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Quenching mechanisms of the Li(3p) and Li(4p) states in collision with the nitrogen molecule are
studied by laser-induced fluorescence spectroscopy and by a quantum chemical calculation. The
Li(3p) state is observed to be efficiently quenched to the Li(3s) state detected as intense 3s—2p
emission. The Li(4p) state is efficiently quenched to the Li(4s) and Li(3d) states detected as
4s5-2p and 3d-2p emissions, respectively. The potential-energy surfaces for the Li(2s-4p)N, states
show a large number of conical intersections and avoided crossings resulting from the couplings
between the ionic [Li*(N,)~] and covalent configurations. There are a large number of stable excited
states, and we give here the spectroscopic constants for the lowest two stable isomers correlating to
Li(2p)+N,. © 2005 American Institute of Physics. [DOIL: 10.1063/1.1993588]

I. INTRODUCTION

Energy transfer in collisions between excited-state
alkali-metal atoms and rare-gas atoms as well as the nonre-
active quenching of excited alkali atoms by small molecules
have been subjects of great interest.' """ For lithium, we have
conducted several experimental and theoretical studies''™"?
involving energy transfer and reactions of excited states of Li
by atoms and small molecules. We have measured'® the cross
sections and absorption profiles of the collisions of Li(np) by
several alkane and alkene hydrocarbons (CH,,C,H,,C,Hg,
and C3Hg). This work showed that the internal structure of
the perturber is important in the interpretation of an absorp-
tion profile.

Furthermore, in spite of the large cross section for
quenching of Li by CH,4,C,Hg, and C3Hg, the LiH formation
is not an important channel and it appears that efficient elec-
tronic to vibrational, rotational, and translational energy
transfer is the main quenching channel. Only the collision
with C,H, is found to lead to the LiH formation."

In comparison to earlier studies, N, is a challenging mol-
ecule since a stable complex (in the ground or excited states)
can be formed as a result of mixture of ionic and covalent
configurations. The nitrogen molecule is known to be the
most stable dimer (homopolar diatomic molecule). This mol-
ecule uses three most efficient bonds, one o bond made from
2p, hybrid atomic orbitals (AOs) and two 7 bonds made
from bonding p, AOs. The interaction between this very
compact closed-shell structure and a metal atom can be un-
derstood in analogy with the rare-gas atom interacting with a
metal atom, for example. In this case, the only significant
interaction would consist of two terms: (1) the steric repul-
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sion between the closed-shell electron distribution of the ni-
trogen molecule and the diffuse metal valence electron dis-
tribution and (2) the effective charge/induced dipole
interaction term. However, one has to include the coupling
with the ionic interaction term between the metal cation and
the anion of the nitrogen molecule. On first thought, we
might discard this third term at least for the ground state
because the nitrogen molecule is known to have a large nega-
tive electron affinity because the supplementary electron
should mainly stay in the , antibonding molecular orbitals
(MOs). Contrary to this expectation, we are going to show in
this work that only the ionic configuration, Li*(N,)~, leads to
a stable bound state.

A model theoretical study of the electronic states of LiN,
was done by Sevin et al."®" in the late 1980s using an in-
teresting valence-bond analysis for the ionic and covalent
avoided crossings in the LiN, complex. Although this study
showed conceptually valid aspects, the limited accuracy of
their method of computation and the absence of the long-
range part of the potential-energy surfaces (PESs) required
more up-to-date, accurate, and extended calculations. The
general problem of the accuracy concerning the molecules
containing a pair of a donor-acceptor has been analyzed in a
recent study by Jeung.18 That work showed an interesting
picture of the interplay between the ionic configuration and
the neutral (or covalent) configuration in the diatomic mol-
ecules.

In Sec. IT of this work the “half-collision” pump-probe
technique is used. This technique has been used to measure
the continuum or ‘“scattering state” absorption profiles of
several collision complexes.6_8’“_13 This method has proved
its usefulness to study the molecular dynamics for a number
of metal-atom reagents,ﬁ’”o_'5 where the pump laser excites
the transient collision complex directly from the ground state
to an excited one. This technique allows a selective excita-
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tion of states of well-defined symmetry in the collision com-
plex. Final state-resolved measurements of the far-wing ac-
tion spectra are sensitive to both the shape of the PES in the
entrance channel and to the subsequent dynamical evolution
of the excited state. This provides information on nuclear
reaction dynamics, nonadiabatic interactions, and the effect
of reagent electronic orbital alignment on the final state
branching and energy disposal.

Theoretical ab initio methods are used to calculate the
LiN, potentials and interpret the results of experimental stud-
ies of inelastic collisions of Li(np,n=3,4)+N,, represented
as

Li(2s5) + N, + hv = [Li(np,n = 3,4)N,]" = Li(np) + N, (la)
=Li(ns,n=3,4) +N, (1b)

=Li(3d) + N,. (Ic)

Il. EXPERIMENTAL DETAILS

The details of the experimental setup have been de-
scribed in previous works 5710713 Briefly, the doubled and
tripled frequencies of a 20-Hz Nd: yttrium aluminum garnet
(YAG) laser were used to pump two dye lasers simulta-
neously in a laser pump-probe arrangement. Only the pump
laser was used for the inelastic collision studies. The pump
dye laser was operated using a dicyanomethylene (DCM)
dye whose output was frequency doubled to the spectral re-
gion of the Li(3p < 2s) resonance transition at 323.3 nm and
fluorescein dye whose output was frequency doubled to the
spectral region of the Li(4p+«2s) second resonance transi-
tion at 274 nm. The pump-laser pulse had a typical pulse
width of 4-6 ns and pulse energy between 50 and 100 ulJ.
This output was focused to the center of a five-arm stainless-
steel heat pipe oven containing Li vapor and the quenching
gas N, at an oven temperature of 900 K, corresponding to a
Li atom vapor density of ~10'3/cm?. The typical operating
pressure of the buffer gas was 6—8 Torr, and the pressure was
measured with a capacitance manometer.

For the resonance excitation to measure the cross sec-
tions, the laser was tuned to the Li(3p >P5, 25 %S, ,) tran-
sition at 323.3 nm, and the output was focused to the center
of a stainless-steel heat pipe oven containing Li and quench-
ing gases at 573 K. The sensitized fluorescence of the
Li (35 —2p) atomic transition at 812.6 nm was measured as
a function of gas pressure from 1 to 9 Torr.

The direct atomic fluorescence from the laser excited
Li(4p) or Li(3p) states to the ground state is very weak due
to a heavy radiation trapping and it was experimentally dif-
ficult to resolve the atomic fluorescence from the scattered
near-resonant pump-laser light. The nonreactive profile for
Li(3p) was determined indirectly by monitoring the cascade
fluorescence on the Li(3s5s—2p) atomic transition at 812.6
nm. The temporally integrated signal intensity is then mea-
sured as a function of detuning of the laser in the red and
blue wings of the Li(3p—2s) transition.

Similarly for the Li(4p) studies, we chose to do the mea-
surement indirectly by monitoring the cascade fluorescence
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of the Li(4s—2p) transition at 492 nm and the Li(3d
— 2p) transition at 610 nm. The temporally integrated signal
intensity is then measured as a function of detuning of the
laser in the red wing of Li(4p—2s) transition. No attempt
was made to detect Li(3s—2p) fluorescence following the
Li(4p < 2s) excitation.

In these experiments we believe that the 3s,4s, and 3d
states are predominantly populated through collisional
quenching of the LiN, complex, even though we cannot rule
out the possibility that the 3s or the 4s and 3d states might
also be populated by fluorescence from the Li(3p) or Li(4p)
states, respectively. However, such spontaneous emissions
involving relatively small energy differences should be far
less intense in comparison with the collisional energy trans-
fers.

The fluorescence from these states was collected using a
lens and a steering mirror assembly by a 35-cm McPherson
model 2035 monochromator with a 1200-lines/mm holo-
graphic grating operated with wide slits. The fluorescence
was detected with a photomultiplier, and the signal output
was amplified using a fast preamplifier and analyzed using a
gated integrator/boxcar averager system. For the quenching
cross-section studies, a 10-ns detection gate was scanned
over the 0-300-ns range after the laser fired. Because of the
finite laser pulse width, the detection system rise time, and
gate width, the temporal resolution was limited to ~10 ns.
For the line-shape and reactive collision studies, the gate
width was increased to 100 ns to give a temporally integrated
signal. The pump-laser intensity was monitored with an en-
ergy meter and the far-wing profiles were normalized to con-
stant incident energy.

Nonlinear processes in general may lead to strong photo-
ionization, self-focusing, parametric amplification, and
stimulated atomic emission processes. These problems are
more significant near the line center (resonance), at high
pump-laser power and high temperatures. We found out that
the pump-laser energy should be extremely low in order to
avoid multiphoton absorption. In the cross-section studies,
the signals were linear in laser intensity and stimulated emis-
sion effects were ruled out. In fact, at higher laser powers
and higher temperatures we observed very strong “fluores-
cence” signals from Li(3s) with rapid rise and fall times
which were independent of gas pressure, indicating the pres-
ence of a strong stimulated emission. We have verified that
the Li" signals are linear in the pump-laser beam intensity, by
measuring the fluorescence as a function of pump-laser en-
ergy at different detunings, both near the line center and in
the wings. We also measured the fluorescence signals as a
function of perturber pressure in the range of 1-9 Torr, and
they were linear, indicating that secondary collisions could
be ruled out under the conditions of our experiment.

lll. EXPERIMENTAL RESULTS

The collisional energy-transfer processes from Li"(3p)
+N, collisions were investigated under gas cell conditions
by monitoring the Li(3s—2p) far red-wing and blue-wing
absorption profiles. Similarly, the Li“(4p)+N, collisional
energy-transfer processes were studied by detecting the
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FIG. 1. A log-log plot of the experimental far red-wing and blue-wing
absorption profiles for the Li(3p)N, complex: Nonreactive Li(3s — 2p) fluo-
rescence signal as a function of pump-laser detuning (A=w;—w,) from
Li(3p «2s) atomic resonance transition.

Li(4s—2p) and the Li(3d—2p) fluorescences. The blue-
wing excitation to the Li(4p) state can also populate the
Li(4d) and Li(4f) states which are close to the Li(4p) state.
Because of this and other experimental difficulties we were
unable to measure the blue-wing profiles for the Li(4p) stud-
ies.

Figure 1 shows the relative population in the nonreactive
product channel corresponding to process (1b), for n=3 in
the red and blue wings. The profiles in each case are aver-
aged over several runs and normalized to a constant incident
energy.

We show in Fig. 2 the relative populations of the nonre-
active product channel corresponding to the process (1b) for
n=4 and process (lc) in the red wing. Figure 3 shows the
intensity ratio of the Li(3d—2p) fluorescence to the Li(4s
—2p) fluorescence.

Since the radiative lifetime for the Li(3s) state is seven
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FIG. 2. A log-log plot of the experimental far red-wing absorption profiles
for the LiN, complex: Nonreactive Li(4s—2p) fluorescence signal (A) and
the Li(3d— 2p) fluorescence signal (@) as a function of pump-laser detun-
ing (A=w; —w,) from the Li(4p < 2s) atomic resonance transition.
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FIG. 3. The ratio of the Li(3d—2p) to Li(4s—2p) experimental far red-
wing absorption as a function of pump-laser detuning (A=w; - w,) from the
Li(4p«2s) atomic resonance transition. Note: the ratio is on a linear scale
and A is on a log scale.

times shorter than the Li(3p) state, the pressure dependence
of the time constant {); (which is the sum of the spontaneous
emission rate and the collision-induced deactivation rate) for
the Li(3p) state can be obtained by analyzing the cascade
fluorescence time profiles at low pressure of Li(3s). Then,
the radiative lifetime and the total quenching cross section
for the Li(3p) state can be obtained. The model developed in
our earlier work'® has been used to extract the quenching
cross section for Li(3p)+N, to be 27.0+2.7 A%, which is
comparable to that for C,H,. However, the quenching cross
section for Li(3p)+H, is found to be 2.3+1.0 A%, a much
smaller value. The large cross section of Li(3p)+N, is con-
sistent with the stronger signal in the absorption profile for
this system compared to our earlier result of the Li(3p)-H,
profile. The large difference in the cross sections between
Li-N, and Li—H, is consistent with the results of the cross
sections of the first excited 2P states of LiN, and Lin.19

IV. THEORETICAL METHOD

First, we have optimized 1258p5d Gaussian-type orbitals
(GTOs) to represent the 2s—4d states of the lithium atom and
1257p3d GTOs for the neutral and anionic ground states of
nitrogen atom. Those functions were used without contrac-
tion for the atomic basis functions (ABFs). The complete
active space (CAS) self-consistent-field (SCF) method was
used to get the state-averaged MOs. Then the multireference
(MR) configuration-interaction (CI) calculation was done.
We have used different levels of calculation to study the
PESs. First, a low-level method was used to explore the
PESs. Here, only one radical electron was distributed in the
active MOs in all possible ways for the given point-group
symmetry, apart from the six other valence electrons (three
from each nitrogen atom) which were kept in three paired
closed shells. For the MRCI calculation, only single substi-
tution was allowed from the six electrons. The active space
consists of all MOs originating from the 2s-4p AOs of
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lithium. The total numbers of the configuration state func-
tions (CSFs) so generated are tens of thousands. This method
is not sufficiently accurate to obtain reliable PESs although
the qualitative features (the presence of conical intersections
and avoided crossings between the PESs) remain unchanged
in higher-level calculations. In the second method, double
substitutions were allowed for the six electrons, which makes
the total number of CSFs on the order of from hundreds of
thousands to one million. This method is more suitable for
quantitative study of the ground and excited states up to
Li(4p)N,.

The third method was used for the linear (C.,) and C,,
geometries, where the active space was reduced to seven
MOs originating from 2s and 2p AOs of lithium atom (four)
and the o, and 7, MOs from the nitrogen molecule (three),
but the seven electrons were to be distributed in the active
space in all possible ways, and all single and double substi-
tutions from this reference space were included. This makes
the total number of CSFs very large, on the order of several
millions (e.g., 3 174 702 for the 2B1 states, and 3 203 830 for
the 2" states). Although this method should give the most
accurate representation for the Li(2s)N,, the Li(2p)N,, and
the ionic states, it cannot appropriately describe higher
states. This method was used to characterize the two lowest
stable isomers which correlate to Li(2p)N, [the lowest state
corresponding to Li(2s)N, has only a weak van der Waals
attraction].

In the first series of calculations, the N-N distance was
kept at 2.08 bohrs which is longer than our SCF calculated
ground-state bond distance of the free N, molecule, 2.01
bohrs [the experimental value is 2.074 bohrs (Ref. 20)], but
shorter than our CAS SCF calculated bond distance of (N,)™,
2.18 bohrs. Then the N-N distance was varied to find the
minimum energy and the corresponding geometry of the
LiN, complex. The MOLCAS program package21 was used in
the molecular calculations.

The PESs of the stable bound states of LiN, complex
near the minimum-energy region have been fitted by fifth-
order polynomial functions and two vibrational frequencies,
equivalent to the symmetric-stretching frequency (v;) and
the bending frequency (v,), have been calculated. The rms
errors for the fitting were less than 4 X 10~ hartree for the
linear (C.,) case and less than 2 X 107> hartree for the C,,
case.

V. THEORETICAL RESULTS

The C,, section of the PESs for the A; and B, states
transforming to the A’ states in the C, symmetry and corre-
sponding to the Li(3p,3d,4s,4p) asymptotes for large
Li-N, distances is presented in Fig. 4. The data for this figure
were obtained with the second method of calculation. These
PESs show many crossing surfaces where the crossing points
represent conical intersections. There are also several
avoided crossing surfaces originating from the couplings be-
tween the ionic and the covalent configurations. This aspect
also exists in other sections (linear and C,) of the PESs. A
physical consequence of these crossing and avoided-crossing
PESs is a large probability of transition between different
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FIG. 4. A C,, section [with the #(N-N) distance fixed to 2.08 bohrs]
of the A’ potential-energy surfaces of the LiN, complex where R is the
distance between the lithium atom and the midpoint of the two nitrogen
atoms (in a. u.). The corresponding asymptotes for large R are put inside the
parentheses following the state designation. The energy (E) is with respect
to the Li(2s)+N, asymptote.

PESs. For example, the LiN, complex in an initial state cor-
relating with Li(4p) would easily quench in to a state corre-
lating to Li(4s) via the 4 B, to 7 *A, transition around a
conical intersection at around 15 bohrs (far higher in energy
than in Fig. 4) or quench into a state correlating with the
Li(3d) state via the 4 B, to 6 A, transition around a conical
intersection at around 8 bohrs appearing in Fig. 4. The lower
Li(3d) states (5 2A1 or 3 231) would easily transform to the
Li(3p) states (4 2A1 or 2 231) via two conical intersections
(around 6 and 9 bohrs) and via an avoided-crossing region
(around 10 bohrs), both shown in Fig. 4. The Li(3p) state
itself meets the conical intersection with the Li(3s) surface
(2%A,), so this quenching should also be a highly probable
process.

In our previous studies on the Li/rare-gas,LiH,, and
LiCH, systems we did not see so many conical intersections
[except between the electronic states originating from the
Li(2p) and Li(3s) states] nor the ionic-covalent avoided
crossing. Thus, we expect the emission spectra of this LiN,
complex to be very different from those previous cases. In
particular, we can expect a larger number of quenching pro-
cesses and higher probabilities for the corresponding radia-
tionless energy conversions.

Another consequence of the ionic-covalent coupling is
the changing nature of the LiN, complex as a function of the
Li-N, distance (R). For the linear case, e.g., the 11 states
include important ionic contributions while the 23" states
and the A states do not. The lowest (1) IT state is ionic at
short Li-N (the nitrogen atom in immediate contact with the
lithium atom) distances, the second (2) °II state is ionic for
larger Li-N distances, and the third (3) 11 state is ionic for
still larger Li-N distances, etc. The ionicity (i.e., the magni-
tude of the dipole moment or the effective charge of the
lithium atom) of these complexes increases from the 1 2I1
state to the 3 “IT state. These two aspects are exactly the
same as in the polar diatomic molecules.” Figure 5 shows
some of the potential-energy curves in the linear case. Here,
the energies were calculated by the third method. The lowest
electronic energy of the 1 °II state is 0.980 eV higher than
the dissociation limit into Li(2s)+N,. The crossing point be-
tween the 23" and the °I1 states for a given r(N-N) distance
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FIG. 5. A linear section of the potential-energy surfaces of the Li-N, com-
plex showing the lowest two states (1 X" and 1 *IT) where R is the distance
between the lithium atom and the nitrogen atom in direct contact with
the lithium atom and the numbers in parentheses are the r(N-N) distances
(in a. u.). The energy (E) is with respect to the Li(2s)+N, asymptote.

represents a conical intersection. We can see one conical in-
tersection between the 13" state and the 1 °II state for r
=2.1 at R(Li-N)~2.8. The set of these conical intersections
as the r(N-N) is varied represents the seam line between
those two states. The radiationless transition between those
two states should occur preferentially around this seam line.

In the C,, case, the *B | states show a strong ionicity, the
1 2Bl state at short intermolecular distances, the 2 2Bl state at
a medium range, and the 3 2B1 state at a longer range. The
2A1 states are covalent in nature. Here again the crossing
points between two different point groups are conical inter-
sections. The lowest conical intersection shows a far larger
activation barrier for the addition reaction than in the linear
case. Thus the addition reaction should occur preferentially
through the linear geometry. The lowest stable state of the
C,,LiN, complex is the 1 ’B | state but the minimum energy
of this state is 1.263 eV higher than the minimum energy of
Li(2s)+N,. So, the lowest stable geometry of the LiN, com-
plex appears to be a linear Li-N-N one. The corresponding
equilibrium geometry of the 1 2B1 state shows the Li-N dis-
tance of about 3.4 bohrs and the N-N distance of about 2.2
bohrs, which is practically equal to the bond distance of the
free anion of nitrogen molecule calculated in a SCF calcula-
tion (see Sec. IV). The Mulliken charge, which gives ap-
proximate estimation of the effective charge but is not an
observable, is 0.63 for lithium. However, the dipole moment,
which is an observable, is calculated to be 2.3833 a.u. If we
divide this by the Li-N, distance, we obtain the effective
charge of 0.70, which is slightly larger than the Mulliken
charge.

Figure 6 shows the A’ states of C, symmetry making a
cascade of avoided crossings (the data for this figure were
obtained with the first method of calculation). The energeti-
cally lowest one occurring at short (around 4 bohrs) Li-N,
distances involves the neutral Li(2s)+N, and the ionic Li*
+(N,)~ configurations. The second lowest avoided crossing
occurring at around 5.75 bohrs involves the ionic configura-
tion and one of the two Li(2p) + N, configurations where 2p,
means a linear combination of the two 2p angular momen-
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FIG. 6. A C, section [with the r(N-N) distance fixed to 2.08 bohrs] of the
potential-energy surfaces of the Li-N, complex, where R is the distance
between the lithium atom and the midpoint of the two nitrogen atoms and
the nitrogen molecular axis makes a /4 angle with the R axis (in a. u.). The
energy (E) is with respect to the Li(2s)+N, asymptote.

tum eigenfunctions parallel to the molecular plane. [The
1 2A” state should be Li(2p,)+N, with this notation.] The
other Li(2p;)+N, configuration is involved in an avoided
crossing with the ionic configuration near 6.5 bohrs with a
large splitting. The fourth avoided crossing occurring at
around 8 bohrs concerns the ionic configuration and the
Li(3s)+N, configuration, and so forth. We can see in Fig. 6
that the A’ state has a stable potential well due to an
avoided crossing between the two lowest 2A’ states. In fact,
most of the excited states have stable potential wells repre-
senting excited complexes (or exciplexes).

The spectroscopic calculations for the 1 I state and the
1 °B, state are reported in Table I. The N-N vibrational fre-
quencies are significantly smaller than in the free nitrogen
molecule, 2359 cm™!* suggesting a large perturbation by
the alkali atom. This frequency shift is larger for the linear
case with respect to the C,, case. This is in agreement with
the bond strength: the linear complex is indeed more strongly
bonded than the C,, isomer.

Among the covalent electronic states, some states have
the metal electron distributed along the metal-N, intermo-
lecular region. That is the case for the covalent *3* states,
the 2A, states, and the A’ states originating from Li(ns) and
the highest Li(np) and Li(nd) states. Those states show a
long-range potential maxima (more precisely, a local
maxima). The physical origin of those local maxima was
explained before.”” The potential maxima can be correlated
to the behavior of the blue-wing spectra because the excita-
tion frequency should coincide with the difference between

TABLE 1. The equilibrium interatomic distances (in A) and two vibrational
frequencies (in cm™') for the linear (C..,,) and C,, isomers of the lowest
bound stable LiN, complex.

Linear Cy,
r(N-N) 1.164 1.167
R(Li-N) 1.736 1.796
v(N-N) 1880 1942
v(Li-N,) 756 680
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the excited-state energy and the ground-state energy. How-
ever, we do not attempt here to give a reasonable explanation
for the blue-wing spectra as many more factors intervene in
this area.

Our results show why we need to survey the PESs cov-
ering a wide range of intermolecular distances and also a
wide range of electronic energy to fully understand the
meaning of the ionic-neutral couplings. The consequence of
the consecutive ionic-neutral couplings is the efficient
quenching of the A’ electronic states. The most efficient
quenching processes should occur around the linear and C,,
conical intersections because the collision energy can most
easily bring about nonadiabatic transitions there.

VI. DISCUSSIONS

It is understandable that metal complexes with halogen
or oxygen molecules are stable and bound because the elec-
tron affinities of those diatomic species are large and posi-
tive. However, the electron affinity of the N, molecule is
known to be negative: —1.8 eV according to an experimental
data® and —-1.57 eV according to our calculation. So it is
surprising that the nitrogen molecule can make such a strong
stable bond with the lithium atom. The presence of the Li
cation should play a largely stabilizing role in this complex.

It is generally agreed that in the Born-Oppenheimer/
Franck-Condon approximation, there is often a simple rela-
tionship between the laser detuning (A) and the Condon
point (R,), the internuclear separation where excitation oc-
curs. In the long-range van der Waals region the Condon
point can be determined if the Cg coefficients of the ground
[Li(2s)-N,] and Li(3p)-N, are known. The C, coefficient**
for the Li(25)-N, is found to be 1.71 X 1078 erg A°. From
our measured quenching cross section of Li(3p) by N, and
using the simple orbiting model formula'’ relating the Cjg
coefficient to the cross section we estimated the Cq coeffi-
cient for Li(3p)-N, to be 3.41 X 10758 erg A°. We can corre-
late the detuning frequency range probed in this experiment
which is 20<A<700 cm™' in the red wing and 20<A
<1000 cm™' in the blue wing to the probed internuclear dis-
tance range which is 7.39 A=R.=4.22 A in the red and
739 A=R,=3.95 A in the blue.

The red-wing absorption in Fig. 1 corresponds to the
excitation from the largely repulsive ground-state PES to the
attractive PES originating from the Li(3p)+N, asymptote,
i.e., the 2 2B1,4 2Al, and 3 2B1 states; or the 2 Il and 4 23*
states; or more generally the 524’6 24", and 7 %A’ states.
Free-free excitation can be included at small detunings.
However, the free-bound transition is the dominant absorp-
tion process as the detuning increases. We see a decreasing
3p—3s quenching rate as the detuning increases. This
quenching should happen through the conical intersection
between the largely attractive PES (the 2 2B1 or 2 °II state)
and a weakly attractive PES (the 3 2A1 or 3 237 state), and
also through an avoided crossing between the 4 and 5 A’
PESs (Fig. 6). Since we are measuring the cascade fluores-
cence of the Li(3s—2p) transition following excitation to the
Li(3p)+N, state, the increased intensity and presence of
prominent satellite structures in the red wing corresponding
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to large detuning (short internuclear distance) may result
from the transition around the conical intersection at rela-
tively long Li-N, distances (around 7 bohrs for the linear and
C,, cases).

The overall intensity of the blue-wing profile is smaller
than the red-wing intensity beyond 100 cm™' and falls off
more rapidly. With increasing collision energy the lifetime
decreases rapidly, which may explain the large transition rate
near the line center and a decreasing rate as the detuning
increases. We cannot explain the increase in the intensity and
the satellite at large detuning in the blue wing. There is no
evidence of a barrier in the 4 %A, state, which could explain
the satellite.

The dominant process for the Li(4p)+N, quenching
should be the surface hopping from the 4 231(417) to the
7 2A1(4s) surface and from the 4 2B1(4p) to the 6 2A1(3d)
surface.

VIl. CONCLUSION

Contrary to our previous studies, the interaction between
the lithium atom and the nitrogen molecule shows a strong
interaction, which makes the potential-energy surfaces far
more complex involving a large number of the conical inter-
sections and avoided crossings. It is evident that the nitrogen
molecule accepts the supplementary electron much more eas-
ily in the presence of the alkali atom to make stable ionic
complexes than do the rare gases, H, and CHy. In this re-
gard, the nitrogen molecule acts similar to the halogen mol-
ecules, although the ground state of the alkali/N, complex is
repulsive. In particular, the lowest stable complex, which is
ionic around its equilibrium geometry, is made from the low-
est of a cascade of the ionic-covalent avoided crossing sur-
faces. The physical consequence of the excitation of this
complex is a very efficient quenching of the initial state
through successive radiationless transitions. Concerning a
quantitative interpretation of the observed emission spectra,
one has to do a quantum scattering calculation starting from
a vast domain of the potential-energy surfaces.
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