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Quenching of Li low-n Rydberg atoms by ground-state He atoms:
A low-energy molecular-state calculation
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Total cross sections for quenching of low-n Rydberg states of Li (n,10, l 50) in collision with the ground
state He have been calculated in the low-energy region (v<0.1 a.u.) by employing the molecular orbital
approximation. Results for the total depopulation of the parent states, along with those for excitation and
de-excitation mechanisms have been presented. Present cross sections exhibit the low-energy Stueckelberg
oscillations. Using a model two-state calculation we present a detailed comparative study between the
quantum-mechanical and semiclassical findings. Except at very low energies, the semiclassical cross sections
agree nicely with their quantum counterparts. The reaction rates at thermal energies are also reported.
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I. INTRODUCTION

Rydberg atoms are highly excited atoms whose ene
spectrum can be determined by a Rydberg series chara
ized by an effective quantum numbern* 5n2d l , whered l
is referred to as the quantum defect. These atoms are e
perturbed by external influences, fields, or collisions@1#, and
hence can be used as an effective probe for very weak fi
@2#, or chaotic behavior of quantum environments@3#.

When such an atom is in highly excited state its collisi
with any neutral projectile~often referred to as perturber! can
be viewed as a binary encounter between the incoming
jectile and the loosely bound electron. Such a simplifyi
picture can be transformed through a ‘‘Free-electron mod
@4# to investigate many reactions involving these ato
@5–9#. In this model the electron perturber or the cor
perturber interactions are treated quite independently@10#.
However, for low-lying excited states such a simplifying a
sumption not only breaks down but also fails to provide
correct description of the involved collision dynamics@11#.
Similarly, in case where the long-range interactions are
portant, e.g., collisions of Rydberg atoms with ions or po
molecules@12–14#, one cannot ignore the influence of th
core of the excited target on the binary encounter betw
the electron and the perturber. A complete three-body in
action, therefore, must be taken into account while explor
such collisions.

A possible way to investigate the collisions involvin
low-lying Rydberg atoms is through a semiclassical a
proach, where the use of a classical trajectory to accoun
the relative nuclear motion seems justified in light of the f
that it involves two heavy particles; the electron’s motion
treated quantum mechanically. Employing this method K
mar, Lane, and Kimura@11# have studied the total depopu
lation of the spherically symmetric Na~6s,9s) states by the
ground state He at thermal energies~see also Ref.@15#!.
Since the important collision dynamics in these studies
associated with the He atom being located in the outer p
of the Rydberg electron’s wave function, close encounter
1050-2947/2000/61~3!/032709~6!/$15.00 61 0327
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the perturber~He atom! with the Na1 core~i.e., small impact
parameters! are not that important@16#. Recently, we revis-
ited those reactions by extending the integration region ou
larger internuclear separation~R! in order to assess the influ
ence of the long-range interactions on quenching@17#. En-
couraged by these findings we, in this paper, have un
taken a similar study on the depopulation of low-n Rydberg
Li, from spherically symmetric initial 6s and 7s states, col-
liding with the same perturber He for 331024<v rel<1
31021 a.u.:

Li ~6s/7s!1He→Li ~nl !1He, ~1!

where the final state of the target Li is completely differe
from its initial state. We use the multistate semiclassical m
lecular orbital~MO! approximation@17,18#. To examine the
suitability of these MO results at these low energies we
cently performed a two-channel quantum-mechanical ca
lation @19# for a representative collision. This enabled us n
only to reflect on the reliability of our semiclassical resu
but also to look for the signature of the quantal effect, if an
in such energy regime.

The outline of the paper is as follows: a brief descripti
of the theoretical method is provided in the next section.
the subsequent section we present our calculated cross
tions along with the estimated reaction rates. The semic
sical MO result is compared with the model two-chann
quantum-mechanical cross sections; the details of our
state semiclassical MO calculations follow. We conclude o
article with a short conclusion. Atomic units are us
throughout except where stated explicitly.

II. THEORETICAL METHODS

The semiclassical and quantum-mechanical descript
of the atomic collisions have been presented in detail
some of our recent articles@11, 17, 19; see also Ref.@18# for
details#; we, therefore, provide only the basics in this pap
In the molecular approach the Rydberg electron of the
©2000 The American Physical Society09-1
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atom is considered moving in a combined nuclear field of
core Li1 and the perturber He, forming a transient qua
molecule@(LiHe)1-e2#. It is the adiabatic potential surface
of this transient quasimolecule that encompasses the entr
and final channels of the reaction~1!. The method of pseudo
potential@20# has been employed to account for the effect
interaction of the loosely bound electron in this qua
molecule. A Linear Combination of Atomic Orbital~LCAO!
method is used to generate the electronic wave function.
essentials of the electronic wave function, and the detail
the semiclassical MO method have been shown in our re
article @17#. In the following the quantum-mechanical d
scription is presented in short; for details we, however, re
to our recent article@19#.

Quantum-Mechanical Collision Theory

In the quantum mechanical approach, both the nuc
and electronic motions are treated quantum mechanic
and the resulting Schroedinger equation is solved num
cally. For this, the wave function of the total colliding sy
tem is expanded in terms of products of molecular electro
wave functions, nuclear wave functions and the phase fac
that encompasses the electron translation factor~ETF!
@18,21#. Substituting this wave function into the time
independent Schroedinger equation, one obtains, after s
simplifications, a set of coupled equation@19#. We, however,
eliminate the first-order derivatives by resorting to a diaba
representation@22#, which also provides a convenient way
solve these equations numerically. In our present model
culation, we retain only two states of the same molecu
symmetry. By proceeding in this manner we finally obta
the following coupled equations

@$d2/dR22J~J11!/R2%I 22mVd12mE#f~R!50 ~2!

where different terms are given in Ref.@19#. The coupled
radial part of the above equation is solved by the usual p
tial wave decomposition. The log derivative method@23# has
been used to obtain theS matrix; the cross sections are the
obtained by employing the following relation@24#:

s i f 5~p/ki
2!( J~J11!uSi j

J u2, ~3!

whereki
252mE, andE is the collision energy.

III. RESULTS AND DISCUSSION

We have used a large STO basis set; 1s through 3d is
taken from Kimura, Olson, and Pascale@25#; the excited
STO’s ~up to nl510s) are, however, obtained by suitab
adjusting the nodal positions of the valence electron w
function expanded in these orbitals employing the exp
mental quantum defects. Altogether 20 and 17 configu
tions, respectively, are used for obtaining theS and ) mo-
lecular states that are important in this study. The to
depopulation cross sections in the velocity range 431024

<n<0.1 a.u. for reaction~1! have then been calculate
through a close-coupled scheme in which 11 molecular st
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~six S and five)! are retained. For the Li(7s)1He pair, the
model two-channel quantum-mechanical results are c
pared with its semiclassical counterparts. In both calculati
we have used the identical potentials and the correspon
coupling matrix elements.

A. Quantum-mechanical and semiclassical results for Li„7s…:
A comparative study †Li „7s S…¿He\Li „6p S…¿He‡

For the above colliding pair we have coupled the init
channel 7s S with its immediate neighboring state 6pS in a
two-channel close-coupled approach; the preliminary fi
ings of this calculation were reported recently in a compa
tive study@19#. Even though it does not provide the details
the collision dynamics, this approach is sufficient to refle
on the accuracy and suitability of our semiclassical resu
especially at low velocities, where only transitions amo
nearest states are expected to dominate the process of
changing.

We have retained sufficient number of partial waves
the quantum-mechanical calculations. For example, 100
tial waves are required to obtain a convergence up to 0.0
at n50.0045 a.u., whereas we have to include 850 par
waves atv rel50.1 a.u. These cross sections are compa
with their semiclassical counterparts in Fig. 1; the discuss
is presented in the next subsection.

The agreement between the quantal and semiclas
two-channel calculations are excellent at velocitiesn
>0.002 a.u.; they yield not only nearly identical magnitud
but also show similar pattern in the oscillatory structur
Even in the velocity region 0.0006<n<0.002 a.u., the two
sets of results show very good qualitative agreement;
magnitudes of the semiclassical cross sections are sm
than their quantal counterparts. The semiclassical calcula
has not been extended beyondv50.0006 a.u. as they wer
found to show larger deviation from the quantal results. T
increased disagreement at lower energies suggests tha
semiclassical approximation fails to account for the inher
quantal effects.

B. Semiclassical results for Li„6s,7s…¿He

Encouraged by the noticeable agreement between
quantal and semiclassical results we employ the latter
proach to calculate the total depopulation cross section
low-lying Rydberg states of Li, namely 6s and 7s, in colli-
sion with ground state He~reaction 1!. Through a number of
test studies we find that an 11-state calculation~see Table I!
is essential to obtain the sufficient convergence of the e
mated cross sections; further increase in the number
coupled states does not introduce any significant chang
their magnitudes. We have also taken considerable car
ensure the numerical convergence to 1% within our 11-s
calculations. To explore the peaks and valleys of the str
ture, if any, we have made calculations at sufficiently sm
energy grids.

Figure 2 shows the adiabatic potential curves for theS
states~) states have been left out for clarity!; we retain 11
states in our coupled scheme for investigating the quench
of Li(6s) colliding with the low-energy He~see also Table
9-2
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FIG. 1. Comparison of integrated cross se
tions —semiclassical vs quantum-mechanical
for 7sS→6pS transition for the reaction~1!:
Different curves are marked as such.
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I!. The initial channel 6s S has two strong avoided crossing
with the immediate lower state 5f S aroundR54.5a0 and
10a0 . They are reflected through strong radial couplings
the same region ofR ~not shown here!. The 5f S state then
couples with the 5d S channel at largerR values, and there
also exists coupling of significant strength between 5dS and
5pS channels. The rotational coupling 6sS^---&6p)
strongly couples the initial state with the immediate exoer
state corresponding to Na~6p). In comparison to this the
rotational couplings involving the 6sS channel and 5f ) or
5d ) states are relatively weak.

The above collision dynamics depopulates the initials
state of Li atom through both excitation and de-excitat
processes. In Fig. 3, we present our cross sections for
excitations~to 6p and 6d states of Li! and de-excitation~to
5 f , 5d and 5p states of Li! along with the total quenching
cross sections. In the thermal energy region the proces
de-excitation dominates; the quenching of the initial 6s state
of Li proceeds mainly through the population of Li~5f ). The
multistep transition@(n22),l>2# does take place similar to
the earlier findings on the He-Na pair@11,18#; the role of
radial couplings that can transfer flux via 5f S→5dS
→5pS become important only at comparatively higher v

TABLE I. Molecular states of the quasimolecule@~LiHe!1

2e2# correlated to the atomic states of Li.

Atomic states
Molecular
S states

Molecular
P states

Li(5/6p)1He 5/6p S 5/6p P

Li(5/6d)1He 5/6d S 5/6d P

Li(5/6f )1He 5/6f S 5/6f P

Li(6/7s)1He 6/7s S

Li(6/7p)1He 6/7p S 6/7p P

Li(6/7d)1He 6/7d S 6/7d P
03270
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locities. It is basically the strong radial coupling betwe
6sS and 5f S states aroundR510a0 , which is responsible
for most of the transfer of probability at lower velocities. Th
nature of this coupling gives rise to Stueckelberg osci
tions, which is also visible as structures in the total depo
lation cross sections. It may here be noted that Saha
Lane@26# have also reported such oscillations in their calc
lations on Na~8s!-He pair. At low velocities, the process o
excitation is very small. It is only atn>0.005 a.u. (E
>0.0454 a.u.) that the excitation to exoergic states of
starts making significant contribution towards depopulat
the parent Li(6s), although the asymptotic energy defect f
the Li(6s)→Li(6 p) transition is only 0.002 a.u.

The adiabatic potential energy surfaces for the collid
system@Li(7s)1He# have more or less similar features~see
Fig. 4! seen earlier for the@Li(6s)1He# pair; the only dif-
ference is in the magnitude of the involved energy defe
Changing from the initial state 6s to 7s of Li we move up in
the energy level diagram, consequently the various coupli
responsible for the quenching of Li(7s) turn stronger as the
involved energy defects become smaller. For example,
entrance channel 7sS and the immediate neighboring sta
6 f S still have avoided crossings aroundR54a0 and 10a0 ,
but the energy defect has been reduced significa
@DE(R'10a0)51.831024 a.u.#. This produces larger ra
dial couplings between the two states; other radial coupli
also gain in strength. The initial channel 7sS, however, has
weaker rotational couplings with the neighboring endoer
) states.

The total cross sections for depopulating the par
Li(7s) state by He, along with the contributions from th
excitation and de-excitation processes are depicted in Fig
Although the characteristic features of the total as well as
partial cross sections are similar to those of the Li(6s) case,
the details in terms of the velocity dependence and ma
tude of the cross sections deserve some comments. The
9-3
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FIG. 2. Adiabatic potential surfaces o
Li(6s)1He: DifferentS states are shown.
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cess of excitation takes over that of de-excitation at m
lower energies (n>0.002 a.u.). In the higher domain of ou
investigated velocity region the process of excitation alw
remains a much more effective way of quenching the pa
Li(7s) state.

Both of the parent states, thus, favor the de-excitation
the primary mode of depopulating the parent state excep
higher velocities where the process of excitation starts m
ing significant contributions. They also agree in another f
ture: the dominance of radial couplings at low energies. It is
only at higher energies that the angular couplings beco
important and variousP states playing important role. Thes
general features were also observed earlier for the Na
system @17#. We would like to point out that we do no
include the excited STOs of Li forl>3 in our structure
calculations, because the involved energy defects for th
03270
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substrates are very small; even at thermal energies they
be reached diabatically. It is our belief that the transition
l 53 substate should actually represent the population of
near-degenerate manifold@n,l>3# of the exit level@11,17#.
It is important to note here that Li1He and Na1He pairs
although differ significantly in their collision dynamics, the
is a remarkable similarity in populating the endoergic su
states ofl>2. The only difference is that in the present ca
this is achieved through a direct transition from the par
level, whereas in Na1He a multi-step process is responsib
for this outcome. Moreover, the manifolds populated in t
way are different in terms of the principal quantum numb
n21 for the Li1He pair butn22 for the Na1He system.

To the best of our knowledge there is no experimen
measurement on the quenching rate of low-Rydberg Li at
colliding with the ground state of He atom. Since most of t
-

-

FIG. 3. Eleven-state calculation of total de
population cross sections for Li(6s)1He interac-
tion: Partial contributions of excitation and de
excitation are shown separately.
9-4



f

QUENCHING OF Li LOW-n RYDBERG ATOMS BY . . . PHYSICAL REVIEW A61 032709
FIG. 4. Adiabatic potential surfaces o
Li(7s)1He: DifferentS states are shown.
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measurements with Rydberg atoms are carried out at the
velocities, we also take the cell temperatureT5425 K ~see
also Refs.@11#, @17# and @27#!. In order to estimate the
quenching rate we make a polynomial fit of our calcula
cross sections for total depopulation, and then integrat
over the Maxwellian velocity distribution corresponding
425 K. These reaction rates are compared with the rates
the Na(ns)1He system in Table II.

IV. CONCLUSION

We have carried out a close coupled molecular-orb
calculation, in the impact parameter formalism, for obtain
the cross sections for the total quenching of low-lying Ry
berg states of Li atom colliding with the ground state of H
atom over a range of impact velocities (0.003<n rel
<0.1 a.u.). The process of de-excitation dominates in
03270
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low-velocity region, and excitation to upper states makes s
nificant contributions only at higher velocities. The validi
of our semiclassical approach for investigating such co
sions was presented through a model two-channel quan
mechanical calculation. Except at very low velocities bo
cross sections show excellent agreement that establi
without doubt that our semiclassical approach is quite
pable of revealing the true collision dynamics of the low
Rydberg processes. This also suggests that treating the i
nuclear movement classically or quantum mechanica
hardly makes any difference in the final outcome of the sta
changing cross sections. Therefore, till a large quantu
mechanical calculation, with sufficient number of coupl
states, is available, our MO approach would furnish a c
venient way to explore the low-Rydberg atom problems
volving collisions with neutral atomic or molecular pertur
ers @11,15–17# at low velocities. It is also important to not
-

-

FIG. 5. Eleven-state calculation of total de
population cross sections for Li(7s)1He interac-
tion: Partial contributions of excitation and de
excitation are shown separately.
9-5
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that the reported partial cross sections are sensitive to s
changes in the potential energy surfaces and the resu
coupling matrix elements. But we believe that the pres
prescription provides a fairly reliable picture of the involve

TABLE II. Reaction rates~a.u.! for quenching of Li ~ns!
colliding with ground state He (T5425 K)

Initial target state Rate for Li~ns! Ratea for Na ~ns!

6s 0.0223 0.00046
7s 0.0952
8s 0.0447
9s 0.1386

aThese results are taken from Ref.@17#.
.

.

03270
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collision dynamics, and hence the subsequent transfer o
flux in the systems studied here.
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