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Excitation mechanisms in moderate-energy Li¿-Ne collisions
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Excitation processes in Li1-Ne collisions have been studied over a wide range of laboratory angles of 2°
<u<92°, and at laboratory collision energies of 200<Elab<500 eV, by means of differential energy-transfer
measurements. One- and two-electron excitations for both charge-exchange reactions and direct excitations of
the Ne atoms were observed at reduced laboratory angles ofElabu.6 keV deg. The electronic transitions take
place through diabatic potential crossings at internuclear distances ofR<0.57 Å. The excitation mechanisms
near threshold have been investigated by referring toab initio potentials, and the mechanisms of dominant one-
and two-electron excitations could be well understood. Analysis of the theoretical potentials suggests that
one-electron excitations are due to avoided-crossing interactions, while two-electron excitation occurring
through two successive one-electron transitions can be interpreted by a combination of avoided-crossing and
noncrossing interactions.

PACS number~s!: 34.50.Fa, 34.20.Cf
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I. INTRODUCTION

Through numerous experimental and theoretical stud
on excitation processes, an understanding of the excita
mechanisms in slow collisions of heavy particles has b
well enhanced in the last several decades. The excitat
predominantly proceed through nonadiabatic radial c
plings, which are classified into avoided-crossing inter
tions and noncrossing interactions@1#. The excitation pro-
cesses in slow collisions are generally interpreted with
quasimolecular framework. If two particles approach ea
other to a distance shorter than a critical distanceRc , an
excited quasimolecule is temporarily formed with a cert
probability.

Excitations in moderate-energy collisions between clos
shell particles have long been studied by employing sev
experimental methods @2–13#. Excitation probability
strongly depends on colliding system. Transitions occurr
through avoided crossings in symmetric and quasisymme
closed-shell systems have a large probability@7–10#, while
transitions due to noncrossing interactions in most asymm
ric closed-shell systems have a very small probability@11–
13#. Despite a large amount of earlier studies, such a str
system dependence of the excitations has not yet been
interpreted.

Differential scattering of Li1 ions from Ne atoms was
studied experimentally and theoretically by Baratet al. @11#.
In their experiments, an energy analysis of the Li1 ions was
performed to obtain doubly differential cross sectio
~DCS’s!, while for Li atoms produced by charge transfe
only the total DCS was measured without energy analy
Thus the excitation mechanisms in the Li1-Ne collisions
have not been sufficiently understood. In this study, we h
carried out a translational-energy analysis of all the partic
scattered in the Li1-Ne collisions (Li1, Li, Ne, and Ne1) by
using a time-of-flight technique, and the DCS’s for all t
1050-2947/2000/62~3!/032704~9!/$15.00 62 0327
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scattered particles have been measured at laboratory coll
energies of 200<Elab<500 eV and scattering angles of 2
<u<92°. The experimental DCS’s have been analyzed
assuming diabatic potentials for the ground and exci
states. The diabatic potentials provide classical trajectorie
particles. The diabatic potential parameters which charac
ize electronic transitions, at the crossing distanceRc , have
been evaluated through the analysis.

In this study, electronic energiesE(R)’s for the ground
and excited states of~LiNe!1 have also been calculated usin
a multiconfiguration self-consistent field~MCSCF! method
@14#. Electronic transitions due to radial coupling take pla
efficiently around the critical~crossing! distanceRc , where
the adiabatic difference potentialDE5Ej2Ei between inter-
acting statesi and j has a minimum valueDEmin @11,13,15#.
Around the distanceRc , electronic configurations in the
wave functions interchange with each other between inter
ing states in the avoided-crossing case, while there is
change of configurations in the noncrossing case. By ev
ating diabatic potential parameters atRc from the MCSCF
potentials, we have obtained information on the excitat
mechanisms for the dominant excitation processes n
threshold angles.

In Li1-Ne collisions, two-electron (2e) excitations as
well as one-electron (1e) excitations have been observe
with remarkable probability. The 2e excitation into the
Li1-Ne (3s2) state was interpreted to take place through t
successive 1e-transition processes, similarly to that in th
Na1-Ne collisions@9,10~b!#, i.e., Ne→Ne (3s)→Ne(3s2),
rather than a simultaneous 2e transition, Ne→Ne(3s2). An
analysis of the MCSCF calculations shows that the first p
cess in the two successive 1e transitions is attributed to the
avoided crossing. On the other hand, around the second
sition point no interchange of the electronic configurations
recognized, so the second process is attributed to the
crossing interaction.
©2000 The American Physical Society04-1



e
ra
e

p
te

-
ng
is

te
he
m

-

c
a

b

en

y o

o

i

e

L

se
ou

ed

rget

d at

f

-

e

S. KITA, S. GOTOH, N. SHIMAKURA, AND S. KOSEKI PHYSICAL REVIEW A62 032704
II. EXPERIMENTS

A. Apparatus

Differential scattering experiments have been perform
using a crossed-beam apparatus. Details of the appa
were given elsewhere@16# ~and a schematic drawing of th
apparatus is presented in Fig. 1 in Ref.@13#!. The primary
ion beam and secondary target beam cross each other
pendicularly in the main chamber at the scattering cen
For time-of-flight~TOF! measurements, the primary6Li1 ion
beam@17# was pulsed with a pair of condenser plates@18#.
Supersonic and capillary beams@13,19# were used as second
ary beam in the experiments. The laboratory scattering a
u is determined with respect to the primary ion-beam ax
The flight-path length from the scattering center to the de
tor is about 50 cm. The overall angular resolution for t
scattered particle is about 0.12° full width at half maximu
~FWHM!. The time resolutionDt/t in the TOF measure
ments is approximately 1/800~FWHM! for an ion energy
Elab5500 eV at a scattering angleu52°. In this paper we
will discuss only the dominant6Li1-20Ne collisions.

In the apparatus used, both ions and neutral atoms s
tered into an angleu are simultaneously detected through
secondary-electron multiplier~Hamamatsu R595!. Since a
negative high voltage (VEM522.7 kV) is usually applied to
the first dynode of the multiplier, the detection efficiency«
of the multiplier for the positive ions can be estimated to
unity. However, the efficiency« for the neutral atoms is
smaller than unity, when the impinging energyEim is lower
than a critical energy. In order to evaluate the correct int
sity of the neutral particles, the efficiency« ~Li ! for Li atoms
has been experimentally determined within an uncertaint
20% at the energies 140,Eim,1000 eV @13#, i.e., «~Li !
.0.1 and 0.5 atEim5150 and 400 eV, respectively.« ~Ne!
for Ne atoms has also been determined at 60,Eim
,1000 eV in scattering experiments for K1-Ne collisions
@20#. The efficiencies« ~Li ! and« ~Ne! are unity at energies
Eim higher than 700 and 1000 eV, respectively.

B. Energy-transfer spectra

The TOF measurements have been performed at lab
tory scattering angles of 2°<u<92° and collision energies
of 200<Elab<500 eV. In the TOF spectra, the scattered L1

ions and Li atoms and recoiled Ne atoms and Ne1 ions have
been observed. Furthermore an additional weak signal du
photons emitted from the excited Ne and Ne1 has been
found in the spectra. Since the recoiled Ne and Ne1 belong
to the same reaction channels as those of the scattered1

and Li, here we will discuss the spectra for the Li1 ions and
Li atoms.

Figure 1 shows the energy-transfer spectra of the Li1 ions
and Li atoms atElab5500 eV andu522°, where the ab-
scissa is the energy transferQ from the kinetic energy to the
internal energy of colliding particles in units of eV. The
spectra are deduced from the TOF spectra by taking acc
of the Jacobian factordQ/dt, wheret is the flight time. The
energy transfersQ for important exit channels are present
in Table I. The inelastic signalA1 of the Li1 ions in Fig. 1~a!
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is composed of double peaks, and is ascribed to 1e direct
excitations into the Ne(3s) and Ne(3p) states. SignalA2 has
a dominant peak located aroundQ545 eV and a weak peak
aroundQ548 eV, and is attributed to 2e excitations of the
Ne atoms into the autoionizing states of Ne@2p4(1D)3s2#
with Q545.1 eV, and Ne@2p4(1S)3s2# with Q548.3 eV
@5#. Atom signal B1 in Fig. 1~b! is due to the 1e charge
transfer into the Li(2s)1Ne1 state withQ516.2 eV. Signal
B2 has double peaks located aroundQ543.5 and 47.3 eV,
and is ascribed to the charge-exchange reactions with ta
excitation into the states of Li(2s)1Ne1@2p4(3P)3s# (Q
544.0 eV) and Li(2s)1Ne1@2p4(1D)3s# (Q546.7 eV) of
2e processes.

Figure 2 exhibits the energy-transfer spectra measure
Elab5500 eV andu540°. SignalA1 of the Li1 ions located
aroundQ519.5 eV is attributed to 1e excitations into the
Ne(3p), Ne(4s), and Ne(3d) states. SignalA2 is composed
of double peaks located aroundQ545.5 and 50.5 eV, and o
a shoulder aroundQ555 eV. The peak aroundQ545.5 eV
corresponds to 2e excitation into the Li11Ne@2p4(1D)3s2#
state, and the peak aroundQ550.5 eV is mainly attributed to
2e excitation into states of Ne@2p4(1D)3s3p# with Q
548.9 eV and Ne@2p4(1D)3s3d# with Q550.0 eV@5#. The
shoulder aroundQ555 eV will be attributed to the produc
tion of Ne1@2p4(1D)3p# ions (Q555.8 eV). SignalB1 of
the Li atoms in Fig. 2~b! is composed of double peaks. Th
dominant peak is due to 1e charge transfer into the Li(2s)
1Ne1 state, while the weak peak aroundQ520 eV is due to
products Li(3s) and/or Li(3p). Signal B2 has also double

FIG. 1. Energy-transfer spectra in the Li12Ne collisions mea-
sured atElab5500 eV andu522°. ~a! Spectrum of the Li1 ions.
PeakA0 is ascribed to the elastic scattering~E1!. PeaksA1 andA2

correspond to one- and two-electron excitations of Ne atoms~1eDE
and 2eDE!, respectively.~b! Spectrum of the Li atoms. PeaksB1

and B2 are due to one- and two-electron transitions~1eCT and
2eCT!, respectively.
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TABLE I. Energy transfersQ and relative intensity for important excitation processes in the Li1-Ne
collisions.

Exit channel Q ~eV! Relative intensity

One-electron processes
~1! Direct excitation (Li1 peakA1)

Li11Ne(3s) 16.7 Low
Li11Ne(3p) 18.7 Middle
Li11Ne(4s) 19.7 Low

~2! Charge transfer ~Li peak B1)
Li(2s)1Ne1 16.2 High
Li(3s)1Ne1 19.5 Low

Two-electron processes
~3! Direct excitation (Li1 peakA2)

Li11Ne@2p4(1D)3s2# 45.1a Middle
Li11Ne@2p4(1D)3s3p# 48.9a Low

~4! Charge transfer ~Li peak B2)
Li(2s)1Ne1@2p4(1D)3s# 46.7 Low
Li(2s)1Ne1@2p4(1D)3p# 50.4 Low

aOlsen and Andersen~Ref. @5#!.
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peaks aroundQ547.5 and 51 eV which are scarcely sep
rated. The peak aroundQ547.5 eV is mainly due to the
charge transfer with target excitation into the Li(2s)
1Ne1@2p4(1D)3s# state, and another peak aroundQ
551 eV is ascribed to the exit channel of Li(2s)
1Ne1@2p4(1D)3p#, with Q550.4 eV. The broader struc
ture in signalB2 , however, will indicate that the contributio
of the excitation signals into Li(2p), Li(3s), and Li(3p)
states cannot be ignored.

Figure 3 shows angular dependence of the Li1-ion peak
A1 for 1e excitation of the Ne atoms measured atElab

FIG. 2. Energy-transfer spectra of Li1 ions and Li atoms mea
sured atElab5500 eV andu540°.
03270
-5500 eV, where peakA1 is presented with almost the sam
height. As shown in the figure, at small angleu517° signal
A1 is predominantly due to Ne(3s) excitation, while atu
530° the dominant signal is ascribed to the transition in
the Ne(3p) state. Thus the 1e direct excitation depends
strongly on the scattering angle. The weak 2e excitation
peaks located at 48 eV in signalA2 and at 43.5 eV in signa
B2 , shown in Fig. 1, have also been observed only at sm
angles ofu,30°, similarly to the Ne(3s) excitation.

All the energy-transfer spectra of the scattered Li1 ions
and recoiled Ne atoms measured atu<92° only have signals

FIG. 3. Angular dependence of the Li1 -ion peakA1 for one-
electron excitation of the Ne atoms~1eDE!. Arrows 3s, 3p, and 4s
indicate the energy-transfer locations for the Ne* (3s), Ne* (3p),
and Ne* (4s) excitations, respectively.
4-3
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located at energy transfers ofQ,60 eV andQ,22 eV, re-
spectively. One can, therefore, conclude that excitation
Li1 ions (Q>60.8 eV) has very small probability under th
experimental conditions in this study. In order to detect
negative Li2 ions produced in the collisions, additional TO
measurements, in which the first dynode of the multipl
was grounded, have also been performed atElab5500 eV
andu<40°. However, the Li2 ions could not be found in the
TOF spectra.

C. Differential cross sections

Angular dependence of the DCSs(u)sinu, for the Li1

ions and Li atoms scattered atElab5300 eV, is shown in Fig.
4. The elastic DCSs(u)A0 is presented only at large angle
of u.30° in the figure, becauses(u)A0 is nearly equal to
the summed DCSs(u)sum at small angles. The 1e charge
transfer DCSs(u)B1 is predominantly attributed to reactio
into the Li(3s)1Ne1 state, and the oscillatory structure
s(u)B1 is due to the interference between the different sc
tering trajectories. The 1e direct excitation DCSs(u)A1 also
has double maxima, in which the first maximum aroundu
540° is due to both the Ne(3s) and Ne(3p) excitations, as
seen in the excitation signalA1 in Fig. 1~a!, while the second

FIG. 4. Angular dependence of the DCSs~u! sinu of the scat-
tered Li1 ions and Li atoms atElab5300 eV.s andd: experimen-
tal summed DCSs(u)sum and elastic DCSs(u)A0 for Li1 peak
A0 , respectively.n and m: experimental DCSs(u)B1 for 1eCT
~Li peak B1) and DCSs(u)A1 for 1eDE (Li1 peakA1), respec-
tively. h andj: experimental DCSs(u)B2 for 2eCT~Li peakB2)
and DCSs(u)A2 for 2eDE (Li1 peak A2), respectively. :
elastic DCS calculated using the experimental potential of Eq.~1!. :
DCS’s s(u)sum and s(u)B1 calculated with the two-state approx
mation. — —: DCS’ss(u)B1 ands(u)A2 calculated with the four-
state approximation.
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maximum aroundu570° is due to Ne excitations into 3p
and 4s states. The origin of the double maxima ins(u)A1

seems to be different from that ins(u)B1 . The 2e excitation
DCS s(u)A2 is predominantly ascribed to reaction into th
Li11Ne@2p4(1D)3s2# state, withQ545.1 eV. For this en-
ergy, the componentA2 with larger energy transfer ofQ
.50 eV, which can be seen in Fig. 2~a!, was observed only
at u.80°. The oscillatory structure in the DCSs(u)A2 is
due to the interference effect. The charge transfer D
s(u)B2 for a 2e process is so low that it could be scarce
measured by the TOF experiments with a poor time reso
tion at this energy.

Figure 5 exhibits the DCSs(u)sinu at Elab5500 eV. All
excitation DCS’s in the figure appear at nearly the sa
angle, and have double maxima. Since several exit chan
contribute to each excitation DCS at large angles ofu
.30° for this energy, the oscillatory structures in the DCS
s(u)B1 and s(u)A2 are somewhat obscure in comparis
with those in Fig. 4 atElab5300 eV. As can be seen in Figs
4 and 5, the dominant 1e and 2e excitations in the Li1-Ne
collisions near threshold are due to charge transfer and d
excitation of Ne atoms, respectively.

Since the DCS’s measured in this study at 200<Elab
<500 eV are relative ones, the experimental summed D
s(u)sum at reduced anglest5Elabu,6.5 keV deg, where the
scattering is almost elastic, was normalized to the ela
DCS calculated by using the experimental potential

V~R!51620 exp~25.30R! eV, ~1!

whereR is in units of Å @21#.

FIG. 5. Angular dependence of the DCSs~u! sinu of the scat-
tered Li1 ions and Li atoms atElab5500 eV.
4-4
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III. ANALYSIS OF EXPERIMENTAL RESULTS

As shown in Figs. 4 and 5, the 1e charge transfer DCS
s(u)B1 has the highest magnitude among the excitat
DCS’s, and shows a distinct oscillatory structure due to
terference effect. Assuming interference between two dif
ent trajectories, angular spacingDQ of the oscillation is
given by DQ52p/kDb, where Db is the difference be-
tween the impact parameters leading to the same cente
mass angleQ, andk is the wave number@22#. TheDb origi-
nates from the difference between the diabatic ground-
excited-state potentialsV1 andV2 . Therefore, the oscillating
structure provides us information on the potential differen
DV5V22V1 . The excited-state potentialV2 for the Li(2s)
1Ne1 state as well as the ground-state potentialV1 was first
evaluated by the fitting of the DCSs(u)B1 , assuming a two-
state approximation. The dominant 2e process is excitation
into the autoionizing state of Ne** (3s2). Second, the poten
tial for Li11Ne(2p43s2), as well as those for the groun
and 1e excited states, were evaluated by fitting of the DCS
s(u)B1 , s(u)A1 , and s(u)A2 , assuming a four-state ap
proximation.

A. One-electron charge transfer

The experimental 1e charge transfer DCSs(u)B1 was
analyzed semiclassically by employing the Landau-Ze
transition probability modified by Zhu and Nakamura@15#,

p5exp~22pV12
2 f /\v rDS!, ~2a!

with

f 5@2/„11A11~0.7010.40a2!b24
…#1/2, ~2b!

whereV12 is the interaction energy at the avoided-cross
point between the ground and excited states,v r is the radial
velocity, andDS is the difference in slopes of the two po
tential curvesV1 andV2 . The probabilityp must has a finite
value even if the turning pointR0 coincides with the crossing
distanceRc . The original Landau-Zener formula@23#, how-
ever, givesp50 at R05Rc . The quantityf in Eq. ~2! is a
correction factor by Zhu and Nakamura, anda andb in the
factor f are the diabatic parameters (ab)2158V12

2 /\v rDS.
In the fitting procedure, diabatic ground- and excited-st
@Li(2s)1Ne1# potentials were initially estimated by refe
ring to the pseudo-ground-state potential

V~R!51620 exp~25.30R!2~12.212R!12exp~238R! eV,
~3!

which was evaluated from the experimental summed D
s(u)sum in Figs. 4 and 5. Taking into account the interfe
ence effect, the semiclassical DCSs(u)B1 was calculated
iteratively as a function of potential parameters and of
interaction energyV12, to obtain a best fit of the experimen
tal DCSs(u)B1 . The solid curves in Figs. 4 and 5 give th
best-fit results of the summed and 1e charge-transfer DCS’s
The calculations reproduce the experiments at 200<Elab
<500 eV fairly well, except the DCSs(u)B1 at u.60° for
Elab5500 eV, where the two-state approximation will not
03270
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applicable. The diabatic ground- and excited-state poten
deduced from the experiments are

V151620 exp~25.30R!2~11.892R!12exp~238R! eV,
~4a!

V252045 exp~26.05R!2~12.212R!12exp~238R!

116.2 eV. ~4b!

The potential parameters at the crossing point, which ch
acterize the electronic transition, areRc50.554 Å @V(Rc)
581.3 eV#, V1253.10 eV, andDS551.9 eV/Å. The differ-
ence potential given by Eq.~4! is estimated to be meaningfu
at R.0.36 Å.

B. Two-electron excitation of Ne atoms

Figure 6 shows a schematic drawing of the diabatic
tential curves for Li1-Ne employed in the analysis of th
experimental DCS’s, assuming a four-state approximat
Although some exit channels contribute to the 1e direct ex-
citation DCSs(u)A1 , as seen in Fig. 3, we have employed
potential curveV3 for the 1e excited states of the Ne atom
In the analysis, 1e charge transfer and 1e direct excitation
were assumed to take place through crossingsC1 and C2 ,
respectively, and 2e excitation into the Li11Ne(3s2) state
was assumed to proceed through the crossingC3 by two-step
1e transitions similarly to that for the quasisymmetr
Na1-Ne system@9,10~b!#. The excited-state potentialsV2 ,

FIG. 6. Schematic drawing of the diabatic potentials used in
data analysis. The potentialV1 is for the ground state. The poten
tials V2 , V3 , and V4 are for the excited states of Li(2s)1Ne1,
Li11Ne(3s), and Li11Ne(3s2), respectively, at a separated di
tance. The electronic transitions are assumed to take place a
crossingsC1 , C2 , andC3 .
4-5
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V3 , andV4 , as well as the ground-state potentialV1 , were
evaluated with the fitting of the excitation DCS’ss(u)B1 ,
s(u)A1 , ands(u)A2 , shown in Figs. 4 and 5. In the fitting
procedure, the classical excitation DCS’s were iterativ
calculated without the interference effect as a function of
potential parameters and of the interaction energyVi j at each
crossing point.

The broken curves in Fig. 4 show the fitting results of t
1e charge transfer DCSs(u)B1 and the DCSs(u)A2 for 2e
excitation of the Ne atoms. Since the excitation DCS’s in
fitting procedure with the four-state approximation were c
culated without the interference effect, the fitting results
s(u)B1 and s(u)A2 are approximately half that of the ex
periments around the maxima. As can be seen in Fig. 4,
agreement between the calculations and the experimen
reasonable. The calculated DCSs(u)A1 for 1e excitation of
the Ne atoms is almost the same as thes(u)A2 , and is not
shown here for the sake of clarity. The fitting result of DC
s(u)A1 reproduces the experiments atu,50° fairly well, but
it does not atu.50°.

The broken curves in Fig. 5 forElab5500 eV also repre-
sent the calculated excitation DCS’ss(u)B1 and s(u)A2 .
The calculateds(u)A1 , which is not shown here, is agai
nearly the same as thes(u)A2 . The fitting result of DCS’s
s(u)B1 ands(u)A2 satisfactorily reproduce the experimen
over the whole angular range. For the DCSs(u)A1 , the
fitting result fairly well reproduces the experiments arou
the first maximum, while atu.30° the agreement betwee
them is not enough. These results will suggest that the
perimental DCSs(u)A1 can be satisfactorily reproduce
only by taking into account additional potential curves f
the 1e-excited states of Ne(4s) and Ne(3d). The potential
parameters at the crossingsC1 , C2 , andC3 , deduced with
the analysis, are summarized in Table II. The parameter
the crossingC1 in the table are almost the same as tho
determined using the two-state approximation mentio
above.

TABLE II. The crossing parameters deduced from the exp
ments by assuming four-state approximation and from the MCS
potentials.

Parameter C1 C2 C3

Experiment
Rc ~Å! 0.582 0.574 0.529
V(Rc) ~eV! 78.3 81.8 98.4
Vi j ~eV!a 3.55 2.80 2.80
Vi j

2 /DS ~eV Å! 0.192 0.112 0.090
SVi j ~eV!b 3.55 6.35 9.15

MCSCF
Rc ~Å! 0.566 0.530 0.504
V(Rc) ~eV! 85.0 106 121
Vi j ~eV! 3.50 1.90 2.63
Vi j

2 /DS ~eV Å! 0.21 0.080 0.067

aVi j 5V12 for C1 , V13 for C2 , V34 for C3 , referring to Fig. 6.
bSVi j 5V12 for C1 , V121V13 for C2 , V121V131V34 for C3 .
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IV. COMPUTATION OF INTERACTION POTENTIALS

For elucidation of the excitation mechanisms in t
Li1-Ne collisions near threshold,ab initio 1S1 potentials of
singly and doubly excited states, as well as the1S1 ground-
state potential, have been calculated at internuclear dista
of 0.6<R<10 a.u. with the MCSCF method. The calcul
tions were carried out using the quantum-chemistry co
GAMESS revised by Schmidtet al. @14#. The active space o
the MCSCF computation includes all valence orbitals a
electrons. In the calculations, we used the McLean-Chan
extended basis set@24# augmented by double sets of sixd
functions for Li and Ne atoms. The orbital exponents of t
polarization functions are 0.1 and 0.4 for the Li atom, a
1.152 and 4.608 for the Ne atom. Our basis set has, th
fore, the quality of triplez plus double polarizations.

The ground-state potentials calculated using the MCS
method agree quite well with the experimental potential
Eq. ~3! and the previous calculations@11,25,26#, and also
with the empirical model potential@27#. The solid curves in
Fig. 7 show the adiabatic difference potentials ofDE5En
2E1 for Li1-Ne calculated by the MCSCF method, whereE1
and En are the electronic energies for ground state 1 a
excited staten, respectively. In this figure, we show only th
potentials of the six lowest excited states and a highly
cited state which are related to our discussion. Since
calculations were performed mostly with an interval ofDR
50.1 a.u. (DR50.05 a.u. at 0.9<R<1.1 a.u.), the curves in
the figure are interpolated ones. The main configuration
the wave functions of states shown in Fig. 7 at the spec
distances are listed in Table III. The configurations of e
cited statesn53 – 7 strongly depend on the distance atR

i-
F

FIG. 7. Adiabatic difference potentials of the excited stat
: MCSCF calculations. : experimental potential for one

electron charge transfer.s: experimental potentials at the crossin
pointsC1 , C2 , andC3 .
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TABLE III. Main configurations in the MCSCF wave functions of states at specific distances of 0.9, 1.1, 2.2, and 10 a.u.
configurations without superscripts a–d, the Ne 2pz electron~s! is promoted into emptyn8s or ~/and! n8pz orbital~s!, where thez axis is along
the molecular axis.

State

DistanceR ~a.u.!

0.9 1.1 2.2 10

1 Li2(2s2)1Ne21(2p4) Li11Ne(2p6) Li11Ne(2p6) Li11Ne(2p6)
Li(2s)1Ne1(2p5)

2 Li(2p)1Ne1(2p43s) Li(2s)1Ne1(2p5) Li(2s)1Ne1(2p5) Li(2s)1Ne1(2p5)
Li11Ne(2p6)

3 Li(2s)1Ne1(2p5) Li(2 p)1Ne1(2p5) Li(2 p)1Ne1(2p5) Li11Ne(2p53s)
4 Li11Ne(2p43s2) Li11Ne(2p53s) Li(2 p)1Ne1(2p5)a Li(2 p)1Ne1(2p5)a

Li11Ne(2p53s)
5 Li(2s)1Ne1(2p43p) Li11Ne(2p53p) Li11Ne(2p53p)b Li(2 p)1Ne1(2p5)

Li11Ne(2p53p)
6 Li11Ne(2p6) Li2(2s2)1Ne21(2p4) Li11Ne(2p53s) Li11Ne(2p53p)b

Li(2 p)1Ne1(2p5)
7 Li11Ne(2p6) Li2(2s2p)1Ne21(2p4) Li11Ne(2p53p) Li11Ne(2p53p)

Li(2 p)1Ne1(2p5)
8 Li2(2p2)1Ne21(2p4)c Li2(2s2p)1Ne21(2p4) Li(2s)1Ne1(2s2p6)d Li(2s)1Ne1(2s2p6)d

a@Li(2 px)1Ne1(2p62px
21)#1@Li(2 py)1Ne1(2p62py

21)#.
b@Li11Ne(2p62px

213px)#1@Li11Ne(2p62py
213py)#.

c@Li2(2px
2)1Ne21(2p62pz

22)#1@Li2(2py
2)1Ne21(2p62pz

22)#.
dPromotion of the Ne 2s electron.
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gra-
>1.6 a.u., which can be partly seen in the table, and all st
change their configurations at 0.9<R<1.1 a.u. These fea
tures are attributed to the multiple avoided crossings.

In an avoided crossing between statesi and j, the adia-
batic difference potentialDE5Ej2Ei is related to the diaba
tic potentialDV5Vj2Vi by

DE52A~DV/2!21Vi j
2 , ~5!

where DE52Vi j and DV50 at the crossing distanceRc
@28#. The dotted curve in Fig. 7 exhibits the adiabatic diffe
ence potentialDE5E22E1 estimated from the experimenta
potentials of Eq.~4!, with V1253.1 eV. The experimenta
DE at small distancesR,0.95 a.u.~0.5 Å! is close to curve
3 rather than curve 2. The open circlesC1 , C2 , andC3 in
Fig. 7 denote the adiabatic difference potentialDE(Rc)
52SVi j , evaluated approximately with the sum of the e
perimental interaction energiesSVi j given in Table II at the
crossing pointsC1 , C2 , andC3 , respectively. This approxi
mation is due to the fact that the difference potentialsDE’s
around the crossingsC2 andC3 in Fig. 6 evaluated indepen
dently in the similar way as for theC1(DE5E22E1) are
approximately given byDE52Vi j at a very short range o
distances ofDR5RC32RC150.05 Å, which can be seen i
the dotted curve ofDE5E22E1 in Fig. 7. The open circles
C1 and C2 in Fig. 7 are on curves 2 and 5, respective
while the open circleC3 is located between curves 7 and

V. DISCUSSION

Electronic transitions due to radial coupling proceed e
ciently through interactions around the critical~crossing! dis-
03270
es

-

,

-

tanceRc , where the adiabatic difference potential usua
has a minimum valueDEmin @11,13,15#. By evaluating di-
abatic potential-parameters at a distanceRc from the MC-
SCF potential aroundDEmin , we will discuss the excitation
mechanisms for the dominant 1e charge transfer and 2e ex-
citation of Ne atoms near threshold angles.

A. One-electron charge transfer

As seen in Table III, both the configurations of states
and 2 atR51.1 a.u. are Li11Ne and Li(2s)1Ne1, and the
two states interchange their configurations aroundR
51.1 a.u. These are the typical features of an avoided cr
ing, so the crossing distance ofC1* between states 1 and
was crudely estimated to beRC1* 51.1 a.u.~0.58 Å!. Here the
crossingC1* corresponds toC1 in Fig. 6.

The charge-exchange reaction into the lowest exc
state of Li(2s)1Ne1 takes place through the transition on
potential curve 2 in Fig. 7. Although the MCSCF calcul
tions certainly indicate an avoided crossing between stat
and 2 aroundRC1* 50.58 Å, curve 2 (DE125E22E1) in Fig.
7 has no appreciable minimum aroundRC1* . This is attrib-
uted to the multiple crossings between states 1 and 2,
between states 2 and 3 atR,RC1* . In order to determine the
crossing distanceRc from the difference potentialDE12, we
have especially assumed that the extremum point in the
dient b5ud ln DE12 /dRu corresponds to the distanceRc in a
similar way as for the previous Li1-Ar system@13#. In this
case, the sharp peak in the curve of 1/b located at R
50.566 Å was assigned to the crossing point ofC1 , i.e.,
RC150.566 Å @V(RC1)585.0 eV#, V1253.50 eV, and
V12

2 /DS50.207 eV Å. RC1 is close to RC1* 50.58 Å, esti-
4-7
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mated crudely from theR dependence of the configuration
of states 1 and 2, and all the parameters at the crossingC1

deduced from the MCSCF potentials satisfactorily reprod
the experiments as shown in Table II. The 1e charge transfer
into the Li(2s)1Ne1 state, thus, can be well interpreted
occur through the avoided crossing between states 1 an
As shown by the dotted curve in Fig. 7, however, at sma
distances ofR,0.5 Å, the experimental difference potenti
DE12 evaluated from the diabatic potentials of Eq.~4! close
to curve 3 rather than curve 2. As a next step, we will disc
the transition from curve 2 onto curve 3 atR,RC1 .

The potential parameters at the crossing between sta
and 3 were evaluated from the difference potentialDE23.
The result is Rc50.53 Å, V2350.45 eV, and V23

2 /DS
50.0082 eV Å. Because of the small value ofV23

2 /DS, most
of the particles diabatically path through the crossing fr
curve 2 onto curve 3. This is the reason why the experim
tal DE12 in Fig. 7 reproduces the MCSCF potentialDE13

rather than the MCSCFDE12 at R,0.5 Å.
State 3 in Fig. 7, which has the configuration of Li(2p)

1Ne1 at R50.58 Å ~1.1 a.u.!, as shown in Table III, adia
batically correlates to the Li11Ne(3s) state at the separate
distance. Emergence of the particles along the adiab
curve 3 results in Ne(3s) excitation. The experimental find
ing that Ne(3s) excitation could be observed only near t
threshold angles, as seen in Fig. 3, can also be attribute
the small diadatic parameter ofV23

2 /DS.

B. Two-electron excitation of Ne atoms

1. First process in two-successive transitions

Excitation into the Li11Ne@2p4(1D)3s2# state is consid-
ered to proceed through two successive 1e transitions, i.e.,
Ne→Ne*(3s)→Ne** (3s2) @9,10~b!#. The wave function of
state 4 has a configuration of Li11Ne(3s) around the dis-
tanceR50.58 Å ~1.1 a.u.!, which can be seen in Table III
The configuration mixing of Li11Ne(3s) and Li11Ne(3s2)
in the wave functions of state 4 atR50.9 ~and 0.95! a.u. in
Table III is considered to be ascribed to the avoided cross
C3* between the 1e and 2e excited states, i.e.,RC3*
.0.93 a.u.~0.49 Å!. The transition onto curve 4 atR,RC1
is, then, ascribed to the first process in the two-step 1e tran-
sitions. Here we will discuss the transition onto curve
which leads the excitation into the Ne(3p) state.

Assuming the particles diabatically path through t
crossing between states 2 and 3, the potential paramete
the crossing (Rc,RC150.57 Å) for direct transition from
state 2 into state 4 were evaluated from the difference po
tial DE24. This approximation corresponds to the expe
mental analysis by assuming a potentialV3 for the 1e ex-
cited states of the Ne atoms as shown in Fig. 6, and prov
the potential parameters at the crossingC2 . The results are
RC250.530 Å @V(RC2)5106 eV#, V2451.90 eV, and
V24

2 /DS50.080 eV Å. These values reasonably reprodu
the experiments, as can be seen in Table II.

As shown in Table III, the wave function of state 4, whic
has the configuration Li11Ne(3s) at R50.58 Å ~1.1 a.u.!,
03270
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adiabatically correlates to Li(2p)1Ne1 around R51.2 Å
~2.2 a.u.!. At R51.2 Å, state 6 has the configuration o
Li11Ne(3s). MCSCF calculations show that there are su
cessive avoided crossings at 0.85,R,1.2 Å(1.6,R
,2.2 a.u.) between states 4 and 5, and between states 5
6. According to the analysis ofDE45 and DE56, most par-
ticles going out along potential curve 4 pass the crossi
(p.0.9) to curve 5 atRc.0.88 Å, and further to curve 6 a
Rc.1.14 Å. These successive transitions followed by
outgoing path along adiabatic curve 6 result in excitation i
the Li11Ne(3p) state. The Ne* (3p) excitation observed
experimentally at small angles is, then, attributed mainly
the transition onto curve 4 in Fig. 7 atRC250.53 Å.

2. Second process in two-successive transitions

The 2e excitation into the Ne(3s2) state is ascribed to
take place through the transition from state 4 to a state ly
at a higher-energy level. The adiabatic difference potentia
the crossing pointC3 , estimated experimentally, which i
indicated by an open circle in Fig. 7, is located betwe
curves 7 and 8. As theR dependence of the MCSCF calcu
lations suggests that 2e excitation occurs through the trans
tion from state 4 into state 7, the potential parameters at
diabatic crossing were evaluated fromDE475E72E4 . The
result isRc50.504 Å @V(Rc)5121 eV#, V4752.63 eV, and
V47

2 /DS50.067 eV Å, which are presented in Table II, an
agree reasonably with the experiments for the crossingC3 .
Since curve 7 leads adiabatically to the exit channel
Li11Ne(3p), the 2e excitation must be followed by a di
abatic transition onto another potential curve lying at t
higher-energy level, which leads to the exit channel
Li11Ne(2p43s2).

As discussed above, the configuration mixing
Li11Ne(3s) and Li11Ne(3s2), in the wave functions of
state 4 atRC3* 50.49 Å ~0.93 a.u.! is attributed to the avoided
crossing between the 1e and 2e excited states. The exper
mental result for 2e excitation, however, is interpreted by th
transition from curve 4 onto curve 7 atRc50.504 Å ~0.952
a.u.!. The discrepancy suggests that the transition onto cu
7 is not the usual avoided crossing, but is due to a noncr
ing interaction at the critical distanceRc , where two adia-
batic potentials close in on each other, analogously to
transition in the Li1-Ar collisions @11,13#. A careful analysis
of the MCSCF potentials for 1e charge transfer due to th
noncrossing interaction in Li1-Ar has shown that the diabati
crossing distanceRc does not coincide withRmin , where the
adiabatic difference potential has a minimum valueDEmin
@13#. The differenceDR5Rc2Rmin depends on the curva
ture ofDE aroundRmin . Since the curvature ofDE47 around
Rmin for Li1-Ne is about a factor of 3 larger than that fo
Li1-Ar, the DR for Li1-Ne is expected to be sufficientl
small. This will be the reason why the diabatic parame
V47

2 /DS, evaluated fromDE47, satisfactorily agrees with the
experiments.

The 2e excitation into the Ne(3s2) state has also bee
studied experimentally and theoretically for moderate-ene
Na1-Ne collisions@9,10~b!#. Theoretical analysis shows tha
4-8
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the excitation is well interpreted by the two successivee
transitions occurring only through the avoided-crossing
teractions@9#. This result for the quasisymmetric Na1-Ne
system is in contrast to that for the asymmetric Li1-Ne.

In this study, experimental results near threshold ang
have been analyzed by assuming only radial coupling,
excitations into the higher-energy levels observed at la
angles must be analyzed by taking into account rotatio
coupling in addition to radial coupling.

C. Potential crossings

The gross features of the diabatic potential crossings
1e and 2e excitations in the Li11Ne collisions can be quali
tatively interpreted by the crossings of the promoted 3ds
molecular orbital aroundR51.0 a.u. evaluated by anab ini-
tio calculation@11#. The MCSCF potentials calculated in th
study, however, are different from the correlation energy d
gram@6,11# deduced using the empirical electron-promoti
model @29#. This suggests that a careful treatment is nec
sary to discuss the details of the excitation mechanisms.
origin of the potential crossings can also be intuitively int
preted by using the empirical charge-overlap model@27#.
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VI. SUMMARY

One- and two-electron excitations in the Li1-Ne colli-
sions were observed at the reduced angles atElabu
.6 keV deg at collision energies ofElab>200 eV. Among
the excitations, 1e charge transfer into the Li(2s)1Ne1

state has the highest transition probability. A remarkable
citation into the autoionizing Ne** (3s2) state has also bee
observed in the experiments. The analysis of the experim
tal DCS’s shows that the electronic transitions take place
the distancesR<0.57 Å. The excitations near the thresho
could be well interpreted by theab initio MCSCF potentials.
The analysis of the MCSCF potentials indicates that 1e ex-
citations are due to the usual avoided-crossing interactio
while the 2e excitation taking place through two successi
1e transitions is attributed to both the avoided-crossing a
noncrossing interactions.
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