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Collision-induced light emission during the interaction of an alkali-metal atom and a noble-gas atom is
treated within a first-principles, or direct, dynamics approach that calculates a time-dependent electric dipole
for the whole system, and spectral emission cross sections from its Fourier transform. These cross sections are
very sensitive to excited diatomic potentials and a source of information on their shape. The coupling between
electronic transitions and nuclear motions is treated with atomic pseudopotentials and an electronic density
matrix coupled to trajectories for the nuclei. A recently implemented pseudopotential parametrization scheme
is used here for the ground and excited states of the LiHe system, and to calculate state-to-state dipole
moments. To verify the accuracy of our new parameters, we recalculate the integral cross sections for the LiHe
system in the keV energy regime and obtain agreement with other results from theory and experiment. We
further present results for the emission spectrum from 10 keV Li�2s�+He collisions, and compare them to
experimental values available in the region of light emitted at 300–900 nm.
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I. INTRODUCTION

Light emission during the collisions of two atoms can be
described in terms of stationary wave functions for the initial
and final quantum states of the diatomic system. Spectral
intensities of emission follow then from the state-to-state
transition integrals of the dipole operator for the atomic pair.
General aspects of light emission were covered in an early
review �1� along these lines. Work was published later on
using diatomic stationary states obtained from diatomic po-
tentials, their couplings, and dipole integrals, and was also
reviewed �2,3�. The present contribution is based on an al-
ternative approach, where the dynamics of the system of
electrons and nuclei are directly treated starting from the
interaction of all charges, and accounting for the coupling of
electronic transitions and nuclear motions within a first-
principles, or direct, description of the dynamics that does
not require a preliminary calculation of diatomic potentials
and couplings. This was developed using electronic density
matrices coupled to equations of motion derived in an eiko-
nal �or short-wavelength� time-dependent Hartree-Fock ap-
proximation, and called the Eik-TDHF approach �4,5�. This
method has been used to describe electronic energy and
charge transfer in several applications to one-electron sys-
tems �4–7�, many-electron systems �8�, and pseudo-one-
electron systems using l-dependent pseudopotentials �9,10�.
Our treatment involves propagation of the full electronic
density matrix, which can generate properties of interest dur-
ing collision such as population, polarization and alignment
parameters, electronic and spin angular momentum, and total
electronic dipoles.

A collision between atomic species is accompanied
by electronic rearrangements as electrons jump between
the collisional partners. This rearrangement creates a

time-dependent electric dipole that oscillates over time and
in accordance with classical electromagnetism, emits light.
Spectral light emission and absorption cross sections can
then be obtained from the flux of light. Previously, we have
used this treatment to study light emission in slow ion-atom
collisions, and in particular for the H++H collision �7�
wherein we evolved the system in time by propagating the
density matrix to generate a time-dependent dipole that
oscillates when the electron jumps between protons.

Our present application of the theory deals with the time
evolution of the dipole for the electronic transitions between
the ground state �nlml� and the excited state �n�l�ml�� of the
alkali-metal atom A by collision with a noble-gas atom Ng,
in

A�nl� + Ng → A�n�l�� + Ng + light

and, in particular

Li�nl� + He → Li�n�l�� + He + light.

In recent work �11� �referred to as paper I�, we discussed
the first-principles dynamics of light absorption and emission
of alkali-metal and noble-gas excimers, and in particular of
the diatomic LiHe, the smallest of these excimers. This was
done calculating the optical spectra by reducing the system
to a three-body system: a valence electron and the core of Li
and a polarizable core of He, using l-dependent atomic
pseudopotentials �12�. However, the pseudopotentials com-
monly used �9,10,12,13�, which give excellent results for
integral cross sections and light polarization at high energies,
do not provide correct positions of molecular transition lines,
as found by comparison with experimentally measured or
theoretically calculated optical spectra for this system at ther-
mal energies �11,12,14,15�. The reason is that these pseudo-
potentials give too large a barrier in the 3D� diatomic po-
tential at separations about 8 a.u. between the Li and He
atom, as found when compared to an accurate ab initio
potential.
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It has been suggested �12� that the barrier could be low-
ered by including f orbitals in the basis used to describe the
Li atom. Instead, we proposed and implemented using a
larger basis set containing both Li and He centered atomic
functions, in addition to polarizable core to describe the He
atom. We have found that using a basis set on He indeed
lowered the barrier in the 3D� potential. We also modified
the pseudopotential parameters such that the 3D� potential
would be lowered even further, but in such a way that the
potentials of the ground and lower excited states of Li were
not significantly affected. Using this new parameter set �pa-
rameter set B in paper I�, we first predicted positions of the
molecular transition lines and then proceeded to calculate the
absorption spectra for LiHe around 720 K, and obtained
good agreement with experimental and other theoretical
spectra.

Although calculations at thermal energies compared well
with experiments and other theory, we need to verify that the
addition of a basis set on He and the new pseudopotential
parameter set does not alter the good agreement we previ-
ously found for integral cross sections in the keV energy
regime �9�. Therefore, in the present work we also calculate
the integral cross section for the excitation from the ground
state of Li in collisions with He at energies greater than
0.01 eV. Relating to collision-induced light emission, we
next present a brief description of our theoretical treatment,
followed by state-to-state dipole moments for the LiHe sys-
tem and the emission spectra for 10 keV Li�2s�+He colli-
sions. For the latter, with the same procedure as in paper I,
we calculate the dipole moment during collisions starting
from the ground state of the Li and He atoms. We obtain
spectral emission cross sections for light emitted with polar-
ization parallel and perpendicular to the direction of an in-
coming Li, from the second time derivative of the dipole and
its Fourier transform. And we finally compare our results to
those of Ref. �16� for which the total intensity, I, was
proportional to I� +2I�.

II. THEORETICAL APPROACH

The eikonal–time-dependent molecular orbital �Eik-
TDMO� method is a special case of the eikonal–time-
dependent Hartree-Fock �Eik-TDHF� method, suitable for
systems with one active electron. The implementation of
Eik-TDHF and Eik-TDMO methods has been described in
great detail in previous articles �4–10�. In paper I, we have
presented the Eik-TDMO method including atomic pseudo-
potentials to calculate the time-dependent dipole moment;
we summarize here the relevant equations for the calcula-
tions that follow.

A. The eikonal–time-dependent molecular orbital method
including atomic pseudopotentials

We begin by writing the Hamiltonian for classical
motions as

H =
P · P

2M
+ V , �1�

where P is the relative momentum of the nuclei and M is the
reduced mass of the system. The effective potential, V, is
given by

V =
Tr��̂Ĥel�

Tr��̂�
, �2�

where �̂= ������ is the electronic density operator and Ĥel is
the electronic Hamiltonian including l-dependent atomic
pseudopotentials given by

Ĥel = −
1

2
�rA

2 + VA�rA� + VB�rB� + Vec�rA,R� + Vcc�R� .

�3�

Here A refers to the alkali-metal atom and B refers to the
noble-gas atom; r� is the position vector of the valence elec-
tron of the alkali-metal atom from the core � and R is the
position vector of B with respect to A such that rB=rA−R.

The term V��r�� describes the interaction between the
valence electron of the alkali-metal atom and the core � and
is given by

V��r�� =
Q�

r�

+ 	
l,i

Bl,i exp�− �l,ir�
2 �Pl,� + V�

pol�r�� , �4�

where Q� is the net charge of the core � seen by the e− at an
infinite distance, Bl,i and �l,i are pseudopotential parameters
adjusted to experimental data, and Pl,� is the projection op-
erator on angular symmetry l. The first two terms in the
above equation describe the Coulomb and the l-dependent
pseudopotential, respectively. The third term describes the
interaction of the electron with the polarizable core and is
given as �for each core A and B�

VA
pol�rA� = −

�A
d

2rA
4 w�rA,��2, �5�

VB
pol�rB� = −

�B
d

2rB
4 w�rB,��4 −

�B
q�

2rB
6 w�rB,��6, �6�

where ��
d is the dipole polarizability of the core � and

w�r ,��=1−exp�−�r2� stands for a cutoff function with an

adjustable parameter �. The parameter �B
q� is defined as �B

q�

=�B
q −6�1, where �1 is the dynamical correction to the static

quadrupole polarizability, �B
q , of the noble-gas atom.

The term Vec is the so-called cross term, which arises
from the polarization of B by both e− and A, and is given by

Vec�rA,R� = QA�B
d P1�cos 	�

R2rB
2 w2�rB,��

+ QA�B
q P2�cos 	�

R3rB
3 w3�rB,�� , �7�

where P1 and P2 are the Legendre polynomials and 	 is the
angle between the vectors −R and rB.

The core-core interaction is assumed to have the form
�17�

Vcc�R� = a exp�− bR� −
1

2

�B
d

�R2 + dB
2�2 −

1

2

�B
q�

�R2 + dB
2�3 , �8�

where �B
q�=�B

q +2�B
ddB

2 .
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We expand the time-dependent molecular orbitals � in
terms of linear combinations of traveling atomic functions
�TAFs� 

� with expansion coefficients c and write the
density operator in the basis of TAFs as

�̂�t� = 	
pq

�
p��pq
�i��t��
q� = �����i���� , �9�

where �pq
�i� =	occ i cpi

* �t�cqi�t� are the density matrix elements
starting in state i. The differential equation for the density
operator,

Ĥel�̂ − �̂Ĥel = i���̂/�t , �10�

is written in the basis of TAFs to obtain a differential
equation for the density matrix as

i�̇ = W� − �W†, �11�

W = S−1HT, �12�

where S= �� ��� is the overlap matrix and HT is the Hamil-
tonian matrix. The propagation of the density matrix is
carried out using the relax-and-drive procedure �4�. The dy-
namics of the system is carried out by coupling the
above differential equation for the density matrix with the
Hamilton’s equations for the classical motion of the nuclei,

dR/dt = �H/�P, dP/dt = − �H/�R . �13�

B. Evaluation of the electric dipole

The total dipole moment D is given as the sum of the
electronic dipole Del and the induced dipole moment Din as

D̂ = D̂el + D̂in �14�

=− r̂A + 	



� r̂


r

3 �1 − exp�− r


2�
�� − Q��


R̂

R3
 , �15�

where r
 is the position vector of the electron from core 
, R
is the position vector of the noble gas with respect to the
alkali-metal atom, and Q
 is the charge of core 
. The tran-
sition dipole moment �TDM� between molecular states m
and n is given by

Dmn = ��m�D̂��n� , �16�

where D̂=nxD̂x+nyD̂y +nzD̂z, ni is a unit vector along the ith
axes, and

���m�D̂��n��2 = ���m�D̂x��n��2 + ���m�D̂y��n��2

+ ���m�D̂z��n��2. �17�

If the two states are identical, i.e., m=n, then we obtain the
dipole moment of the state n.

The average dipole is given as the expectation value of
the dipole operator, and in a basis of TAFs is given in terms
of the density matrix for initial state i as

D�i� = Tr���i����D̂���� . �18�

C. Time and frequency domain spectra

The electric E and magnetic B fields for the light emitted
by the dipole �7,18� are given in SI units as

E�rLD,t� =
�o

4�rLD

�nr · D̈�tr��nr − D̈�tr�� , �19�

B�rLD,t� = −
�o

4�rLDc
�nr � D̈�tr�� , �20�

where �o is the permeability of free space, c is the speed of
light, rLD is the location of the light detector, tr= t−rLD/c,
and nr=rLD/rLD.

In the classical treatment, the power Pk radiated per
unit solid angle for a single impact parameter b in terms
of the Poynting vector, S�rLD, t�= �1/�o��E�B� for each
component k= � , � to the direction of initial motion of the
projectile, is given by

� dPk

d�LD



b,�
= � d2Ek

dtd�LD



b,�
= Sk · nLDrLD

2 = �Ak�t;b,���2,

�21�

where the impact parameter b=b���, and

Ak�t;b,�� =� �o

16�2c
D̈k�t;b�sin��LD� �t;b,��� �22�

=� �o

16�2c
D̈k,T�t;b,�� �23�

is a constant times the component of the dipole second de-
rivative projected on a plane perpendicular �or transversal� to
the detector’s direction.

We carry out intensity and cross-section calculations in
the frequency domain using the Fourier transform of
Ak�t ;b ,��,

Ãk��� =
1

�2�
�

−�

�

Ak�t�ei�tdt �24�

satisfying Ãk���*= Ãk�−�� insofar Ak�t� is real.
Integrating over frequency, the total energy per unit solid

angle computed in the frequency domain is then

� dEk

d�LD



b,�
= 2�

0

�

�Ãk��;b,���2d� �25�
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=
2�o

16�2c
�

0

�

�D̈˜ k,T��;b,���2d� �26�

from which we can calculate the intensity of light emitted
for each impact parameter per unit solid angle and unit
frequency as

� dIk

d�LD



b,�
= � d2Ek

d�d�LD



b,�
=

2�o

16�2c
�D̈˜ k,T��;b,���2.

�27�

An alternative expression can be obtained in terms of the
Fourier transform of the dipole, using

D̈
˜

k,T��;b,�� = − �2D̃k,T��;b,�� , �28�

which gives the intensity of light emitted for each impact
parameter integrated over all solid angles as �19,20�

Ik��;b� =
�o�4

3�c
�D̃k,T��;b��2. �29�

The energy emission cross section per unit solid angle in the
frequency domain is obtained by integrating the total power
over b and �,

d2Qk

d�d�LD
= �

0

�

dbb�
0

2�

d�� d2Ek

d�d�LD



b,�
�30�

=
2�o�4

16�2c
�

0

�

dbb�
0

2�

d��D̃k,T��;b,���2. �31�

The total energy emission cross section per unit solid angle
and unit frequency, d2Q / �d�d�LD�, is obtained by adding
over the two k components, from which one obtains the total
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emission cross section per unit frequency to compare with
experimental cross section as

d�em���
d�

=
1

��
	

k

dQk

d�
�32�

=
�o�3

3��c
�

0

�

dbb	
k

�D̃k,T��;b��2. �33�

The energy Ek�b� emitted per collision at impact param-
eter b for each polarization can be obtained by integrating
over frequency the intensity of light emitted Ik,

Ek =� Ikd� =� d�
�o�4

3�c
�D̃k,T��;b��2. �34�

III. RESULTS AND DISCUSSION

A. Integral cross section in the keV energy regime

In paper I, we presented results for the diatomic potential
using a basis set of atomic orbitals centered at only the Li
atom, and using atomic pseudopotential parameters in the
literature, in what we called set IA, and we also presented
results for a basis set centered at both Li and the He atom,
and a new parametrization scheme for the pseudopotential
parameters, called set IIB and shown in Table I of Ref. �11�,
that gave absorption spectra in good agreement with pub-
lished spectra �14�. This procedure provided excited-state di-
atomic potentials with the correct shapes, as shown in Fig. 1.
Even though we have already found good agreement using
these parameters for spectra at thermal energies, we need to
verify that this new proposed scheme gives satisfactory re-
sults also at high collision energies, and that they are consis-
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tent with our previously published work �9�. To achieve this
goal, we have recalculated the integral cross section for the
Li-He system for energies 0.01 eV�Elab�10 keV using sets
IA and IIB described in paper I and compared the results
with experiments and theory �21–25�. In this section, we are
interested in reproducing the results of calculations in Ref.
�9�, and comparing them with calculations using set IIB.

We reproduce the results of Ref. �9� and new ones in
Fig. 2. While comparing with experimental results, they
adjusted the experimental ICS at 3 keV �known only in
relative values� to match their calculations. In Fig. 2, we
plot our calculated ICS directly and do not adjust the experi-
mental ICS. Our results using both basis sets and pseudopo-
tential parameters are in good agreement over the entire en-
ergy range compared to experimental �21–25� and other
theoretical �22� values.

B. Dipole moments

In paper I, we presented results for the potential-energy
curves using sets IA and IIB. Here, we present results for the
state dipole moment and transition dipole moments �TDM�
using sets IA and IIB. In Figs. 3–6, we report the TDM’s we
have obtained for the LiHe collisional system using set IA
and IIB, and compare them to similar calculations �12,17�. In
Table I, we also report the dipole moment for the ground
state of the LiHe collisional system and compare it to those
available in the literature �26–28�.

Our results for the diatomic state dipole moment and for
the state-to-state transition dipoles are in reasonable agree-
ment with published results �12,17,26–28�. Results obtained
using set IIB are in better agreement with published results
than those obtained using set IA.
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C. Light emission for 10 keV Li„2s…+He collisions

Having confirmed that the new basis and parameter set
gives excellent agreement with experimental and theoretical
calculations for ICS in the keV energy regime and good
results for the transition dipole moments compared to the
pseudopotential calculations of Refs. �12,17�, we now
present results of calculations for the emission spectra for
10 keV Li�2s�+He collisions.

Calculations were performed for impact parameters in the
range b=0.0–5.0 a.u. at intervals of 0.1 a.u., and integrating
the equations of motion for electron and nuclei with a con-
stant time interval of �t=0.1 a.u. using both basis sets IA
and IIB. For the present high-energy collisions, we stopped
the calculations at a final distance of 600 a.u. so that the
dipole moment had enough uniform oscillations in time to
provide detailed spectra using the Fourier transform. The
spectra were converged for that final distance of 600 a.u. and
a minimum upper limit of 5 a.u. for the impact parameters;
further calculations using impact parameters up to 7 a.u. did
not change the spectra or the intensity percentages.

In Fig. 7, we plot the intensity as a percentage of the
Li�2S−2P� transition, while in Table II, we compare the in-

tensity percentages of the most prominent Li transition lines
with experimental values. We obtain good agreement for all
the atomic transition lines except for the Li�3S−2P� line at
large wavelengths, which appears more intense in the
measurements. On the other hand, we obtain more intense
lines for the molecular transitions 3P�� ,��, 3D�→2S�,
3P�→2P�, 4D�→2P�, and 6S�−3S� at shorter wave-
lengths, which were not given in Ref. �16�. Intensities calcu-
lated using basis II are in better agreement than those using
basis I. Also, use of basis functions on He reduces the inten-
sity of the molecular transition by a factor of 1.7 while in-
creasing the intensity of the Li�3S−2P� by a factor of 1.6.
The remaining discrepancies between our calculations and
experimental values of intensities might be due to fast
internal energy transfer during collisions from higher-energy
excited molecular states to the lower-energy state of Li 3S.
This would have as a consequence a decrease of the molecu-
lar line intensities and an increase of the atomic line over the
observation time.

We have also calculated the energies emitted per collision
from Eq. �34� and listed them in Table III for a few impact
parameters. Comparison of the emitted electromagnetic en-
ergy with the total atomic energy shows that the former is
statistically negligible, specifically of the order of 10−4 a.u.
for the smallest impact parameters compared to a total �ki-
netic plus binding� atomic energy of the order of 102 a.u.

TABLE I. Dipole moment of the 2s2� state.

R
�a.u.� Set IA Set IIB Ref. �26�

Ref. �27�

Ref. �28�
GTO
basis

STO
basis

3.0 1.16492 1.21255 1.372 1.392 1.433 1.339

4.0 0.95069 0.97733 0.992 1.032 1.053 1.003

5.0 0.61668 0.60661 0.615 0.624 0.584

6.0 0.30894 0.30308 0.295 0.316 0.321 0.280

7.0 0.12963 0.12671 0.151 0.118

8.0 0.04314 0.03941 0.059 0.0667 0.0458

10.0 0.01550 0.01495 0.008 0.0113 0.0530

TABLE II. Comparison of intensities for 10 keV Li�2S�+He.


 �nm� Transition Ref. �16� Set IA Set IIB

323.26 3P-2S 0.4375 0.72 0.64

460.29 4D-2P 0.875 1.28 1.04
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610.36 3D-2P 10.9375 10.238 10.0

670.78 2P-2S 100.0 100.0 100.0

812.64 3S-2P 7.5 0.64 1.04
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FIG. 7. Emission spectrum for 10 keV
Li�2s�+He.
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This shows that the amount of energy emitted during colli-
sions at each impact parameter is negligible compared to the
total energy of the colliding pair. Our semiclassical treatment
of light emission is therefore justified by near energy conser-
vation in the atomic system.

IV. CONCLUSION

Atomic pseudopotentials are very convenient and accurate
for studies of electronic transitions in interactions of an
alkali-metal atom with a noble-gas atom. The transient spec-
tra from alkali-metal atoms and noble-gas atoms interactions
are very sensitive to the shapes of potential energies for ex-
cited states, and these depend on atomic basis sets and
pseudopotential parameters. We have found that using a basis
set of atomic functions centered at both Li and He, consistent
with their pseudopotentials, decreases the barrier in the 3D�

potential while not affecting the potentials of the lower ex-
cited and ground states. A large enough basis centered only
on the alkali-metal atom, and pseudopotentials with a polar-
izable core, were sufficient to obtain good comparisons with
previously published results for integral cross sections. This
is also sufficient to obtain intensities and positions of spectral
lines for atomic transitions and lower excitation molecular
transitions as seen from our current work and calculations at
thermal energies. However, for higher excitations, particu-
larly those involving 3D states, use of a basis set on He in
addition to l-dependent pseudopotentials is necessary. We
have followed a computational procedure based on the si-
multaneous propagation of the electron density matrix and
nuclear trajectories to directly obtain spectral intensities and
to compare them with simple theoretical predictions as well
as experimental values. The comparison with experiment
shows agreement on the location of spectral lines, and for the
intensities of the most prominent peaks. The remaining dis-
crepancies might be due to the fast transfer of energy from
excited molecular states to excited atomic states during col-
lision and before light is emitted.

To our knowledge, these are the first calculations employ-
ing pseudopotentials and basis functions on He, although
similar calculations have been carried out for Ar in studies
involving Na in Ar clusters and matrices �29,30�. The chal-
lenge in our approach has been to generate a good enough
basis set to accurately calculate the alkali-metal valence
electron–noble-gas-atom interactions. This necessitated
highly excited �2s ,2p ,3s , . . . � orbitals on He to properly de-
scribe a transient He− ion formed during collisions, and a
treatment of the dynamics allowing for the coupling of
nuclear motions with electronic rearrangement.
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