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A method for investigation of inelastic energy loss spectra in atomic collisions is developed, based 
on measurement of the kinetic energies of the two atomic particles after the collision. The method 
can be used to determine the natural widths and to make more refined determinations of the dis
crete loss line energies for Ar+ -Ar collisions previously studied by a different method [lJ. The 
line widths and energies are measured at an initial kinetic energy of 25 keY and initial scattering 
angle of the incident ions of 16o; various elementary processes of changing the charge state of the 
two particles could occur in these cases. Under the collision conditions studied, three loss lines 
RI, Rn and RIII are excited; the line energies are of the order of hundreds of eV and the line 
widths amount to several dozen eV. It is shown that the Rn and Rrri lines can be regarded as 
being the result of simultaneous excitation of lowest-energy line RI and respectively of one 
( RI - II ""' 2 58 e V) or two (RI- II and RII - III Ro 2 72 e V) levels with a natural width ~6 5 e v. Exc i
tation of each of the levels (RI- II, RII _ n:rl is accompanied by additional removal on the average 
of 1.5 electrons from the colliding particles. Estimates show that at small internuclear distances 
the system consisting of two .atomic particles produced in the collision, the Ar; quasimolecule, 
should be in a highly excited state. The discrete inelastic energy losses can be attributed to exci
tation and decay of auto-ionization states produced in the collisions. The RI line is ascribed to 
autoionization transitions in the outer {M) shells of the particles accompanied by excitation of a 
large number of M electrons. The RI- II and Rrr _III levels are ascribed to auto-ionization 
arising on removal of electrons from the inner {L) shells. For explanation of the level widths and 
energies it is suggested that the model of L-vacancy formation for Ar+ -Ar proposed by Fano and 
Lichtenl7 ' 10l be extended by taking into account auto-ionization transitions in the quasimolecule, 
i.e., before the separation of the particles. 

INTRODUCTION 

INVESTIGATIONS of the elementary act of atomic 
collisions at energies of the order of several keY by 
the coincidence method have shown that in collisions 
connected with the interaction of the electron shells the 
spectrum of the inelastic energy loss has a discrete 
character and consists of individual lines [1-41 • The en
ergy of the heretofore investigated lines lies in the in
terval from several dozen to several hundred eV. 
Measurements of the energies of the discrete lines 
were carried out for the cases of collisions of ions and 
atoms of different inert gases, and also at different 
initial kinetic energies, distances of shortest approach 
between nuclei, and accompanied by various processes 
of the charge state of the particles. At the same time, 
another no less important problem, that of the width of 
the lines of inelastic energy losses, has so far re
mained uninvestigated. 

The existing estimates of the line widths are crude 
and contradictory to a considerable degree. Thus, ac
cording to the estimate given in one of our first 
papers[1 1, the natural line width in Ar+ -Ar collisions 
does not exceed several dozen eV. According to later 
data [3 J, the line width in such collisions amounts to 
~ 200 eV, although the authors of[ 3J do note the low ac
curacy of their width measurements. The lack of re
liable data on the line width is connected with the fea-
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tures of the experimental procedure used to study the 
spectra of inelastic losses. In[l-4 1, the inelastic-loss 
width was determined by simultaneously measuring the 
scattering angle J. of the incoming particle and the 
emission angle cp of the recoil particle-the partners 
of the same elementary collision act (the angles J. and 
cp are reckoned from the direction of the momentum of 
the incoming particle prior to the collision). Such a 
procedure, however, has an essential shortcoming in 
that the energy resolution during the measurement of 
the elastic loss depends not only on the angular reso
lution of the collimator used to separate the scattered 
particles from the recoil particles, but also on the 
thermal motion of the target-gas atoms. The strong 
influence of the thermal motion on the resolution is due 
to the fact that the momenta of the thermal motion add 
up vectorially with the momenta of the particles after 
the collision. By way of an example we note that for 
Ar+-Ar collisions at an initial energy T0 = 25 keY and 
an incoming-particle scattering angle J. = 15°, the en
ergy resolution amounted to ~140 eV in our investiga
tions. 

The main purpose of the present investigation was to 
set up experiments that ensure an appreciable in
crease in the accuracy of the widths and line shapes of 
inelastic energy· loss. The problem was solved by 
changing over to a direct measurement of the elastic 
loss R as a difference between the initial kinetic en-
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ergy of the incoming particle To and the sum of the 
kinetic energies of the fast scattered particle T1 and 
the recoil particle T2 after the collision: 

(1) 

It is obvious that in such a method of measuring R 
the thermal motion will cause only a negligibly small 
error, equal to the kinetic energy of the gas atoms at 
room temperature (~ 0.03 eV). 

EXPERIMENTAL PROCEDURE 

The experimental setup was described earlier[5 l, 
and had much in common with the setup used in our 
earlier investigations. A narrow beam of fast parti
cles was passed through the gas. The two colliding 
particles were separated by two collimators. The 
positions of these collimators relative to the direction 
of the primary beam has made it possible to determine 
the scattering angles -' and cp of the two particles. The 
particles passing through the collimators were analyzed 
with respect to energy and with respect to charge in 
electrostatic analyzers, and were registered with de
tectors; the pulses from the detector outputs were fed 
to a delayed-coincidence system. We recall that in our 
earlier investigations we determined only the final . 
charge states of the particles, for which we used mag
netic analyzers with low resolution. Thus, all the 
previous capabilities of the setup (simultaneous meas
urement of the angles J and cp and of the final charge 
states m and n of both particles) were retained in the 
modified procedure. In addition, it was possible to de
termine simultaneously the kinetic energies T 1 and 
T2 of both particles after the collision. 

The employed electrostatic energy analyzers were 
parallel-plate capacitors with a particle entrance 
angle 45°. Such analyzers, as is well known, have a 
first-order focusing with respect to the entrance angle. 
The distance between the entrance and exit slits of the 
analyzers was 400 rom. The slit widths could be varied 
without breaking the vacuum in a range 0-400 1-L with 
accuracy ± 4 1-L, making it possible to reduce the proper 
energy resolution of the analyzers AT/T to practically 
5 x 10-5 (relative to the peak widths at half the height). 
The total width of the apparatus function of the setup 
depended, naturally, on the energy resolution of both 
analyzers, and also on the energy scatter in the 
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FIG. I. Dependence of the differential cross section of the process 
Ar• + Ar-> Ar2+ + Ar2+ + 3e on the inelastic energy loss. Incident-parti
cle energy T0 = 25 keV. Incident-particle scattering angle{}= !6°. 

primary ion beam. We used in the investigation a 
high-frequency ion source, and the energy scatter of 
the ions produced by it was measured to be ~7 eV (by 
scatter or width we shall henceforth have in mind the 
width of the distribution at half the height). The total 
width of the apparatus function in most experiments of 
the present investigation was 19 eV. 

It is clear from the foregoing that the use of an 
analysis of the kinetic energies of both particles after 
the collision has made it possible to increase greatly 
the resolution in the investigation of the inelastic-loss 
energy spectra. It should be noted, however, that the 
use of such a procedure entails a considerable com
plication of the measurement technique. 

MEASUREMENT RESULTS AND DISCUSSION 

1. Energies and Widths of Discrete Loss Lines 

By analyzing the kinetic energies of the atomic par
ticles, we investigated the inelastic-loss spectra in 
Ar•-Ar collisions. The initial energy of the incident 
particles was 25 keV, and their scattering angle was 
J = 16°. The choice of the pair, of the initial energy, 
and of the scattering angle is connected with the fact 
that under these conditions in our earlier investigations 
we observed simultaneous excitation of free inelastic 
energy-loss lines with nearly equal probabilities. 

The inelastic-loss spectra were investigated in var
ious processes wherein the charge states of the parti
cles were changed. By way of an example, Fig. 1 shows 
the inelastic-loss spectrum obtained in the study of the 
process Ar+ + Ar - Ar 2• +Ar 2• +3e (abbreviated 
designation 1022). The spectrum consists of three 
well-resolved lines with energies 141, 350, and 588 eV. 
The line widths on Fig. 1 amount to 62, 82, and 85 eV 
respectively. These widths (ARz)e, obtained as are
sult of the experiment, are made up of the natural line 
width ARz and the width of the apparatus function of 
the setup (AR)a. By approximating the obtained line 
shape and the apparatus-function shape by Gaussian 
distributions, it is easy to obtain a relation for the 
natural line width 

(2) 

For the present example, the natural line widths cal
culated in accordance with (2) are 62, 79, 82 e V. We 
see that at the obtained energy resolution, the apparatus 
broadening of the lines is quite insignificant and the 
widths of the experimental contours are determined 
almost completely by the natural line widths. 

The measured energies Rz and the natural widths 
ARz of the inelastic loss lines determined from (2) for 
different processes (10 ron) in which the charge states 
are changed are listed in Table I. The table lists also 
the errors in the determination of the energies aRz and 
of the widths aARz. corresponding to a confidence 
probability 68% . 

The inelastic-loss spectra for all the investigated 
10 ron processes are similar to the spectrum shown in 
Fig. 1, differing from the latter only in the probability 
of excitation of the different lines. In none of the cases 
was a finer structure observed at the resolution em
ployed in the investigation (19 eV). The investigated 
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lines have a somewhat asymmetrical shape, charac
terized by a steeper leading (low-energy) front. This 
asymmetry is most noticeable in the excitation of the 
line RI, corresponding to the smallest energy loss, 
although in all cases the asymmetry is quite low. 

2. Inelastic Energy Loss in Various Elementary 
Processes 

In our earlier investigations(1• 21 it was established 
that the energy Rz of the inelastic-loss lines changes 
on going from one process to another, but the changes 
in the loss are connected principally with the change 
in the energy consumed in ionization ~ui. This means 
that the "excess" lost energy, i.e., the difference be
tween the total inelastic losses and the energy con
sumed in ionization, Ri = Rz - ~Ui> remains practically 
constant for the different processes, when compared 
with the total inelastic energy Rz, which changes in a 
wide range, depending on the process. Such an approach 
has made it possible to consider instead of the total 
inelastic loss Rz the excess inelastic loss Ri, and to 
separate three lines whose energies in fi:rst approxi
mation do not depend on the scheme of the process. 
The scatter in the values of Ri for different processes 
do not exceed the experimental errors[l• 21 • In the 
present investigation it was established that the changes 
of the values of Ri on going from one elementary 
process to another have a systematic character. Fig
ure 2 shows the variation of the line energy Ri as a 
function of the ionization energy, as determined in the 
present measurements by the scheme of the elementary 
process. We see that although for all three lines the 
function Ri ( ~ui) is relatively weak, the observed 
changes in Ri exceed the experimental errors. Atten
tion is called to the different dependence of the excess 
loss on the scheme of the process for different lines. 
Whereas the energy of the first line Rj increases with 
increasing ionization loss, in the two other lines the 
situation is reversed. In one of our earlier investiga
tions(sJ it was shown that the line Rj differs from Rj1 
and Rj11 in one other respect. Whereas in the excita
tion of the lines Rii and Rm there exist approximately 
the same correlation between the final charges of the 
particles m and n, there is practically no such corre
lation in the excitation of the line Ri . 

3. Connection Between the Different Inelastic-loss 
Lines 

The energy of the Rj line shows that this line can 
be connected only with excitation and ionization pro
cesses occurring in the outer shells of the colliding 
particles. As follows from the present results and the 
earlier onefl-4], the probability of realizing these pro
cesses in collisions with intersection of the electron 
shells is quite high, since under the conditions of such 
collisions no cases were observed without excitation 
of any of the inelastic-loss lines (RI, Rn, Rm) and 
without ionization. Therefore, it is quite natural to 
assume, as was done inr7l, where the discrete energy 
loss for Ar·-Ar was interpreted, that the excitation 
of the outer shell occurs whenever the collision is 
connected with a closer approach of the nuclei and the 
inelastic-loss lines Rn and Rm are observed. It 
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FIG. 2. Dependence of the excess inelastic energy loss (R *I, R *n, 
and R *ni) on the ionization loss in the excitation of three discrete loss 
lines. 

FIG. 3. Dependence of the energy of the discrete inelastic-loss lines 
on the total final charge of the atomic particles. 

Table I. 

lOll 16 f8 317 39 4 6 s 
1021 43 102 330 49 82 4 6 5 6 
1022 71 141 350 588 62 79 82 4 5 8 4 5 I 12 
1031 84 146 340 62 73 5 6 7 5 
1013 84 146 340 69 73 4 5 7 5 

I 
1032 112 187 383 609 8U 85 108 5 6 8 6 4 7 
1033 152 236 426 631 94 102 6 7 M 5 5 
1043 212 458 676 110 109 9 9 11 7 

follows from this assumption that the lines Rn and 
Rni can be regarded not as independent, but as are
sult of a simultaneous excitation of the line RI, which 
is connected with processes on the outer shell, and 
respectively one (RI-II) or two (RI-ll and Rn-m) 
additional levels. Measurements performed in[ 2 J and 
in the present work have shown that in Ar+ -Ar colli
sions (To =25-50 keV), on going over from excitation 
of the RI line to the excitation of the Rn line, and 
from Rn to Rni, the average number of the electrons 
removed by the collision increases approximately by 
1.5. It can be assumed that an increase of the number 
of removed electrons is connected with autoionization 
decay of the additional levels RI-II and Ru-m. This 
means that the energy of the additional level Rz-z' can
not be determined from the energies Rz and Rz' meas
ured for the same elementary process. 

The energy of the level Rz-z' can be determined 
with account taken of the change of the average number 
of removed electrons by representing the data of 
Table I in the form of a dependence of the line energy 
Rz on the total final charge of the particles m + n, as 
is done in Fig. 3. Using the data of Fig. 3, we can de
termine the energy Rz-z' with the aid of the relation 

R,_l, = Rl'(m --1-- n + 1.5)- R1(m + n). (3) 
Similar reasoning leads to the possibility of deter

mining also the widths of the additional levels Rz-z'. 
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To this end, it is necessary to plot the dependence of 
the line width D.Rz on the total final charge of the par
ticles m + n, on the basis of which the width of the ad
ditional level D.Rz-z' can be determined from the rela
tion 

f'..R1_ 1, = i[f'..R,(m + n + 1.5) )2- [f'..Rz(m + n) ]'. (4) 

The energies and widths of the additional levels 
Rz-z' were calculated with the aid of relations (3) and 
(4) for different values of the total final charge m + n; 
the results are shown in Figs. 4a and b. We see that 
both the energies and the widths of both additional 
levels RI-ll and Rrr-III are quite close to each other. 
It follows from Figs. 4a and b that the energies and 
widths of the additional levels are not very sensitive to 
changes of the final charge state of the particle. Thus, 
when m + n changes from 2 to 5-6 (corresponding to 
a change in the ionization loss by more than 100 eV), 
the energy of the level RI-ll change in the ionization 
loss by more than 100 eV), the energy of the level 
RI-ll changes by only 20 eV. As to the level Rrr-m, 
the scatter in its energies, as determined for different 
values of m + n, is smaller than the energy error, 
which amounts to ~6 eV. 

4. Mechanism Producing the Discrete Energy Loss 

The collisions investigated in the present study were 
relatively slow-relative velocity of the particle was 
approximately one sixth the velocity of the electron in 
the hydrogen atom as given by Bohr. At such a velocity, 
according to the usual notion of quasiadiabatic interac
tion the probability of the inelastic processes that call 
for an energy consumption on the order of tens and 
hundreds of eV should be very low. At the same time, 
the experimental data[HJ show that at the investigated 
approach distances r, on the order of the dimensions 
of the shells, the probability of excitation of the lines 
of the inelastic losses is close to unity, and the total 
excitation cross section exceeds 10-17 cm 2 even for 
the lines Rn and Rni· One can therefore assume that 
as a result of the shifting of the terms of the Ar+ -Ar 
system when the nuclei come close together the real 
transition energy is appreciably smaller than the in
elastic loss, which amounts to the difference between 
the energies of the initial and final states of the sys
tem at r - oo, The appreciable probability of the large 
inelastic losses may also be connected with the pres-
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FIG. 4. Dependence of the energies and level widths R!-1' on the 
total final charge of the atomic particles. 

ence of a large number of electrons from which tr;:tnsi
tions are possible. 

It is clear that processes wherein electrons are 
knocked out and acquire appreciable kinetic energy are 
impossible at the investigated low velocities of the 
atomic particles. Apparently the explanation of the 
discrete inelastic energy losses can be based only on 
the consideration of intermediate autoionization states 
which are produced upon collision. As follows from an 
analysis of the excess loss, the autoionization levels 
should lie high above the limit of the continuous spec
trum, and their energy should exceed greatly the bind
ing energies of the outer-shell electrons of the collid
ing nuclei. 

Unfortunately, there is still no universal inelastic
collision model suitable for the description of the cur
rents of the levels. Nonetheless, following the publica
tion of the first results of the studies of the discrete 
loss, several approaches to their interpretation were 
proposed, which to be sure had as a rule a qualitative 
and descriptive character. We consider below the 
possibility of using these approaches for the analysis 
of the results obtained in the present investigation. 

a) The line RI. According to the phenomenological 
description given in Sec. 3, each of the inelastic-loss 
lines Rz includes the processes of excitation of the 
outer shells of both particles. In pure form, these 
processes become manifest when the line RI is excited. 
Multiple ionization observed upon excitation of the line 
RI indicates that a large number of outer-shell elec
trons take part in the excitation processes. In addition, 
as shown in one of our earlier papers[aJ, the number of 
removed electrons is well described by the statistical 
relations. It can be assumed in this connection that the 
statistical approach is the most rational method of 
describing the considered processes in the outer shells. 

The statistical character of the formation of auto
ionization states and of the process of removal of elec
trons during the decay of these states was used in a 
recent paper[ 9 J devoted to the explanation of the first 
inelastic-loss line Ri in Ar+-Ar collisions. The 
authors of[ 9 l regard the line Ri as a result of the ex
citation of a certain number of outer electrons. Ac
cording to the calculation[ 9 l, the excitation energies of 
any pair of outer electrons suffices to remove one of 
these electrons, if the other electron goes over at the 
same time to a lower free level. Therefore the most 
probable autoionization scheme is treated in[ 9 l as a 
series of paired Auger transitions, as a result of which 
half of the excited electrons is removed. The weak de
pendence of the excess loss Ri on the scheme of the 
process is attributed [9 J to the smaller growth of the 
excitation potentials are compared with the ionization 
potentials with increasing number of excited and hence 
removed electrons. The values of the excess losses 
Ri calculated in[ 9 l for different 10 mn processes are 
in good agreement with the experimental data. Table II 
lists the results of the present measurements and the 
calculation of[ 9 l. Good agreement is observed for all 
10 mn processes with the exception of 1011. In the in
vestigated conditions, the relative probability of the 
1011 process is lower, and the discrepancy between the 
experimental and calculated values of Ri can be con
tributed to the fact that this process is connected to a 
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Table II. 

1U mn I:ui I R•r th' ! R• exp 

I 

11111 16 22 52 
1022 71 72 70 
j()j;\ H4 58 62 
IO:ll H\ 58 62 
'ill33 1[12 90 84 

considerable degree with excitation and autoionization 
schemes that differ from the paired Auger-transition 
scheme. 

It should be noted that the construction of the de
tailed model of the autoionization state, connected with 
simultaneous excitation of a large number of electrons 
from interacting particles, is hardly possible at the 
present status of the theory of atomic collisions. The 
model of collective excitation of electrons, considered 
in[ 10l, is not yet sufficiently well developed to be able 
to carry out a quantitative calculation of the spectrum 
of the excited states of a system of colliding particles. 
Therefore, even though the model of collective excita
tions, as noted in our earlier papers, agrees qualita
tively with the experimental data on inelastic atomic 
collisions, it is impossible to carry out at present a 
more detailed comparison of this model with experi
ment. The collective-excitation model was success
fully used for the analysis of the simplest cases-the 
interaction of electrons and photons with atoms. Theo
retical investigations[ 10- 12l have shown that calculations 
using the model of collective excitations ensure in 
many cases much more accurate description of the 
experimental data[ 13 ' 14l than the usual calculation which 
takes into account only the single-electron transition[ 15 l. 

b) The lines RII and Rm. The experimental data 

show sufficiently clearly that the appearance of inelas
tic-loss lines RII and Rm is connected with the exci
tation of the internal shells. This is indicated both by 
the magnitude of the excess energies Rii and RIII' and 
by the fact that the probability of excitation of these 
lines increases sharply when a closest-approach dis
tance of 0.25 A, corresponding to the crossing of the L 
shells, is reached. The simplest mechanism of partici
pation of the internal-shell electrons and atomic exci
tation is apparently removal of electrons and formation 
of vacancies. Such an excitation mechanism of autoion
ization states has been known for a long time, and was 
discussed already in our first paper devoted to dis
crete inelastic losses tuJ. The possibility of formation 
of LII III vacancies in Ar •-Ar collisions not only by 
remov'al of electrons but also by transition of a 2p 
electron to higher levels, was considered in t7 ' 16l. Ac
cording to the model developed in(7' 16l, the transition 
is the result of a shift of the lower field levels (molec
ular orbitals) of the quasimolecule Ar; when the inter
nuclear distance changes, and the intersection with the 
outer unfilled levels. The energy of formation of the 
Ln III vacancy in the Ar atom amounts to 249 eV when 
a 2p electron goes over to the continuous spectrum, 
and is somewhat lower in the case of a transition to an 
unfilled leve 1 of the atom. According to Licht en [ 16l, 
this energy should not depend in first approximation on 
the state of the outer shell. In accordance with such a 
model, the energies RI-II and RII-III of the levels 
separated in this investigation should equal the energy 

of formation of the LII-Ill vacancy. As seen from 
Fig. 4a, the energies of the levels RI-ll and Rn-III are 
actually not very sensitive to changes of the final 
charge states of the nuclei. However, the experimental 
values of the energies of these levels, namely 2 58 
± 8 and 272 ± 6 eV, themselves greatly exceed the 
energy of formation of the LII,III vacancy. In addition, 
in accordance with the present measurements, the 
levels RI-ll and Rn-III have an appreciable width, 
which amounts to ~ 65 eV for each level. One can 
hardly attribute such a width of the levels RI-111 and 
RII-III to the transitions of a 2p electron to different 
unfilled levels in the atomic particle, particularly if it 
is recognized that the energies of the levels RI-II and 
RII-III themselves change by not more than 23 and 
7 eV when the charge states of the particles vary in a 
wide range. 

Within the framework of the models considered 
here, one might attempt to improve the agreement with 
experiment by assuming that in addition to the Ln,III 
vacancies there can occur also LI vacancies, which 
call for an energy loss of 326 eV, although the forma
tion of L vacancies as a result of a shift in an inter
section of terms at the investigated internuclear ap
proach distances is less probable. However, from the 
numerical values of the energies of formation of the 
LI and LII III vacancies it follows that were it possi
ble to obtain in this case an average vacancy-forma
tion energy in agreement with the energies of the 
levels RI-ll and Ru-m, then the total width of the 
transition from the levels 2s and 2p would greatly 
exceed the experimentally observed 65 eV. 

Summarizing the foregoing, we can state that the 
assumption that vacancies are produced in the internal 
shell makes it possible to explain qualitatively the 
presence of three discrete inelastic-loss lines and the 
existence of characteristic internuclear distances in 
Ar•-Ar collisions. The qualitative agreement of the 
discrete losses and the vacancy-formation energies 
for isolated partie les was noted also earlier, in the 
analysis of the results of measurements for Ar+ -Ar, 
in our earlier paperC 11 l, and also in the work of Fano 
and Lichten(7• 16l. At the same time, discrepancies are 
observed in the comparison of the more exact results 
obtained in the present paper with the vacancy-forma
tion energies. Nonetheless, in our opinion, the pres
ence of the indicated discrepancies is no reason for 
rejecting the explanation of the inelastic losses on the 
basis of the assumed vacancy formation in the internal 
shells. These discrepancies only indicate that the 
vacancy-formation model, in the form presented by 
Fano and Lichten, is too schematic and calls for fur
ther development. 

c) Possible directions in which the molecular-orbit
shift model can be modified. According to Lichtent 1s] 

autoionization states with LII III vacancies have a life
time exceeding the collision time, and their decay oc
curs when the colliding particles have already ceased 
to interact, and the autoionization transitions in the 
external shells have terminated. Therefore, in the 
existing form, this model can explain quantitatively the 
inelastic losses in atomic collisions only on the basis 
of transition energies in isolated atomic particles. 
The quasimolecular system produced during the time 
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of the collision is essentially considered only in order 
to show how excitation can occur as a result of colli
sion. However, the clarification of the problem of the 
ratio of the lifetime of the autoionization state to the 
collision time calls, in our opinion, for a more careful 
analysis. The calculation has shown[17l, for example, 
that the probability of the Auger process in a quasi
molecular system produced when a multiply charged 
ion collides with an atom can increase strongly, reach
ing 1015-1016 sec-1. On the other hand, the conclusion 
arrived at in[16l, that the Lu III vacancies produced in 

' collisions have a large lifetime, is based only on con-
siderations that are valid for an isolated atom. Yet in 
a quasimolecular system there appear factors that are 
capable of increasing the probability of the autoioniza
tion transition. These factors include, for example, the 
increased overlap of the wave functions of the electrons 
of the L and M shells compared with the isolated 
atom, and also the increase of the total number of 
outer electrons with which the LII,III vacancies can 
interact in the quasimolecule. It is therefore not ex
cluded that the activation transition can occur with high 
probability also within a collision time that amounts to 
rL/v ~ 10-16 sec even for L-shell interaction, and to 
rM /v ~ 10-15 sec for M-shell interactions ( rL and rM 
are the radii of the L and M shells, and v is the 
velocity of the relative motion of the atomic particles). 

When account is taken of the possibility of autoioni
zation transitions in the quasimolecule, large inelastic 
energy losses can be attributed to factors other than 
electron transitions upon intersection of molecular 
orbitals (MO). An important role can be played also 
by autoionization states of the quasimolecule itself, 
which exist only at low internuclear distances r. Within 
the framework of the MO model, the reason for the 
appearance of such autoionization states of the quasi
molecule is the shift of the MO of the unfilled shells of 
Ar (3d, 4s, 4p), as a result of which the Ar+ -Ar sys
tem (which goes over into the Kr atom in the limiting 
case of r - 0) turns out to be, at small values of r, 
in a state with a large number of vacancies in the in
ternal shells. The excitation energy can be quite large 
in this case, and the probability of formation of such 
states should be close to unity, since the shift of the 
unfilled MO "downward" depends not on the probability 
of the transition at any particular intersection of the 
MO, but on the internuclear distance. We note that the 
occurrence of autoionization states with a large total 
excitation energy when the atomic particles come 
closer together follows not only from the MO analysis, 
but can also be explained on the basis of more general 
considerations. The binding energy of all the electrons 
E in a multi-electron atom, according to the Thomas
Fermi model, is connected with the charge Z of the 
nucleus by the relation E ==20.8Z 713 eV. In accordance 
with this relation, the difference between the electron 
binding energy in the two Ar atoms and in the unified 
system as r- 0 (the Kr atom) is AKr - 2EAr R< 3EAr 
R< 50 keV. This means that the produced system can 
be strongly excited when the internuclear distances be
tween the atomic particles become smaller. 

The assumed possibility of autoionization transitions 
prior to the decay of the quasimolecule allows us to 
supplement the explanation of the present results. The 

appreciable widths of the observed RI-ll and Rn-III 
levels, and the difference between their energies and 
the energies of the transitions between the levels of the 
isolated Ar atom, can be connected with the change of 
the energy of the autoionization transitions with chang
ing internuclear distance r. In such a case, the ob
served energy and line width will be determined by the 
dependence of the probability of the autoionization 
transition on r. This assumption could also explain 
the results of measurements of inelastic losses for 
other pairs [ 21 , according to which the energies of the 
inelastic-loss lines depend on the relative velocity of 
the colliding particles. In addition, the energies and 
widths of the lines can be connected also with the decay 
of the autoionization states of another type, which were 
indicated above, namely states existing only in the 
quasimolecule. 

Of course, the assumption that the autoionization 
states decay during the time of collision does not mean 
that only the properties of the quasimolecule appear in 
all the characteristics of the inelastic collision. As a 
result of the statistical character of the decay of the 
autoionization states in time, a certain fraction of the 
particles may turn out to be excited also after the par
ticles move apart, and in such cases the properties of 
the isolated atoms or ions come into play (for example, 
in the form of characteristic groups of Auger electrons 
or emission lines). The ratio of the collision time and 
of the decay probability of the excited states in each 
concrete case will determine which properties (those 
of a system or those of isolated particles) will become 
predominantly manifest in the collisions. 

The results of a study of the energy spectra of the 
electrons produced in atomic collisions are regarded 
in some papers as a confirmation of the Fano- Lichten 
model. Thus, an investigation of Ar•-Ar colli
sions[18'191 revealed narrow electron lines, with energy 
~ 200 eV, corresponding to Auger transitions occurring 
in the filling of Ln.ITI vacancies. However, the total 
cross section for the production of such electrons was 
not measured, and it is impossible to state that each 
case of excitation of the lines of inelastic losses with 
high energy (Rn and Rm) corresponds to the emission 
of Auger electrons from the isolated particles. More
over, it turns out that in Ar• -Ar collisions there are 
produced, besides electrons with discrete energies, 
also electrons having continuous energy spectrum that 
extends to above 200 eV. The total cross section for 
the production of electrons having a continuous energy 
distribution greatly exceeds the 'cross section for the 
production of electrons with discrete energy values. 
Therefore the results of a study of the energy spectra 
of the electrons is in much better agreement with the 
assumed decay of the autoionization states predom
inantly in the quasimolecule. Within the framework of 
the latter assumption, it is easy to explain the occur
rence of electrons with a continuous energy spectrum, 
since the transition energy depends on the internuclear 
distance at which the auto ionization takes place. On the 
other hand, discrete lines of Auger electrons in the 
spectrum are a manifestation of the presence of a cer
tain number of cases in which the excited states do not 
have time to decay within the collision time, and the 
transitions occur already in the isolated atoms or ions 
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that move apart. In addition to this cause, there may 
also be another cause for the appearance of electrons 
with continuous energy spectra. A continuous electron 
energy distribution can be observed in the case when 
the decay of the excited state is accompanied by the 
emission of not one but several (even two) electrons, 
even if the total excitation energy has in this case a 
fixed value. 

Thus, our analysis shows that the inelastic energy 
loss in Ar•-Ar collisions can be qualitatively explained 
on the basis of the notion of autoionization transitions 
in the quasimolecule Ar;. To describe the losses con
nected with simultaneous excitation of many electrons 
of outer shells, the most fruitful approach is the sta
tistical one. The inelastic losses corresponding to 
excitation of individual internal-shell electrons can be 
described on the basis of the vacancy-production as
sumption. However, concrete models using these as
sumptions require further development. An analysis 
of the experimental data points to the possible ways of 
such a development, namely the investigation of auto
ionization transitions in the quasimolecule, i.e., prior 
to the moving apart of the particles, and also allowance 
for the vacancies that result from the approach of the 
nuclei and exist at small internuclear distances. 

The authors are grateful to N. V. Fedorenko and 
V. M. Dukel'skii for interest in the work and for valu
able remarks. 
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