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Excitation processes in LiNe collisions have been studied over a wide range of laboratory angles of 2°
< #<92°, and at laboratory collision energies of 208,,,<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 angleg 8> 6 keV deg. The electronic transitions take
place through diabatic potential crossings at internuclear distandes:6f57 A. The excitation mechanisms
near threshold have been investigated by referrirgptanitio 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 numbe(s): 34.50.Fa, 34.20.Cf

[. INTRODUCTION scattered particles have been measured at laboratory collision
energies of 208 E,,<500eV and scattering angles of 2°
Through numerous experimental and theoretical studiess #<92°. The experimental DCS’s have been analyzed by
on excitation processes, an understanding of the excitatioassuming diabatic potentials for the ground and excited
mechanisms in slow collisions of heavy particles has beestates. The diabatic potentials provide classical trajectories of
well enhanced in the last several decades. The excitatiorgarticles. The diabatic potential parameters which character-
predominantly proceed through nonadiabatic radial couize electronic transitions, at the crossing distaRge have
plings, which are classified into avoided-crossing interacbeen evaluated through the analysis.
tions and noncrossing interactiof$]. The excitation pro- In this study, electronic energids(R)’s for the ground
cesses in slow collisions are generally interpreted with snd excited states ¢EiNe)™ have also been calculated using
quasimolecular framework. If two particles approach eacra multiconfiguration self-consistent fie[@MCSCH method
other to a distance shorter than a critical distafge an  [14]. Electronic transitions due to radial coupling take place
excited quasimolecule is temporarily formed with a certainefficiently around the criticalcrossing distanceR., where
probability. the adiabatic difference potentidE = E; — E; between inter-
Excitations in moderate-energy collisions between closedacting states$ andj has a minimum valud g, [11,13,15.
shell particles have long been studied by employing severakround the distanceRr., electronic configurations in the
experimental methods[2-13. Excitation probability —wave functions interchange with each other between interact-
strongly depends on colliding system. Transitions occurringng states in the avoided-crossing case, while there is no
through avoided crossings in symmetric and quasisymmetrichange of configurations in the noncrossing case. By evalu-
closed-shell systems have a large probab(lity10|, while  ating diabatic potential parameters R¢ from the MCSCF
transitions due to noncrossing interactions in most asymmepotentials, we have obtained information on the excitation
ric closed-shell systems have a very small probabjlity—  mechanisms for the dominant excitation processes near
13]. Despite a large amount of earlier studies, such a stronthreshold angles.
system dependence of the excitations has not yet been fully In Li*-Ne collisions, two-electron (& excitations as
interpreted. well as one-electron (g) excitations have been observed
Differential scattering of Li ions from Ne atoms was with remarkable probability. The € excitation into the
studied experimentally and theoretically by Bagaal. [11]. Li *-Ne (3s?) state was interpreted to take place through two
In their experiments, an energy analysis of thé ldns was  successive @é-transition processes, similarly to that in the
performed to obtain doubly differential cross sectionsNa‘-Ne collisions[9,10b)], i.e., Ne=Ne (3s)— Ne(3s?),
(DCS’s), while for Li atoms produced by charge transfersrather than a simultaneous 2ransition, Ne~Ne(3s?). An
only the total DCS was measured without energy analysisanalysis of the MCSCF calculations shows that the first pro-
Thus the excitation mechanisms in the"tlle collisions cess in the two successive transitions is attributed to the
have not been sufficiently understood. In this study, we havavoided crossing. On the other hand, around the second tran-
carried out a translational-energy analysis of all the particlesition point no interchange of the electronic configurations is
scattered in the Li-Ne collisions (Li", Li, Ne, and N&) by  recognized, so the second process is attributed to the non-
using a time-of-flight technique, and the DCS'’s for all the crossing interaction.
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Il. EXPERIMENTS T T T T T T T

(a) Li” Li* - Ne
A. Apparatus Ejab = 500eV Ao(ED
Differential scattering experiments have been performed 0 =2

using a crossed-beam apparatus. Details of the apparatus
were given elsewhergl6] (and a schematic drawing of the
apparatus is presented in Fig. 1 in REf3]). The primary
ion beam and secondary target beam cross each other per-
pendicularly in the main chamber at the scattering center.
For time-of-flight(TOF) measurements, the primafli * ion
beam[17] was pulsed with a pair of condenser plaf&8].
Supersonic and capillary beaifis3,19 were used as second-
ary beam in the experiments. The laboratory scattering angle
0 is determined with respect to the primary ion-beam axis.
The flight-path length from the scattering center to the detec-
tor is about 50 cm. The overall angular resolution for the
scattered particle is about 0.12° full width at half maximum %30
(FWHM). The time resolutionAt/t in the TOF measure-
ments is approximately 1/800FWHM) for an ion energy 60 30 0
El.b=500eV at a scattering angle=2°. In this paper we
will discuss only the dominarfiLi *-2°Ne collisions. Q (eV)
In the apparatus used, both ions and neutral atoms scat- i, 1. Energy-transfer spectra in the*LiNe collisions mea-
tered into an angle are simultaneously detected through agyred ate,,,=500 eV and6=22°. (a) Spectrum of the Li ions.
secondary-electron multipliefHamamatsu R595 Since a  peaka, is ascribed to the elastic scatterifl). PeaksA, andA,
negative high voltage\(gy= —2.7kV) is usually applied to  correspond to one- and two-electron excitations of Ne atdmBE
the first dynode of the multiplier, the detection efficiency and 2eDE, respectively(b) Spectrum of the Li atoms. Peals
of the multiplier for the positive ions can be estimated to beand B, are due to one- and two-electron transitiagdeCT and
unity. However, the efficiency for the neutral atoms is 2eCT), respectively.
smaller than unity, when the impinging enerBy, is lower
than a critical energy. In order to evaluate the correct inten
sity of the neutral particles, the efficieney(Li) for Li atoms
has been experimentally determined within an uncertainty o

2~Og/°1 ‘2 éhg 5e2§rgfi5%ﬁ3f§§ 2(\)/eve[1:i]}, t'l.?a.l, 8(([1]‘3 aroundQ=48eV, and is attributed toeexcitations of the
— Y- and b im= 190 an » Fespectively. Ne atoms into the autoionizing states of [Bp*(*D)3s?]

for Ne atoms has also been determined at<&Q, ; _ 41cy2c2] i h

<1000eV in scattering experiments for'KNe collisions Vé'thA? 45116\1’5 ar_1d FNQFL() 8.)33] V,:”ththQ 334853 ev

[20]. The efficiencies (Li) ande (Ne) are unity at energies [5]. om signaib, in |g.+ (b) is cue to the = charge
. transfer into the Li(8) + Ne" state withQ=16.2 eV. Signal

Eim higher than 700 and 1000 eV, respectively. B, has double peaks located arouQd=43.5 and 47.3 eV,
and is ascribed to the charge-exchange reactions with target
B. Energy-transfer spectra excitation into the states of Lig+Ne'[2p*(®P)3s] (Q
The TOF measurements have been performed at labora=44.0 eV) and Li(2)+Ne"[2p*(!D)3s] (Q=46.7 eV) of
tory scattering angles of 229<92° and collision energies 2e processes.
of 200<E,,,=<500eV. In the TOF spectra, the scattered Li Figure 2 exhibits the energy-transfer spectra measured at
ions and Li atoms and recoiled Ne atoms and Nans have  E;;,=500eV andd=40°. SignalA, of the Li* ions located
been observed. Furthermore an additional weak signal due #roundQ=19.5eV is attributed to & excitations into the
photons emitted from the excited Ne and ‘Nbas been Ne(3p), Ne(4s), and Ne(3l) states. Signah, is composed
found in the spectra. Since the recoiled Ne and Melong  of double peaks located arou@=45.5 and 50.5 eV, and of
to the same reaction channels as those of the scattefed La shoulder aroun@=55€eV. The peak aroun@®=45.5¢eV
and Li, here we will discuss the spectra for thé lions and  corresponds to € excitation into the Lt +N¢e 2p*(*D)3s?]
Li atoms. state, and the peak arouf=50.5 eV is mainly attributed to
Figure 1 shows the energy-transfer spectra of tHeitis ~ 2e excitation into states of N@p*(*D)3s3p] with Q
and Li atoms atE,,=500eV and§=22°, where the ab- =48.9eV and NE2p*(*D)3s3d] with Q=50.0eV[5]. The
scissa is the energy transf@rfrom the kinetic energy to the shoulder around@)=55 eV will be attributed to the produc-
internal energy of colliding particles in units of eV. These tion of Ne'[2p*(!D)3p] ions (Q=55.8eV). SignaB, of
spectra are deduced from the TOF spectra by taking accouttie Li atoms in Fig. &) is composed of double peaks. The
of the Jacobian factaQ/dt, wheret is the flight time. The dominant peak is due toelcharge transfer into the Li&)
energy transfer® for important exit channels are presented + Ne' state, while the weak peak arou@d=20eV is due to
in Table 1. The inelastic sign#; of the Li* ions in Fig. 1a) products Li(3) and/or Li(3p). Signal B, has also double

A,(2¢DE)
A;(1eDE)

.

B, (1eCT)

(b). Li

Intensity (arb. units)

Bz (ZeCT)

is composed of double peaks, and is ascribed eaditect
xcitations into the Ne(8 and Ne(3) states. Signah, has
dominant peak located arou=45eV and a weak peak
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TABLE I. Energy transfer9Q and relative intensity for important excitation processes in theNe

collisions.

Exit channel

Q (eV)

Relative intensity

One-electron processes

(1) Direct excitation
Li*+Ne(3s)

Li " +Ne(3p)
Li " +Ne(4s)

(2) Charge transfer
Li(2s)+Ne*
Li(3s)+Ne*

Two-electron processes

(3) Direct excitation

Li*+Nd 2p*(*D)3s?]
Li *+Ne[ 2p*(*D)3s3p]

(4) Charge transfer

Li(2s)+Ne'[2p*(*D)3s]
Li(2s)+Ne'[2p*(*D)3p]

(LI peakA,;)
16.7
18.7
19.7

(Li peakB,)
16.2
19.5

(LI peakA,)
45.12
48.9

(Li peakB,)
46.7
50.4

Low
Middle
Low

High
Low

Middle

@lsen and Anderse(Ref. [5]).

peaks around@)=47.5 and 51 eV which are scarcely sepa-=500 eV, where peal, is presented with almost the same
rated. The peak aroun®@=47.5eV is mainly due to the
charge transfer with target excitation into the Lsj2
+Ne[2p*('D)3s] state, and another peak arour@

is ascribed to the exit channel
+Ne[2p*(1D)3p], with Q=50.4eV. The broader struc-
ture in signaB,, however, will indicate that the contribution
of the excitation signals into Li(2), Li(3s), and Li(3p)

=51leV

states cannot be ignored.

Figure 3 shows angular dependence of thé-ion peak
A, for le excitation of the Ne atoms measured Bf,

of L§R

T T T T T T T T
(a) Li*
Ay(El)
A»(2eDE)
£ A;(1eDE)
=3
£
5 /\
~ x5
2 /\./\
z |
E | L
Li* - Ne
Ejap =500V B1(1eCT)
8 =40°
By (2eCT)
| l/l\ | 1 ] i
60 40 20 0
Q (eV)

FIG. 2. Energy-transfer spectra of'Lions and Li atoms mea-

sured atE,,,=500 eV andd=40°.

height. As shown in the figure, at small angle17° signal
A; is predominantly due to Ne€3} excitation, while até
=30° the dominant signal is ascribed to the transition into
the Ne(J) state. Thus the d direct excitation depends
strongly on the scattering angle. The wea& @xcitation
peaks located at 48 eV in signa), and at 43.5 eV in signal
B,, shown in Fig. 1, have also been observed only at small

angles of§<30°, similarly to the Ne(8) excitation.

Intensity (arb. units)

All the energy-transfer spectra of the scattered ldns
and recoiled Ne atoms measuredat92° only have signals

P
!
4s
JL
3s
0 =30° |

6 =17

x 100

I I T I ]

3 Li* - Ne
Elap = 5006V

Ao (ED

) I

Jk%(leDE)
| 1

I |

30

20 10 0
Q (eV)

FIG. 3. Angular dependence of the'Liion peakA, for one-
electron excitation of the Ne atoniseDE). Arrows 3s, 3p, and 4

indicate the energy-transfer locations for the*K&s), Ne*(3p),

and Né (4s) excitations, respectively.
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FIG. 4. Angular dependence of the D@%6) sind of the scat-
tered Li* ions and Li atoms & ,,=300 eV.O and@®: experimen-
tal summed DCSr(6)g,m and elastic DCSr(6) o for Lit peak
Aq, respectively.A and A: experimental DCSr(6)g, for 1eCT
(Li peak B;) and DCSa(#6),; for 1eDE (Li" peakA,), respec-
tively. 0 andl: experimental DCSr(6)g, for 2eCT(Li peak B,)
and DCSo(6)a, for 2eDE (Li" peakA,), respectively— — —:
elastic DCS calculated using the experimental potential of Bg:
DCS's () sym and o(6) g, calculated with the two-state approxi-
mation. — —: DCS’so(0) g1 and o () 5, calculated with the four-
state approximation.

FIG. 5. Angular dependence of the D@%6) sind of the scat-
tered Li" ions and Li atoms aE,,,=500eV.

maximum aroundd=70° is due to Ne excitations intop3
and 4s states. The origin of the double maxima dt{ 6) 51
seems to be different from that in( 6)g; . The 2e excitation
DCS o (0)a, is predominantly ascribed to reaction into the
Li*+Ne 2p*(*D)3s?] state, withQ=45.1eV. For this en-
ergy, the componen#, with larger energy transfer o
=50eV, which can be seen in Fig(&, was observed only

at 6>80°. The oscillatory structure in the DC&(0) A, is
located at energy transfers @f<60eV andQ<22eV, re- due to the interference effect. The charge transfer DCS
spectively. One can, therefore, conclude that excitation ofr(#)g2 for a 2e process is so low that it could be scarcely
Li*™ ions (Q=60.8eV) has very small probability under the measured by the TOF experiments with a poor time resolu-
experimental conditions in this study. In order to detect thetion at this energy.

negative Li ions produced in the collisions, additional TOF  Figure 5 exhibits the DC&(6)sind at Ej,,=500€eV. All
measurements, in which the first dynode of the multiplieréxcitation DCS’s in the figure appear at nearly the same
was grounded, have also been performecEgt=500eV  angle, and have double maxima. Since several exit channels

and#=<40°. However, the Li ions could not be found in the contribute to each excitation DCS at large angles ¢of
TOF spectra. >30° for this energy, the oscillatory structures in the DCS’s

o(6)g, and a(H), are somewhat obscure in comparison
with those in Fig. 4 aE,,=300eV. As can be seen in Figs.
4 and 5, the dominanteland 2 excitations in the Li-Ne
collisions near threshold are due to charge transfer and direct
excitation of Ne atoms, respectively.

Since the DCS’s measured in this study at 2@,

C. Differential cross sections

Angular dependence of the DC&(6)sing, for the Li*
ions and Li atoms scattered Bf,,=300 eV, is shown in Fig.
4. The elastic DCSr(0) 5q is presented only at large angles

of §>30° in the figure, because(6)ao is nearly equal 1o <500 eV are relative ones, the experimental summed DCS
the summed DCSr(6)sum at small angles. Theelcharge  ;(g)_ at reduced angles=E,,0<6.5 keV deg, where the
transfer DCSo(6)g, is predominantly attributed to reaction gcattering is almost elastic, was normalized to the elastic

o(0)g; is due to the interference between the different scat-

tering trajectories. Theddirect excitation DCSr(6) 5, also

has double maxima, in which the first maximum arouhd
=40° is due to both the Ne€3} and Ne(3) excitations, as
seen in the excitation signa), in Fig. 1(a), while the second whereR is in units of A[21].

V(R)=1620 expp—5.3(R) eV, (1)
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Ill. ANALYSIS OF EXPERIMENTAL RESULTS

As shown in Figs. 4 and 5, theelcharge transfer DCS
o(6)g, has the highest magnitude among the excitation
DCS'’s, and shows a distinct oscillatory structure due to in-
terference effect. Assuming interference between two differ-
ent trajectories, angular spaciny® of the oscillation is
given by A®=2x/kAb, where Ab is the difference be-
tween the impact parameters leading to the same center-of-
mass angl®, andk is the wave numbgr22]. The Ab origi-
nates from the difference between the diabatic ground- and
excited-state potentialé, andV,. Therefore, the oscillating
structure provides us information on the potential difference
AV=V,—V;. The excited-state potentisl, for the Li(2s)
+Ne* state as well as the ground-state potenfialvas first
evaluated by the fitting of the DC&( 6)z,, assuming a two-
state approximation. The dominané drocess is excitation
into the autoionizing state of N& (3s?). Second, the poten-
tial for Li*+Ne(2p*3s?), as well as those for the ground
and le excited states, were evaluated by fitting of the DCS’s
a(0)g1, 0(0)a1, and o(0)a,, assuming a four-state ap-
proximation.

V (R)

A. One-electron charge transfer FIG. 6. Schematic drawing of the diabatic potentials used in the

The experimental & charge transfer DC%(6)g; was  data analysis. The potentisl, is for the ground state. The poten-
analyzed semiclassically by employing the Landau-Zenefals V,, V3, andV, are for the excited states of Lig?+Ne",

transition probability modified by Zhu and Nakamdifs], Li*+Ne(3s), and Li*+Ne(3s%), respectively, at a separated dis-
tance. The electronic transitions are assumed to take place at the
p=exp —27V3,flhv,AS), (2a)  crossingsC;, C,, andCs.
with applicable. The diabatic ground- and excited-state potentials

deduced from the experiments are

f=[2/(1+ 1+ (0.70+ 0.400%)b~ %], (2b)
V;=1620 exp—5.30R) — (11.89R)2exp —38R) eV,

whereV;, is the interaction energy at the avoided-crossing (43)
point between the ground and excited statgss the radial

velocity, andAS is the difference in slopes of the two po- V,=2045 exp— 6.0R) — (12.21R) 2exq — 38R)
tential curvesv, andV,. The probabilityp must has a finite

value even if the turning poirR, coincides with the crossing +16.2eV. (4b)

distanceR.. The original Landau-Zener formu[23], how-

ever, givesp=0 atR,=R;. The quantityf in Eq. (2) is a  The potential parameters at the crossing point, which char-
correction factor by Zhu and Nakamura, aa@ndb in the  acterize the electronic transition, aR.=0.554 A [V(R,)
factor f are the diabatic parameterak) ~1=8V2,/fv,AS.  =81.3eV], V1,=3.10eV, andAS=51.9eV/A. The differ-

In the fitting procedure, diabatic ground- and excited-staténce potential given by E¢4) is estimated to be meaningful
[Li(2s)+ Ne"] potentials were initially estimated by refer- at R>0.36 A.

ring to the pseudo-ground-state potential

V(R) = 1620 ex—5.3(R) — (12.21R) 1 exp(—38R) eV, - B. Two-electron excitzf\tion of l-\le atoms - -
3) Figure 6 shows a schematic drawing of the diabatic po-

tential curves for LT-Ne employed in the analysis of the
which was evaluated from the experimental summed DC®xperimental DCS’s, assuming a four-state approximation.
a(0)sumin Figs. 4 and 5. Taking into account the interfer- Although some exit channels contribute to the direct ex-
ence effect, the semiclassical DG& #)g; was calculated citation DCSao(6) a1, as seen in Fig. 3, we have employed a
iteratively as a function of potential parameters and of thepotential curveV; for the le excited states of the Ne atoms.
interaction energy/», to obtain a best fit of the experimen- In the analysis, & charge transfer andeldirect excitation
tal DCSo(6)g,. The solid curves in Figs. 4 and 5 give the were assumed to take place through crossiGigsand C,,
best-fit results of the summed and tharge-transfer DCS'’s. respectively, and & excitation into the LT+Ne(3s?) state
The calculations reproduce the experiments at<?Bf,  was assumed to proceed through the crosSiny two-step
<500 eV fairly well, except the DC&(6)g; at 6>60° for  1le transitions similarly to that for the quasisymmetric
E,.b=500 eV, where the two-state approximation will not be Na"-Ne system[9,10b)]. The excited-state potentials,,

032704-5



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

TABLE Il. The crossing parameters deduced from the experi- RA)
ments_by assuming four-state approximation and from the MCSCF 05 L0
potentials. — T T T T T T T T 1

Parameter C, C, Cs ’

Experiment 30
R, (A) 0.582 0.574 0.529
V(R,) (eV) 78.3 81.8 98.4
Vi (ev)? 3.55 2.80 2.80 ~
Vi/AS (eV A) 0.192 0.112 0.090 2
SV (eV)P 3.55 6.35 9.15 4 20f .
MCSCF o5 5

R. (A) 0.566 0.530 0.504 ]
V(R,) (eV) 85.0 106 121 |
Vij (eV) 3.50 1.90 2.63 |
Vizj/AS (evVA) 0.21 0.080 0.067 10 ]
&=V, for Cy, Vi for C,, Vg, for Cg, referring to Fig. 6.
PV =Vy, for Cy, Vit Vag for Cy, Vig+ Vgt Va, for Cs.
V3, andV,, as well as the ground-state potentigl, were R (au)

evaluated with the fitting of the excitation DCS 6) g1,

0(0) a1, ando(6)a», shown in Figs. 4 and 5. In the fitting FIG. 7. Adiabatic difference potentials of the excited states.
procedure, the classical excitation DCS's were iteratively —: MCSCF calculations:- — — experimental potential for one-
calculated without the interference effect as a function of thélectron charge transfe: experimental potentials at the crossing
potential parameters and of the interaction enafgyat each ~ POINSC1. C2, andCs.

crossing point. o » IV. COMPUTATION OF INTERACTION POTENTIALS
The broken curves in Fig. 4 show the fitting results of the
1e charge transfer DCS(6)g, and the DCSo( ) , for 2e For elucidation of the excitation mechanisms in the

excitation of the Ne atoms. Since the excitation DCS'’s in the-i *-Ne collisions near thresholdp initio *=* potentials of
fitting procedure with the four-state approximation were cal-Singly and doubly excited states, as well as the" ground-
culated without the interference effect, the fitting results ofState potential, have 'been calculated at internuclear distances
a(0)g; and o(0) », are approximately half that of the ex- qf 0.6<R=<10a.u. with thg MCSCF method. The' calcula-
periments around the maxima. As can be seen in Fig. 4, thEoNS were carried out using the quantum-chemistry code
agreement between the calculations and the experiments fMESS revised by Schmidet al. [14]. The active space of
reasonable. The calculated D@%6) », for 1e excitation of the MCSCF computatlon includes all valence orbitals and
the Ne atoms is almost the same as #(@) ., and is not electrons. In the calculations, we used the McLean-Chandler

shown here for the sake of clarity. The fitting result of DCSextended basis s¢4] augmented by double sets of six

. o e functions for Li and Ne atoms. The orbital exponents of the
o(6) a reproduces the experimentseat 50° fairly well, but polarization functions are 0.1 and 0.4 for the Li atom, and

it does not a>50°. 1.152 and 4.608 for the Ne atom. Our basis set has, there-
The broken curves in Fig. 5 fdflatgz 500eV also repre-  fore, the quality of tripleZ plus double polarizations.
sent the calculated excitation DCSE(6)g; and o(6) a2 The ground-state potentials calculated using the MCSCF

The calculatedr(6)a;, which is not shown here, is again method agree quite well with the experimental potential of
nearly the same as the(6) ... The fitting result of DCS’s  Eq. (3) and the previous calculatiorfd1,25,26, and also
o(6)g; anda(0) s, satisfactorily reproduce the experiments with the empirical model potentigR7]. The solid curves in
over the whole angular range. For the D@%$6),, the  Fig. 7 show the adiabatic difference potentialsAdE=E,
fitting result fairly well reproduces the experiments around—E; for Li *-Ne calculated by the MCSCF method, wh&re

the first maximum, while ab>30° the agreement between and E, are the electronic energies for ground state 1 and
them is not enough. These results will suggest that the exexcited statan, respectively. In this figure, we show only the
perimental DCSa(6),; can be satisfactorily reproduced potentials of the six lowest excited states and a highly ex-
only by taking into account additional potential curves forcited state which are related to our discussion. Since the
the le-excited states of Ne@ and Ne(3l). The potential calculations were performed mostly with an interval AR
parameters at the crossin@s, C,, andC;, deduced with =0.1a.u. AR=0.05a.u. at 0.&R=<1.1a.u.), the curves in
the analysis, are summarized in Table Il. The parameters dlhe figure are interpolated ones. The main configurations in
the crossingC; in the table are almost the same as thosehe wave functions of states shown in Fig. 7 at the specific
determined using the two-state approximation mentionedlistances are listed in Table Ill. The configurations of ex-
above. cited statesm=3-7 strongly depend on the distanceRat
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TABLE Ill. Main configurations in the MCSCF wave functions of states at specific distances of 0.9, 1.1, 2.2, and 10 a.u. In the
configurations without superscripts a—d, the N 2lectrorgs) is promoted into empty’s or (/and n’p, orbital(s), where thez axis is along
the molecular axis.

DistanceR (a.u)

State 0.9 1.1 2.2 10
1 Li~(2s%) + Nt (2p%) Li*+Ne(2p®) Li *-+Ne(2p®) Li *+Ne(2p®)
Li(2s)+Ne"(2p%)
2 Li(2p) +Ne*(2p*3s) Li(2s)+Ne*(2p®) Li(2s)+Ne*(2p®) Li(2s)+Ne*(2p®)
Li*+Ne(2p®)
3 Li(2s) + Ne"(2p%) Li(2 p) + Ne™(2p®) Li(2p)+Ne'(2p®) Li*-+Ne(2p®3s)
4 Li*+Ne(2p*3s?) Li*+Ne(2p®3s) Li(2p)+Ne"(2p°)?2 Li(2p)+Ne"(2p%)?2
Li*+Ne(2p®3s)
5 Li(2s) + Ne"(2p*3p) Li*+Ne(2p°3p) Li*+Ne(2p°3p)° Li(2p)+Ne"(2p®)
Li " +Ne(2p°3p)
6 Li*+Ne(2p®) Li~(2s2) + Ne** (2p%) Li*+Ne(2p°®3s) Li*+Ne(2p°3p)°
Li(2p) +Ne*(2p®)
7 Li*+Ne(2p®) Li ~(2s2p) + Ne** (2p*) Li*+Ne(2p°3p) Li*+Ne(2p°3p)
Li(2 p) + Ne™(2p®)
8 Li~(2p?) +Ne?t(2p*© Li~(2s2p) + Ne** (2p%) Li(2s)+Ne*(2s2p®)¢ Li(2s)+Ne*(2s2p®)¢

JLi(2p,) +Ne"(2p%2p, 1) 1+[Li(2py) +Ne*(2p®2p, H)].
’[Li*+Ne(2p®2p, *3p,) ]+ [Li " +Ne(2p®2p, *3p,)].
Li~(2p7) +Ne**(2p®2p, %) ]+ [Li~(2p3) + Ne** (2p°2p, )]
dpromotion of the Ne & electron.

=1.6a.u., which can be partly seen in the table, and all stat@nceR;, where the adiabatic difference potential usually
change their configurations at &®R<1.1a.u. These fea- has a minimum valué\E, [11,13,15. By evaluating di-
tures are attributed to the multiple avoided crossings. abatic potential-parameters at a distafzefrom the MC-

In an avoided crossing between staiemnd j, the adia- SCF potential around E,;,, we will discuss the excitation
batic difference potential E= E; — E; is related to the diaba- mechanisms for the dominaneharge transfer ande2ex-

tic potentialAV=V;—V; by citation of Ne atoms near threshold angles.
AE=2(AV/2)2+V? (5) A. One-electron charge transfer

As seen in Table lll, both the configurations of states 1

where AE=2V;; and AV=0 at the crossing distandB: 514 2 atR=1.1a.u. are Li+Ne and Li(%)+Ne*, and the
[28]. The dotted curve in Fig. 7 exhibits the adiabatic differ- two states interchange their configurations arouRd

ence potential E=E,—E, estimated from the experimental _1 1 5 ; These are the typical features of an avoided cross-

potentials of Eq.(4), with Vi,=3.1eV. The experimental ing, so the crossing distance 6f between states 1 and 2

AE at small distanceR<0.95a.u.(0.5 A) is close to curve . N
3 rather than curve 2. The open circlés, C,, andCs in was grudely estimated to tﬁ%l._ 1'.1 a.u(0.58 A). Here the
crossingC} corresponds t&, in Fig. 6.

Fig. 7 den h [ ic differen n R S .
9 denote the adiabatic difference potentia(R;) The charge-exchange reaction into the lowest excited

=23Vj;, evaluated approximately with the sum of the ex- : -

- ; ; : : : tate of Li(X)+ Ne" takes place through the transition onto
rimental interaction energi&sV;, given in Table Il h S . A

perimental interaction energiesv; give able Il at the potential curve 2 in Fig. 7. Although the MCSCF calcula-

crossing point€,, C,, andC;, respectively. This approxi- A . )
- : ; tions certainly indicate an avoided crossing between states 1
mation is due to the fact that the difference potentials's -
b and 2 aroundR},;=0.58 A, curve 2 AE,,=E,—E,) in Fig.

around the crossingS, andC; in Fig. 6 evaluated indepen- ] N U ;
7 has no appreciable minimum arouRg, . This is attrib-

dently in the similar way as for th€,(AE=E,—E,) are _ i
approximately given byAE=2V;; at a very short range of uted to the multiple crossings between states 1 and 2, and

distances 0 R=Rc3— Re;=0.05 A, which can be seen in between states 2 and 3R&RE; . In order to determine the
the dotted curve oAE=E,— E, in Fig. 7. The open circles crossing distanc®&, from the difference potentialE,,, we
C, and C, in Fig. 7 are on curves 2 and 5, respectively, have especially assumed that the extremum point in the gra-

while the open circleC; is located between curves 7 and 8. dient 3=[dIn AE1,/dR] corresponds to the distan& in a
similar way as for the previous LiAr system[13]. In this

case, the sharp peak in the curve of3llbcated atR
=0.566 A was assigned to the crossing point@f, i.e.,

Electronic transitions due to radial coupling proceed effi-Rc;=0.566 A [V(Rc;)=85.0eV], V;,=3.50eV, and
ciently through interactions around the criti¢atossing dis-  V4/AS=0.207eVA. R, is close toR%;=0.58A, esti-

V. DISCUSSION
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mated crudely from th&® dependence of the configurations adiabatically correlates to Li@®-+Ne" aroundR=1.2A
of states 1 and 2, and all the parameters at the cro&jng (2.2 a.u). At R=1.2A, state 6 has the configuration of
deduced from the MCSCF potentials satisfactorily reproduce.i * +Ne(3s). MCSCF calculations show that there are suc-
the experiments as shown in Table IIl. The dharge transfer cessive avoided crossings at O088<1.2A(1.6<R
into the Li(2s) + Ne" state, thus, can be well interpreted to <2.2a.u.) between states 4 and 5, and between states 5 and
occur through the avoided crossing between states 1 and 8. According to the analysis afE,5 and AEsg, most par-
As shown by the dotted curve in Fig. 7, however, at smalleticles going out along potential curve 4 pass the crossings
distances o0R<0.5A, the experimental difference potential (p=0.9) to curve 5 aR.=0.88 A, and further to curve 6 at
AE, evaluated from the diabatic potentials of Ed) close R.=1.14A. These successive transitions followed by the
to curve 3 rather than curve 2. As a next step, we will discussutgoing path along adiabatic curve 6 result in excitation into
the transition from curve 2 onto curve 3R&KR¢;. the Li*+Ne(3p) state. The N&(3p) excitation observed

The potential parameters at the crossing between stateseXperimentally at small angles is, then, attributed mainly to
and 3 were evaluated from the difference potentidd,s. the transition onto curve 4 in Fig. 7 &:,=0.53A.
The result is R;=0.53A, V,=0.45eV, and V3/AS
=0.0082eV A. Because of the small value\(#/AS, most 2. Second process in two-successive transitions
of the particles diabatically path through the crossing from

curve 2 onto curve 3. This is the reason why the experimen- 1€ 28 excitation into the Ne(§’) state is ascribed to
tal AE,, in Fig. 7 reproduces the MCSCF potentiaE; s take place through the transition from state 4 to a state lying
rather than the MCSCRE, at R<0.5 A at a higher-energy level. The adiabatic difference potential at

the crossing poinC;, estimated experimentally, which is
indicated by an open circle in Fig. 7, is located between
curves 7 and 8. As thR dependence of the MCSCF calcu-
lations suggests thate2excitation occurs through the transi-

distance. Emergence of th_e pamcles along the ad_labat fon from state 4 into state 7, the potential parameters at the
curve 3 results in Ne(8 excitation. The experimental find- diabatic crossing were evaluated fraiE ;= E,—E,. The

ing that Ne(3) excitation could be observed only near the ¢ it isR =0.504 A [V(R,) =121eV], V,,=2.63eV, and
threshold angles, as seen in Fig. 3, can also be attributed W‘QWIAS= (;.067 eV A WhiCCh are pres;ented in Tablé Il. and

State 3 in Fig. 7, which has the configuration of L2
+Ne" atR=0.58A (1.1 a.u), as shown in Table lll, adia-
batically correlates to the [iH-Ne(3s) state at the separated

the small diadatic parameter W5y/AS. agree reasonably with the experiments for the cros€ing
Since curve 7 leads adiabatically to the exit channel of
B. Two-electron excitation of Ne atoms Li*+Ne(3p), the 2 excitation must be followed by a di-

abatic transition onto another potential curve lying at the
higher-energy level, which leads to the exit channel of
Excitation into the LT +Ne[ 2p*(D)3s?] state is consid-  Li*+Ne(2p*3s?).
ered to proceed through two successiwetfansitions, i.e., As discussed above, the configuration mixing of
Ne—Ne*(3s)— Ne** (3s?) [9,10b)]. The wave function of Li*+Ne(3s) and Li*+Ne(3s?), in the wave functions of
state 4 has a configuration of Li-Ne(3s) around the dis- state 4 aR&;=0.49 A (0.93 a.u) is attributed to the avoided
tanceR=0.58 A (1.1 a.u), which can be seen in Table lll. crossing between theeland 2 excited states. The experi-
The configuration mixing of Li+Ne(3s) and Li* +Ne(3s?) mental result for 2 excitation, however, is interpreted by the
in the wave functions of state 4 R=0.9 (and 0.95 a.u. in  transition from curve 4 onto curve 7 &,=0.504 A (0.952
Table Il is considered to be ascribed to the avoided crossing.u). The discrepancy suggests that the transition onto curve
C; between the & and 2 excited states, i.e.Rg; 7 is not the usual avoided crossing, but is due to a noncross-
=0.93a.u.(0.49 A). The transition onto curve 4 &<Rc¢; ing interaction at the critical distand®,, where two adia-
is, then, ascribed to the first process in the two-stepran-  batic potentials close in on each other, analogously to the
sitions. Here we will discuss the transition onto curve 4.transition in the LT -Ar collisions[11,13. A careful analysis
which leads the excitation into the Ng§B state. of the MCSCF potentials for & charge transfer due to the
Assuming the particles diabatically path through thenoncrossing interaction in LiAr has shown that the diabatic
crossing between states 2 and 3, the potential parameters@pssing distanc®, does not coincide witlR,,;,, where the
the crossing R.<R¢;=0.57 A) for direct transition from adiabatic difference potential has a minimum valdE,;,
state 2 into state 4 were evaluated from the difference pote13]. The differenceAR=R.—R,,, depends on the curva-
tial AE,,. This approximation corresponds to the experi-ture of AE aroundR,,,. Since the curvature afE,; around
mental analysis by assuming a potental for the le ex- Ry, for Li*-Ne is about a factor of 3 larger than that for
cited states of the Ne atoms as shown in Fig. 6, and providesi *-Ar, the AR for Li*-Ne is expected to be sufficiently
the potential parameters at the cross@®y The results are small. This will be the reason why the diabatic parameter
Rc;=0.530A [V(Rcp)=106eV], V,,=190eV, and VfW/AS, evaluated fromAE,;, satisfactorily agrees with the
V3,/AS=0.080eVA. These values reasonably reproduceexperiments.
the experiments, as can be seen in Table II. The 2 excitation into the Ne(8?) state has also been
As shown in Table Ill, the wave function of state 4, which studied experimentally and theoretically for moderate-energy
has the configuration ['i+Ne(3s) at R=0.58 A (1.1 a.u), Na*-Ne collisions[9,10b)]. Theoretical analysis shows that

1. First process in two-successive transitions
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the excitation is well interpreted by the two successiee 1 VI. SUMMARY
transi@ions occur_ring only through the _avoided—f:rossing in- One- and two-electron excitations in the"tNe colli-
teracqus[Q]. This result for the qua3|symm§tr|c NdNe sions were observed at the reduced angles Eqff
system is in contrast to that for the asymmetric INe. >6 keV deg at collision energies @&,,,=200eV. Among
In this study, experimental results near threshold angleghe excitations, & charge transfer into the Li€}+Ne*
have been analyzed by assuming only radial coupling, butate has the highest transition probability. A remarkable ex-
excitations into the higher-energy levels observed at largeitation into the autoionizing N& (3s?) state has also been
angles must be analyzed by taking into account rotationabbserved in the experiments. The analysis of the experimen-
coupling in addition to radial coupling. tal DCS’s shows that the electronic transitions take place at
the distanceR=<0.57 A. The excitations near the threshold
could be well interpreted by thab initio MCSCF potentials.
C. Potential crossings The analysis of the MCSCF potentials indicates thatek-
citations are due to the usual avoided-crossing interactions,
The gross features of the diabatic potential crossings fowhile the 2 excitation taking place through two successive
1e and 2 excitations in the Li +Ne collisions can be quali- 1€ transitions is attributed to both the avoided-crossing and
tatively interpreted by the crossings of the promotetr3 NONCrossing interactions.
molecular orbital aroun®= 1.0 a.u. evaluated by aab ini-
tio calculation[11]. The MCSCF potentials calculated in this
study, however, are different from the correlation energy dia- We are grateful to Dr. H. Tanum@okyo Metropolitan
gram[6,11] deduced using the empirical electron-promotionUniversity, Tokyo, Japanfor his contribution to this work.
model[29]. This suggests that a careful treatment is necesThis work was financially supported in part by the Matsuo
sary to discuss the details of the excitation mechanisms. Theoundation, and by Grants-in-Aid for Scientific Research
origin of the potential crossings can also be intuitively inter-from the Ministry of Education, Science, and Culture of
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