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Formation of a long-lived collision complex in alkali diatomic-rare gas 
collisions and rotational excitation via a mode-specific dissociation 

F. J. AI-Imarah, A. J. Sain, M. S. Mehde, and A. J. McCaffery 
School of Chemistry and Molecular Sciences, University of Sussex. Falmer. Brighton BNl 9QJ, United 
Kingdom 

(Received 17 July 1984; accepted 24 August 1984) 

We report an unusual pressure dependence of the gas phase dynamics of alkali diatomics in III 
excited states in their interactions with certain collision partners. This behavior consists of a 
change in the relative rates of the.J.J = + 1 and.J.J = - 1 collision-induced transitions, which 
results in a dominance of rotational excitation at high pressures. This effect occurs only for the e 
A-doublet component of the excited III state. Also observed is a change in the polarization of the 
parent line such that the polarization ratio increases with increasing pressure. The dependence of 
this behavior on intermolecular potential, reduced duration of collision, rotational state, and 
temperature lead us to propose that a long-lived complex or orbiting resonance is responsible for 
the effects observed. This species appears to be formed during the lifetime of the excited state of 
the diatomic. Knowledge of the molecule-fixed geometry of the A doublets allows us to propose a 
structure for the long-lived species and to speculate that the observed characteristic rotational 
excitation results from specific vibrational and rotational predissociation processes within the 
complex. 

I. INTRODUCTION 

There is considerable current interest in weakly or tran­
siently bonded species and their consequences upon molecu­
lar dynamics both from an experimental and a theoretical 
point of view. I The spectroscopic studies of cooled van der 
Waals molecules by Smalley, Wharton, and Levy,I,2 Klem­
perer and co-workers3 have opened up new fields to the ex­
tent that there is now much experimental4 and theoretical!! 
interest in predissociation of weakly bound molecules and 
also in the influence of transient species on dissociation dy­
namics and other intermolecular events. Despite the relative 
weakness of the forces binding atoms or molecules together 
in this manner, the effects upon bulk properties of matter can 
be quite marked even at temperatures well above those at 
which the bound species are stable. Relatively little experi­
mental data is available on the quantum resolved dynamics 
of weakly bound molecules in the high temperature, high 
pressure regime where the effects on bulk properties and, in 
particular, the onset of irregular behavior may be observed. 
There is also considerable interest in the product distribu­
tion of dissociation processes in weakly bound molecules 
since they provide a valuable test of theories of photodisso­
ciation. 

In this paper we describe the observation of weakly 
bound rare gas-alkali dimer complexes formed from excited 
ll-state alkali diatomic molecules. Further, we have ob­
served the product state distribution of the dissociation of 
the species and find the predominant decay mode to be a 
rotational excitation and A -doublet surface crossing. Here 
we refer to the species formed as a long-lived complex or 
orbiting resonance although alternative terminology for 
these transient molecules include collision complex, quasi­
bound, or compound state. The analogy to the triatomic van 
der Waals molecules is strong and forms the basis of our 
discussion of the dissociation dynamics. 

Much is known about the dissociation of rare gas atoms 

bonded to diatomic molecules such as molecular iodine 
through the very thorough studies of Levy2 and other 
workers.4 Two distinctive quantum features have emerged 
from the 12-rare gas work,2 namely the variation of the rate 
of dissociation as a function ofl-I stretch vibrational quan­
tum and the observation of a.J. v = - I propensity for vibra­
tional predissociation. Both observations have received 
theoretical justification through the work of Beswick and 
Jortner for the linear7 and the T-shaped8 geometries. Up 
until now only vibrational state product distributions have 
been measurable due mainly to the weakness of the signal 
and, in the case of the 12-rare gas complexes, the low value of 
the rotational constant. The partitioning of dissociation pro­
ducts into rotational quantum levels has not been deter­
mined despite the fact that any observed rotational propensi­
ties would be of considerable interest.6 In this work we 
present data which gives evidence of strong rotational selec­
tivity in the dissociation products of a rare-gas alkali diatom­
ic long-lived complex. The observation is not of an isolated, 
cooled and fully characterized species since the species are 
formed in thermal cells at elevated temperatures and with 
moderate pressures of rare gas atoms. Despite this the rota­
tional propensities are very clear cut and the unique charac­
ter of the excited II electronic states of the alkali diatomics 
which are characterized by separate and nondegenerate elec­
tronic functions defined in the molecule-fixed frame, permits 
a molecular level interpretation of the dissociation process. 
It is of interest to note that the onset of the effects described 
(and hence formation of the long-lived species) occurs at 
quite modest pressures and thus we anticipate a very pro­
found influence on the dynamics of rarefied gases which will 
undoubtedly affect bulk gas phase behavior. For this reason 
we feel that the effects described herein merit close study and 
we divide this paper into two main sections. In the first of 
these we concentrate on the evidence for the formation of the 
long-lived species in the cell. In the second we discuss the 
dynamical processes which might lead to the observed rota-
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tional excitation and A -doublet surface crossing in the disso­
ciation products. 

II. EXPERIMENTAL 

The techniques employed to measure fully resolved 
emission intensities and polarizations from laser-excited di­
atomic molecules have been described by us in previous pub­
lications.9 In this work, the n states of Na2' NaK, and NaLi 
were excited into specific rotational levels using the discrete 
lines of a 4 W argon ion laser. In fact, the line width of the 
laser was such (- 5 GHz) that on several occasions, more 
than one rotational level was populated and when the sepa­
rate series could be fully resolved, this afforded a means to 
examine the collision dynamics as a function of initial rota­
tional state. In the case of coexcitation of this kind, care was 
taken to choose for examination spectral features which 
were not overlapped by other series. This did not in general 
present a problem. 

The spectrometer used in this work was a Coderg PH 1 
double grating monochromator having a spectral resolution 
of 0.5 cm- 1

• This was found to be adequate for the studies 
made here. Fluorescence was detected by an EMI 9658B 
photomultiplier tube and the signal processed in the manner 
described in earlier work. 9 The sample cell was a 40 cm 
length thin-walled stainless steel tube having collars fitted at 
each end to hold optical windows which were held in place 
by Vitron O-rings. The center of the cell was heated by 
Kanthal wire windings embedded in ceramic cement and 
surrounding the tube. Inside the center of the tube was a 
stainless steel gauze wick to provide a large surface area over 
which the metals could run. At the temperatures and pres­
sures we have employed it was found that the cell did not 
operate as a heat pipe oven.1O This is advantageous for the 
study of collision dynamics of alkali diatomics with foreign 
gases and the cell could operate for many hours without loss 
of signal. 

Foreign gases were admitted to the cell via a side arm 
connected to a vacuum system. Pressure measurements were 
made using diaphragm and other gauges which could cover 
pressures up to a maximum of 120 mbar. Gases used in this 
work were added via reduction and needle valves from lec­
ture bottles supplied by BDH Ltd. Typical purities were He 
99.995%, Ar 99.99%. In the case ofNaz, sodium metal was 
introduced into the cell in small quantities under argon. For 
the work with NaK, a separate cell was used and it was found 
that the best results were obtained with a large excess of 
potassium over sodium. For the work with NaLi, approxi­
mately equimolar amounts of the constituent alkalis were 
used. Temperatures were measured using a thermocouple 
embedded in the ceramic cement in contact with the center 
of the stainless steel tube. 

III. DISCUSSION 

A. Identification of Resonances 

1. A doubling in tn state diatomics 

The evidence for the existence of long-lived complexes 
relies upon a fully resolved spectroscopic study of the excited 
n state of alkali diatomics and focuses in particular on the 

relative probabilities of the collision induced A -doublet sur­
face crossing rotational transitions. These are generally mea­
sured from the intensities of the Q + 1 and Q _ 1 emission lines. 
Since the argument relies heavily on the .:jJ = ± 1 relative 
transition propensities, we give first a brief discussion on the 
background and on the interesting history of the so-called 
"propensity rules" which have been the topic of much dis­
cussion in the past few years. 

The Bom-Oppenheimer wave functions for a Hund's 
case (a) diatomic molecule in a In state such as Na2, NaK, or 
NaLi can be written in terms of rotational and vibronic com­
ponents 

(1) 

Here J is the total (rotational + electronic) angular momen­
tum quantum number, S is the spin angular momentum, A, 
.I, and n are the projections along the bond axis of the orbi­
tal, spin, and total angular momenta, M is the projection of J 
along the space-fixed z axis and v is the vibrational quantum 
number. For a In state, S =.I = 0 and so A = n = ± 1. 
The A = + 1 and A = - 1 states in Eq. (1) are degenerate 
to first order but this degeneracy is lifted by perturbations 
from other electronic states. 11 The In energy levels therefore 
occur in closely spaced pairs which are termed A doublets. 
TheA doublet wave functions are formed from linear combi­
nations of the above states in order to be eigenfunctions of 
the parity operator f 

IJME) = ~ [IJMA) +EIJM-A)], (2) 

where A = IA I and E = ± 1. The parity of a state is given by 
its ejgenvalue under the parity (space-fixed inversion) opera­
tor i and thus we have 

fIJME) =E( - WIJME). (3) 

Thus within each A doublet of a given J, one level has even 
parity and the other has odd parity. E is known as the parity 
index. Using current spectroscopic conventions, the 
E = + 1 levels are designated as/and the E = - 1 levels as 
e. 12 A recent study by Alexander and Dagdigian13 has clari­
fied the physical nature of the electronic charge distributions 
in A -doublet functions and the e A -doublet level may be 
identified as that in which the electronic function is symmet­
ric with respect to the plane of rotation whereas the / A­
doublet level has an electronic function which is antisymme­
tric with respect to this plane. 

The ground state in each of the molecules considered in 
this work is l.I + and hence each has even electronic parity. 
The parity of each ground state rotational level is given by 
( - I)J. The electric dipole selection rules indicate that in a 
single photon process the following rules apply: 

I + ) ~ I - ), I + ) ~ II + ), I - ) ~ I - ), 

where the I + ), I - ) designations apply to overall parity 
(rotational x electronic). Since there is necessarily a change 
in rotational parity on P or R excitation, one of these transi­
tions will populate the e A -doublet component of the In 
excited state whereas a Q excitation will populate the / A­
doublet component. 
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2. The propensity rules 

The curious dynamical behavior of excited II states has 
been the focus of much attention both theoretical and experi­
mental. The topic is well described in the original literature 
and will not be discussed in detail here. The experimental 
results, which were obtained on a number of alkali diato­
mics,I4-16 may be summarized quite succintly. Alkali diato­
mics were prepared in single rotational levels of varying J 
values (e or/components) using discrete lines of an ion laser. 
Rotational energy transfer, due to collisions with a variety of 
rare gas and other nonreactive partners, was then studied 
using the intensities of spectrally resolved lines in the emis­
sion spectrum as a measure of the rate of transfer into the 
new quantum levels. Two distinct types of processes could be 
identified. These were: (i) rotationally inelastic collisions 
which preserved the initial A -doublet surface formed upon 
excitation, i.e., J.J = ± 2n for a homonuclear diatomic 
(leading to P and R doublet emission if the excitation was via 
P or R ); (il) rotationally inelastic transfer which changed the 
initial A-doublet quantum number, i.e., J.J = ± n where n 
is an odd integer for a homonuclear diatomic leading to Q 
emission following P or R excitation. The former are re­
ferred to as A -doublet surface preserving collisions and the 
latter as A -doublet surface crossing collisions. The first type 
of process was found to be quite normal in that upward and 
downward inelastic transitions (J.J = ± 2n) were found to 
obey microreversibility, i.e., 

(U ' + 1) eJ' 
kJ-.!1 = -kJ'-.!' 

(U+ 1) eJ 

(4) 

where eJ is the kinetic energy of the diatomic molecule in 
rotational state J. Thus for high J and small J.J, only a very 
small difference between upward and downward transitions 
is predicted and observedl7 for J.J = 2 transitions. The sec­
ond type of process, the surface crossing collisions however, 
showed abnormal behavior in that upward and downward 
transition rates were in general, quite markedly different. 
The J.J = ± 1 asymmetry was most pronounced and the 
ratio ofratesJ.J +I/J.J -I was found to vary from 0.5 to 3.0, 
the actual value depending on the nature of the collision 
partner and on the initial rotational quantum number. Both 
e and / A -doublet components were affected, the rate ratio 
being approximately reversed by changing from e to/ or vice 
versa. 14 The effect was observable in heteronuclear diato­
mics also l6 despite the increase in the number of channels 
open for rotational transfer consequent upon the reduced 
symmetry. 

There have been numerous attempts to account for the 
results outlined above theoretically,15.18-22 the most recent 
being that by Lebed, Nikitin, and Umanskii22 but despite 
this degree of theoretical effort there does not appear to be a 
simple physical model which will account for the unusual 
behavior in terms of useful molecular parameters. This is 
particularly frustrating since on this occasion a simple labo­
ratory frame experiment is yielding direct information on 
dynamical events in the molecule frame. The theoretical de­
scriptions do not have relevance to the work described here­
in with the exception that a persistent feature is the so-called 
symmetric top model22 which has some features in common 

with the mechanisms which we propose to account for the 
experimental observations made in this work. 

3. The experimental results 

The studies on the ± J.J propensities described 
abovel4-16 were mostly carried out in cells at fixed, and rath­
er low (i.e., below 5 mbar), foreign gas pressures. We have 
carried out similar studies but over a much wider range of 
pressures and, in addition, have measured the polarizations 
of each resolved line following excitation with circularly p0-

larized light. This work has been done with two alkali diato­
mics namely N~ and NaK using a variety of collision part­
ners. In addition, a limited study of the heteronuclear NaLi 
was made. This work was carried out using stainless steel 
cells of heat-pipe 'design (though care was taken to ensure 
that they were not working in heat-pipe mode) and conse­
quently, high pressures of foreign gas could be introduced 
into the cell. Most unexpected behavior was observed with 
certain foreign gases, which we now describe, and again it 
will be seen that it is the sensitive J.J = ± 1 propensities 
which give clue to the presence of an unusual interaction. 

Two types of unusual behavior were observed experi­
mentally. The first and most striking observation concerned 
the rates of J.J = ± 1 transfer, i.e., the relative intensities of 
the Q+I and Q_I peaks following P or R excitation. The 
second concerns the polarization ratio of the "parent" or 
resonance lines, which is found to increase at high pressures. 
At present we have no satisfactory explanation for this latter 
observation but it provides a useful indicator of unusual dyn­
amical behavior since it occurs at approximately the same 
pressure as the other unexpected observation namely the 
change in the J.J = ± 1 propensities. 

An indication of unusual behavior is seen in the spectra 
shown in Fig. 1 which displays the dispersed emission spec­
tra from N~(A Ill) in the presence ofxenon gas following 

P(39) 

i 

18694 

R(37) 

i 
18716 Cm- 1 

FIG. 1. Part of the rotationally resolved emission spectrum from N~ 
(A In:) followingexcitationintoJ' = 38v' = 9. ExcitationisviaanRt 
transition using the line of an Ar+ laser. Results are shown at two pres­
sures ofXe gas, 10 mbar (lower curve) and 120 mbar (upper curve) and the 
change in relative intensities of the Q+ I and Q_I lines can be seen clearly. 
Cell temperature 370 ·C. 
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2.0 

1.0 

0.5 

Na
2 
-Foreign gases 

• Kr 
o Xe 
e H2 

40 80 

• 
o 

" 

120 
Pmbar 

FIG. 2. Plot of the ratio of cross sections for JjJ = + I and JjJ = - I for 
N8.:z(A Ill.+ J' = 38u' = 9) vs foreign gas pressure for the three active gas­
es Kr, Xe, and H 2• Cell temperature 370 ·C. 

excitation of the diatomic into the J I = 38, v' = 9 level. The 
excitation is via an R f transition and thus the e A -doublet 
level is populated and the Q + I and Q -I transitions represent 
the results of surface-crossing processes. Two sets of spectra 
are shown, the upper being intensity and polarization at rela­
tively low xenon pressure (10 mbar) while the lower displays 
the resulting spectra in the high pressure regime, namely 120 
mbar ofxenon. The variation in the..:1J = ± 1 rates, i.e., the 
change in intensities ofthe Q+I and Q_I peaks can be seen 
very clearly. At high pressure, the magnitude of Q+I has 
grown until it now exceeds Q_I' which was the dominant 
channel at low pressure. A more quantitative representation 
of the pressure and foreign gas dependence of the ..:1J = ± 1 
propensities is shown in Figs. 2 and 3 in which N~ is again 
excited to J' = 38, v' = 9 ofB In". The ratio of the relative 
transfer rates for the two channels, k+,/k_" is plotted as a 
function offoreign gas pressure to a total cell pressure of 120 
mbar for six gases. Of these six gases, three, xenon, krypton, 
and hydrogen, are "active" in the sense that the ratio k+ II 
k_, changes with pressure while the remainder, He, Ar, and 
Ne are inactive, i.e., the relative rates into + 1 and - 1 
channels are unchanged by pressure and the + I - propen­
sity is the same at all pressures observed. Similar results were 
obtained with NaK as the alkali diatomic excited to 
J' = lO2,v' = lOofD In though in this case the active colli­
sion partners were found to be Ke, Ar, and Xe while He, Ne, 
N2, CO2, and H2 were inactive. 

We should emphasize here that a study of the behavior 
of the separate channels indicates that the process is almost 
entirely one of rotational excitation. The increase of k+,1 
k_, is due to an increase in k+ ,. The rate of transfer into 

2.0 

1.5 

1.0 _e_ 

0 

• 
0.5 

Na 2 -Foreign gases 

• 
o 

• 

• -

• 

• 

0 

Ar 
He 
Ne 

-

0 

• 

• • - -

0 
0 

• e 

40 

• • Ii 

0 0 0 

iii l!)-

• 

80 120 
Pmbar 

FIG. 3. Plot of the ratio of cross sections JjJ = + 1/ JjJ = - I for N8.:z vs 
pressure offoreign gas for the three inactive gases Ar, He, and Ne. Cell 
temperature 370 ·C. 

..:1J = - 1 is not greatly changed. More precisely one should 
say in the latter case for example, that the increase in the rate 
oftransferintothe~J = - Ilevelismatchedbyanapproxi­
mately equal increase in the rate of transfer out of this level. 
Thus the overall result of the interaction with active gases is 
an increase in the rate of rotational excitation from the par­
ent level with consequent A -doublet surface crossing. 

These were bulk gas phase experiments using ion laser 
lines and thus the opportunities for variation of experimental 
parameters was limited. One possible variable of relevance is 
the kinetic energy of the species in the cell which is con­
trolled by the cell temperature. It was possible to vary the 
cell temperature by around loo·C and to still obtain results 
over a reasonable range of pressures. The result of this is 
shown in Fig. 4 where the trend is quite clear. Here 
Na2(J' = 38) is interacting with xenon and it is evident that 
the anomalous behavior sets in at much lower pressures 
when the temperature is lowered by 100 ·C, indeed 
k + I > k _I down to the lowest measureable foreign gas pres­
sure at a cell temperature of 320 ·C. The effect therefore is 
very temperature sensitive and increases as the kinetic ener­
gy of interacting species decreases. There is a similar trend in 
the NaK results but here the temperature range was much 
more limited because of the difficulty of observing NaK 
spectra over more than a very narrow temperature region. 

The other variable, which is available through choice of 
exciting line is initial rotational state. Bergmann and Dem­
trooerl4 demonstrated that numerous rotational levels are 
accessible using different lines of the argon ion laser and thus 
a range of J ' states is available. Several of these lines excite Q 
transitions while others excite P or R and thus it is possible to 
study the dynamical behavior of both e and! A-doublet com-
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-b' ...... -+ 
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/ 

J=38 
2.0 

Q e 

1.5 

1.0 - - - - - - - - - - - - - - - - - - --

0.5 

o 40 80 P b 120 m ar 
FIG. 4. Variation of cross-section ratio 17+1/17_1 in N~ as a function of 
xenon pressure for three different cell temperatures. 

ponents as a function of pressure. We have found in Na2 that 
there is no change in the k+J/k_J ratio as a function of 
pressure with any gas when the upper state is prepared by Q 
excitation. In other words, the unusual behavior with active 
gases is confined to the e A-doublet surface only. The! level 
shows no such effect. This fact of course is immensely infor­
mative on the nature of the transient species which is formed. 

Given the above restrictions, four different rotational 
transitions in N~ could be excited by P or R excitation and a 
small portion of these results is shown in Fig. 5 for N~ with 
Kr. It is seen that for this colliding partner the effect be­
comes more marked as the rotational quantum number de­
creases. This is not invariably the case and a more complex 
dependence was observed. This is summarized in Table I for 
the case ofN~ and NaK. We have found that a useful indi­
cator of the observed effect of rotational excitation as pres­
sure increases is given by the adiabaticity parameter or the 
"reduced duration,,23 of the collision which is taken as the 
number of radians of rotation of the diatomic during the 
collision, i.e., 

(5) 

where {d J is the angular velocity of the diatomic and T d is the 
collision duration given by 

~=~~ ~ 
where v is the mean relative velocity of the colliding species 
and Ie is the interaction length over which the collision takes 
place. In this Ie was approximated by hard sphere radii. The 
angular velocity {d J is defined by 

{dJ = 2Bex (J + 112), (7) 
Ii 

where Bex is the rotational constant for the excited state of 
the diatomic. 

The reduced duration is a function of diatomic rota-

2.0 -b' ...... -+ 
b 

0.5 

o 40 80 

l 
12 

27 
38 

97 

P b 
120 

m ar 
FIG. 5. Variation of 17+ 1/17_1 in Na2 with Kr pressure for four different 
rotational states J'. These four levels are all accessed by P or R excitation 
and hence e A-doublet levels are populated. 

tional quantum number, cell temperature, and mass of colli­
sion partner. In Table I we list calculated reduced durations 
for the gases used in this study for the rotational levels ofN~ 
and NaK which we have examined. The entries underlined 
represent that collision partner and rotational state for 
which the change in k+J/k_J was observed. An unmarked 
entry indicates that the state and gas were studied but no 
effect was observed. The remaining bracketed entries repre­
sent gases and rotational states as yet unstudied. The results 
of Table I suggest the following rough correlation that for 
the rotational excitation AJ = + 1 effect to be observed one 
or both of the following conditions should be fulfilled. The 
collision should be "adiabatic," i.e., TJ > 1 and the collision 
partner must have a potential minimum with the excited 

TABLE I. Table of values of reduced duration rh (Ref. 23) for N~ and 
NaK. in various J levels and with a number offoreign gases. Reduced dura­
tion is a measure of the "suddenness" of the encounter and a r value greater 
than unity indicates an adiabatic interaction. The underlined entries are 
those diatomies, rotational levels, and collision partners which show the 
unusual dynamics. The other entries represent cases where the effect is not 
observed and the bracketed values indicate examples as yet unstudied. 

N~(370°C) NaK(34O°C) 

Gas rJ_12 rJ=27 rJ_38 rJ_97 r J =23 rJ_ 102 

H2 (0.08) (0.18) 0.25 (0.63) 0.11 0.46 
He (0.11) (0.23) 0.33· (0.83) 0.14 0.60 
D2 (0.11) (0.25) 0.35 (0.88) (0.15) (0.S2) 
Ne (0.21) (0.47) 0.66 (1.66) 0.30 1.2 
N2 (0.28) (0.62) 0.87 (2.22) 0.40 1.7 
Ar (0.28) (0.62) 0.87 (2.20) 0.40 1.7 
Kr 0.34 0.7S 1.0S 2.67 o.so 2:l 
Xe 0.39 0.8S 1.19 3.Ol 0.S6 2.4 
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, alkali which is deep compared to the mean thermal energy 
within the cell. 

The final experimental indicator of unusual dynamical 
behavior comes from the polarization of the resonance line. 
As mentioned earlier, the excitation process in our experi­
ment involves the use of circularly polarized light and in this 
process, a known but unsymmetrical distribution of M states 
is created in the upper level. Using the tensor density matrix 
formalism which we have described in a number of recent 
papers,9.24-27 when P or R transitions are excited with circu­
larly polarized light, the upper level is highly oriented, the 
tensor density matrix elements JJpg and JJp~ having nonzero 
values. The behavior of the resonance line circular polariza­
tion ratios (C) as a function of pressure has been thoroughly 
studied by us in the cases of 12 24 and Li2

25 and invariably it is 
found that the value of C diminishes very slowly as pressure 
is increased. In the case of the active gases in this work it was 
observed that after an initial slow fall in C with pressure, the 
circular polarization ratio began to rise as pressure contin­
ued to increase. This bizarre behavior was not observed with 
the inactive gases and was observed both in Na2 and in NaK. 
Figure 6 illustrates this phenomenon for the J = 38 level of 
N~ in collision with Xe gas. As yet we have no explanation 
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FIG. 6. Variation of circular polarization ratio of resonance lines of N~ 
and NaK with pressure. Results are shown for both active gases and inac­
tive gases. The polarization ratio is plotted in the form IIC vs pressure 
since through this plot the cross section for reorientation may be obtained. 
(Ref. 9). The unusual behavior referred to in the text is very clear in this 
plot as a downturn or negative reorientation cross section. As can be seen 
from the data, which are representative of numerous other such plots. the 
downturn is observed with NaK-Kr and N~-Xe but not with the lighter 
rare gases. 

for this behavior though it is evident that it is connected with 
the other odd observations since it occurs with the same ac­
tive gases and at approximately the same pressures. It is pos­
sible that specific M states are active in the rotational excita­
tion process that leads to an increase in the intensity of the 
Q + I line but at present we have no experimental evidence for 
this. The Q lines are known to have inherently low circular 
polarization ratios26 although their linear polarization val­
ues can be quite large. We have shown recently27 that it is 
possible to measure linear and circular polarization ratios 
using the same (180°) experimental configuration. It would 
be valuable to study the transfer of population, orientation, 
and alignment in this way and we hope to report such a study 
in the near future. It should then be possible to follow the fate 
of each state multipole throughout the normal and the unu­
sual energy transfer processes of these n states. For the pres­
ent we offer no explanation for the polarization results but 
simply take them as a further manifestation of a change in 
the dynamical behavior of the collision system. 

In summary therefore the experimental results are as 
follows: 

(i) The rotational excitation J1J = + 1 and A-doublet sur­
face crossing rate increases more than does J1J = - 1 when 
the pressure of certain collision partners increases. 
(ii) The excitation rate increase occurs only with the e A­
doublet component of the excited n state. 
(iii a) In order for the effect to be observed the collision 
should be in the adiabatic regime, i.e., 'TJ > 1, and/or 
(iii b) there should be a potential minimum of depth greater 
than or comparable to the mean thermal energy within the 
cell. 
(iv) The effect is increased when the kinetic energy of the 
colliding species is decreased. 
(v) The effect is accompanied by an increase in the polariza­
tion ratio of the parent line. 

What kind of phenomenon can be invoked to account 
for these observations? All that changes throughout each 
experiment is the foreign gas pressure, i.e., the mean free 
path decreases and the number of collisions suffered by the 
excited species increases. Observations (iii) and (iv) above 
provide the main clues and these strongly suggest that a 
long-lived complex or orbiting resonance is involved. The 
arguments for this are as follows. The observation of anoma­
lous dynamical behavior depends strongly on collision 
partner. Two factors can be identified: mass, which affects 
the reduced duration and intermolecular potential. The ef­
fect is strongly enhanced when the potential well is deep 
compared to the thermal energy and when the interaction is 
sufficiently slow for the atom to become trapped within this 
well. Thus reducing cell temperature, and hence mean kinet­
ic energy, increases k+l/k_1 dramatically, affecting par­
ticularly the pressure at which the effect becomes observ­
able. Similar behavior is seen in the variation with rotational 
state. In general adiabatic interactions lead to the observed 
rotational excitation. Observation (ii) indicates strongly that 
a specific atom-alkali diatomic relative geometry favors for­
mation of the long-lived complex. 

Thus the postulated long-lived complex can account for 
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the apparent increased rate off ormation as cell temperature 
is lowered and the dependence of the k + II k -I ratio on both 
collision partner and rotational level. The shape of the k+ II 
k _ I vs pressure curve provides more difficulty partly be­
cause of the unknown time scale of the complex formation 
and decay. The scale of elapsed time that is known and which 
provides a reference timebase is the radiative lifetime. For 
alkali diatomics in excited II states, the radiative lifetimes 
are typically of the order of 10-8 s. During this period, the 
l?ng-lived complex will be formed and may decay many 
times but we sample over this entire period. 

It is straightforward to calculate the probability that 
multiple collisions will take place during the lifetime of the 
excited state though the characteristic exponential decay of 
electronically excited species must be considered. For Na2 *­
Xe collisions at 40 mbar pressure of Xe, the probability of a 
second collision during the excited lifetime is approximately 
15% of the probability of a first encounter.28 At 60 mbar 
pressure the possibility of a third collision is finite and has 
risen to some 3% that of a single collision. The relevance of 
these calculations depends upon the lifetime of the complex 
species and this is quite unknown. Although experimental 
results are available l

•
4 on van der Waals molecules, they are 

of limited value here because they refer invariably to mole­
cules in very low vibrational and rotational levels. A similar 
comment applies to theoretical estimatess though we note 
the close-coupling calculation by Hutson, Ashton, and Le­
RoyS on H2-Ar predicts vibrational predissociation life­
times of > 20 j-ts. Calculations by Hutson, Ashton, and Child 
predict rotational predissociation times of HCI-Ar to be 
much faster but find that this rate decreases rapidly with 
increasing rotational quantum number. 

The molecules considered here differ from those stud­
ied in supersonic expansions in that the diatomics are vibra­
tionally and rotationally very hot. The effect of this on com­
plex lifetime is unknown. If the complex can reasonably be 
considered as having a lifetime of the order of nanoseconds 
then the shape of the k+l/k_1 vs pressure curve could be 
explained in terms of a complex formed initially by the cap­
ture in an orbiting resonance on collision, stabilized by an 
energy-removing second collision but then ultimately disso­
ciating andlor undergoing destruction at higher pressures 
by further collisions. This however remains speculative. 
Clearly there will be an anticipated increase in complex for­
mation as number density of active rare gas species increases 
and this may be solely responsible for the sharp initial rise of 
k + Ilk -I vs pressure. At high pressures it is apparent that an 
equilibrium is reached between the rate off ormation and the 
rate of destruction. More experimental data is needed before 
the shape of the pressure dependence curve may be fully 
explained. 

Two further observations remain unexplained and 
these concern the quantum-selective aspects of the process, 
namely the fact that only the e A -doublet appears capable of 
forming the long lived complex and also the curious selectiv­
ity in the rotational excitation which accompanies the pro­
cess. These appear to involve more the geometry of the long 
lived species and the manner in which it may dissociate and 
we discuss these aspects in the following section. 

B. Structure and rotationally selective dissociation of 
the long-lived complex 

1. Structure of complex 

First we consider if the Na2X species is formed from 
gound state molecules, as in the case ofI2-rare gas complex­
es,I.2 which are then excited and eventually dissociate, or 
alternatively if, as we assumed in the previous section, the 
complex is formed from excited alkali diatomics during the 
lifetime of the excited electronic state. The available evi­
dence appears to favor the latter mechanism mainly on the 
grounds of depth of potential well. In NaAr l for example D 
for 2I is 40.4 cm -I while that for 2III/2 is 568.2 and 2II3/2 i~ 
558.6 cm -I. These are experimental measurements. Other 
values of potential minima are available from calculations by 
Baylis29 which agree well with experiment where available 
for comparison. It is clear from these calculations that po­
tential minima of the order of the cell mean thermal energy 
are available in excited Na atom-rare gas interactions. Ifwe 
assume that the diatomic excited to the III state behaves 
lik 

2 u 
e an excited P state alkali atom bonded to one in a 2S 

state, the alkali atom-rare gas potentials will give a reasona­
ble estimate of the alkali molecule-rare gas minima. Thus we 
feel confident that the long-lived complex is formed from 
excited state alkali molecules. 

The NaAr experiments and the calculations of Baylis 
also demonstrate that the 2II excited state is much more 
stable than the 2 I excited state and hence we can assume that 
it is the II-symmetry overlap of the rare gas orbitals with the 
excited N~ orbital that gives rise to complex formation. 
Since we know that it is the e A -doublet function only which 
exhibits complex formation and since we know that the e A­
doublet component is that which is symmetric to reflection 
in the plane of rotation of the molecule,13 we are now in a 
position to devise a plausible structure for the long-lived 
complex. This is shown in Fig. 7 for the case of an Na2-rare 
gas complex. The similarity between this proposed structure 
and the T-shaped van der Waals I2-He molecule described 
by Levyl is clearly apparent. Here the donor-acceptor type 
of interaction suggested as a possible model for bonding in 
some van der Waals species30 is also in evidence. In the case 
of the heteronuclear alkali diatomics the excitation will gen­
erally be localized much more on one of the alkali atoms and 
thus a more L-shaped complex with the rare gas would re­
sult. 

As discussed earlier the lifetime of the transient species 
is not known nor is it easy to estimate. The excited lifetimes 

Na 2 - Xe Complex 

FIG. 7. Proposed structure of the long-lived complex formed between xe­
non and the e Ii -doublet component of the In excited state of Na2' 
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of In u electronic states in alkali diatomics are generally in 
the range of 10-20 ns and this gives an upper limit. In order 
to explain the characteristic rotational excitation observed 
in the experiments we assume the formation of a complex 
whose lifetime is at least long enough for a number of (low 
frequency) vibrations of the triatomic species. This does not 
seem physically unreasonable. If the complex has time to 
execute a number of vibrations then it is possible to regard 
decomposition of the triatomic molecule as a vibrational or a 
rotational predissociation and to consider in what way this 
process may lead to rotational excitation and surface cross­
ing. 

A very approximate estimate of the lifetime of the colli­
sion complex may be obtained from a simple RRK calcula­
tion of the unimolecular decay rate of the triatomic collision 
complex species. This is at best semiquantitative but is useful 
in giving some indication of approximate lifetimes. We use 
the expression31 

1"~ 1O- 13( E ~ E+ r -', (8) 

where E is the total energy of the complex, E+ is the well 
depth and s is the number of vibrational modes of the com­
plex. The model is not truly appropriate for such a simple 
system but some interesting results emerge particularly 
when comparison is made with the time taken for a full rota­
tion of the diatomic molecule. For example, experimental 
work with NaK was limited to two rotational levels, J' = 23 
and J' = 102 of In and, as described earlier, observation of 
changes in dynamical behavior with pressure are limited to 
J' = 102. Rotational periods for these two levels are calcu­
lated to be 1.21 X 10- 12 S for J' = 23 and 2.73 X 10- 13 s for 
J I = 102. The calculated RRK lifetimes vary with collision 
partner and are 1.19 X 10- 13, 1.07 X 10- 13

, 4.49 X 10- 13
, 

9.54 X 10- 13
, and 2.65 X 10- 12 s for NaK with He, Ne, Ar, 

Kr, and Xe, respectively. It is striking that only in the cases 
of Ar, Kr, and Xe are the calculated unimolecular decay 
rates such that the complex is predicted to have a lifetime 
which is longer than a rotation period. This applies only to 
the J I = 102 level of the two examined and it is with just 
these gases that the long lived complex is observed. Similar 
results are obtained with Na2 and rare gas collision partners. 
We should perhaps not deduce too muchfrom these neces­
sarily crude calculations but the results do suggest that the 
lifetime of the complex is at least as long as a rotation period. 
Thus there is time during the existence of the complex for it 
to execute a number of vibrations in each mode. 

2. Rotationally selective predissociation of complex 

Upon formation of the long lived complex by capture 
within the potential well of a rare gas atom, the translational 
degrees of freedom of the atom are converted into internal 
modes of the new triatomic. It is straightforward to show 
that one of these new internal modes will be a rotation while 
the others will be vibrations. A triatomic of the structure 
shown in Fig. 7 has C 2v symmetry (it will be lower in the case 
of the heteronuclear diatomics but we begin by considering 
the case of Naz). The problem now becomes similar to the 
predissociation of the I2-He complex considered by Levy 

v, v. 

Vibrational modes of Cl20 

FIG. 8. Normal vibrational modes of a triatomic species belonging to the 
symmetry group C 2. such as el 20 (taken from Hertzberg). 

and co-workers l except that in our case the diatomic is ini­
tially in a high rovibronic level and the end result is a rota­
tional excitation rather than the vibrational deactivation 
which characterizes the I2-He decomposition. It may not be 
strictly correct to ascribe to this complex, normal mode be­
havior with symmetry designations of the C 2v group and a 
picture in which stretch and bend modes do not mix. How­
ever, this is a convenient starting point and has the advan­
tage that we may compare the apparent dissociative mode 
with that which appears to prevail in I2-He. 

When the complex is formed, two new vibrational 
modes are introduced and the other degree of translational 
freedom which is lost on complex formation goes into rota­
tion about the new y axis. The symmetry species of these two 
vibrational modes are A I and B2, the latter representing the 
antisymmetric stretch mode, a kind of hindered rotation. 
The new rotational motion hasBI symmetry. The three vi­
brational modes are shown in Fig. 8 taken from drawings by 
Herzberg32 of normal modes in the molecule C120. Clearly, 
the twoA I modes VI and V 2 cannot lead to rotational excita­
tion. These represent extensions and contractions of the 
weak bond (and of the chemical bond) and despite being the 
apparent candidates for breaking the transitory bond, do not 
appear to be active in this instance. The B2 mode (v3 ), how­
ever, consists of a rotary motion about the x axis and disso­
ciation in this mode could lead to changes in the rotational 
energy of the diatomic "fragment." In the case of the long 
lived alkali diatomic-rare gas complex, this must represent 
the main dissociation mechanism. 

The antisymmetric stretch dissociation proposed above 
cannot be the only process involved however and some oth­
er, almost simultaneous, motion must contribute. This fol­
lows from the fact that none ofthe vibrational modes VI-V3 

of the C 2v molecule can give rise to A -doublet surface cross­
ing, a distinctive feature of the experimental evidence we 
have presented for the existence of a long lived complex. In 
order to induce surface crossing a rotatory motion about the 
y axis is needed, i.e., an out-of-plane bend of the rare gas 
atom relative to the alkali diatomic. Such a motion would 
have B I symmetry in the C 2v point group and the evidence 
points to the new rotational mode created when the complex 
is formed. Thus the separate normal mode picture cannot be 
sustained in this instance since simultaneous rotational exci-
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tation and A -doublet surface crossing is observed and the 
dissociative mechanism giving rise to the excited products 
must be some complex mixture of the new antisymmetric 
stretch and the new y axis rotation. This mixing of modes 
may of course come about through the complex having low­
er symmetry than C 2v' Clearly the heteronuclear diatomics 
cannot have C 2v symmetry and indeed the complex is likely 
to be L-shaped in this case rather than T-shaped since the 
excitation will be located on one or other of the alkali atoms. 
It may however be that the antisymmetric stretch and the 
rotational mode have roughly similar frequencies and the 
motions become extensively mixed through Coriolis interac­
tions. It is difficult to estimate possible vibrational frequen­
cies for this complex. In Cl20 and F20, V3 has the highest 
frequency of the three modes but there are too many un­
known factors to use this as a reliable criterion concerning 
the long lived diatomic-rare gas species involved here. 

The new rotational motion of the diatomic which re­
sults from this proposed dissociative mechanism is about a 
different axis to the original molecular rotational motion 
and involves a reorientation of the rotational angular mo­
mentum vector. This may be related to the unexplained po­
larization changes which were mentioned above and are evi­
dent in Fig. 6. This also would suggest that the plateau in the 
k + 1/ k _ 1 vs pressure curve has significance in connection 
with the complex dissociation since it occurs at approxi­
mately the same pressure as the upturn in the polarization 
ratio. 

In the heteronuclear diatomics NaK (J' = 102) and 
NaLi (J' = 30) we have observed a small but distinct increase 
in the J1J = 0 surface crossing transition at high pressures 
and this process may result from dissociation via a rotational 
mode, presumably that introduced when the translational 
energy of the atom is converted to internal rotational energy. 

IV_ CONCLUSIONS 

A number of unusual experimental phenomena have 
been observed in alkali diatomic-foreign gas interactions as 
the pressure of foreign gas is increased. The main observa­
tion is a change in the rate of J1J = ± I rotational transfer 
such that rotational excitation becomes dominant. This oc­
curs only with certain gases and for diatomics in certain rota­
tional states. Analysis shows that these are the gases for 
which the potential minimum is greater than the mean ther­
mal energy of molecules within the cell and that the rota­
tional states are those for which the collisional interaction is 
in the adiabatic regime. The rotational excitation always in­
volves A -doublet surface crossing and occurs only when the 
e A -doublet component is initially populated. The effect is 
strongly enhanced by reduction in cell temperatures. An un­
explained reduction in parent line polarization appears to 
accompany complex formation. 

We have proposed that an orbiting resonance or long­
lived complex is the cause of this behavior. Its suggested 
structure is shown in Fig. 7. We suggest that dissociation of 
the long-lived species is mode selective and this results in 
rotational excitation upon dissociation. 

It is striking that this observation of an orbiting reso­
nance has been made in the bulk gas phase albeit with quan-

tum-selected molecular species. The observation has been 
made through the existence of the A -doublet components 
which are characteristic of an electronic n state, particularly 
through the very sensitive A -doublet surface crossing transi­
tions. It is probably the case however that the phenomenon is 
not unique to n states and was observed in this instance 
because of the deep potential minima existing for some of the 
collision partners used in this study with the n state of the 
alkali diatomics. It is likely that the effect will also be observ­
able in .I states particularly at low temperatures provided 
the criteria mentioned above are met. This latter statement 
remains to be tested however. 

One consequence of the known n state electronic distri­
butions is that we can move rapidly from a laboratory-fixed 
observation to a molecular frame interpretation and we have 
used this to propose a structure for the long-lived species and 
a mechanism for rotational excitation in its predissociation. 
We hope that further experiments will test these proposals 
and that more rigorous theoretical models will be presented 
to explain the observations we describe. 

One cannot help but speculate that orbiting resonances 
of this type must have a very profound effect on the dynam­
ics of gas phase species in bulk media. Resonance phenom­
ena have been known from theory for a number of years but 
little experimental evidence has been forthcoming. The rota­
tional state selectivity we have observed is most unexpected 
and the consequences for bulk gas phase behavior particular­
ly at low temperatures are quite far reaching. 

The orbiting resonance process described herein leads 
to the preferential population of the upper A-doublet com­
ponent of a rotational level of the n electronic state, in a 
manner which may be M selective. 

There are possible astrophysical consequences of the 
observations we report here, and the activity of H2 in this 
regard and also the increase in efficiency of the process as 
temperature is lowered are significant. We discuss the rel­
evance of these observations to OH maser action in a forth­
coming article.33 
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