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By means of differential energy-transfer measurements, excitation mechanisms in Na -Ar collisions
have been studied at laboratory collision energies of 50 ~ Ei,b ~ 1500 eV. In these experiments, doubly
differential cross sections have been measured over nearly the whole angular range in the center-of-mass

system by simultaneously detecting both scattered and recoiled particles (Na+, Na, Ar+, and Ar) at lab-

oratory angles of 2'~ 0&92'. The Na+ ions and Na atoms scattered inelastically were observed at re-

duced angles of ~ & 3.5 keV deg and collision energies of Ehb ) 500 eV. For energies of 500 & Ei,b & 1000
eV, the dominant inelastic signal is due to one-electron charge transfer, while for Ei,b & 1000 eV, two-

electron excitation as well as one-electron excitation were observed. The electronic transitions in the

Na -Ar collisions are classified into two types of excitation mechanisms. One type is the one-electron
0

transition that takes place at internuclear distances of R & Rci =1.07 A. The other type is the one- and
0

two-electron transitions that occur at distances of R &R&2=0.45 A. These critical distances R& =1.07
and 0.45 A are close to

~
r;+rt ~

=0.96 and 0.38 A, respectively, evaluated from the ionic and atomic radii.

PACS number(s): 34.50.Fa, 34.20.Cf

I. INTRODUCTION

In moderate-energy collisions of closed-shell particles,
electronic transitions depend strongly on colliding sys-
tems [1—14]. For symmetric and quasisymmetric sys-
tems, excitation probability is especially high even at
lower collision energies [1—8], while the probability for
asymmetric systems is low [9—13], except for Li+-Ne [11]
and He-rare gas systems [14]. Another remarkable
feature in the inelastic collisions of closed-shell particles
is the fact that excitation into a doubly excited state lying
at a higher energy is observed with a high probability and
with the threshold energy being almost the same as that
for one-electron excitation. Excitation in low-energy col-
lisions takes place through the curve crossing between
the ground-state and excited-state potentials V& and Vz.
The excitation is characterized by crossing radius Rc, in-
teraction energy Vt2(Rc), and the difference in slopes of
the two potentials bS(RC) at the crossing [15]. The exci-
tation processes are qualitatively interpreted by an elec-
tron promotion model [16]. In order to discuss quantita-
tively the excitation mechanisms, one has to evaluate the
crossing parameters by collision experiments or ab initio
calculations. Unfortunately, the accuracy of the calcula-
tion is still not suf5cient for many-electron systems.

Repulsive potentials between closed-shell particles
have been extensively determined in the range
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0. 1(V(R) (10 eV, by measuring integral cross sections
as a function of collision energy [17—20]. The potentials
evaluated both experimentally and theoretically have a
simple character [21] and were found to be related to the
overlap of electron clouds of colliding partners [20,22].
Very similar discussions on the repulsive potentials have
also been reported in the study of atomic interactions
with solid surfaces [23]. The radius Rc, which character-
izes the potential crossing, also has a close relation to the
atomic radii of colliding partners [24—26]. This suggests
that the electron-density distributions p; and p. of the
colliding partners i and j govern the potential curve
crossing.

In earlier papers, we have reported differential scatter-
ing experiments on excitation and autoionization in the
quasisymmetric Na+-Ne and K+-Ar systems at lower
collision energies [8]. In this study, differential scattering
in an asymmetric Na+-Ar system has been investigated
over a wide range of laboratory angles of 2'& 0& 92' and
at moderate laboratory energies of 50~E„b &1500 eV.
The velocity of scattered particles was analyzed by a
time-of-flight (TOF) technique. For the Na+-Ar col-
lisions, an energy-loss spectrum of the Na+ ions scattered
at E&,b

= 5 keV and 8=4.5 [10],and an energy spectrum
of electrons ejected from autoionizing states of Ar atoms
at E&,b =15 keV [27] have been briefly reported, but, to
our knowledge, no investigation on the excitation mecha-
nisms in moderate-energy collisions has been reported up
to now.

Differential scattering of Li+ ions from rare gases has
already been studied at energies of E&,b & 500 eV and the
smaller angles 0&30', and the excitation mechanisms
have been discussed in detail [11]. In order to compare
with the results of Na+-Ar, differential scattering in the
I.i+-Ar collisions has also been studied at 70~ E&,b ~ 350
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eV in this work.
Alkali-atom-rare —gas-atom systems contain an isolated

electron outside two closed-shell cores, and are often re-
ferred to as quasi-one-electron systems. The transition of
the isolated electron in low-energy collisions is considered
to proceed through level crossing of the closed-shell
cores. For Na-Ar collisions, the impact-parameter
dependence of the Na(3s~3p ) transition has been stud-
ied at moderate collision energies by means of photon-
particle coincidence measurements [28]. This transition
has been related to the promotion of the outermost 3p
electron of the Ar atom into higher empty ones, which
corresponds to the direct excitation of Ar atoms in the
Na+-Ar collisions. We can, therefore, discuss directly
the transition mechanism for Na-Ar by studying interac-
tions of Na+ ions with Ar atoms. The crossing radius for
the Na(3s~3p) transition is evaluated to be 2 a.u. (1.06
A). Similar photon-particle coincidence measurements
have also been performed for the transition K(4s —+4p ) in
low-energy K-Hg collisions [29], but the excitation mech-
anism is not clear at the present time.

II. EXPERIMENTS

A. Apparatus

Differential scattering experiments have been per-
formed with a crossed-beam apparatus. Since the details
of the apparatus have been given elsewhere [30] (and a
schematic drawing of the apparatus is presented in Fig. 1

in Ref. [26]), only brief descriptions will be given here.
The apparatus consists of five chambers: a main
chamber, an ion source, a nozzle source followed by a
collimation chamber, and a detector chamber.

The two beams cross each other perpendicularly in the
main chamber, and particles scattered in-plane are
detected by a rotatable secondary-electron multiplier
(Hamamatsu R595). The primary Na+ ions are produced
by means of thermionic emission from the natural
(NazO)(A1203)(2Si02) on a heated platinum wire, and the
Li+ ions are obtained from the isotope-enriched

( LizO)(A1203)(2Si02) [31]. The ions are accelerated to
the desired energies of 50~E&,b ~ 1500 eV in a lens sys-
tem, and are collimated by two slits into an angular
spread of approximately 0.25' full width at half maximum
(FWHM). The secondary Ar beam is injected into the
collision chamber as a supersonic beam [32]. At the stag-
nation pressure of P0=1200 Torr in the nozzle beam
source, the fiow velocity and angular spread of the beam
are u =560 m/s and 68=1.4 FWHM, respectively.

For time-of-Qight measurements the ion beam is pulsed
with a pair of condenser plates in front of collimating
slits [33]. The flight-path length from the scattering
center to the detector is approximately 50 cm. Overall
angular resolution for the scattered particles is approxi-
mately 0.35 FWHM. Time resolution b, t lt in the TOF
measurements is 1/700 for an ion energy Ei,b =1500 eV
at a scattering angle 0=5'. The laboratory angle 0 is
determined with respect to the primary ion-beam axis
with an accuracy of 0.05 .

In this apparatus, both ions and neutral atoms scat-

tered into an angle 8 are detected simultaneously. By
sweeping off the scattered ions with a positive high volt-
age, only the neutral particles can be detected through
the multiplier. The ions are accelerated by a negative
high voltage ( VEM = —2700 V), which is applied to the
first dynode of the multiplier, and impinge on the multi-
plier with high velocity. The detection efficiency c for the
ions can therefore be estimated to be unity. However, the
efficiency c, for the neutral atoms, which hit the first dy-
node with lower velocity, is smaller than unity if the imp-
inging energy is lower than a critical energy. Since both
ions and atoms that belong to same reaction channel,
Na+-Ar and Na-Ar+, are detected simultaneously in the
measurements, we could evaluate the detection efficiency
e of the recoiled Ar atoms at impinging energies of
50&E; &1100 eV and of the Na atoms produced by
charge transfer at energies of 300&E; &1100 eV. For
this evaluation of the efficiency e, we have used the rela-
tion o, ( 8, )d co, =o „(8„)dco, between differential cross
section (DCS) cr, (8, ) of particles scattered into a labora-
tory angle of 8, and DCS o „(8,) of those recoiled into an
angle 0„, where the angles 8, and I9, belong to an identi-
cal center-of-mass (c.m. ) angle O and de's are elements
of the solid angle [34]. The efficiency e's for the Ar atoms
and the Na atoms are almost the same within the experi-
mental uncertainty +15%. According to the experimen-
tal results, the efficiency c is unity at E; & 1000 eV, and
decreases gradually with decreasing energy at
350 & E; & 1000 eV. For E; & 350 eV, e decreases
steeply with decreasing energy.

By detecting scattered and recoiled particles with the
calibrated multiplier, difFerential cross sections over near-
ly the whole angular range in the c.m. system have been
determined in this study.

B. Time-of-flight spectra

1. Na+-Ar collisions

Figure 1 shows the TOF spectra of the particles scat-
tered into the angle 0=18' in the Na+-Ar collisions at
E&,b =1000 eV. The abscissa is the Qight time in units of
ps and the ordinate is the relative intensity. In the figure
the most intensive peak Ao is normalized to unity. Fig-
ure 1(a) exhibits the spectrum of scattered ions and neu-
tral atoms, while Fig. 1(b) is the spectrum of neutral
atoms measured by rejecting the ions with a positive high
voltage. In the figure, peaks Ao and C& are attributed to
ions, while peaks B„DO, and D, are due to neutral
atoms.

The intense peak Ao is ascribed to the Na+ ions scat-
tered elastically, while the dominant neutral peak Do is
due to the Ar atoms recoiled elastically from the Na
ions. Two peaks B& and C& are ascribed to the Na atoms
and Ar+ ions, respectively, produced by the charge-
exchange reaction

Na++Ar~Na(3s )+Ar+ —10.6 eV .

Flight-time locations of the Na atoms and Ar+ ions pro-
duced by reaction (1) are indicated by the arrows 1 and 2
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Peaks C& and Cz of the Ar+ ions in Fig. 2(c) are locat-
ed around Q = 11 and 29 eV, respectively. Peak C, is due
to charge-exchange reactions (1) and (4), the same as for
peak B, in Fig. 2(b). Peak Cz will mainly be attributed to
the two-electron processes of the charge exchange with
the target excitation

Na++Ar~Na(3s)+Ar [3p ('D)4s] —29. 1 eV, (5)

Na++Ar~Na++Ar(4p ) —12.9 eV . (3)

Peak B, of the Na atoms in Fig. 2(b) is also located
around Q =12 eV. Peak B, has an energy width some-
what broader than that for elastic peak Ao and is attri-
buted to reactions (1) and

Na++Ar~Na(3p )+Ar+ —12.7 eV .

FIG. 1. Typical TOF spectra in the Na+-Ar collisions mea-
sured at E&,b =1000 eV and 0=18'. (a) Spectrum of ions and
neutral atoms, and (b) only for neutral atoms. Peaks Ao and B

&

are due to Na+ ions and Na atoms, respectively. Peak Cl is at-
tributed to Ar+ ions. Peaks Do and Dl are due to Ar atoms.
Arrows 1 and 2 are TOF locations of the Na atoms and Ar+
ions, respectively, produced by reaction (1). Peaks B„Cl,Do,
and D& are magnified by a factor of 25.

and of the direct excitation of Ar atoms into an autoion-
izing state [27]

I I I

in Fig. 1 (a), respectively. The weak neutral signal D, is
due to the Ar atoms recoiled inelastically by the reaction

Na++Ar —+Na++Ar(4s ) —11.6 eV . (2)

It must be noticed that the Ar atoms and Ar+ ions
recoiled into a small angle 0 belong to backward scatter-
ing, c.m. angle 0=144 for 0=18', because the angle 0 is
determined here with respect to the beam axis of the pri-
mary Na+ ions. The intensity of the Ar signal D& in Fig.
1 is approximately 30%%uo of that of the Ar+ signal C&.
Thus, the inelastic signal observed at E»b=650 eV is
predominantly due to reaction (1), which is the electronic
transition into the 6rst excited state.

Except for small angles of E»„0&5 keV deg and large
angles of 6I & 80', all the TOF spectra measured at
E»b &500 eV have four types of signals, i.e., Na+ ions
(peak A ), Na atoms (B ), Ar+ ions ( C ), and Ar atoms
(D). However, at lower energies of E&,b (500 eV, the
spectra are composed of two elastic peaks A o and Do.

Figure 2 exhibits energy-transfer spectra observed at
E»b = 1500 eV and 0=27.5, where the abscissa is the en-
ergy transfer Q from kinetic to excitation energy of the
colliding particles in units of eV. These spectra are de-
duced from a TOF spectrum by taking into account the
Jacobian factor dQ/dt, where t means tlight time. Fig-
ures 2(a) and 2(b) are the spectra of the Na+ ions and the
Na atoms, respectively. Figures 2(c) and 2(d) are of the
Ar+ ions and the Ar atoms, respectively. In Fig. 2(a) for
Na+ ions, a weak inelastic signal A

&
is observed around

(c)A

(d)Ar

I 1 1

40 20
q (.v)

FIG. 2. Energy transfer spectra in the Na+-Ar collisions
measured at E&,b =1500 eV and 0=27.5 . (a) Spectrum of Na+
ions, (b) for Na atoms, (c) for Ar ions, and (d) for Ar atoms.
Peaks Ao and Do correspond to elastic scattering. Peaks Al,
Bl, Cl, and Dl are attributed to one-electron excitations, and
peak C& is due to two-electron excitations.
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Na++Ar~Na++Ar[3p ('D)4s ]—28.7 eV

Ar++e

There are several other exit channels with excitation en-
ergies close to those for reactions (5) and (6). The ejected
electron spectrum measured at Ei,b = 15 keV [27], howev-
er, indicates that the main exit channel for autoionization
is due to reaction (6). The main channel for the charge
exchange of the two-electron process is then considered
to be reaction (5), which has almost the same excitation
energy as for reaction (6). Prominent Ar peak Do in Fig.
2(d) is the elastic signal, while peak Di located around
Q = 11 eV is ascribed to the excitation of Ar atoms by re-
actions (2) and (3).

Figure 3 shows energy transfer spectra of the Na+ ions
and Na atoms scattered into the large angle 0=75' at
E& b

= 1500 eV. Both Na+ peak A 2 and Na peak B2,
which could not be observed at small angles, are located
around Q =29 eV. The peak location Q=29 eV is the
same as that for Ar+ peak C2 in Fig. 2(c). Peaks A z and
B2 are then attributed to reaction (6) of the two-electron
excitation of Ar atoms and to the charge-exchange reac-
tion (5) with target excitation, respectively. Thus, peaks
Az and B2 were observed only at large angles of 0, while
the Ar+ peak C2 was at small angles of 0.

2. I.i+-Ar collisions

Figure 4 shows a typical TOF spectrum of the Li+ ions
and Li atoms scattered into the angle 0=34' at E&,b

=350
eV. Peaks A 0 and 3, are due to the Li+ ions, while
peak B, is ascribed to the Li atoms produced by the
charge-exchange reaction. The peaks of Ar+ ions and Ar

I I I I I I I

atoms were also observed at large Aight times,
Tf =22—23 ps, but are not shown here .The scales Q„
and Qz in the figure give energy transfers for Li+ and Li,
respectively. The intense Li+ peak Ao is due to the elas-
tic scattering. Peak A, is located around Q = 12 eV, and
is attributed to the direct excitation of Ar atoms by the
reactions

r

Li++Ar(4s) —11.6 eV

Li++Ar(4p )
—12.9 eV .

Peak Bi of the Li atoms located around Q =11 eV is at-
tributed to the charge-exchange reaction

Li++Ar~Li(2s )+Ar+ —10.4 eV .

The peak locations of signals 3
&

and B
&

depend some-
what on the angle. At large angles of 8&40, the Li+
peak A i is located around Q =12.5 eV, which indicates
the dominance of the Ar(4p ) excitation. As will be men-
tioned below, the charge-exchange DCS cr(8)zi of signal
B, has an oscillatory structure (see Fig. 10). Peak B, ob-
served at the maxima of the DCS cr(8)ii, is always locat-
ed around Q = 11 eV and is due to reaction (8). However,
peak B& at the minima of the DCS is located around
Q = 12.5 eV and is attributed to the reaction

Li++Ar~Li(2p)+Ar+ —12.2 eV .

Thus, all the excitation signals observed in this study cor-
respond to the one-electron transitions.

C. Differential cross sections

1. Na+-Ar collisions

Measurements of diFerential cross sections (DCS's)
have been performed at laboratory angles of 2'~8~92'
and collision energies of 50 ~ E&,b ~ 1500 eV.
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20 0
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1 X]P
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FIG. 3. Energy transfer spectra in the Na+-Ar collisions
measured at E&,b=1500 eV and 0=75. (a) Spectrum of Na+
ions, and (b) for Na atoms. Peak Ao corresponds to elastic
scattering. Peaks A

&
and BI are due to one-electron excita-

tions, and peaks A2 and B2 are attributed to two-electron exci-
tations.

T~ (p)
FIG. 4. Typical TOF spectrum in the I.i -Ar collisions mea-

sured at E&,b =3SO eV and 0=34. Peaks Ao and A
&

are due to
Li+ lons, and peak Bi is attributed to Li atoms. The scales Qz
and Qa denote energy transfers for Li+ ions and Li atoms, re-
spectively. Peak A

&
is magnified by a factor of 10.
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(i) Elastic scattering. As discussed above, the particles
detected at energies of El,b &500 eV are the Na+ ions
and Ar atoms scattered elastically. Shown in Fig. 5 is the
elastic DCS o(8)sin8 in the c.m. frame, which was de-
duced from the DCS cr(8) in the laboratory system mea-
sured at 70~El,b ~350 eV by taking into account the
Jacobian factor for transformation [34]. The open circles
are the DCS's deduced from the Na+-ion data measured
at 0&92', while the solid circles for EI b =200 and 350
eV at large angles are the DCS's evaluated from the in-
tensity of the Ar atoms at 0&27 with the detection
eKciency c of the multiplier. The DCS's measured in this
study are relative ones. The absolute values of the DCS's
for El,b =200 and 350 eV were determined by using the
experimental integral cross sections and the repulsive po-
tential deduced experimentally at distances of
1.63~R ~2. 10A [19],

10

10

10

10-2

10

I I I I I I I I

V(R)=11 340exp( —4. 68R ) eV . (10)

The integral cross sections measured at El,b=200 and
350 eV are 16.78 and 14.93 A, respectively [19,35]. The
normalized results of the DCS are displayed in Fig. 5.
The experimental DCS's at 0 & 10' for E&,b =200 and 350
eV agree to within 10%%uo with the DCS's calculated by em-
ploying Eq. (10), but at angles of 0) 10 the agreement
between the experiments and the calculations is not so
good. This suggests that the potential of Eq. (10) is not
accurate at smaller distances.

(ii) Inelastic scattering Figu.re 6 exhibits the DCS's in
the laboratory system measured at E&,b=650 eV. The
solid circles represent the DCS o(8)~, of the Na atoms

10

10

O+

10 1

0*

10

10
50 100

0 (deg)
150

FIG. 5. Elastic DCS o.(O)sinO in the c.m. system for Na+-
Ar at 70~ EI,b & 350 eV. o and 0, experimental DCS's evalu-
ated from the intensity of the Na+ ions and the Ar atoms, re-
spectively. , the DCS calculated with the potential of Eq.
(12). The DCS's for energies of El,b =70, 125, and 200 eV are
shifted by the factors of z'~, —', and 3, respectively.

I' ~ I I I I I I I

20 40 60 80

(Beg)

FIG. 6. Angular dependence of the DCS cr(0)sint9 in the lab-
oratory system for Na+-Ar at energies of E&,b =650 eV. o, sum
of the experimental DCS's of the scattered Na+ ions and Na
atoms. 0, experimental DCS of the Na atoms produced by a
one-electron (le) charge transfer multiplied by a factor of 10.

, calculated DCS's.

produced by charge-exchange reaction (1) of the one-
electron process, which was evaluated with the detection
efficiency s. The DCS o (8)~ I of the Na+ ions for direct
excitation of Ar atoms, reaction (2), could be only rough-
ly evaluated to be less than 25%%uo of the DCS o (8)&I at
El,b=650 eV. The open circles give the sum of the
DCS's of Na+ ions and Na atoms. The DCS's of Ar+
ions and Ar atoms are not shown in the figure for clarity.
The DCS o (8)~, shows sharp onset around 8= 10' and
has a weakly undulating structure at 0 & 20'.

Figure 7 shows the DCS's in the laboratory system of
the Na+ ions and Na atoms scattered from Ar atoms at
E&,b =1500 eV. The open and solid circles represent the
summed DCS o(8),„and the elastic DCS o(8)„o, re-
spectively. The open and solid triangles are the DCS's
o(8)~& and o(8)~„respectively, of one-electron transi-
tions. The open and solid squares are cr(8)+2 for the
charge transfer of the two-electron process and o(8)„2
for the two-electron excitation of Ar atoms into the au-
toionizing state, respectively. The intensity of the Na+-
ion signal A, , o (8)„„could be evaluated separately
from the intensive elastic signal Ao only at a limited an-
gular range of L9~ 10'.

As is seen in Fig. 7, the DCS o (8)&I begins to appear
around 0=2.5' and has a maximum around 0=5. At
the lower energies El,b ~1000 eV, the direct excitation
DCS o (8)~, is less than 30%%uo of the charge-transfer DCS
o(8)~, In the hig. h-energy collisions at E&,b=1500 eV,
however, the DCS o(8)„,at 8) 10 has (roughly say) al-
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tered Na+ ions and Na atoms, and of the recoiled Ar
atoins and Ar+ ions. The open and solid circles are the
elastic DCS o(8},

&
and the summed DCS cr(O),„,re-

spectively. Open and solid triangles give the DCS's
o(O)i, for one-electron excitations and o(O)z, for two-
electron excitations, respectively. Here, cr(O) i, and
o(O)2, both are the sum of the DCS's for the charge
transfer and direct excitation of Ar atoms.

2. Li+-Ar collisions

DifFerential scattering measurements for Li+-Ar col-
lisions have been performed at energies of 70 ~ EI,b ~ 350
eV. The DCS's of the Li+ ions and Li atoms measured at
EI b =350 eV are presented in Fig. 10. The solid circles
denote the DCS o(8)zi of the Li atoms produced by
one-electron charge transfer, which was evaluated with
the detection efBciency c. for the Li atoms of the multi-
plier. As seen in the figure, the DCS o (8)zi begins to ap-
pear around 6t=10' and has a distinctly oscillating struc-
ture, which was also observed in the DCS measured at
the lower energy EI,b =200 eV. As mentioned above, the
maxima in the DCS o (8)zi are predominantly due to the
Li atoms produced by reaction (8). The open triangles in
Fig. 10 are DCS's cr(8)„,of direct excitation of Ar atoms
by reactions (7). The DCS o(8)z, has small values and
depends only weakly on the scattering angle. Open cir-
cles represent the summed DCS cr(8},„.In Fig. 10, the

10

10

10

relative DCS o (8),„measured at the small angles 8 & 10
is fitted to the elastic DCS calculated with the experimen-
tal potential [18]

V(R ) =1750exp( —4.24R ) eV,

which is given by the broken curve. Electronic transition
in the low-energy Li -Ar collisions is very weak, never-
theless, the calculated DCS is always higher than the ex-
perimental summed DCS at angles of ~) 7 keV deg
(8)20' for Ei,„=350eV). This suggests that the poten-
tial function of Eq. (11) must be corrected at smaller dis-
tances.

III. ANALYSES OF EXPERIMENTAL RESULTS

A. Ground-state potentials

For quantitative discussions of excitation mechanisms
in the collisions, one has to first determine the ground-
state potential as accurately as possible. Excited-state
potentials and potential parameters at critical distances,
where electronic transition takes place, can be evaluated
with the analysis of experimental DCS's based on
knowledge about the ground-state potential.

1. Na+-Ar collisions

The ground-state potential in the Na+-Ar system was
directly evaluated from the elastic DCS at EI,b =200 and
350 eV in Fig. 5 by employing the inversion method
developed by Firsov [36]. In the inversion procedure, the
deflection function O(b) as a function of impact-
parameter b is first deduced from the angular dependence
of the DCS. The potential energy V(R ) can be uniquely
determined from the function O(b). The direct inversion
method needs elastic DCS over the full angular range
(0'&O 180'). Since the experimental DCS is available
only at 0 + 3', the DCS at small angles of 8 (3' was eval-
uated here by using the experimental potential of Eq.
(10). The potential of this system has an attractive well
so shallow, —0. 19 eV [37], that the contribution of the
attractive part was neglected. The solid curve in Fig.
11(a) represents the repulsive potential derived with the
inversion method at 4& V(R ) &200 eV (0.65&R &1.7
A). The inversion results can be approximately fitted to
an analytical form

V(R ) =9080 exp( —4.49R ) —(11.561R ) exp( —13.3R )

—
( 18.385R ) exp( —21.OR ) eV, (12)

10
40

(«g)
80

FIG. 10. Angular dependence of the DCS cr(8)sin8 of the
scattered Li+ ions and Li atoms in the laboratory system for
Li -Ar at EI,b=350 eV. and 4, experimental inelastic
DCS's o.(8)zI and cr(8)», respectively. o, experimental
summed DCS o(8),„.——,calculated elastic DCS.
calculations of the DCS's o.(8),„and o.(8)». —- ——,DCS
0 ( 8)g I calculated with the two-term potentials. ———,DCS
o(8)» calculated without the interference effect.

within an error of 2%. The solid curves in Fig. 5 are the
elastic DCS calculated with Eq. (12). The calculations
satisfactorily reproduce the DCS's measured at the lower
energies EI,b =70 and 125 eV, as well as those for
Elab =200 and 350 eV.

As seen in Fig. 11(a), the ground-state potential does
not lie on a straight line in the logarithmic scale, but
shows an inclination structure. The solid curve in
Fig. 11(b} presents the potential gradient a(R )= —d lnV(R )/dR, deduced directly from the inversion
results, which has a minimum value o; =3.0 A at
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I

10
The potential of Eq. (14) has an inclination structure
around R;„,=0.74 A, similar to the case of Na+-Ar.
The DCS calculated with Eq. (14) also reproduces well
the experimental summed DCS at E&,b=350 eV, shown
in Fig. 10, over the whole angular range. The potential
function is valid at the potential height V(R ) (250 eV
(R )0.4 A).

B. Excited-state potentials

10

I

6

(b)

0. 5 1.0
R (i)

1.5

FIG. 11. (a) Ground-state potentials for Na+-Ar. — and——,experimental potentials deduced by the inversion and
curve-fitting procedures, respectively. 0 and , calculations
with the ab initio method and the statistical electron-gas model,
respectively. ———,empirical model potential. (b) Potential
gradient in the logarithmic scale. , experimental result. 0
and 0, ab initio and statistical calculations, respectively.

1. Li+-Ar collisions

In the low-energy Li -Ar collisions, electronic transi-
tion is predominantly due to the charge-exchange reac-
tion (8). The charge-transfer DCS o(8)ii, has a distinctly
oscillating structure, as shown in Fig 10. The oscillatory
structure in the DCS strongly depends on the difference
b, V(R ) = Vz(R ) —V, (R } between ground- and excited-
state potentials [15]. One can then evaluate the excited-
state potential for reaction (8), as well as the ground-state
potential by the fitting of the DCS o (e)ii, . According to
Barat et al. [11],the electronic transition in this colliding
system takes place through the noncrossing interaction
rather than the crossing interaction. However, the exper-
imental results suggest that the transition occurs at a lo-
calized internuclear distance. In this study, elastic and
inelastic DCS's were calculated semiclassically by assum-
ing the Landau-Zener transition probability at the critical
(crossing) distance

p =exp( —2m Vi2/iiihSU„), (15)

R =1.02 A.
The inelastic signals observed at E&,b=650 and 1000

eV are still lower than 10%%uo of the total intensity, which
can be seen in Fig. 6. The ground-state potential at
shorter distances was also evaluated from the summed
DCS's for E&,b =650 and 1000 eV by the curve fitting of
the DCS. The result is given by

V(R ) =9080 exp( —4.49R ) —(11.561R ) exp( —13.3R )

—(19.468R ) exp( —21.0R ) eV .

The broken curve in Fig. 11(a) denotes this potential.
The solid curve in Fig. 7 exhibits the summed DCS calcu-
lated with Eq. (13) by assuming elastic scattering. The
calculation reproduces well the experimental summed
DCS over the whole angular range. The ground-state po-
tential of Eq. (13) is valid at least up to V(R )-900 eV
(R -0.4 A).

where V&2 is the interaction energy, AS is the difference
in slopes of the two potential curves, and v„ is the radial
velocity. Diabatic ground- and excited-state potentials
were initially estimated by referring the ground-state po-
tential of Eq. (14). In the fitting procedure, the DCS
o (0)iii was calculated iteratively as a function of the po-
tential parameters and of the interaction energy V,2 at
the critical distance to get a best fit of the DCS o (8)s,.

The solid curves in Fig. 10 give the calculated op-
timum results of the summed and charge-exchange
DCS's. The computed DCS o.(0)si is normalized to the
experiments at the second maximum, 8=35 . The dotted
curve in Fig. 10 is the charge-transfer DCS calculated
without the interference between two trajectories. Both
the calculations reproduce satisfactorily the overall
feature of the experiments. The potentials determined by
the data analysis are

V(R }i=1750exp(—4.24R ) —(9.581R) exp( —20.0R )

2. Li+-Ar collisions + 19000 exp( —18.OR ) eV (16)
The ground-state potential at shorter distances for

Li+-Ar was deduced by the curve fitting of the experi-
mental summed DCS at lower energies of E&,„=125and
200 eV, by assuming elastic scattering. The deduced po-
tential is given by

and

+17000exp( —19.2R )+10.4 eV . (17)

V(R )z=1912exp( —4.60R ) —(9.581R ) exp( —20.0R )

V(R ) = 1750 exp( —4.24R )

—(9.741R ) exp( —20.OR ) eV . (14)

The dot-dashed curve in Fig. 10 shows the DCS o(0)iii
calculated by using Eqs. (16) and (17) without the third
terms. This curve reproduces the experiments only at an-
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(A)

0.81

V(Rc )

(eV)

47.0
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(eve)

27.5

V»
(eV)

2.68

+ inc0
(A)

0.74

r; + l'J.

(A)

0.86

'Inclination point in the experimental ground-state potential.
Evaluation from the ionic and atomic radii.

gles of 0 & 60'. In order to explain the experimental DCS
o(8)z& over the whole angular range, we have to assume
three-term potentials. The DCS cr(8)~

&
measured at

E1,„=200 eV can also be fairly reproduced by the calcu-
lations. The potential parameters at the critical (cross-
ing) point, which characterize the electronic transition,
are listed in Table I.

TABLE I. Crossing parameters for Li+-Ar, deduced from
experiments.

crossing C3.
(i) Excitation through outer crossing. At lower energies

of E1,b ~1000 eV, the electronic transition is predom-
inantly due to the charge-exchange reaction (1). The
excited-state potential Vz for reaction (1), as well as the
ground-state potential V1, were evaluated by curve fitting
of the charge-transfer DCS o (8)~,. Taking into account
the overall features of the DCS o'(8)z& in Figs. 6 and 8,
the fitting has been performed for E1,b =650 and 1000 eV.

The solid curves in Fig. 6 show the fitting results of the
charge-transfer DCS and the summed one. The calculat-
ed charge-transfer DCS is normalized to the experiments
near threshold (8(15'). The calculations fairly repro-
duce the experiments for E1,b=650 eV. The diabatic
ground- and excited-state potentials deduced experimen-
tally are

V, =9080exp( —4.49R ) —(11.372R ) exp( —13.25R )

2. Na+-Ar collisions
—(19.468R ) exp( —21.0R ) eV (18)

The electronic transitions in the Na+-Ar collisions are
classified into two types of mechanisms, i.e., one-electron
excitation taking place at the angles ~&60 keVdeg, and
one- and two-electron excitations occurring at ~&60
keV deg. These two mechanisms will be discussed here
separately. Figure 12 represents a schematic drawing of
the diabatic potentials employed in the data analyses.
Here, V, is the ground-state potential, and Vz and V3 are
the potentials leading to the singly and doubly excited
states, respectively. One-electron transition is assumed
here to take place through outer crossing C1 and inner
crossing Cz, and two-electron transition through inner

and

Vz =11240exp( —4. 85R ) —(11.391R ) exp( —13.30R )

—(20.044R ) exp( —21.0R )+10.6 eV, (19)

respectively. The crossing parameters R~, , V,z, AS„
and V(Rc, ) deduced from the experiments are presented
in Table II.

The solid curves in Fig. 8 exhibit the angular and ener-

TABLE II. Crossing parameters for Na+-Ar deduced from
the experiments.

Parameter Value

V, V2
Na+ —Ar

&ci
~ca
Rc3

Crossing radii (A)
1.07
0.452
0.440

V(Zc, )

V(Rcq)
v(~c3)

Threshold energies (eV)
46.2

646
700

V3 hS)
AS~
AS3

Slopes (eV/A)
24.9

297
385

V2

I

I

RC3 RC2 RC1

FIG. 12. Schematic drawing of diabatic potentials for Na
Ar. Vl, V&, and V3 represent the ground-, singly excited-, and
doubly excited-state potentials, respectively.

v»(c, )

v»(c, )

V)3(C3)

Interactions (eV)
3.0
6.3
5.2

+ inc

r, +r, b

Ir; r,I—Radii (A)
1.02
0.96
0.38

'Inclination point in the experimental ground-state potential.
Evaluations from the ionic and atomic radii.
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V3 =8830 exp( —4.35R ) —(11.392R ) exp( —13.30R )

—(20.044R ) exp( —21.0R )+29 eV . (21)

The crossing parameters deduced from the experiments
are listed in Table II.

IV. COMPUTATION OF REPULSIVE
POTENTIALS

The ground-state potential determined experimentally
shows a specific inclination structure, as discussed above.
The inclination point R;„,=1.02 A for Na+-Ar is nearly
equal to the outer-crossing radius Rg&=1 ~ 07 A deter-
mined experimentally. This is almost the same for the
Li+-Ar system. The charge-transfer DCS measured at
lower energies for Li+-Ar shows a typical oscillatory

gy dependences of the charge-transfer DCS o(8)z& that
are calculated by assuming the potentials of Eqs. (18)
and (19) and without the interference effect. The calcula-
tions adequately explain the drastic energy dependence
observed in the experimental DCS around the threshold
angle ~=7 keV deg. For E&,~ =650 and 1000 eV, the cal-
culations also satisfactorily reproduce the experiments at
larger angles of ~&20 keVdeg. Nevertheless, the calcu-
lations for E&,&=1500 eV are higher than the experi-
ments at r&10 keVdeg. The DCS o(8)z& calculated
with the two-state approximation reproduces preferably
the sum of the experimental inelastic DCS's,
o(8)&, =o(0)~, +o(8)z&, which is represented by the
dotted curve in Fig. 8.

(ii) Excitation through inner crossing. At high energy
E&,&=1500 eV, one-electron excitations are due to reac-
tions (1)—(4). Nevertheless, the calculations with the po-
tentials of Eqs. (18) and (19) explain fairly well the experi-
mental summed inelastic DCS o(e)&, of one-electron
transitions at E&,& =1500 eV (the dotted curve in Fig. 8).
Then, the potential Vz, leading to reaction (1), was also
employed to calculate the DCS o.(8)&, in Fig. 9. The po-
tential Vz of Eq. (19) was corrected to better reproduce
the experimental cr(O) &, at 0 & 80', with the ground-state
potential of Eq. (18) being kept the same. Potential V3,
which leads to two-electron excitation, was also deduced
by the fitting of the DCS o (O)z, in Fig. 9.

The solid curves in Fig. 9 are the best results of the
DCS's calculated without the interference effect. The
calculations satisfactorily reproduce the overall feature of
the experiments. The disagreement between the calcula-
tion and experiment for two-electron excitation at
0( 100' is due to the neglect of the tunneling effect in the
calculation, which is important near threshold. The dot-
ted curve in Fig. 9 represents the partial DCS o(O)&,
(outer) due to only the outer crossing, which was evalu-
ated by neglecting the transition at the inner crossing.
The potentials Vz and V3, evaluated from the experi-
ments, are given by

Vz =11240 exp( —4. 85R ) —(11.391R )7 exp( —13.30R )

—(20.084R ) exp( —21.0R )+10.6 eV

and

V(R )=C~ fp;(r, )p~(rI, )dr, (22)

where r, and rb are the distances from the nuclei a and b
to a point in the overlap region, respectively, and

structure, while the inelastic DCS for Na+-Ar has only a
weakly undulating structure. In order to elucidate these
specific features, ab initio potentials of ground and
lowest-excited states have been calculated with a
multiconfiguration self-consistent field (MCSCF) method.
The computations were carried out by using the
quantum-chemistry code GAMEsS revised by Schmidt
et al. [38]. The active space of the MCSCF calculations
includes all valence orbitals and electrons. In the calcula-
tions, we have used the McLean-Chandler extended basis
set [39] augmented by double sets of six d functions for
Li, Na, and Ar atoms. The orbital exponents of the po-
larization functions are 0.1 and 0.4 for the Li atom,
0.0875 and 0.35 for the Na atom, and 0.425 and 1.7 for
the Ar atom. Therefore, our basis set has the quality of
triple g plus double polarizations. The ground-state po-
tential has also been calculated with the statistical
electron-gas model, which provides reasonably reliable
repulsive potentials for closed-shell particles [40].

The open and solid circles in Fig. 11(a) exhibit the
ground-state potentials for Na+-Ar computed by the
MCSCF method and the statistical model, respectively.
Both the calculations agree fairly well with the experi-
ments. The open and solid circles in Fig. 11(b) denote the
gradient n evaluated from the MCSCF potentials and the
statistical calculations, respectively. The ab initio calcu-
lations give a minimum value a =3.15 A ' around
R;„,=1.05 A, which is similar to the experiment, while
the statistical calculations provide a somewhat shallow
minimum a =3.45 A at R;„,= 1.05 A. The
difference in the gradient a between the two calculations
may be due to interactions between the ground and excit-
ed states, because the statistical model does not involve
the interactions. The inclination point in the experimen-
tal and theoretical potentials, R;„,= 1.02—1.05 A, is

0

nearly equal to the crossing radius R~, =1.07 A deter-
mined experimentally, and also to the sum of the ionic
and atomic radii defined by the outermost atomic orbital
r;+r =0.96 A [41].

The ground-state potentials calculated with the
MCSCF method and the statistical model for Li+-Ar also
agree well with the experimental result of Eq. (14) at
R )0.4 A, and have the inclination structure around
R;„,=0.77 and 0.85 A, respectively. The inclination
points coincide adequately with the experimental dis-
tances R;„,=0.74 A and R&=0.81 A given in Table I,
and also with the sum of ionic and atomic radii
r,.+r =0.86 A. Thus, the inclination point R;„, in the
ground-state potentials for the asymmetric Na+-Ar and
Li+-Ar systems has a close relation to the distances Rc
and r,. +r. .

The overall feature of the ground-state potential can be
understood by the empirical overlap model for the repul-
sive potential [20]. The model potential for the interact-
ing partners i and j is given by the overlap of the electron
clouds p; and pj,
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FIG. 13. Difference potentials hV= V&
—

V& for (a) Li+-Ar
and {1)Na+-Ar. o and , ab initio calculations and experi-
rnents, respectively.

V. DISCUSSION

The ab initio calculations suggest that the broad
minimum in the difference potential XV= V2 Vi at
0.5 &R & 1.1 A for Na+-Ar is due to the potential ap-
proach rather than the avoided crossing, similar to Li+-
Ar. The difference hV has a narrow minimum for Li+-

r, —R=rb. The proportionality factor C, is determined
by the relation of d V/dR = —0.72 eV/A at a specific dis-
tance R;J [21(a)], which is the sum of the atomic radii
defined by the electron-density distribution in the outer
region of each atom [21(c)]. The dotted curve in Fig.
11(a) shows the model potential for Na -Ar calculated
with the electron density that was evaluated from the
analytical wave functions [41]. The empirical model po-
tential agrees with the experimental and theoretical po-
tentials within 30% over the whole range in the figure.
This is almost the same for Li+-Ar.

The open circles in Fig. 13 exhibit the difference poten-
tial AV= V2 —V, for the Li+-Ar and Na+-Ar systems
obtained by the ab initio calculations. The result for
Li+-Ar is nearly equal to that of Barat et al. [11]. The
solid circ1es in the figure give the energy separations of
the adiabatic potential at the critical distance
b, V(RC) =2V,2, evaluated from the experimental interac-
tion energy V,2(RC). As shown in the figure, the experi-
mental energy separations AV(Rc) for Li+-Ar and
b, V(Rc, ) at the outer crossing for Na+-Ar coincide well
with the calculations. However, the experimental
b. V(Rci) = 12.6 eV for Na+-Ar is much higher than the
theoretical EV=7. 5 eV at R (=Rc2}=0.45 A. For
Li+-Ar, the calculated difference b, V(R } has a narrow
minimum around R =0.8 A, which is nearly equal to the

0
experimental crossing radius Rc =0.81 A. However, the
theoretical AV for the Na+-Ar has a broad minimum at
0.5 &R & 1.1 A. The experimental radius Rc&=1~ 07 A
corresponds to the largest distance for the broad
minimum in the theoretical difference potential 5V.

Ar, but a broad minimum for Na+-Ar. Then, the elec-
tronic transition is considered to take p1ace through the
noncrossing interactions at a localized distance in the
low-energy Li -Ar collisions, while it takes place within
a somewhat broad range of distances in the Na+-Ar col-
lisions. This should be the reason for the experimental
findings that the charge-transfer DCS o(8)~i shows a
well-resolved oscillatory structure for Li+-Ar, but only a
weakly undulating structure for Na+-Ar.

The correlation between the critical distance Rc and
the sum of the ionic and atomic radii r;+r (or inclina-
tion point R;„,) suggests that Rc is related to the max-
imum in the overlap 0; of radial charge density
P =r p(r ) of the outermost atomic orbital. The calculat-
ed overlap 0; for Na+-Ar has double maxima, which ap-
pear around the distances R = r; +r. and

~ r, r~. T—he
distance ~r;

—r ~=0.38 A for Na+-Ar coincides fairly
well with the inner-crossing radii R &z

=0.45 A and
0

Rc3=0.44 A determined experimentally.
One- and two-electron excitations through the inner

crossing for Na+-Ar can be understood by the
molecular-orbital (MO) correlation diagram [16]. In this
system, the 4do. MO correlating with the atomic-orbital
Ar 3p is promoted to cross the 4po and 4so. MO's, which
correlate with Na 3s and Ar 4s, respectively. The one-
and two-electron excitations at shorter distances are at-
tributed to the MO crossings. The feature of the MO
crossing for the asymmetric Na+-Ar system resembles
that of the quasisymmetric K+-Ar system, in which the
5fcr MO correlating with Ar 3p is promoted to cross the
MO's correlating with K 4s and Ar 4s. However, the ex-
citational features are completely different for these two
systems. As discussed above, the inner-crossing distance

0
RC2=0.45 A for Na+-Ar is close to the difFerence be-
tween the atomic radii, ~r;

—rj. ~

=0.38 A. However, the
potential crossing for K+-Ar appears at the distance
Rc-—1.2 A [8], which is close to the sum of the atomic
radii r; +r = 1.3 A. In the K+-Ar collisions the DCS of
one-electron charge transfer, which produces K(4s )

atoms, is especially large near threshold (transition prob-
ability P —1), while the DCS 0 (8)„ofone-electron tran-
sitions for Na+-Ar due to the inner crossing is smaller
than that for two-e1ectron excitations, as can be seen in
Fig. 9.

The outer-crossing distance R&, =1.07 A for the one-
electron transition in the Na+-Ar collisions is in good
agreement with the crossing radius Rc=1.06 A for the
Na(3s ~3p ) transition in the Na-Ar system [28]. The
electronic transition in Na-Ar has been discussed by re-
lating it with the direct excitation of Ar atoms, which
corresponds to reaction (2) in the Na+-Ar collisions. At
the angle v = 15 keV deg for E& b

= 1500 eV, the
Na(3s~3P ) emission probability in the Na-Ar collisions
is approximately 30% of the summed DCS [28], which is
about 50 times larger than the excitation probability
P=a(g)zi/o(8), „=0.006 for reactions (2) and (3) in
the Na+-Ar collisions shown in Fig. 7. Around the
crossing radius Rc=1.06 A, the ground-state potential
V& for Na-Ar and the excited-state potential V2 for Na-
Ar(4s) are considered to be nearly equal to those for
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Na+-Ar and Na+-Ar(4s ), respectively, because the
outermost electron Na(3s) with the large radius r; =1.8
A contributes only weakly to the potential. The energy
separation hV= Vz-VI at the critical distance for Na+-
Ar, which will be nearly equal to that for Na-Ar, was
roughly estimated from the experimental DCS cr(8) &I to
be 7 eV. The separation EV=7 eV is much larger than
the excitation energy for the Na(3s ~3p ) transition,
Q=2. 1 eV. The electronic transition in Na-Ar, there-
fore, will be due to direct interaction between the ground-
and lowest excited-state potentials, which is related to the
inclination structure in the repulsive potentials, the same
as for charge-exchange reactions in the Na+-Ar system.
This will also be true for the K(4s ~4p ) transition in the
K-Hg collisions [29].

VI. SUMMARY

Electronic transitions in the Na+-Ar collisions were
observed at laboratory energies of E&,b & 500 eV. For en-
ergies of 500&E&,b & 1000 eV, the transition probability
is so small that the inelastic signals could scarcely be
detected. The dominant inelastic signal at the lower en-
ergies is due to the charge-exchange reaction of the one-
electron transition. The DCS of direct excitation of the
Ar atoms is less than 30%%uo of that for the charge-
exchange reaction. However, two-electron excitation
with a larger transition probability was observed at ener-
gies of E&,b&1000 eV. The electronic transitions for
Na+-Ar are classified into two types of excitation mecha-

nisms. One is the one-electron transitions with smaller
probability at larger distances. The other is the one- and
two-electron transitions with larger probability at smaller
distances.

Diabatic ground- and excited-state potentials for
Na+-Ar were deduced from the experimental DCS's by
assuming potential crossings of three states. The analyses
of the experimental DCS's indicate that the one-electron
transitions with small probability take place at distances
of R &R&, =1.07 A, and one- and two-electron transi-
tions with larger probability occur at R &Rc2=0.45 A.
The former transition is due to the approach of ground-
and excited-state potentials, while the latter is attributed
to the crossings of the promoted 4do. MO, which corre-
lates with the atomic-orbital Ar 3p. The critical radii
R&I =1.07 A and RC2=0.45 A are close to the distances

0 0

r; + r~ =0.96 A and
~ r; r, ~

=0.3—8 A, respectively, evalu-
ated from ionic and atomic radii.
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