bound population then can decay radiatively
(or otherwise) via a number of transitions, including exci-
mer transitions to the repulsive 2so molecular ground
state.

We believe that the observed bands are indeed excimer
emission from excited states of Li-R molecules, and a
number of points and observations support this view.
First, the positions of the emission peaks depend strongly
on the rare gas and are, on the basis of existing poten-
tials,’ in approximately the positions one would expect.
These positions are summarized in Table II. Second, the
peak intensity of each band, relative to the atomic Li 3p-
2s emission line intensity, is independent of Li density.
This eliminates Li, as a possible source of the spectra, for

POTENTIAL ENERGY

INTERNUCLEAR SEPARATION

FIG. 6. Interaction potentials (Ref. 9) for several low-lying
states of Li-Xe.

TABLE II. Peaks and widths of continuum emission bands
observed in Li-R mixtures. The predicted peak positions are the
wavelengths of emission from the minimum of the 3so potential
to the repulsive 250 potential; the potentials are from Ref. 9.

Emission peak Predicted peak

Species position Width position
Li-Ar 380(2) 20(1)
411(2) 14(1) 396
Li-Kr 392(2) 19(2)
416(2) 13(1) 405
Li-Xe 431(2) 12(1) 414

the relative intensity of the band to atomic emission
would grow as [Li] in that case.

Finally, the redmost band grows as the square of the R
pressure relative to the 3s-2p atomic Li emission; this is
consistent with the three-body formation of molecular
Li-R in the 350 state which correlates to the atomic Li 3s
state. This behavior is illustrated, for the single observed
Li-Xe band, in Fig. 8. The redder of the two observed
bands for Li-Ar and Li-Kr also grows linearly at the ex-
pense of the bluer, indicating molecular states above the
3so are responsible for the emission. As only the 3d and
3p Li states are populated, one or several of the molecular
states associated with these must give rise to the observed
emission. From our measurements, we cannot distinguish
among these possibilities.

We have also observed that the wavelength of peak in-
tensity and the full width at half maximum of each ob-
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FIG. 7. Collision-induced emission spectra observed in Li-Ar,

Li-Kr, and Li-Xe mixtures. The spectra were recorded at rare-
gas pressures indicated in the text. The resolution is about 10 A.
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FIG. 8. Peak intensity of the observed 3so-2so Li-Xe
collision-induced band vs P2, where P is the Xe gas pressure.
The intensity is measured relative to the atomic Li 3s-2p transi-

tion at 812.7 nm.
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served band is largely independent of pressure. As the
population of the molecular states is hardly in equilibrium
with its atomic source (viz., the P? dependence), this may
seem surprising. However, for collision-induced emission
bands, the emitted intensity can be from a fairly narrow
region near the bottom of the well; the shape and peak po-
sition would then not depend strongly on R pressure.

In summary, we have presented data on the spectra and
pressure dependence of collision-induced continuum emis-
sion bands in Li-Ar, Li-Kr, and Li-Xe mixtures. We have
also measured rate coefficients for collisional quenching
of the atomic Li 3p and 3d states by all the rare gases.
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