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Experimental results are presented of an investigation of the charge exchange Na+ +Ne--+Na+Ne+ and 
ionization Na + + Ne--+Na+ +Ne+ + e in the collision energy range from thresholds to 450 eV in the c.m.s. 
The experimentally determined energy threshold of the investigated processes, the structures of the 
effective cross sections, and the mechanisms of the inelastic processes are discussed in light of the 
molecular·orbital model and of a diabatic correlation diagram, constructed by the authors, of the terms of 
the (NaNe)+ quasimolecule. 

PACS numbers: 34.60.+z 

1. Inelastic collisions of Na+ ions with Ne atoms have 
attracted attention because of many singularities of this 
system. Of great interest among them are effects of 
quantum -mechanical phase interference of charge
exchange and excitation processes, and also polarization 
of the optical radiation produced in the Na+ Ne collisions. 
In [1-4J these effects are explained on the basis of the 
molecular-orbital model, and the relations between them 
are explained. Nevertheless, many details of these 
phenomena are not yet clear and further experimental 
investigations of the inelastic processes in the (naNe f 
system are needed for an unambiguous quantitative des
cription. 

In the analysis of the experimental data on inelastic 
collisions of heavy nuclei, frequent use is made of the 
diabatic correlation phase diagram of the intermediate 
quasimolecule; this diagram is constructed on the basis 
of the molecular-orbital model. [5J To estimate the 
quality of these diagrams, great interest attaches to a 
comparison of the predictions of the diagrams with the 
experimental data. From this point of view it is of inter
est to investigate in detail the process of ionization in 
the (NaNef system, in which the total cross section of 
these processes at low energies, including the thresholds, 
has not yet been investigated. 

We have studied experimentally the charge-exchange 
and ionization processes 

Na++ Ne 
;r 

Na+ Ne+ 

'" Na++Ne++e, 

(1) 

(2) 

constructed the correlation diagram of certain levels of 
the (naNef system, and discussed the obtained data. 

2. The effective cross section of process (1) is the 
sum of the cross sections of the charge-exchange proc
esses in the ground and excited states of the Na atoms. 
This cross section was determined in the energy interval 
from the thresholds of the processes to 450 eV (the en
ergy is in the c.m.s.) as the difference between the com
bined cross section of processes (1) and (2), measured 
by the method proposed in [6J, and the cross section of 
process (2), measured by the method described in [7J • 

Curve A of Fig. 1 is the combined cross section of 
processes (1) and (2), while curve B is the cross section 
of process (2). The characteristic mean-squared meas
urement errors are indicated on the curves in the form 
of vertical bars. The absolute values of the cross sec
tions were determined accurate to a factor of two. 
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It follows from Fig. 1 that the cross section of the 
charge exchange (1) oscillates. The maxima of the os
cillations are equidistant in the scale of the reCiprocal 
collision velocities V-I. The average distance between 
the maxima is l\(V-l) "" 3.0 X 10-8 sec/cm. In the energy 
interval considered here, the fundamental oscillation 
frequency of the process (1) is close in magnitude to the 
oscillation frequency of the cross section for light emis
sion from the Na+(3p) atoms (and from certain levels of 
the Ne*(3p) atom), excited in the Na+-Na collisions, [3,4J 
and is in phase with the oscillation of the Na * (3p) emis
sion cross section. It can therefore be concluded that 
the oscillation of the combined cross section (1) with the 
indicated frequency is due to oscillation of the cross sec
tion for the charge exchange of the Na+ ion into the ex
cited state: Na*(3p). It is shown in [3,4] that oscillation 
of the total cross sections of emission of light by the 
Na * (3p) atoms and certain states of the Ne* (3p) atoms 
can be explained within the framework of the Rosenthal
Foley method [8J and is due mainly to interference be
tween the (NaNe f -quasimolecule states corresponding to 
the charge-exchange and excitation processes: 

;rl\a'(:lp21') + '\e+('I'.,) + t.E(18.:-;:1eV) (3) 

'\a+ ('So)+ Ne ('So) 

\\le' (2p'3p) + :'\a+ ('So) + t.E (18.38 --18.96e V). (4) 

To discuss the mechanisms of the inelastic processes 
in the (NaNef system, and also the causes of the struc
tures that appear on the cross sections of these proces
ses, we consider the diabatic correlation diagram of 
some terms of the quasimolecule (NaNef. Figure 2 
shows this diagram, which was constructed by us on the 
basis of the (NaNef molecular-orbital diagram given 
in [3J. The zero energy level on the diagram (Fig. 2) is 
taken to be the energy of the diabatic term of the ~ state 
of (NaNa+), which dissociates into Na+ + Ne and corre
sponds to the initial state of the colliding particles. For 
the sake of simplicity, the diagram does not show the 
quasimolecule ~ terms that dissociate into Na+(4s) + Ne+ 
and Na+ + Ne*(4s), which cross the ground-state ~ term 
at R"" 1.2 at. un. and R "" 0.9 at. un. respectively (the 
n terms of these quasimolecule states approach the 
ground-state term at much lower R). For the same pur
pose, the electron configurations of the limit of the 
unified atom are not indicated for all the presented 
terms. To describe the course of the terms correspond
ing to certain auto-ionization states of the Ne atom, 
plots of the ~ and n states are given for (NaNe f with 
electron configuration Is22s 32p43s3p and Is22s2p63s of 
the Ne atom. It should be noted that the (NaNer energy 
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FIG. 1. Curve A is the combined cross section of processes (I) and 
(2), curve B the cross section of process (2), and curve C the threshold 
part of cross section (2). 

FIG. 2. Diabatic correlation diagram of the (NaNet levels. The 
solid lines show the levels of the ~ states, and the dashed ones those of 
the n states. Na+ and Ne correspond to the ion and atom in the ground 
states: Al-Na+ + Ne, Bl-Na + Ne+, Cl-Na+ + Ne* (3s), Dl-Na* (3p) 
+ Ne+, El-Na+ + Ne* (3p), Fl-Na* (4s) + Ne+, Hl-Na+ + Ne+, Kl-
Na+ + Ne** (I s22s2p63s), Ll-Na+ + Ne** (I s22s22p43s3p), A2-Sc+ 
(ls22s22p63p23d64f2), B2-Sc+ (1 s22s22p63s3p23d54f2), C2-Sc+ 
(I s22s22p63p23d64p4f), D2-SC+ (I s22s22p63p23d64d4f), D3-SC+ 
(I s22s22p63p23d64f), Hr-Sc++ (I s22s22p63p23d64f), H3-SC++ 
(I s22s22p63p23d54f2), K2-Sc+ (l s22s22p63p3d64p4f2), L2-Sc+ 
(I s22s22p63p23d64p4d), L3-SC+ (I s22s22p63p23d64p5f). 

be weak, and consequently the amplitude of the oscilla
tions will also be small. In addition, this interference 
can arise only in an energy region that starts in the 
upper limit of our interval, where approach distances 
R ;; 0.8 at. un. are reached. It appears that superposi
tion of this oscillation on the main curve explains the 
more complicated variation of the cross section (1) at 
high energies (Fig, 1) and the deviation of the oscillation 
frequency of the charge-exchange cross section at 
higher energies [2] from the fundamental frequency in 
this energy interval. 

b) IT states of (NaNe r that dissociate into Na + 
+ Ne*(3p) and Na*(3p) + Ne+ are populated at 0.8::; R 
;; 1.2 at. un. from the initial ~ state, owing to rotation 
of the internuclear axis, and subsequently interact 
diabatically as R - 00. Owing to the interference of 
these IT states, the cross sections of the processes (3) 
and (4) will oscillate with a frequency proportional to the 
area between the IT terms. The value (6.R6.E> 
"" 0.6 (at. un.)2, determined from the diagram, agree 
satisfactorily with the value (6.R6.E> "" 0.88 (at. un.)2 
obtained from the oscillation frequency of the experimen
tal cross section, if account is taken of the limited ac
curacy of the diagram of Fig. 2. 

The apparent threshold of the combined charge
exchange cross section, observed at our experimental 
sensitivity, lies near 62 eV (Fig. 1) and is lower than the 
thresholds ~ 93 and ~ 102 eV determined for the proces
ses (3) and (4) in ["3, 4J. The threshold energy ~ 62 eV, 
according to our data, corresponds to a closest-approach 
distance Rmin ~ 1. 5 at. un. When Na + and Ne come so 
close together then, as seen from Fig. 2, the states of 
(NaNet corresponding to the processes of charge ex
change into Na(3s) and Na*(3p) become populated. The 
first maximum of the oscillation on the charge-exchange 
cross section (Fig. 1) is located at E = 89 eV, corre
sponding to our estimate ~in ;; 1.5 at. un, Starting with 
these disatnces, ~ -IT transitions corresponding to proc-

corresponding to the configuration 1s22s22p 43s3p of the esses (3) and (4) set in with increasing E, in accordance 
Ne atom for large R when determined from the molecular with the diagram (Fig. 2), followed by interference of 
orbitals turned out to be too low. Therefore the corre- two IT states. This explains the appreciable excess of 
spondin~ ~ and IT terms at large R are represented by the threshold .of the oscillating cross sections over the 
dash-dot lines with allowance for the value of the energy values of 6.E in the processes (1), (3), and (4). 

of the auto-ionization state 2p 4ep)3s(2p)3p(lp) of the Ne 3. The effective ionization cross section measured by 
atom, which is given in [9J. us is, within the limits of our measurements, a smooth 

Estimates of the close st -approach distance in It head
on" collisions, realized in our case, were obtained by 
using Firsov's potential, [10J and we obtained for relative
motion energies E equal to 70 and 450 eV the respective 
values Rmin "" 1.5 at. un. and Rmin "" 0.8 at. un. 

It follows from the correlation diagram that in our 
energy interval there exist at least two possibilities for 
the appearance of oscillations on the total cross sections: 

a) The IT states of (NaNer, which dissociate into 
Na(3s) + Ne+ and Na+ + Ne*(3p), are populated at inter
nuclear distances 0.6 ~ R ~ 0.8 at. un. from the initial 
~ state, owing to rotation of the internuclear axis, and 
then interact with each other diabatically at R ~ 3 at. 
un., owing to the radial motion. The interference of these 
states (IT states) leads to oscillations of the correspond
ing cross sections with a frequency proportional to the 
area (6.R6.E> "" 0.6 (at. un.)2 determined from the dia
gram. However, the indicated states differ from each 
other in two orbitals, and therefore the connection be
tween them at R ~ 3 at. un. due to the radial motion, will 
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curve. Particular interest attaches to the fact that the 
cross section has a threshold (curve C on Fig. 1). 
Extrapolation of the cross section to zero value yields 
the threshold value of the energy, ~45 eV, although a 
second threshold can be discerned at ~70 eV, where the 
energy increases abruptly. The minimum value of ion
ization cross section, measured by us, is ~ 1. 5 X 10-20 
em 2 (at E "" 48 eV). We see thus that the process of 
simple ionization of the Ne atom, with a threshold 
~ 21.5 eV, makes no noticeable contribution to the cross 
section of the ionization (2), and the processes mostly 
realized have higher thresholds, namely excitations of 
auto-ionization states of the Ne atom, and possibly ion
ization of the Ne atom with excitation. 

An examination of the correlation diagram (Fig. 2) 
confirms this conclusion. Indeed both the ~ and IT terms 
of (NaNef, which correspond as R - 00 to the state of the 
continuous spectrum of Na+ + Ne+ + e, do not cross the ~ 
term of the initial state of (naNe r in the entire interval 
of R. and the transition from the initial state to a con
tinuous one has, according to diagram, low probability. 
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The main contribution to the ionization process (2) is 
made by the excitation of the group of auto-ionization 
states of the atoms Ne 2p 4ep)3s (2P)np(lp), 
2p \3p )3p(2S)np(1' 3p ), 2p 4eS)3s(2S)nd(D), 2p4eS)3s(2S)np(lp) 
with excitation energies from ~ 45 to ~ 55 eV. It is seen 
from Fig. 2 that the ~ and IT terms corresponding to ex
citation of the Ne atom with electron configuration 
Is22s22p~s3p cross the ~ term of the initial state of 
(NaNe r at R ~ 1.1 at. un. The terms corresponding to 
the other indicated auto-ionization states of Ne also take 
place in this region of R. This agrees, within the limits 
of the accuracy of the Firsov potential, with our estim
ates of the distances Rmin obtained from the experimen
tal threshold energies. In the energy interval investiga
ted by us, there is low probability of production of auto
ionization states of Ne with excitation of the internal 
shell 2s, namely 2s2p6(2S)np(1,3 p ) and 2s2p6(~)nse,3S) 
and with thresholds from ~43 to ~48 eV. This follows 
from two circumstances, first, in our energy interval 
the corresponding ~ terms (as seen from the diagram 
for the configurations Is22s2p63s) are isolated from the 
ground-state ~ term at small R. Second the interaction 
of the ~ term corresponding to excitation of the internal 
2s shell of Ne and the ~ term corresponding to the double 
excitation of 2p electrons of Ne at large R is ineffective, 
since these two types of ~ terms differ by two orbitals. 
It should be noted, finally, that in our energy interval the 
probability of the ionization of the Na+ ion is low, as 
follows from the molecular-orbital diagram [3J (in order 
not to complicate the diagram, the corresponding term 
is not shown in Fig. 2). 

The dominant role of excitation of the auto-ionization 
states of the Ne atoms in the processes of ionization of 
NaNe) + in our energy interval is indirectly confirmed by 
results of an investigation [llJ of the differential inelastic 
energy losses in (NaNe)+ in the region of higher energy. 
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Our concluding deduction is the following: The experi
mentally observed thresholds of the charge-exchange 
processes (1) and of the ionization processes (2), the 
structures of the cross sections, and the mechanisms of 
the mentioned inelastic processes can be satisfactorily 
explained within the framework of the correlation dia
batic diagram of terms of the (NaNe)' quasimolecule. 

The authors thank V. K. Nikulin for useful discussions 
of the work. 
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