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Excitation mechanisms in moderate-energy Li-Ar collisions
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By means of differential energy-transfer measurements, excitation processésAn tollisions have been
studied over a wide range of laboratory angles o&£#2%92° and at laboratory collision energies of 70
<E;;,=2000 eV. The Li and Li atoms scattered inelastically were observed at reduced angigg,®F 5
keV deg, and collision energies &,,=200 eV. At 206<E,;,=<350 eV, the inelastic signals are exclusively
due to one-electron transitions, while faf,,=500 eV two-electron excitation as well as one-electron excita-
tion was observed. The electronic transitions in the moderate-enetggricollisions take place at distances
of R<R.=0.81 A. The excitation mechanism for one-electron charge transfer having the largest cross section
is investigated in detail by referring @b initio potentials. The angular dependence of the differential cross
sections of two-electron transitions at higher energies shows three different types of excitations: the first
transition takes place aroum}=0.75 A, the second arourR,=0.47 A, and the third aroung,=0.2 A. The
first and second transitions are due to noncrossing interactions, while the third is attributed to avoided crossing.
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PACS numbes): 34.50.Fa, 34.20.Cf

[. INTRODUCTION place at a localized internuclear distance, where the excited-
state potential curves come to close to the ground-state po-
In many experimental and theoretical studies on excitatential. However, they found that transitions in the {4Ar
tion processes in collisions of closed-shell partidlés9], collisions are not due to the avoided-crossing interaction.
the transitions have been shown to depend strongly on th€onsidering the avoided crossing between a ground state 1
colliding systems. Excitations in low-energy collisions areand an excited state 2, the difference potential
predominantly due to transitions between states with th\E(R)=E,—E;, whereE; denotes the electronic energy of
same symmetry through nonadiabatic radial coupling, whiclstatei, has a minimum with the separatid/E =2V, at the
is classified into avoided-crossing interaction and noncrosserossing distance, wheké,, is the interaction energy. In the
ing interaction. For symmetric and quasisymmetric closedavoided-crossing case, furthermore, electronic configurations
shell systems, the transitions have a high probability, and arim the wave function interchange with each other around the
due to potential crossing8—5]. However, the transitions for crossing point. The transition between the two states in col-
most asymmetric closed-shell systems have a very smalisions with finite velocity takes place exclusively at the
probability, and are considered to proceed through noncrossrossing distance. The potential crossing is also explained
ing interactiong2,6]. This is also true for quasi-one-electron with the diabatic correlation diagram of molecular orbitals
systems, i.e., alkali-atom—closed-shell-atom systEfhs (MO’s). For Li"-Ar, adiabatic difference potentialSE(R)
Transitions due to potential crossings in low-energyhave a minimum aR=1.5 a.u., which is close to the critical
atomic collisions can be well interpreted by the Landau-distanceR. where electronic transition occurs. According to
Zener formulg 10]. Excitation through noncrossing interac- the MO correlation diagram, however, the ground and lower-
tions has been mostly studied for quasiresonant systems witiiing excited states do not change their electronic configura-
a small energy defediE in the initial and final stategl1]. tions around the distandg;. Excitations in the moderate-
Excitation mechanisms for noncrossing interactions withenergy Li*-Ar collisions can, therefore, be ascribed to
large AE in collisions of closed-shell particles have not beennoncrossing interactions. The asymmetric 44r system is
studied in detail and are not understood at all, because theertainly suitable to obtain information on the transitions
transition probability in such systems is so small that thethrough noncrossing interactions with large energy defect
transition mechanisms have been considered to be physicallyE.
rather less important. In order to understand the excitation In the Na-Ar collisions studied previously by us, two
mechanisms in the atomic collisions fully, transitions due todifferent types of excitations have been obserf@dOne is
noncrossing interactions with largeE must be investigated the one-electron transitions taking place at distances of
in more detail. Such a study of excitation mechanisms irR<R;;=1.07 A, and the other is the one- and two-electron
atomic collisions is also of considerable interest in connectransitions occurring at distances RKR.,=0.45 A. These
tion with molecular collision dynamics, plasma physics, as-critical distances are close to those|rqftr]-| evaluated from
trophysics, and surface science. the ionic and atomic radii; andr; . If this is also true for the
Differential scattering of Li ions from Ar atoms has been Li*-Ar system, the critical distances must be 0.86 and 0.48
studied by Baraét al.[8] experimentally and theoretically at A. As discussed above, transitions at these rather large dis-
the energie€,,=500 eV and the small angle®<30°. In  tances are due to noncrossing interactions. The potentials of
their experiments, they observed excitations which takehe Li*-Ar system, however, also have the avoided crossing
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at very small distancg8]. Referring to the diabatic correla-
tion diagram, the crossings in LiAr are ascribed to a pro-
motion of the 3loc MO, which correlates to the Lislatomic Detector
orbital (AO). The crossing distance due tad@ MO promo-

tion is estimated to be around 0.5 &@.26 A). In the He-Ar
system which is isoelectronic with LiAr, potential cross-
ings due to the promotion ofdd» MO correlating to a He &

AO appear at the large distané=1.5 a.u.(0.79 A [9]. /

Thus the excitational feature is very different between these
two isoelectronic systems. Excitations due wo3MO pro- Nosgl
0zzle

Nozzle source
Yol
. g b Capill
for He-Ar, but have only been predictd for the'LAr system e beafl; i

motion have been studied experimentally and theoretically

by the MO correlation diagram. | — Collimation
In this study, differential scattering measurements in the . - chamber
asymmetric Li-Ar system have been carried out over a wide Main chamber S
range of laboratory angles of 9<92°; and at laboratory QQ
energies of 7&E,,,;<2000 eV. Analyzing the velocity of the -z
scattered particles by a time-of-flight technique, excitations hl
over a wide range of internuclear distances have been inves-
tigated. In order to obtain information about the excitation Fig, 1. schematic drawing of the crossed-beam experiment.
mechanismsab initio potentials of the system have also The capillary beam is effused from a capillary plate perpendicular
been computed with a multiconfiguration self-consistent field the scattering plane.
(MCSCH method. Our preliminary results for differential

scattering in LT-Ar cqllisions at lower energies (ﬁ,ab$350 capillary beam was effused from a capillary plate
eV have been previously report¢@]. At lower energies, r{éHamamatsu J5022-D1o cross the primary ion beam per-

Ion beam

/

Ion source

only one-electron transitions ar_e'observed, but at energies fendicularly at the scattering cent@r The capillary plate is
E.,=500 eV two-electron transitions as well as one-electro

¢ i b d The t " bability in th ocated about 5 mm beneath the scattering center.
Lr_a+nsA| |onstare_ OI served. 3 rf";‘rf]‘?;]"’tf? FiLO a ”Iy {n 1€ The primary 8Li* ions are produced by means of
| -Ar System IS low comapred wi atin e ISOEIeCronICyn o mionic  emission  from  the isotope-enriched

He-Ar Clo”';]'.ons’ because_o{ thc? tdlfféerent.sxcnatlor; T?Cha}eLiZO)(AI203)(25i02) on a heated platinum wirgl4]. The
nISmS. In niS paper, we intend 1o describé completely oufy g are” accelerated to the desired energies of

experimental results for the LiAr collisions, their analyses, 70<E,,,;<2000 eV, and are collimated by two slits into an
ab™ ]

and MCSCF calculations. angular spread of approximately 0.07° full width at half
maximum(FWHM). For time-of-flight(TOF) measurements
Il. EXPERIMENTS the ion beam is pulsed with a pair of condenser plates in

front of collimating slits[15]. The flight-path length from the
scattering center to the detector is approximately 50 cm. The

Differential scattering experiments have been performedverall angular resolution for the scattered particles is ap-
with a crossed-beam apparatus. A schematic drawing of theroximately 0.12° FWHM. The time resolutiomt/t
apparatus is shown in Fig. 1. A detailed description of the(FWHM) in the TOF measurements is approximatgiyfor
apparatus has been given previoddlg]. The apparatus con- an ion energyE,;,,=2000 eV at a scattering anghe=2°. The
sists of five chambers: a main chamber, an ion source, ime resolution at the higher energies is mostly limited by a
nozzle source followed by a collimation chamber, and a definite size of scattering volume.
tector chamber. An additional capillary beam source is lo- In this apparatus, both ions and neutral atoms scattered
cated in the main chamber. The primary ion beam and sednto an angled are detected simultaneously. By sweeping off
ondary (nozzle or capillary beam cross each other the scattered ions with a high voltage, only the neutral par-
perpendicularly in the main chamber at the scattering centdricles can be detected through the multiplier. Since a nega-
O, and scattered particles are detected by a rotatabléve high voltage(Vgy=—2.7 kV) is usually applied to the
secondary-electron multiplisgHamamatsu R595 first dynode of the multiplier, the positive ions are acceler-

As is well known, a supersonic molecular beanozzle ated to higher energy, and the detection efficieadypr the
bean) has a narrow velocity spreqdi3], which is a desirable ions can be estimated to be unity. However, the efficiency
characteristic to use as a target in the low-energy experifor the neutral atoms, which hit the first dynode with lower
ments. At higher collision energies, the differential cross secvelocity, is smaller than unity if the impinging energy,, is
tion (DCYS decreases steeply as a function of scatterindower than a critical energy. In order to evaluate the correct
angle, and the intensity of the scattered particles is extremelytensity of the neutral atoms, one has to determine the de-
low at large angles. Our nozzle beam source provides insutection efficiencye for the atoms. The efficiency(Ar) for
ficient intensity for the doubly differential measurements atAr atoms has been determined previously by detecting both
higher energies and large angles. In this study, the nozzIsa" ions and Ar atoms scattered elastically in*Nar col-
beam was used as a secondary beam only to measure tligons[6]. In this experiment, both the neutral Li atoms and
total intensity of the scattered particles at higher energies. IAr* ions produced by charge-exchange reactions were si-
order to increase sensitivity at the expense of resolution, theultaneously detected, so we could evaluate the efficiency

A. Apparatus
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FIG. 3. Energy-transfer spectra in the'LAr collisions mea-
sured aE,,=500 eV andd=30°. (a) Spectrum of the scattered'Li
ions. Peald\, corresponds to elastic scattering. PedksandA, are
ascribed to one-electron excitation of Ar atoms and excitation of Ar
atoms into autoionizing states, respectively. Spectrum of the Li
atoms produced by charge-exchange reactions. PaladB, are
due to one- and two-electron transitions, respectively.

FIG. 2. Typical TOF spectra in the LiAr collisions measured
at E,,=1500 eV andd=20°. (a) Spectrum of all the signals. Peak
A is due to the LI ions, and pealB is ascribed to the Li atoms
produced by charge transfers. Pe@kandD are due to the recoiled
Ar™ ions and Ar atoms, respectively. Weak sigRals ascribed to
the photon emitted from the excited Ar and*APeaksC, D, andP
are magnified by a factor of 10@b) Spectrum of the Li ions
(peaksAg, A;, andA,) and the product Li atomé&eaksB; and L . . .
B,). TheoscaIeQA andQg denote energy transfers forLions and t'\_’e |ntenS|ty: Figure Qi)_ displays the spectrum measured
Li atoms, respectively. Peak, is due to elastic scattering. Peaks With @ poor time resolution, and stands fo+r all the observed
A, andB, are due to one-electron transitions. PeAksandB, are  Signals: Li" ions (peakA), Li atoms @), Ar" ions (C), Ar
due to two-electron transitions. atoms D), and photon P). In Fig. 2b), only the peaks of

the Li* ions(Ag, A;, andA,) and the Li atomgB, andB,)
e(Li) for the Li atoms within the uncertainty of 20% at the are shown.
energies 14€ E;,<1000 eV. According to the results, the  Figure 3 exhibits the energy-transfer spectra measured at
efficiency e(Li) is unity atE;,>700 eV, and is somewhat Ei,=500 eV and#=30°, where the abscissa is the energy
higher thane(Ar). transferQ from the kinetic to the excitation energy of the

When a negative high voltage is applied to the first dyn-colliding particles in units of eV. In each spectrum, the most
ode of the multiplier, the negative ions produced in the coldntensive peak is normalized to unity. These spectra are de-
lisions cannot be detected. The additional TOF measureduced from a TOF spectrum by taking into account the Jaco-
ments, in which the first dynode of the multiplier was bian factordQ/dt, wheret means flight time. Peak, of the

grounded, have also been performed to detect the negatikeé " ions in Fig. 3a) is due to elastic scattering. Sign&) is
ions. In the measurements, the detection efficienof the =~ composed of double peaks and is ascribed to direct excitation

positive ions is estimated to be nearly equal to that of theédf Ar atoms by the reactions
neutral atoms. On the other hand, thef the negative ions

- B
will be approximately unity, which is almost independent of Li"+Ar(4s)—11.7 eV (1a
the impinging energ¥;,, under our experimental conditions, Lit+Ar—|LiT+Ar(4p)—13.2 eV (1b)
because of the electron detachment from the negative ions on Li*+Ar(3d)—14.1 eV. (10

the first dynode.

The dominant peak is attributed to reactitta), and the
lower peak is due to reactiorisb) and(1c). SignalA, is also

Figure 2 shows the typical TOF spectra of the signalscomposed of double peaks, which are located ardprd25
detected at the collision enerdyy,,=1500 eV and the scat- and 29 eV. Furthermore, the dominant peak has a shoulder
tering angled=20° in the Li*-Ar collisions. The abscissa is aroundQ=31 eV. The signal\, is attributed to excitations
the flight timeT; in units of us and the ordinate is the rela- of Ar atoms into the autoionizing statg$6]

B. Time-of-flight spectra
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Li*+Ar(3s3p®4s)—25.16 eV (2a) tion, thus, excitation processes with energy transfers some-
Lit+Ar—\LiT+Ar[3p*('D)4s’]—28.66 eV (2b) \;vrf;a;é?;?r?;r:ran those in Fig. 3 Bf,,=500 eV and#=30
Li*+Ar[3p*('D)4s4p]—31.34 ev. (20 Figure 4 shows the energy-transfer spectra of and Li

scattered into angle@=20° and 90° aE,=2000 eV. The
spectra of Figs. @) and 4b) at #=20° are almost the same
as those of Fig. @) at #=20° andE,,,=1500 eV. The spec-

Here reaction(2a) is one-electron process, while reactions
(2b) and(2¢) are two-electron transitions. The signal due to

reaction(2a could be appreciably observed only at lower a
energies oE,,,<1000 eV. tra measured at the large ang@le90°, however, are remark-

SignalB, with double peaks of the Li atoms in Fig(i8 ably different from the spectra for the s_mall an@le_20°. In
is attributed to the charge-exchange reactions of one-electrdh® SPectra of Figs. () and 4d), elastic peakA, is very

processes weak, and two-electron excitation peaks and B, have
higher intensity. Furthermore, peak has a shoulder around
. Li(2s)+Art—10.37 eV (3a) Q~45 eV, which could be observed only at large angles of
LiT+Ar— Li(2p)+ Art—12.21 eV. (3b)  6>55° This shoulder will be related to the production of

doubly ionized Af" ions (Q=43.4 e\}. As can be seen in
Signal B, with double peaks located arou@=29 and 31 the spectra, excitation of Liions, e.g., into the state of Li
eV will be attributed to the charge-exchange reactions witi{1s2s) with Q=61 eV, could not be observed at the ener-
target excitation gies studied here.
Figure 5 exhibits the probability?(8) of elastic and in-
Li(2s)+Ar*[3p*('D)4s]-28.8 eV (45 elastic scatterings evaluated from the energy-transfer spectra
Li(2p)+Ar[3p*D)4s]—30.7 eV. (4b) at Ep=1500 eV,_WhereP(a)i=I(¢9)i/2I(0)i, and | (6); _
means the intensity of each peak. There are several exit
At the energyE,,,=500 eV, one- and two-electron transi- channels in these high-energy collisions; nevertheless, the
tions are observed, but at 28E ;<350 eV only the one- probabilities P, of elastic scattering and®g; of one-
electron excitations could be found in the spectra. Atelectron charge transfer have clearly resolved oscillating
E.,<200 eV, furthermore, inelastic signals could not be ap-structures, which are in an out-of-phase relation. On the

Li +-I—AI‘—>{

preciably detected. other hand, thé>(6)’s for peaksA;, B,, andA, show only
In the spectrum measured Bt,,=1500 eV and§=20° the broader structure.
shown in Fig. Zb), ion peakA; located aroun®=13.5 eV TOF measurements to detect the negative ians pro-

is attributed to direct excitation of Ar atoms by reactighs)  duced in the collisions have also been carried out in this
and (1c). PeakA, aroundQ=31 eV is ascribed to reaction study. However, the additional signal due to the libns
(2c). Atom peakB,; located aroundQ=11.5 eV is due to could not appreciably be found around the flight time which
reactions(3a) and (3b). PeakB, at Q=31 eV is mostly is expected from the exit channel of L§2 +Ar®" (Q
attributed to reaction(4b). Under this experimental condi- =37.4 e\j.

1.0‘. T ’
- Ep,=1500eV )

(a) Li* :

El,=2000eV K i _
o=, "':Ao[Li+(El)] 7
5 S g5 L s *BilLic1e)] i
= i . A A
= I - A _
- - :
£ i :

3 (d) Li 2 g AfEElf}pr Ry
B L :
— B B AA‘ * -
B, B, B, 1 4 « B[Li(2e)] o B §oaoeoe
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FIG. 5. Angular dependence of the probabilRy6) of elastic
FIG. 4. Energy-transfer spectra measured-aR0° and 90° for  and inelastic scatterings f@;,,=1500 eV.®: P, for the Li* ions
E.,=2000 eV.(a) and(c) give spectra of the Ui ions and(b) and  scattered elasticallyh and A: Pg; for Li atoms andP,, for Li*
(d) are for the produced Li atoms. Pe&l corresponds to elastic ions, respectively, due to one-electron transitiacdgndl: Pg, for
scattering. Peak#\,; and B, are due to one-electron transitions. Li atoms andP,, for Li™ ions, respectively, due to two-electron
PeaksA, andB, are ascribed to two-electron transitions. transitions.



3508 S. KITA AND N. SHIMAKURA 55

10! L T T T T T 5 T T T T T T T T T
5 10! 1% _
Elab:200 eV E|3b=500 eV
0 %

10 109 .!-.. |
Z 107 = 101 7
R~} S . Ba PeeggTouy

= =1 oo
& ‘@
2 = o Ao[Li%(
b 1072 b 102 A‘A;: o 4
MA\AAAA
AAAAA -
T ——— A
1073 1073 . S’ . .".';‘-’--U«ﬂ\ﬁ\\\\ =
L L e
Aa ,‘I I " » B [L1(2e)]
AR As[Liter2e] "
I 104 4 ‘ :D.-l 1 1 1 1 ] I |
- y ' 0 30 60 90
10 0 60 120 180
@ (deg)
8 (deg)

) FIG. 7. Angular dependence of the D@%6)sind of the scat-

FIG. 6. Angular dependence of the D@®6)sin6 at Ejp=200  tered Li* and Li atoms atE,,=500 eV.O and @: experimental
eVv.O:sum of the e_xpenmental DCS'’s of th_e scatteredidns and  symmed DCSH(6)s,mand elastic DCSr(8) oo, respectively A and

Li atoms. A: experimental DCSy(6)g, of Li atoms produced by  4: experimental DCS’sr(6)g; and o) o1, respectively, of one-

one-electron (&) charge transfer. ----- : elastic DCS calculated with gjectron (®) transitions.[J: experimental DCSo(6)g, Of two-
the experimental potential of E¢5). ——: DCS's calculated with  gjectron (2) transitions.M: experimental DCSr(6), of direct
the two-state approximation. excitation of Ar atoms into the autoionizing states. ——: DCS'’s
) ) ) o(0sum and o(0) g, calculated with the two-state approximation.
C. Differential cross sections . : DCS's o (6) g1, 0(6) a1, ando(6) g, calculated with the four-

Angular dependence of the DC&#)sin 6 for the scat- State approximation.
tered Li" ions and Li atoms a,,,=200 eV is shown in Fig.
6. Open triangles are the DGH #) g, of the Li atoms pro- the same as for the lower energtgg,=200 and 350 eV. For
duced by one-electron charge transfer. At this low energythis energyE;,,=500 eV, thea(6)g,; at first maximum is
the DCSo(#6)g, is attributed to reactiori3a), which is the  exclusively due to the Li(8) atoms produced by reaction
electronic transition into the lowest excited state, and direcf3a), while at the second maximum the contribution of
excitation of Ar atoms by reactiofl) could not be apprecia- Li(2p) produced by reactiof8b) cannot be ignored, as can
bly observed. Open circles denote sum of the charge-transfé@e seen in the spectrum of Figh3. The partial DCS for the
DCS o(#)g; and the elastic DCSo(6),,, o(f)em Product Li(2p) evaluated crudely at angles of ¥56<45°
=0(0)pot+ 0(0)g;. The DCS's o()p and o(6)g, at has a broad maximum around 30°, where the partial DCS is
6=<90° were evaluated from the intensity of the'lions and  approximately 25% of the DC&(6)g, and is about a factor
Li atoms, respectively. On the other hand, for large angles 06f 1.5 higher than the DC&( ) o, of the one-electron exci-
6>90°, the DCS’so(6) g, and o(6) oo Were evaluated from tation of Ar atoms. The DCSr(6),; also has a distinct
the intensity of the Af ions and Ar atoms, respectively, structure. The fist maximum ia(6),; is predominantly due
recoiled intod<45°. It must be noted that the Ar atoms and to Ar(4s) excitation, while, around the second maximum,
Ar™ ions recoiled into a small anglé belong to backward the contribution of Ar(4¢) and Ar(3d) excitations is re-
scattering, i.e., a center-of-ma@sm) angle®@==m—20, be- markable, as can be seen in Figa)3 At large angles of
cause the laboratory angteis defined here with respect to 6=35°, the TOF measurements indicate the dominance of
the beam axis of the primary Liions. As can be seen in the Ar(4p) and Ar(3d).
figure, the charge-transfer DC&(6)g,; shows a distinctly The DCS’s measured in this study are relative ones. The
oscillating structure due to the interference effect. Theabsolute values of the DCS’s fé&i,,=200, 350, and 500 eV
DCS'’s for E,;,=350 eV were also evaluated at<2#<180° were determined by using the integral cross section
in the same manner as fé&i,,=200 eV. S(6,) = mh(6,)? computed with the experimental repulsive
Figure 7 exhibits DCS’s of the [iions and Li atoms potential[17]
measured aE,,=500 eV. The summed DCS for this energy
at 90°<#<180° was also deduced from the intensity of Ar V(R)=1750 exp—4.2@R) eV, ®)
atoms and Af ions, but the DCS’s measured only at angles
of #<90° are displayed in the figure. The charge-transfemwhere §, means the minimum laboratory angle 2.0° in the
DCS o(6)g; in Fig. 7 has a distinctly oscillating structure, DCS measurement®(6,) is the impact parameter at the
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FIG. 8. Angular dependence of the DG&¢)sind of Li* ions 1044 I I L I I I
and Li atoms at,,,=1500 eV.O and @: experimental summed 30 60 %
DCS o(60)sum and elastic DCSr(6) 5o, respectively A and A: ex- 6 (deg)
perimental DCS’sr(0)g, ando(6) a1, respectively, of one-electron
transitions.[J and M: experimental DCS'ss(6)g, and o (6) o, FIG. 9. Angular dependence of the DG®6)sing of Li* ions
respectively, of two-electron transitions. ——: D@$6)g,, calcu-  and Li atoms atE,,=2000 eV.O and @®: experimental summed
lated by assuming elastic scattering. ----- : inelastic DGH8) g1, and elastic DCS'’s, respectivelh and A: experimental DCS'’s of
o(6) a1, ando(6)p, calculated with the four-state approximation. one- and two-electron transitions, respectively. ——: summed DCS

calculated by assuming elastic scattering. The upper fRalde-
notes the distance of closest approach in the collisions.

angledy,, andR is the internuclear distance in units of A. The
normalized results of the DCS'’s are displayed in Figs. 6 and
7. The dotted curve in Fig. 6 is the elastic DCS calculatechigher than the preliminary results, which is due to the error
with the potential of Eq.5), which agrees well with the in the detection efficiencyg(Li) of the multiplier determined
normalized experimental DCS &a&30°. preliminarily. The transition probability?(6) g, measured at

Figures 8 and 9 show DCS'’s of the'Lions and Li atoms higher energies has a distinctly oscillatory structure as shown
measured aE,,,=1500 and 2000 eV, respectively. Since thein Fig. 5, but the structure in the DGH 6) g, represented by
angular dependence of the DCS'’s f,=2000 eV at small a logarithmic scale is not clear &j,,~>1000 eV. As can be
angles is qualitatively the same as fig),,=1500 eV, the seen in the figure, the DC&(6)g; begins to appear at
DCS’s only at angles o$=20° are shown in Fig. 9. The E;,0=5 keVdeg, and has a first maximum around
solid circles in Fig. 9 are the elastic DCS. The open and soli€,,,6=6.5 keV deg, which is almost independent on the en-
triangles are the sum of the one-electron excitation DCS’sergy. For small-angle scattering, the scattering arglis
o(0)1.=0(0) o1+ 0(0)g1, and of the two-electron excitation related to the potential height(R,) at the distancdR, of
DCS's, 0(60)=0(6)ao+ 0(0)g,, respectively. The upper closest approach b§,0=AV(R,), whereA is a propor-
scale in Fig. 9 indicates the distanRg of closest approach tional constant. The experimental results suggest that the
in the collisions. The elastic DCS fd,,,=1500 eV has a one-electron charge transfer takes place at a well-localized
distinct minimum around=45°, while for E,,;,=2000 eV  distance.
the minimum in the elastic DCS is not found clearly. The Figure 11 shows the angular and energy dependences of
DCS’s o(6);. and o(6), in Fig. 9 are almost parallel at the two-electron (2) charge transfer DC&(6)g, measured
0<60°, but o(6),. changes its slope aroung=60°, which  at the energieg,,=500 eV. As can be seen in Figs. 7 and 8,
corresponds to the distand&,=0.2 A. As a result, both the DCSa(6)g, has, roughly say, the angular and energy
DCS’s have almost the same heightéat70°. dependences similar to those of the DG$0),, for the

The angular and energy dependences of the one-electratirect excitation of Ar atoms into the autoionizing states.
charge transfer DC&(6)g,; are exhibited in Fig. 10. Figure However, the DCSo(6)g, is larger thano(6),, approxi-
10(a) denotes the DCS measured at energies ofnately by factors of 1.5-3.5, except at the large angles
200<E,,;,;<2000 eV. The DCS forE,,,=350 eV was re- 6>70° for E,,,=2000 eV where both DCS’s have almost the
ported previously6], but the final result is somewhé&0%  same magnitude.
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FIG. 10. Angular and energy dependences of the {8)g; N 5
of one-electron charge transféa) Experimental DCSO: 200 eV.
@®: 350 eV.A: 500 eV.A: 700 eV.[O: 1100 eV.W: 1500 eV.V: B
2000 eV. Solid curves are drawn to guide the ejy®.Calculated 3 L
DCS. ——: calculations with the interference effect t6g,=350 0
and 2000 eV. — —: calculations without the interference effect for R (A)
energies of 20& E|,, <2000 eV.
1l. ANALYSES OF EXPERIMENTAL RESULTS FIG. 12. (a) Ground-state potentials. —— and — —: experimen-

A. Ground-state potential

Excitation in the Li"-Ar collisions is observed distinctly

at energies oE,;,=200 eV, but the transition probability is
10! T | | T |
2e-charge transfer

10°?

2

R~}

=
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107
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FIG. 11. Angular and energy dependences of the {8)g,
of the two-electron charge transfef]: experimental DCS at
E.b=500 eV.A: for 700 eV.A: for 1100 eV.@®: for 1500 eV.O:

tal potentials deduced by the inversion and curve-fitting procedures,
respectively.O and @: calculations with the MCSCF method and
the statistical electron-gas model, respectively. calculation by
Baratet al. (Ref.[8]). ----- : empirical model potentialb) Potential
gradient on the logarithmic scale. ——: experimental resoland

®: MCSCF and statistical calculations, respectively.

still small at lower energies of,,<500 eV. The ground-
state potential, which is needed for a quantitative discussion
of excitation mechanisms in the collisions, was directly
evaluated from the summed DCS determined experimentally
at angles of 2.0%6=<180° forE,,,=200, 350, and 500 eV by
employing the inversion method developed by Fir$a8].
Direct inversion needs the DCS over the full angular range in
the c.m. systenf0°<0®<180°. The DCS at small angles of
#<2.0° was evaluated here by using the experimental poten-
tial of Eq. (5). As seen in Figs. 6 and 7, inelastic DCS's
depend strongly on the collision energy, nevertheless the in-
version results deduced from the three energies agree within
5%. This suggests that the potential deduced here is suffi-
ciently accurate. The solid curve in Fig. (82 displays the
potential deduced with the inversion method atV(R)
<300 eV (0.38<R=<1.43 A). The inversion results can be
approximately fitted to an analytical form

V(R)=1750 expy— 4.24R) — (9.54R)%xp — 19.8R) eV
(6)

within an error of 3%, where the first term on the right-hand
side equals the experimental potential of Ex).
As can be seen in Fig. 1@, the ground-state potential

for 2000 eV. ——: DCS calculated with the four-state approxima-does not lie on a straight line on the logarithmic scale, but

tion.

shows an inclination structure, which is similar to the poten-
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tial for Na"-Ar determined previouslj6]. The solid curve in TABLE I. The crossing parameters for one-electron charge
Fig. 12b) represents the potential gradient(R)  transfer deduced from the experiments and from e initio
= —d InV(R)/dR, deduced from the inversion results, which MCSCF potentials. The definitions of MCSCF1 and MCSCF2 are

has a minimum value ok=3.15 A"* atR=0.75 A. given in the text.

At higher energies and large angles, as seen in Fig. 8, the
probability of the elastic scattering is very small. However, Re V (Re) Vi Vi,/AS
as will be discussed below, the rativ/V of the potential A) (V) (V) (eVA)
differenceAV betvve_en.the ground and exc_ited states to th%xpt. 0.810 47.0 257 0.240
ground—state.potentlal is small at smaller distances. Then a \,cscr1 0.774 63.2 294 0.145
crude potential was also evaluated from the summed DCRicscE2 0.875 433 288 0244

measured at 7G9E,,,<1500 eV by the curve fitting of the
DCS, with the potential of Eq6) at larger distances. The

solid curve in Fig. 8 sh.ows the fitting resullt.of the summed.\,\,here\/12 is the interaction energy between the ground and
DCS. Thus the calculation reproduces suﬁ|q|ently t.he eXperipxcited statesAS is the difference in slopes of the two po-
mental summed DCS. The deduced potential is given by  tentjal curvesv; andV,, andv, is the radial velocity. Ac-
_ B _ 9 B cording to close-coupling calculations, the transition prob-
V(R)=1750 exp— 4.24R) — (9.54R) exp — 19.8R) ability p must have a finite value even if the distariRg at
+13 000 exp—18R) eV. (7)  Closest approach is equal to the crossing distdRceThe
original Landau-Zener formulgl0], however, givep=0 at

The broken curve at small distances in Fig(@2xhibits the  Ro=Rc, and is not a good approximation By=R.. The
potential given by Eq(7). The solid curve in Fig. 9 also quantity f in Eq. (8) is a correction factor for the Landau-

gives the summed DCS B&i,,=2000 eV calculated with Eq. Zener formula around the crossing distance, arehdb in
(7) by assuming elastic scattering. factor f are the diabatic parametergk) =8V 2,/4v,AS.

In the fitting procedure, diabatic ground- and excited-state
potentials were initially estimated by referring to the ground-
state potential of Eq(7). Taking into account the interfer-

In the moderate-energy LiAr collisions, one- and two- ence effect, the semiclassical DG& 6)g, was calculated
electron excitations having nearly the same threshold anglgeratively as a function of the potential parameters and of
are observed d,,,>500 eV. However, one-electron charge- the interaction energy, at the critical distance to obtain a
transfer DCSr(6)g; has the largest height among the inelas-pest fit of the DCSo(6)g; measured at energies of
tic DCS’s atE,;,6<90 keV deg, and also shows a distinctly 200<E <500 eV.
oscillating structure due to the interference effect. The oscil- The solid curves in Figs. 6 and 7 represent the fitting
Iatory structure in the DCS provides information about theresu|t3 of the summed and Charge-transfer DCS'’s. The cal-
difference potentialAV between the ground and excited culations reproduce fairly well the overall features of the
stated19]. In this study, therefore, the excited-state potentialexperiments. The solid curves in Fig. (bp also show the
for reaction(3a as well as the ground-state potential wascharge-transfer DCS calculated semiclassicallfgi=350
first evaluated by the curve fitting of the DGH6)g;, as-  and 2000 eV. The broken curves in Fig.(also exhibit
suming a two-state approximation. The dominant two-the angu|ar and energy dependences of the Bc@Bl cal-
electron process in the LiAr collisions is due to charge culated without the interference effect at energies of
transfer with target excitation. Then the excited-state poten2oo<E,,,<2000 eV. Both calculations again reasonably re-
tial for the charge-exchange reacti6 of the two-electron  produce the experiments. The diabatic ground- and excited-

process was estimated by the curve fitting of the DCSstate potentials deduced experimentally are
o(6)g,, assuming a four-state approximation. Here we will

discuss the one- and two-electron transitions separately. V,=1750 expy— 4.24R) — (9.581R)%exp — 20R)

B. Excited-state potentials

1. One-electron charge transfer +13 000 exp—18R) eV (99

Electronic transitions in the LiAr collisions are due to d
noncrossing interactions rather than the crossing interactiofi”
[8]. However, the measured angular and energy dependences

_ _ _ 9 _
of the one-electron charge transfer in Fig(ddndicate that V,=1912 exg—4.6(R) - (9.581R)"exp(— 20R)

the transition takes place at a well-localized distance. As an —(25.1R)%exp( — 25R) + 13 000 exp— 18R)

approximate treatment, then, the elastic and excitation DCS'’s

were calculated by using the formula for the Landau-Zener +10.4 eV. (9b)

transition probability at the criticakrossing distance modi-

fied by Zhu and Nakamur0], The potential parameters at the crossing point, which char-
acterize the electronic transition, are listed in Table I.

p=exp(—27rvfzf/ﬁvrAS), (8a) At higher collision energies, there exist several exit chan-

nels, nevertheless the probabilitiPg, for the elastic scat-

with tering andPg, for the one-electron charge transfer in Fig. 5

for E,;,2=1500 eV oscillate out of phase. This suggests that
f=[2/(1+ 1+ (0.70+0.46°%)b~%]*? (8b)  the two-state approximation can be applied to estimate the




3512 S. KITA AND N. SHIMAKURA 55

TABLE II. The crossing parameters deduced from the experi-
ments by assuming four-state approximation.

Parameter Ci C, C; (model ) C, (model 2
R. (A) 0.860 0.803 0.739 0.750
V(R,) (eV) 42.2 52.4 66.4 59.8
AS (eVIA) 30.9 324 85.1 62.7
= Vi; (ev)? 2.80 2.35 3.70 6.00
= SV eV 280 515 8.85 8.80

a\/ij :V12 for Cl’ V13 for C2, V14 for Cs, andV24 fOI’ C4.
PS\Vij =V for Cq, Vipt+Viz for Cy, Vip+Vag+Vy, for Cs, and
V1ot Vo, for Cy.

eV. In the fitting procedure, the excitation DCS’s were cal-
culated without the interference effect by using the transition
probability of Eq.(8) at each crossing point.
The dotted curves in Fig. 7 display the fitting results of
the excitation DCS'sr(0) a1, 0(6) g1, ando(6)g,. The one-
FIG. 13. Schematic drawing of the diabatic potentials forelectron charge-transfer DGH 6)g, in the figure is almost
Li*-Ar. V4, V,, Vg, andV, are the potentials for the ground-state, the same as that of the two-state approximation calculated
one-electron charge transfer, one-electron excitation of Ar atomawithout the interference effect. The fitting results of the DCS
and two-electron charge transfer, respectively. For two-electronr(6)g, with two different models mutually agree within
charge transfer, the transition is assumed to take place throughQ% at the angular range shown in the figure, so the aver-
crossingCs (or Cy), but particles diabatically path through crossing aged result is represented in Fig. 7. Although the simple
C4 (or Cy). model potentials were used in the analysis, the fitting results
o ] for E,;,2=500 and 700 eV fairly reproduce the overall fea-
potential differenceAV=V,—V, at smaller distances. The tyres of the excitation DCS's. The crossing parameters de-
probability P(6)g, calculated with the potentials of E®)  guced from the experimental excitation DCS’s are given in
has a second maximum aroufie28°, which is smaller than  Taple II. The interaction energy,,=3.70 eV at the crossing
the experimental angleé=40°. This is due to the fact that the C, obtained with model 1 is different fron,,=6.00 eV at
difference'AV given by Eqg.(9) at the .smaller distance C, in model 2, but the sum 0¥+ V,5+V,,=8.85 eV for
R~0.3 Ais somewhat_ too large. So, with the ground-statec3 is nearly equal to/;,+V,,=8.80 eV forC,.
potential of Eq.(9a) being kept the same, we corrected the "The dotted curves in Fig. 8 exhibits the excitation DCS’s
potentialvz_ of Eq. (9b) to better reprpdu_ce the second maxi- o(0) a1, 0(6)gy, and () g, for E,,,=1500 eV calculated
mum location inP(6)g;. The result is given by with the potential parameters deduced from the experiments
at E,,=500 and 700 eV. The calculations reproduce only
V,=1912 exp—4.60R) — (9.581R) *exp( — 20R) crudely the experiments. The solid curves in Fig. 11 repre-

— (24.0R)5%exp( — 25R) + 13 000 exp— 18R) sent the angular and energy dependences of the &@%;,
of the charge transfer with target excitation. The calculations
+10.4 eV. (10 reproduce satisfactorily the gross features of the experiments.

] ) ) . ] As shown in Fig. 11, however, the DGS 6) g, has a maxi-
In this potential, the preexponential constant in the third termyum at lower energies but has double maxima at the higher
is a little smaller than that for Eq9b). energie<E,,,=1500 and 2000 eV, which cannot be explained
) o at all by the model potentials used here. The discrepancy will
2. Charge transfer with target excitation be discussed below.

A schematic drawing of the diabatic potentials employed
in the data ana[ysgs is represented in Fig. 13. The charge |\, coMPUTATION OF REPULSIVE POTENTIALS
transfer and excitation of Ar atoms of one-electron processes
are assumed to take place through the crossthigandC,, In order to elucidate the excitation mechanisms in the
respectively. Since the excitation mechanisms in the largelyi *-Ar collisions, ab initio %% potentials of singly and
asymmetric LT -Ar system is not clear, the two-electron tran- doubly excited states as well as the* ground-state poten-
sition was analyzed with two different models in this study.tial have been computed at the internuclear distances of
In models 1 and 2 the transition was assumed to proceed.35<R=20 a.u. with the multiconfiguration self-consistent
through the crossing€; and C,, respectively, but the par- field (MCSCH method. The computations were carried out
ticles diabatically passed through the crossi@gsandC;,  with the quantum-chemistry cod&AMESS revised by
respectively. The excited-state potentisls, V5, andV, as  Schmidtet al. [21]. The active space of the MCSCF compu-
well as the ground-state potentid} were evaluated by the tations includes all valence orbitals and electrons. In the cal-
curve fitting of the excitation DCS's(6) 41, 0(0)g1, and  culations, we used the McLean-Chandler extended basis set
o(6)g,. Taking into account the overall features of the exci-[22] augmented by double sets of sixfunctions for Li and
tation DCS'’s the fitting was performed Bf,,=500 and 700 Ar atoms. The orbital exponents of the polarization functions
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40 | agree reasonably well with the experiments. The open and
Li*— Ar solid circles in Fig. 1fb) display the gradienta=
—d InV(R)/dR on a logarithmic scale evaluated from the
MCSCF potentials and the statistical calculations, respec-
tively. The ab initio potentials give a minimum value of
amn=3.35 A aroundR;,.=0.77 A, which is similar to the
experiment, while the statistical calculation has only a shal-
low minimum atR;,;=0.85 A. The inclination point in the
experimental and theoretical potential,.=0.75-0.85 A,
is nearly equal to the critical distancBg=0.74—0.86 A for
the one- and two-electron transitions deduced from the ex-
periments in Tables | and Il. Thus the inclination poft.
in the ground-state potential for the asymmetric44r sys-
tem has a close relation to the critical distanBe's, which
is the same as for NaAr [6].

The solid curves in Fig. 14 represent the adiabatic differ-
! | ! ence potentiald E=E,; — E, for the Li*-Ar system obtained
by the MCSCF calculations, whekg andE; are the elec-
tronic energies of the system for excited sta@nd ground
state 1, respectively. In this figure we show only the differ-
FIG. 14. Adiabatic difference potentials of the excited states.ence potentials of the two lowest excited-states and the four

T
'S
|

20 — C3,4

E;_E1 (eV)

R (A)

——: MCSCF calculations. — —: experimental potentials of first highly excited states, which are closely related to our discus-
excited state 20: experimental potentials at the critical distances sion. Since the computations were mostly performed with an
Cy, Cz, andCs (or Cy). interval of 0.1 a.u., the curves in the figure are the interpo-

lated results. The main configurations in the wave functions

are 0.1 and 0.4 for the Li atom, and 0.425 and 1.7 for the A©f the states shown in Fig. 14 at the specific distances are
atom. Our basis set has, therefore, the quality of trigius ~ listed in Table IIl. _ _ _ _
double polarizations. The ground-state potential has also !N an avoided crossing between statesnd j, the adia-
been calculated with the statistical electron-gas méa@), ~ Patic difference potentill E=E, —E,; is related to the diaba-
which provides reasonably reliable repulsive potentials fottic potential|AV|=|V;—V;| by [25]

closed-shell particles.

The open and solid circles in Fig. & show the ground- AE=2 V(AV/Z)ZJFViZJ (113
state potentials calculated with the MCSCF method and th d
statistical model, respectively. The open triangles are the re-
sults computed with a single-configuration approximation of |AV|=2(AE/2)2— V2. (11b)
self-consistent-field method with molecular orbitals con- )
structed by linear combination of Slater-type atomic orbitalsSThe broken curve in Fig. 14 denotes the adiabatic difference
by Baratet al. [8]. The dotted curve gives the potential potential AE=E,—E; evaluated from the experimental di-
evaluated with an empirical overlap mod@H] by using the  abatic potentialsvV, and V, of Egs. (9) and (10), with
electron density that was obtained from the analytical wave/,,=2.57 eV. The curve deduced from the experiments is a
functions. As can be seen in the figure, all the calculationdittle higher than the MCSCF curve 2, and is shifted to some-

TABLE lIl. Main configurations in the MCSCF wave functions of states at specific distances of 0.4, 1.4,

and 20 a.u.
DistanceR (a.u)
State 0.4 1.4 20
1 LiT+Ar(3pf) Li T +Ar(3p®) Li T +Ar(3p®)
2 Li(2s) +Ar*(3s3p°®) Li(2s)+Ar*(3p®) Li(2s)+Ar*(3p®)
3 Li* +Ar(3s3pf4s) Li*+Ar(3p°4s) Li*+Ar(3p°4s)
4 Li~(2s%) +Ar2"(3s°3p®) Li~(2s%) +Ar?*(3p*) Li(2s) +ArT(3s3pf)
Li~(2s%) +Ar?*(3s3p®)
5 Li(2s) +Ar*(3s3p°4s) Li(2s) +ArT(3p*4s) Li T +Ar(3s3p%4s)
Li(2s) +Ar*(3s%3p®4s)
6 Li(2s) +Ar(3p®) Li*+Ar(3p*4s?) Li(2s) +Ar T (3p*4s)
7 Li* +Ar(3s3p%4s) Li(2s) +Ar*(3s3p®) Li(2s) +Ar T (3p*4s)

Li " +Ar(3s3p°4s?)
Li*+Ar(3s°3p%4s?)
8 Li*+Ar(3p°4s) Li * +Ar(3s3p°4s) Li*+Ar(3p*4s?)
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FIG. 15. (a) Adiabatic and diabatic MCSCF potentials of state 2.

——: adiabatic potential. ----- : diabatic potentigh) Difference in
slopes of diabatic potentials 1 and 2. ——: direct evaluation.
evaluation in the manner of Zhu and Nakamuref. [20]). ----- :
averaged value atR<0.88 A. (c) Inverse of the gradient
B=|d INnAE/dR| of the difference potentiahE on the logarithmic
scale.

what larger distances. The open circleg, C,, andC; (or
C,) are the adiabatic potential differenads =23 V;; evalu-
ated roughly with the sum of the interaction energieg;,
given in Table Il at the crossing poin@,, C,, andC; (or
C,), respectively. The open circlg, is just on the MCSCF
curve 2. The open circl€, is also close to theb initio
curve 3, while the open circl€; (or C,) is located between
curves 4 and 5.

V. DISCUSSION
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V1,=AEi/2=2.24 eV atR;,=R.=0.774 A. The absolute
value of the slope of the difference potentiddS=|dAV/
dR| directly obtained from the diabatic potential curve in
Fig. 15a) is displayed in Fig. 1&) by a solid curve. The
calculatedAS is almost constant fluctuating weakly around
35.5 eV/A (dotted curve in the figujeat R<0.88 A. The
fluctuation is probably due to less input-data points. As can
be seen in the figure, &>0.88 A AS decreases with in-
creasing distancB. Open circles in the figure are the values
estimated with the formula by Zhu and Nakam[28]. Both
evaluations give almost the same results. The potential pa-
rameters cited as MCSCF1 in Table | are the values esti-
mated from theab initio potential with the manner men-
tioned here. As seen in the table, the critical distaRce
obtained from the MCSCF potential is somewhat smaller
than the experimental value, so the evaluaé®.) is ap-
proximately 35% higher than the experiment. The evaluated
parameteV 2,/AS, which determines the transition probabil-
ity, furthermore, is approximately 40% smaller than the ex-
periment. These differences in the crossing parameters pro-
vide significant errors in the threshold angle and the
magnitude of the charge-transfer DCS. This suggests that the
distanceR,. is not the minimum locatiofR,,;, in the differ-
ence potential E, but somewhat larger than it. The analysis
of the ab initio potential with the manner for the avoided
crossing, thus, cannot sufficiently reproduce the experimen-
tal potential parameters at the critical distafe

As discussed above, the inclination poiR},. in the
ground-state potential is close to the crossing distances de-
termined experimentally. In a similar way, we assume here
that an extremum point in the gradient of the difference po-
tential AE, B=|d INAE/dR|=|F/AE|, whereF=dAE/dR,
corresponds to the criticétrossing point. Figure 1%c) rep-
resents inverse of the gradigiit 1/8=AE/|F|. As shown in
the figure, the quantitAE/|F| has a minimum value at
R=0.875 A, whereAE=5.76 eV andAS=34.0 eV/A. As-
sumingV,,=AE/2=2.88 eV atR,=0.875 A, we could es-
timate the crossing parameters from e initio potentials,
which are given in Table | as MCSCF2. The crossing param-
etersV(R,) andV2,/AS estimated by assuming empirical
relation agree well with the experiments. One has to notice
that the scattering anglé is related to the potential height

Assuming an avoided crossing, the relation between th&/(Ro) at closest approach bE,,,0=AV(R,), which was
adiabatic and diabatic difference potentials is given by Eqmentioned above. Then the crossing parameter determined
(11). Then, one can evaluate the crossing parameters frogiirectly from the experimental threshold anglgis the po-
the theoretical adiabatic potential curves. Since the crossinigntial heightV(R;) rather than the distandg; .
parameters given in Table | are deduced from the predomi- As a concluding remark, the angular and energy depen-
nant charge-transfer DCS having a distinctly oscillatingdences of the experimental DCS of the charge-exchange re-
structure, these experimental values are considered to I®etion are quite similar to those of the DCS'’s for the transi-
most reliable to compare them with the calculations. We willtions due to the avoided-crossing interactidBs-5]. The
first discuss the mechanism for charge-exchange reaction éfitical distanceR; deduced from the experiments, however,

one-electron process.

A. One-electron charge transfer

is distinctly larger than the minimum locatidgy;, in the ab
initio difference potentiaA E(R), which is different from the
well-known relationR;= R,,;, for the avoided-crossing case.
The differenceAR=R.— R, depends directly on the cur-

The solid curve in Fig. 1&) again gives the adiabatic vature of the potentiasAE(R) aroundR,,,. The discrepancy
potentialAE=E,— E;, which is the same as curve 2 in Fig. in the distancez, should be originated from the fact that the
14, at a limited range of distance. The potential has a minireaction in the Li-Ar collisions takes place through the non-

mum value ofAE,,=4.48 eV atR,;,=0.774 A. The dotted
curve in the figure exhibits

|[AV|=|V,—V,| evaluated by Eqg. (11b with

the diabatic potential

crossing interaction.
As discussed above, the angular dependence of the ex-
perimental DCS for the product Li(® has a broad structure
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TABLE 1V. Comparison of the crossing parameters for one- sition onto potential curve 5, followed by the transition from
electron charge transfers in the collisions of alkali ions with Ar curve 5 to curves 6 and 7. Reactie) was observed only
atoms deduced from the experiments. at the lower energies df,,,<1000 eV. This suggests that
probability of the transition from state 5 to states 6 and 7 is
large at higher energies.

System Re(A)  V(R) VIJAS(eVA) ri+r; (A)

Li*T-Ar 0.81 47.0 0.240 0.86
Na’-Ar? 1.07 46.2 0.361 0.96 C. Excitations at intermediate and smaller distances
K*-ArP 1.19 40.5 0.0074 1.30

In the Na'-Ar collisions studied previously, two different
types of electronic transition could be obseni&d. The
critical distances for the transitions were close to the dis-
tanceslriirj| evaluated from the ionic and atomic radiji
. . . o andr;. As discussed above, the experimental crossing dis-
which resembles that of reaCtldﬂl) for direct excitation of tanceRC: 0.81 A for one-electron Charge transfer in"LAr
Ar atoms. Therefore, reactiof8b) is considered to proceed g npearly equal tar;+r;=0.86 A. If the transitions in the

through interaction between the potentials for reacti®3 | j+_Ar collisions are similar to those of NaAr, another
and(1). In order to discuss this transition mechanism further . itical distance for Li-Ar is R.=|r,—r;|=0.48 A, which

one has to evaluate the coupling between the jj(2and corresponds to the threshold anglE,,0),~18 keV deg,
Ar(4p) states. evaluating from the deflection function. In the angular de-

The expenm_ental crossing parameters for th? Charge;Sendences of the DCS’s for one-electron transitions, we can-
exchange reaction of one-electron process in tieAi col-

lisions are compared with those for Kar and K*-Ar col- n_o.t appreciably find the additional structure due. to t.he tran-
lisions in Table IV. The crossing paramed?,/AS for the sitions around the angkE,.;f),. As can be seen in ,F|gs. 7
asymmetric systems of LiAr and Na -Ar has nearly the o @nd 11, the angular dependences of the DCS'’s for two-
same value, while that for quasisymmetri¢ 4ar system has e!ectron transitions have ;lngle maximum at the Iovyer ener-
a very small value. For the asymmetric systems the elecdi€S Of E;,<<1000 €V, while they have double maxima for
tronic transitions take place through the noncrossing interaccias=1500 eV, which is especially clear in the DG&6)g,
tions, while the transition for K-Ar is ascribed to the Of the charge transfer with target excitationEgf,=2000 eV
avoided crossing. Thus the excitation mechanisms for th# Fig. 11. If the additional structure observed around
asymmetric and quasisymmetric systems are completely difE.p0~30 keV deg in Fig. 11 is attributed to the crossing at
ferent. Nevertheless, the system dependence of the crossititg intermediate distance, the critical distance is estimated to
distanceR. can be well reproduced by the sum of the ionic be R;=0.47 A[V(R,)=193 eV], which is nearly equal to
and atomic radir;+r;, as seen in the table. A more impres- |r;—r;|=0.48 A

&ita et al, Ref.[6].
bKita, Izawa, and Inouye, Ref5(a)].

sive feature is that the potential heighi(R.) at the critical According to the MO correlation diagram for T4Ar es-
point for the alkali-ions—Ar systems is almost the same, detimated with theab initio computations, the electronic tran-
pending only weakly on the system. sitions due to 8o promotion are considered to take place at
distances 0lR<0.5 a.u.(0.26 A) [8]. As discussed above,
B. Charge-exchange reactions with target excitation the probabilities of transitions due to interactions at large

The open circleCs (or C,) in Fig. 14 is the experimental distances are so high a_t higher collisiqn energies e_md Iar_ge
adiabatic potential at the crossing point for the Chargeangles that we cannot distinctly determ_me the crossing point
exchange reaction with target excitation, and is located bedt smaller distance from the experimental results. The
tween MCSCF curves 4 and 5. Both curves have a minimun@nergy-transfer spectra of LiAr measured &k ,,=2000 eV
aroundR=0.73 A, which is nearly equal to the experimental and 6>55°, however, have a shoulder arou@d=45 eV,
critical distancesR.3=0.74 A (model 3 andR,,=0.75 A which was not observed at small angles. Furthermore, the
(model 2. As can be seen in Table Ill, around the distanceangular dependence of the D@%4),, of two-electron tran-
Res (or Rgy)=1.4 a.u., the main configurations for the sitions forE,;;=2000 eV in Fig. 9 shows a change in slope
ground state, and states 2 and 3 are the same as those at #teund 60°. These features will be ascribed to the avoided
large distanceR=20 a.u. On the other hand, characters ofcrossing at small distance. The turning point for the scatter-
the wave functions of the highly excited states 4—7 stronglying into §=60° at E ,,=2000 eV isR,=0.2 A, which is
depend on the distance. Rt=1.4 a.u., the wave functions of close to the crossing distanBe=0.26 A estimated theoreti-
states 4 and 5 have the main configurationscally by Baratet al.[8].

Li~(2s?) +Ar?*(3p*) and Li(2s)+Ar*(3p“*4s), respec- The MCSCEF calculations in this study show that the main
tively. Curve 4 adiabatically leads to the exit channel ofconfigurations of the wave functions of states 1, 2, and 3 at a
Li(2s)+Ar*(3s3p®), which was not observed in the TOF distance ofR=0.5 a.u. are still the same as those at large
measurements. Furthermore, the negative ionsproduced  distances. AtR=0.4 a.u., however, the wave functions of
by the reactions could not be detected in the experimentstates 2 and 3 have the main configurations of
The potential curve 5 leads adiabatically to the exit channeLi(2s)+Ar*(3s3p®) and Li*+Ar(3s3p®4s), respectively,

of Li*+Ar(3s3p®4s), which corresponds to reactioi2a) as shown in Table lll. The wave function of state 1 at this
observed experimentally. Charge transfer with target excitashort distance still has the same configuration as for large
tion, therefore, is considered to take place through the trandistances, but the contribution of the second configuration of
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Li*+Ar(3s3p®4s) increases steeply &<0.5 a.u. These critical distance for the one-electron charge transfer could be
results can be interpreted by the MO correlation diagramevaluated from thab initio potentials, which reproduce the
The promoted 80 MO diabatically correlates to the Lisl  experimental parameters well. The angular dependence of
AO [see Fig. ) in Ref.[8]]. Excitation of Li* ions could the DCS'’s of the two-electron excitations at higher energies
not be observed experimentally at the collision energies 0bf E|,,=1500 eV shows three different types of transitions.
E.,=2000 eV, but the Ar 8 AO, which correlates to &  The critical distances for the two-electron transitions are
MO, is promoted aroun®=0.4 a.u(=0.2 A). This suggests R,=0.75, 0.47, and 0.2 A, which are related to the ionic and
that the crossing of the dir and 30 MO’s is strongly  atomic radiir; andr; .
avoided, resembling the case of He{Ai. The change in the The experimental findings in this study are expected to be
excitational features observed in the experiments around thealid for closed-shell and quasi-one-electr@ikali-atom—
distanceR=0.2 A, which is nearly equal to the radius closed-shell-atomsystems, but the main part of the findings,
ri=0.19 A of the Li" ion, will be ascribed to transitions due i.e., excitation mechanisms, is definitely different from those
to the avoided crossing of thedd and 30 MO’s. for symmetric and quasisymmetric closed-shell systems and
quasi-one-electron systems.

VI. SUMMARY
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