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Synopsis 

Measurements are presented of inelastic energies dissipated during small-angle scattering of 
Ar+ ions by Ar and Ne+ by Ne. The primary energies range from 3.5 to 90 keV. In the secon- 
dary-energy spectrum of the projectiles typical structures are observed which are contributed to 
different possible excitation channels. An elastic peak and a peak due to excitation of the target 
atom are observed. Other peaks and details of the structure cannot be interpreted in an unique 
way. It may partly be explained by simultaneous excitation of projectile and target particle 
although excitation of projectile alone is not observed. However, for the inelastic energy spectra 
arising from Ne+-Ne collisions in which the product of primary energy and scattering angle is 
larger than 10 keV deg no satisfactory explanation can be given in terms of well-detied excita- 
tions. Relative differential cross sections for elastic scattering show oscillations. These oscilla- 
tions are caused by interference of partial waves scattered by different potentials. 

Semiclassical calculations of elastic differential cross sections are presented. Instead of using 
the impact-parameter approximation, the “exact” orbits of the particles are calculated to obtain 
the phase shifts. Furthermore, using the same methods, the critical internuclear distance, at which 
the potentials cross which play a role in neon (2p5,3s) excitation, is calculated as well as the in- 
elastic differential cross section for the process Ne+ + Ne --f Ne+ + Ne* (2p5,3s). 

1. Introduction. The excitation and ionization of the partners in a single ion- 
atom collision reflect .themselves in the decrease of the relative kinetic energy of 
the two particles. Therefore, the measurement of this energy loss can yield infor- 
mation about the various possible excitation channels, the relative probabilities 
of entering the different channels and the excitation mechanisms. During the last 
few years much attention has been paid to the measurement of the inelastic losses 
caused by violent heavy-ion-atom collisions, as a function of the distance of 
closest approachl-g). Structures in these energy-loss spectra have been observed 
which are attributed to distinct excitations of inner-shell electrons. A promotion 
mechanism for these inner-shell electrons has been proposed by Fano and Lich- 
tenlO, 

1. 

Processes in which only outer-shell penetration occurs have been studied too by 
means of inelastic energy-loss measurements. Lorentz and Aberth12) made an 
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energy analysis of a He+ beam scattered from He. They observed structures in 
which they distinguished elastically and inelastically scattered particles. Because 
their main work was concerned with the measurement of elastic differential cross 
sections and the explanation of their oscillations, they did not investigate the in- 
elastic part of the spectrum any further. 

In a second paper13) energy spectra were also presented for He+-Ne, He+-Ar 
and At-+-Ar pairs. In all these cases structures were observed which could be cor- 
related to excitations of an outer-shell electron(s) of the target or (and) projectile. 
Smith ef al.‘“) introduced for this type of investigation the term “collision spec- 
troscopy”; the main aim of this investigation being the calculation of potential 
parameters from the cross sections making conventional theoretical approxima- 
tions. 

Similar experiments with primary energies up to 3000 eV were performed by a 
French group in Orsay ls*16). In that work not only elastic differential cross sec- 
tions but also inelastic differential cross sections were measured. The excitation 
mechanism was described in terms of diabatic transitions which take place at the 
pseudo-crossing of two energy levels. Crossing points were determined by a fit to 
the experimental cross sections. The transition probability of the system from the 
ground state to the excited state at a crossing point was tentatively described with 
the Landau-Zener formula. For the interpretation of this work it appeared to be 
a serious obstacle that only a few data were known of the potential curves playing 
a role in the non-violent inelastic scattering of heavy particles. Therefore the po- 
tential curves of the excited states were approximated with the help of Koopman’s 
rule, in which the total energy of the system is thought to be built up by the eigen- 
values of the electron energies as determined in the field of two shielded nuclei. 
These eigenvalues, therefore, had to be known as a function of the distance be- 
tween the nuclei. Lichten”) estimated the eigenvalues of the Ne-Ne and the 
Ar-Ar system in his explanation of the promotion of inner-shell electrons. 

At a crossing of a molecular orbital, which contains an inner-shell electron, and 
an unfilled molecular orbital the electron can be promoted into this empty level 
which, after separation, corresponds to an outer-shell state. 

In the symmetric heavy-collision case the triply peaked structure in the in- 
elastic energy loss is generally explained by the fact that either no electron (peak I), 
or one inner-shell electron (peak II), or two inner-shell electrons, one in each of 
the collision partners (peak III), can be promoted. 

Rotational coupling which is operative between states with nearly degenerate 
energies, which differ only by one orbital with a change of magnetic quantum 
number of + 1, is another mechanism which might be responsible for transitions 
to inelastic channels. 

McCaroll et al. 17) presented, during the last ICPEAC conference, evidence that 
inelastic Lif + He collision measurements of Lorentz et uZ.~~) could be explained 
by this mechanism. In that conference also a paper was presented by a Russian 
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grouplg) which contained “collision spectroscopy” of the pairs K+ and Na+ on 
Ar and Ne. 

The identification of the peaks in the Q spectrum is sometimes hampered be- 
cause with inelastic-energy loss a process where the ion and the target particle are 
excited, is nearly identical to a process where the target is excited into an auto- 
ionizing state. This problem was already pointed out by Aberth and Lorentz in 
connection with their He+-Ar inelastic energy-loss measurements. In the later 
work of Barat et al. the choice was not explicitly made and all inelastic losses were 
attributed to excitation of the neutral target atom leaving the projectile completely 
unexcited. Recently, work in the same field was started at energies above 30 keV20). 
In the Ne+-Ne case a structure was found which deviated considerably from that 
found in work with lower primary energies, and which could not be attributed to 
single-electron excitations of the target atom. Therefore the work was extended 
to the missing-energy range of 3.5-30 keV. This work is presented in this paper 
together with a more detailed description of the inelastic energy-loss measure- 
ments in the higher-energy range. 

2. Apparatus and experimental method. 2.1. Apparatus. The experimental 
setup is shown in fig. 1. A 200 keV isotope separator2’) is used to produce the 
primary-ion beam in the energy range above 30 keV. Below this energy the ions 
were extracted from another beam machine called Cesar22). 4 keV measurements 
were performed on a mass spectrometer with a uno-plasmatron source. The ions 
were subsequently scattered through small angles (13, < 2”) by a single collision 
and then energy-analyzed. The energy resolution of the analyzer is <5 x 10m4. 
A description of the detection system, along with a more detailed discussion of 
the apparatus, has been given in a paper about oscillations in inelastic energy 
losses as a’function of Zlz3). 

The beam-defining diaphragms and the analyzer-entrance apertures are optically 
aligned to within 3’. The setting of the scattering angle is read off a graduated rim 
with an accuracy of 3’. The collimating diaphragms for the primary beam restrict 
the angular spread to 5’. For the electrostatic-energy analyzer the acceptance 

A scattering chamber 

Fig. 1. Schematic view of the experimental setup. 
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angle is 7.6’. These apertures together cause a distribution in the scattering angles 
of the observed particles around the scattering angle with a full width at half 
maximum of 4.6’23). The inelastic energy loss is determined by the voltage on the 
analyzer plates. V,, is the voltage applied to get the primary beam, V1 the voltage 
to get the scattered particles through the analyzer. Then Q is given by 

Q 2 Vl +cos 0 1 - lx l+a V, - 
E,=, V, ( > 1 -----9 

cx a () VCI 

(1) 

with an error AQ < (13 + 6/a) x 10e5 E,, for our apparatus. 
If in the spectrum the elastic peak is resolved and the voltage on the analyzer 

plates to get the elastically scattered particles through is VI (elastic), the relation 
to calculate Q can’be approximated by 

Q/E = [V, (elastic) - VI (inelastic)]/V,, , . (2) 

with an error AQ e 6 x 10m5 E0 for our apparatus. 
The derivation of (1) and (2) can be found elsewhere3*). 

2.2. The measurement of cross sections. To get the relative differential 
cross section for the different peaks in the inelastic (energy-loss spectrum (see sec- 
tion 4.1) we have measured the intensities of the separate peaks: . 

I = Nno (0,) sin 8, de, d4, (3) 

with FZ the number of scattering centres, N the number of incident ions per second, 
e1 the scattering angle. n is proportional to the target density (e), which has been 
kept constant during the intensity measurements. Moreover, it is proportional to the 
volume in the target chamber from which it is possible, after scattering, to enter 
the analyzer at a given setting of the scattering angle el, as explained in section 1. 
This “scattering volume” is essentially the intersection of the beam with the cone, 
which is defined by the analyzer-entrance apertures, and varies with the scattering 
angle 8,. It can be approximated by 

IZ = e x volume w e (c’/sin e,) = c/sin e1 (c’ constant). 

so 

I = N(c/sin f3,) o(6,) sin 8, de1 d+ = constant a@,). 

However, for very small scattering angles (0, < 55’) the scattering volume is cut 
off by a diaphragm and an analyzer-entrance aperture, because of the dimensions 
of the scattering chamber. This decrease of the scattering volume is a function of 
the scattering angle and introduces a correction factorf(8,). The resulting expres- 
sion for the intensity I is: 

1 = constantf@,) a(e,). (4) 



INELASTIC NON-VIOLENT HEAVY-ATOM COLLISIONS 537 

3. Ar+-Ar collisions. 3.1. General. Measurements were performed with the 
following energies for the primary Ar+ ions: 7.5 keV, 10 keV, 15 keV, 25 keV, 
30 keV, 40 keV and 60 keV. Typical scattering angles were in the range between 
10 and 90 minutes of arc. The collision is characterized by the quantity t = J&e, 
where E. is the impact energy and 8 the scattering angle in the laboratory system. 

Ar+, Ar 

I I I I I 
0 10 20 

I 
30 40 50 

- inelastic LossteV) 

Fig. 2. Energy-loss spectra arising from scattering of Ar+ by Ar at three different primary 
energies. Scattering angles in the lab. system are: a) at 10 keV, 48.6 min; b) at 15 keV, 62.8 min; 

c) at 25 keV, 18.9 min. 
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Fig. 3. Mean inelastic energy losses of the different peaks in the A+-Ar energy-loss spectra as 
a function oft. Note that for 60 keV a new peak E occurs in the spectrum. 
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In small-angle forward scattering this quantity is primarily a function of the im- 
pact parameter pz4). The relationship between z and p is determined by the inter- 
action potential. One has to bear this in mind while comparing two peaks con- 
taining particles which have followed different potential surfaces at the same r. 
This problem will be discussed in detail in section 5. 

In figs. 2a, 2b and 2c examples of secondary-energy spectra are given, respec- 
tively for impact energies of 10, 15 and 25 keV. For physical as well as non- 
physical reasons (see section 3.3) the structure in the spectra becomes less pro- 
nounced towards higher primary energies. This inhibits the identification of the 
collision process at these energies. 

3.2. Identifications of the collision process. In general, four peaks can 
be resolved: the elastic peak A and three inelastic peaks B, C and D. The elastic 
peak is used as the zero point of the inelastic energy scale. In table I a summary 
concerning the data of the different peaks is given for 10 and 15 keV. Further 
details are given in fig. 3. 

TABLE I 

Mean inelastic-energy losses and 
observed width of the different 

peaks in the spectrum 

Ee = 10 keV E. = 15 keV 

Peak 
@ FWHM e FWHM 

(ev) (eV) (eV) (ev) 

A 0 6.7 0 9.0 
B 12.2 8.2 13.4 10.0 
C 29.5 9.6 29.5 13.0 
D 45.5 10.5 45.6 11.9 

3.2.1. Peak B. This peak, which is also measured in the lower-energy range 
can be attributed to two processes. 

Bl: Ar+ + Ar (3~~) + Ar+ + Ar* (3p5, nl), 

excitation of the 3p electron in the target particle to an excited state, for instance: 

to Ar* (3p5, 4s) with Q = 11.5 eV, 

to Ar* (3p5, 4p) with Q = 12.9 eV, etc. 

B2: Ar+ (3s2, 3p5) + Ar + Ar+* (3s, 3~~)~ S, + Ar, 

excitation of the 3s electron in the projectile with Q = 13.5 eV. 
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3.2.2. Peak C. One has to bear in mind that the inelastic-energy loss Q is es- 
sentially connected to a collision process and not to a specific particle. Therefore 
several processes might explain the occurrence of the second inelastic peak. 

Cl : Ar+ + Ar (3s2, 3p6) --) Ar+ + Ar** (3s2, 3p4, nIlI, n2Z2) 

+ Ar+ + Ar* (3s, 3p6, nIlI), 

the excitation by a one- or two-electron promotion to an auto-ionizing state of 
the target particle, for instance to 

Ar** (3s2, 3p4, 4s, 4p) with Q = 29 eV or 

Ar* (3s, 3p6, 4s) with Q = 25.8 eV, etc. 

C2: Ar+ (3s2, 3p5) + Ar (3s2, 3p6) 

+ Ar+* (3s2, 3p4, nl) + Ar* (3s2, 3ps, nl) 

+ Ar+* (3s, 3p6) + Ar* (3s2, 3p5, nl), 

the simultaneous excitation of the target and the projectile, for instance 

Ar+* (3s2, 3p4, 3d) + Ar* (3s2, 3p5, 4s) with Q = 28 eV or 

Ar+* (3s, 3p6) + Ar* (3s2, 3ps, 4p) with Q = 26.4 eV, etc. 

3.2.3. Peak D. Again some processes are possible: 

Dl : Ar+ + Ar (3s2, 3p6) + Ar+ + Ar** (3s, 3p5, nIlI, n212), 

excitation of an auto-ionizing state of the target atom in which a 3s and a 3p elec- 
tron are promoted, for instance to 

Ar** (3s, 3p5, 3d, 4s) with Q = 44.7 eV, etc. 

D2: Ar+ (3s2, 3p5) + Ar (3s2, 3p6) 

+ Ar+* (3s2, 3p4, nl) + Ar** (3s2, 3p4, nIlI, n2Z2); 

the simultaneous excitation of the target and the projectile, the former to an auto- 
ionizing state, the latter to an excited state. Examples are: 

Ar+* (3s2, 3p4, 3d) + Ar** (3s2, 3p4, 4s, 4p) with Q = 45.5 eV or 

Ar+* (3s, 3p6) + Ar** (3s2, 3p4, 4s, 4p) with Q = 42.5 eV, etc. 
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A definite chaise among all these possible collision processes is difficult to make. 
It is quite possible that sometimes different excitation channels contribute to one 
peak. 

3.3. Widths. The full width at half maximum of the elastic peak is caused by 
the finite resolution of the energy analyzer (dE/E, x 5 x 10m4) and the spread in 
the primary-beam energy of ca. 4 eV. The contribution due to thermal motion of 
the target atoms can be neglected. 

The widths of the inelastic peaks are caused by the same effects and by the 
‘natural width of the peaks. That is, by the distributioi of excitation channels con- 
tributing to the inelastic peak. By deconvolution of the inelastic peak with the 
elastic one we have found the natural widths as given in table II. 

TABLE 11 

Peak widths caused by physical 
effects 

Natural peak widths 

Peak at 10 keV at 15 keV 

B 4.8 eV 4.4 eV 
C 7.0 eV 9.4 eV 
D 7.7 eV 7.7 eV 

3.3.1. Discussions of the widths of peaks B and D. Thewidthofthefirst 
inelastic peak (4.6 eV) corresponds well to the range of accessible excitation chan- 
nels assuming that process Bl is responsible for peak B (4.2 eV). Thus we assume 
that in any case collisions of the type Bl contribute to peak B, although this ob- 
servation does not exclude collision processes of the type B2. 

The width of peak D gives no further indication with regard to identification 
of the collision process. 

Also some vague correlations in the cross sections of the different peaks (see 
section 3.6) are not very helpful because it is not known whether one can construct 
the probability for simultaneous excitation of target and projectile from the prob- 
abilities of both processes alone or that both processes are interdependent. For 
instance it could be that excitation of the ion can ody take place if the target is 
excited also. Note that a peak around 18 eV indicating excitation of the Ar+ pro- 
jectiles alone has never been observed. 

3.3.2. Anomalous broadening of peak C. From table II it is seen that 
the width of peak C at 15 keV impact energy is much larger than at 10 keV while 
the natural widths of the other two inelastic peaks are independent of the primary 
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energy within the experimental error. The reason for this broadening is found by 
a closer examination of peak C in fig. 2b. The peak is composed of two unresolved 
peaks at about 26 eV and 30 eV. Evidently the 26 eV component is, for 10 keV 
impact energy but at the same t value, not visible. This phenomenon is’contrary 
to the general trend in the inelastic energy-loss measurements: with increasing 
primary energy and scattering angle the most probable transition shifts towards 
transitions with a higher energy deficit. It might be that the transition responsible 
for the 26 eV component in peak C is due to rotational coupling since the prob- 
ability for such a transition is always increasing with increasing energy. 

3.4. Coincidence measurements. Measurements of Kessel et aL3) for the 
Ar+-Ar system have shown Q values of about 28.5 eV occurring during the pro- 
cesses Ar+ + Ar + Ar+ + Ar - Q (lOlO), in which no ionization takes place. 
This means that no auto-ionizing state is formed in this collision which de- 
excites via electron ejection. Our peak C has a mean Q value of 29.5 eV and it is 
therefore natural to connect it with this measurement of Kessel. So this peak must 
be explained by processes of type C2, for Cl leads to processes like Ar+ + Ar 
+ Ar+ + Ar+ - Q (1011). The anomalous broadening can be due to a 3s pro- 
motion followed by de-excitation through light emission. 

In the same experiment processes (1011) led to inelastic losses between 55 and 
62 eV. These values are somewhat too high to connect them with our peak D 
(45.5 eV). However, the t values in Kessel’s experiment were much higher, which 
may have led to the opening of the higher members of the families of excitation 
processes Dl and D2. The upper limits of both processes are 58.2 and 61 eV, 
respectively. So only process D2 can cover the highest Q value measured by Kessel 
in the process (1011). 

Summarizing we come to the following thesis. 

1) Peak B is mostly due to collision processes in which excitation of a 3p elec- 
tron in the target particle takes place (Bl). 

2) In peak C particles arising from processes in which simultaneously the 3p 
electrons in the ion and the atom are excited, are preponderant (C2). (The extra 
structure at 15 keV, 0, > 1” can tentatively be ascribed to a 3s-electron promo- 
tion in the target atom.) 

3) Peak D may be due to collision processes in which the ion is excited and the 
target atom is excited to an auto-ionizing state (D2). 

3.5. The shell model of inelastic-energy loss. It was found inthe heavy- 
collision range (z > 100 keV deg) that the mean inelastic-energy loss, defined as 

0 = jJ'(Q)QdQ, 

did rise rapidly in specific regions of distance of closest approach. These regions 
have been correlated to distances at which different (sub)shells geometrically 
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overlap. The electron-electron interaction in overlapping shells becomes very 
strong causing a rapid change in the energies of the molecular orbitals. This can 
result in several potential curve crossings in that particular region. 

In fig. 4 the 0 values taken at different E,, are plotted as a function of r as far 
as the present measurements are concerned. They are compared with the mea- 
surements of refs. I, 3, 6 and 9 where @ is plotted against r,. The measurements 
are in good agreement. 

s lOOO_ 
2 
4 

,*’ I 

B 
1 
I 

et al. 

et al. 
et al. 

-itin- 5 10 
--c r(keVxdogree) r,(A) c 

Fig. 4. Mean inelastic-energy losses as a function of the violence of the collision, z, compared 
with measurements of other authors in the more violent collision range (r. < 0.4 &1*3*6,9). 

Tentatively one can attribute the rapid change in 0 from 0 to 22 eV (2 < t 
< 10 keV deg) to interaction between the two M II subshells (appearance of peaks 
B and C). The.‘rise from 30 to 90 eV (20 < z < 50 keV deg) may be correlated 
to the interaction of the M II subshell of the target atom with the M I subshell 
of the Ar+ ion (appearance of peak D). 

These considerations are rather superficial as they do not explicitly state which 
transitions exactly are involved. However, the fact is emphasized that the inelastic- 
energy loss is due to excitation families which have well-defined upper limits. This 
is in strong contrast with the case of Ne+ scattering on Ne where the 0-r plot 
does not allow this conclusion (see 4.3). 

3.6. Cross sections for Ar+-Ar collisions. 3.6.1. Elastic differential 
cross sections. In fig. 5 the relative differential cross sections of the elastically 
scattered particles, calculated from the intensity, using eq. (4), have been plotted 
against 19, for three different primary energies. No absolute cross sections could 
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TV”‘,““,““,” 
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-w scattering angle (degree) 

Fig. 5. Elastic differential cross sections for Ar+-Ar scattering. The curves for three different 
primary energies are normalized at a scattering angle of 12 min. 

be obtained because absolute beam-current measurements were prohibited at very 

small angle scattering due to geometrical reasons. In table III the maxima and 
minima which are observed are tabulated. 

Comparison of our data with data of ref. 16 shows the same trend: a shift of 
the extrema towards lower values for higher primary energies as is theoretically 
predicted. The results at 3 keV in this reference and our results at 3.5 keV do fit 
quite well. Furthermore a new maximum is discovered in the very low scattering- 
angle region. 

The amplitude of the oscillations in the elastic cross sections, which are caused 
by interference of partial waves scattered by the ungerade and gerade potentials 
diminish with higher primary energies. Different reasons for the damping towards 

TABLE III 

Scattering angles at which extrema 
in a, are observed 

(k% 
Minr Max1 Minz Max2 MinJ Maxa 

15 0.25 0.35 - - - 0.50 
10 0.28 0.38 ‘0.48 0.71 0.89 1.16 
3.5 0.33 0.48 0.77 0.92 1.22 1.43 
3’ - - 0.81 1.03 1.25 - 

’ Taken from ref. 16. 
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larger energies can be considered. First of all the finite angular resolution causes 
the width of the impact-parameter region which is studied at a given scattering 
angle to increase with primary energy. Complete annihilation can only be attained 
if two waves are scattered over the same angle along different orbits in such a way 
that the phase shifts after the collision differ exactly by (2N f 1) x and each of 
the waves has the same amplitude. To observe such an effect an infinitely small 
angular resolution is required. As this is not the case the observed cross sections 
are in fact experimentally integrated over a range of impact parameters and thus 
over a range of phase shifts which causes a damping. The integration interval in- 
creases approximately linearly with the primary energy. 

Ar*-Ar 
10 keV 

Ar’- Ar 
15 keV 

__c r(keVx degree) 

Fig. 6. Relative peak areas of the different peaks in the Ar-Ar energy-loss spectrum as a function 

oft. A: elastic peak; B: 6 = 13 eV; C: & = 29.5 eV; D: e’ = 45.5eV. 

Secondly it can be seen in fig. 6 that at higher energies the majority of the pro- 
jectiles have been scattered inelastically. The loss of particles into the inelastic 
channels affects the two components leading to elastic scattering (the gerade and 
ungerade partial waves) in different ways. 
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3.6.2. Inelastic differential cross sections. Fig. 7 shows an example of 
the relative differential cross sections of the inelastic peaks at 10 keV. From this 
figure a plot of relative excitation probabilities can be constructed. This is done 
for 10 and 15 keV in fig. 6, where the relative peak areas are plotted against t. 

1) The elastic peak A has nearly the same relative probability in the 10 keV 
and 15 keV cases. 

2) The first inelastic peak B has a rather oscillating behaviour. Note the large 
maximum at t = 20 for 10 keV and the pronounced minimum at t = 11 for 15 keV 
bombardment. 

3) The second inelastic peak C has a broad maximum at z = 10 especially 
for EO = 15 keV. It may be connected with the occurrence of the anomalous 
broadening of this peak in this region. Then it is also possible to explain the dip 

-scattering angle (degree) 

Fig. 7. Inelastic differential cross sections for the different peaks in the 10 keV Ar+-Ar energy- 

loss spectrum. B: peak with 5 = 13 eV; C: peak with 3 = 29.5 eV; D: peak with3 = 45.5 eV. 

in peak B at around the same t. Evidently if the target particles are excited to 
auto-ionizing states (3s, 3p6, nl; Q = 26 eV + maximum peak C) they are no 
longer observed as p-electron excited atoms (3s2, 3p5, nl; Q = 13 eV + minimum 

in peak B). 

4. Ne + -Ne collisions. 4.1. Identification of the collision process. 
Measurements were performed with the following energies of the primary Ne+ 
ions: 3.5 keV, 4 keV, 5 keV, 8 keV, 10 keV, 15 keV, 20 keV, 25 keV, 30 keV, 
60 keV and 90 keV. Typical scattering angles were in the range between 10 and 
90 min. In figs. 8a, 8b and 8c examples of the secondary-energy spectra are given 
for impact energies of 8, 20 and 30 keV. 
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In general three large peaks are observed: the elastic one A, and two inelastic 
ones B and C. For the lower primary energies B and C have their maxima at 
+ 20 and f 55 eV, respectively. However, at 30 keV the first inelastic peak has its 
maximum at +28 eV and the second one at +67 eV. Both inelastic peaks seem 
to have shifted towards higher energy losses. This shifting of peak B is continued 
until B reaches values of the order of 45 eV and its magnitude has been decreased 

&: 
JJ/L&fy; 

__c inelastic loss (eV) 

Fig. 8. Energy-loss spectra arising from scattering of Ne+ by Ne at three different primary 
energies. The scattering angles are given in the lab. system. 

such that it can no longer be observed. The difference in inelastic-energy loss be- 
tween the two inelastic peaks increases from 36 to 55 eV. This. behaviour of the 
peaks as a function oft makes it very difficult to identify the collision processes 
leading to these characteristic inelastic-energy losses. For instance peak B can be 
explained in the range where t < 10 keV deg and &, < 10 keV by an excitation 
of a 2p electron in the neon target: 

Ne+ + Ne(2p6) + Ne+ + Ne* (2ps, nl), 

for instance Ne* (2p5, 4s) with Q = 19.6 eV. 

A closer examination of peak B in this range shows that it is asymmetric with 
a tail lying in the first continuum. It reveals also some structure in the peak itself. 
Therefore we performed a higher-resolution measurement at a primary energy of 
4 keV. (The energy spread in the primary beam was reduced to 1.7 eV.) A typical 
result is shown in fig. 9. One observes that peak B has two components in the 
continuum, the first lying at f23.4 eV; the second one at + 27 eV. It is impossible 
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to explain the 23.4 eV peak in terms of spectroscopically known levels. It must 
be emphasized that this small peak is systematically observed during the measure- 
ment on two different apparatuses used in our experiments. The 27 eV compo- 
nent could be explained by the processes: 

Ne+ + Ne -+ Ne+* (2s, 2p6) + Ne - 28.6 eV 

and 

Ne+ + Ne+Ne +* (2p4, 3s) + Ne - 27.1 eV, 

with single excitation of the projectile. 
At larger scattering angles also small discontinuities are observed at f 3 1 and 

+35 eV. The shifting of peak B might then be explained by the subsequent in- 
crease of the mentioned components, with increasing Z. Another interesting fea- 
ture in peak B is that in our work the lowest possible excitation 

Ne+ + Ne + Ne+ + Ne* (2p5, 3s) with Q = 16.7 eV, 

is observed as an unresolved hump at the lower inelastic energy-loss side of peak B 
in contrast to the observations in the work of Barat et ~1.‘~). 

The maximum of the second inelastic peak C shifts from 51 eV at 4 keV pri- 
mary energy to 67 eV at 30 keV. It can partly be attributed to auto-ionization of 

4 keV Ne’-, Ne 

8.1’ 41’ 

v 
I I 

0 10 
I 

20 $0 

-pinelastic energy loss(eV) 

Fig. 9. Large resolution measurement of the + 20 eV inelastic energy-loss peak in the Ne+-Ne 

energy-loss spectrum. 
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the target atom: 

Ne+ + Ne + Ne+ + Ne** (2p4, n,E,, n&) 

for instance Ne** (2p4, 3p, 4p) with Q = 51.6 eV. 

But the highest inelastic-energy losses observed in this peak cannot be explained 
by this process as double ionization needs only 62 eV. 

4.2. Coincidence measurements and theoretical calculations. As 

was the case for Ar+-Ar collisions, coincidence measurements4) can partly elu- 
cidate the problem of which collision processes cause the observed inelastic-energy 
losses in our spectra. We have also used some calculations of Thulstrup and Jo- 
hanserP) on pseudomolecular states of the (Ne-Ne+) molecule for different inter- 
nuclear distances, to solve the identification difficulties. 

The lowest ‘Q value in the tables of ref. 4 is 45 f 20 eV corresponding to a 
(1010) process (z = 64 keV deg). It follows that although processes occur with 
inelastic-energy losses larger than the first ionization potential, ionization does 
not occur. This may be explained by simultaneous excitation of target atom and 
projectile; the alternative explanation of excitation to an auto-ionizing state fol- 
lowed by emission of a photon seems improbable. In our measurements the shifting 
of peak B from an inelastic energy loss of f 20 eV at t = f 5 keV deg to an in- 
elastic energy loss of + 50 eV at t = f 50 keV deg can therefore be explained by 
a gradual change from excitation of target-atom to excitation of both projectile 
and target atom. This leaves, however, an unexplained z region about 10 keV deg 
where 21.6 < Q < 26.8 eV. 

Thulstrup and Johansen have an alternative explanation for the shifting of 
peak B. They show that the pseudomolecular (Ne-Ne+) states penetrate the 
(Ne-Ne+) ionization continuum. The shifting is then explained as a gradual change 
from excitation of the target atom to direct ionization of thisatom. However, if 
this occurs, the Q values of about 25 eV would correspond to (1011) processes. 
This is in contradiction with the value of Q = 70 + 5 eV which is found by Kes- 
se1 et al. for the (1011) process (t = 64 keV deg). 

It seems that this last observation of Kessel is related to the second inelastic 
peak C which in our measurements has Q values in the range 50-200 eV. Q values 
of +70 eV would be obtained by simultaneous excitation of the projectile and 
auto-ionization of the target atom. If the last one should de-excite by electron 
ejection, the collision process would indeed be of the type (1011). An alternative 
explanation of the second peak is also given by Thulstrup and Johansen: 

Ne+(2ps) + Ne(2p6) + Ne+(2ps) + Ne++(2p4) + 2e, 

with direct double ionization which becomes possible if the (Ne-Ne+) ground 
state penetrates the second, ionization continuum of the (Ne-Ne+) pseudomole- 
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cule. This fits better with the coincidence work and the experiment because 
0 (1012) = 100 + 10 eV and the peak C has exactly that value for 64 keV deg. It 
must be remarked that the (1012) process is the most important one in this z 
region. These processes can lead to an inelastic-energy loss of at most f 160 eV. 
Therefore the 90 keV results must be due to (1013) processes. 

4.3. Mean inelastic-energy loss as a function of the violence of the 
Ne+-Ne collision. As we observe three peaks A, B and C in the energy-loss 
spectrum the mean inelastic-energy loss 0 is defined as: 

in which PA, PB and PC are the probabilities for excitation of the peaks A, B 
and C. & = 0 eV, & and & are the average energy losses in peaks B and C, 
respectively. 

‘“’ q $: ;I”-‘,,1 0.8 

0.6 

0.4 

0.2 

0 

20 25 30 

-_r(keVr degree) 

Fig. 10. Probabilities for excitation of the different peaks in the Ne+-Ne energy-loss spectrum. 
All the measurements, taken at energies from 3.5 keV to 90 keV are collected in this figure. 

A: elastic peak; B: inelastic peak, 8 varies from + 18 to 50 eV; C: inelastic peak,5 varies from 
+ 50 to 250 eV. 

Fig. 10 shows a plot of PA, PB and PC against t for different primary energies. 
Within the accuracy of the measurement these functions are independent of the 
primary energy. 

Fig. 11 shows &, and & as functions of z for different primary energies. From 
figs. 10 and 11 we have constructed with the help of eq. (6) the @-x dependence 
in fig. 12. This is averaged over the different primary energies. 
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Fig. 11. Mean inelastic-energy losses of the different peaks in the Ne+-Ne energy-loss spectra 
for different energies as a function of r. 
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Fig. 12. Mean inelastic-energy loss of Ne+ ions scattered by Ne atoms as a function oft. 

For r values up to + 15 keV deg it can be seen that the Q values increase rapidly. 
Then the increase is slower but these values never reach a plateau as in the Ar+-Ar 
case. The reason for this can easily be found in the figs. 10 and 11. The only 
quantities in eq. (6) which keep rising even above 20 keV are the QB and Qc 
values, the shifting of the inelastic peaks. Due to this shifting a qualitative con- 
sideration of the Q-r plot in terms of overlapping shells is not possible. Our 



INELASTIC NON-VIOLENT HEAVY-ATOM COLLISIONS 551 

highest 0 values obtained for primary energies of 60 and 90 keV fit rather well to 
the values of Kessel et a1.4) taken at energies of 50 and 100 keV. 

5. C’uZcuZutions. 5.1. Critical internuclear distances for potential 
curve crossing. From fig. 10 it can be seen that for Ne+ + Ne + Ne+ + Ne* 
(peak B) the threshold is at about 2.3 keV degree. Assuming that the excited particles 
of peak B are promoted via the outermost r,, from the orbital energies as given 
by Lichten’l) and calculated by Thulstrup and Johansen22) it can easily be seen 
that the first crossing is the one between the I& (Ne+-Ne) ground state and the 
Xs [Ne+(2ps)-Ne* (2p5, 3s)] excited state. This transition in which parity and 
magnetic quantum number are conserved cannot be due to rotational coupling. 
Therefore the transition probability can be given by the well-known Landau- 
Zener formula26) : 

p = exp [ - ~/4drJl~ (W 

where v,,&~) is the radial velocity at an internuclear distance of r, and 

24= $ Hz2 
t 

. 

=rs 

Ub) 

HI2 which is not velocity dependent is half the energy between the adiabatic 
potential curves at the pseudo-crossing and 

f_ IWII - H22)lr=r, 

is the difference in slope of the potential curves at r = r,. 
The particles pass through the crossing point twice, therefore the fraction of 

particles separating in the excited state is 2P (1 - P). 
The differential-excitation cross section o(0) will therefore show a threshold 

behaviour which is governed by the Landau-Zener relation and more specifically 
by v,,.Jrc). Evidently if r. = rc and v&rJ = 0 the cross section is zero. Extra- 
polation of the differential cross section to zero {herefore should give the 13 for 
which vrad(rc) = 0 and, if one knows the potentials, it is possible to calculate from 
this 0 the critical internuclear distance. (Note that this is a circular problem: if 
one knows the potentials one knows also their crossing point.) 

However, it will turn out to be not as simple as sketched above due to a pecu- 
liarity in the calculated 0-p plot. The minimum 8 value occurring in that function 
is not obtained via the orbit which has r. = rc. This complication is taken into 
account. 

Thulstrup did ab initio calculations of the Xc, ground-state potential with respect 
to the Ne, potential as a function of r. We used for the ground state of the Ne2 
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system an exponential potentiaP’) which is known to be a good approximation 
around 1 A. The Xp (Ne+-Ne) ground potential can then be fitted to the calcula- 
tions of Thulstrup. 

V L,(N~+-N.&) = V(N~-N~)(~) + 21 + 222 exp (-2.88 r), (8) 

with VcNe_Ne)(r) = 8200 exp (-4.57 r) and 0.5 < r < 3 A (fig. 13). This poten- 
tial should describe collisions in this region better than the potential calculated by 
Lane and Everhart from their cross sections. Their potential is known to be too 
flat in this range. 

An approximation of the Xc, (Ne+-Ne*) potential is much more difficult to 
make. These excited-state potentials are generally calculated with the use of Koop- 
man’s theorem which states that the total potential energy is the sum of the orbital 
energies of the different electrons without taking electron-electron interaction 
into account. 

The theorem therefore yields potential curves which are essentially wrong. For 
instance it is not possible to discriminate between the potential energies of the 
Ne+* (2p4, 3s)-Ne(2p6) and the Nef(2pS)-Ne* (2p5, 3s) systems as in both cases 
two 2p electrons are removed and one 3s electron is added. However, from a close 

v w4) 

t 

1 : Eg (Ne+-Ne) 

2 : Ig tNe+-if(2p5.3s)) 

3 : (Ne-Ne) 

. 
-r (A) 

Fig. 13. Potentials describing the process Ne+ + Ne -+ Ne + + Ne* (2p5,3s). The particles ap- 
proach via the ground-state potential (1) and leave each other via the excited-state potential (2). 

R, is determined by the cross-section threshold of 2.3 keV deg. 
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examination of the series of excited-state potentials derived with the help of 
Koopman’s theorem we observe that the potential might be empirically approxi- 
mated by the following functional form : 

V -2, CNe+-Ne* (2~~. %)I - V<Ne_Ne)(r) = 5 + 16.5 (1 + tanh [4.4 (r - Y*)]), (9) 

for 0.5 -C r < co A. The constants in this expression are obtained by using its 
known behaviour at co and at close distances. The factor 4.4 is determined from 
the slope of the energy-difference curve in the region of high rate of change of this 
difference. r* is the separation at which the energy difference between Ne, and 
Nei* is 21.5 eV. By varying this quantity we vary the crossing point of the ground- 
state Ne: potential and the excited-state potential. 

When we obtained our two potential curves (fig. 13) with an adjustable inter- 
nuclear distance of curve crossing, we performed a series of orbital calculations 
for different impact parameters and different r, (fig. 1.4). 

8 (r) 

(1Ci3radl 

15 

/ I I I 

1.3 1.4 1.5 1.6 1.7 
rc 

- r ti, 

Fig. 14. Example of an orbital calculation for an impact parameter of 1.26 A. The particles can 
follow 4 different potential surfaces indicated by the numbers between parentheses. (1.2.1) means 
that for r-values from co to r, the potential followed by the particles is 1. From r, via r. to r, the 

potential between the particles is 2 and from r, to co the potential is again 1. 
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An r, value of 1.32 A leads to the best fit to experiment because particles which 
have followed the potential surface leading to the excited state will only be ob- 
served for t > 2.3 keV deg (fig. 15). It can be observed from the same figure that 
if one does not take the fact of different incoming and outgoing potential curves 
into account and only uses a ground-state potential (orbit 11 l), the r, value, cor- 
responding to 2.3 keV deg, will be 1.47 A. 

5 keV Ne+--cNe 

r, z 1.316 8, 

I 
1.2 1.3 1.L 1.5 
- impactparameter (A) 

Fig. 15. The relation between impact parameter and scattering angle obtained by orbital cal- 
culations. Two potentials are used. This leads to 4 different scattering angles for one impact 
parameter ifp < 1.32 A. Excited particles can only be observed for 0 > 0.46 deg or t > 2.3 keV 

deg. 

5.2. Elastic differential cross section. In fig. 5 it can be seen that the 
elastic differential cross section for scattering of Ar+ on argon shows an oscilla- 
tory behaviour. These oscillations are due to the interference of the partial waves 
scattered along the different ground-state potential surfaces, i.e., the gerade and 
ungerade potentials. f(e), the scattering amplitude, determines the scattering 
cross section 

&9 = Iflm + f,Wl’, (10) 

where fU and f, are complex expressions in 8 which in general will have different 
phase factors. 
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In our case, applying semiclassical calculations using the stationary-phase me- 
thod with JWKB phase shifts, the scattering amplitude is given by”): 

jp) = i- 
[ 

LJ 
_) 

k 2 (-vi, sin (3) 1 exp ii (2~~ -L,e -+c)] j=g,u. (11) 
If we substitute expression (11) in eq. (lo), we get the final expression for the dif- 
,ferential cross section : 

1 
o(8) = - 

C 

4 L 
k2 sin 8 (dO/dl),p + (de/d& 1 

1 3 
+ k2 sin 0 

L,JL 

(de/d&* (de/d/),” 1 cos t2 (Q, -?L,) -e(L, -L”)l. 
(12) 

To determine the cross section we have to calculate the development of the phase 
along both potential surfaces. This can be done with various degrees of refine- 
ment2g). To calculate the terms Q, - Q_, and L, - L, we used the most refined 
method, where r0 
E]? 

p,” = Ml - L(GJ/~l~ andu(r) = ~(00) [l - (b2/r2) - V&)/ 

However, in the case of Ar+ on Ar the situation is more complicated, because 
the magnetic quantum number m = 0 or nt = f 1 leads to four molecular 
states: I;, , &, IT,, II,. This means that there are four ground-state potential 
curves involved in elastic scattering. The IT and I; states both contribute an oscil- 
lating term to the elastic differential cross section. Since only one oscillation fre- 
quency was observed and the frequency of oscillation is related to the energy dif- 
ference between the gerade and ungerade potential curves, we could deduce that 
the oscillation frequency in the cross section due to E-state interference is con- 
siderably higher than the one due to II-state interference. So high, in fact, that it 
could not be observed with our angular resolution. This conclusion is justified30) 
by the fact that even over a large scattering-angle interval only one kind of oscil- 
lation is observed. 

By fitting the calculations to the experimental results it is possible, in principle, 
to deduce the potentials Vns and V&. We tried several II, and II, potentials and 
found the pattern of maxima and minima extremely sensitive to them. A Bohr 
potential and a AE function taken from Barat et a1.16) and Jones et aL30), 

Vu, = (32OO/r)exp (-r/0.215) - *AE (in eV), 

(13) 
Vnu = Vn, + AE, AE = 490 exp (-r/0.29) (in ev), 

gave a reasonable fit to our results (see table IV). 
This reasonable fit was to be expected since the extrema in the cross section 

measured by these groups closely resemble those found in the present experiment. 
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TABLE IV 

Scattering angles in degrees at which extrema in a, are observed for 
three primary energies, by experiment and calculation 

3.5 keV 10 keV 15 keV 

6 exp. 0 talc. 0 exp. 6 talc. 0 exp. e talc. 

\ 
Min 1 0.33 0.08 0.28 0.06 0.25 0.06 
Max 1 0.48 0.15 0.38 0.13 0.35 0.12 
Min 2 0.77 0.44 0.48 0.37 0.50 0.35 
Max 2 0.92 0.65 0.71 0.56 0.53 
Min 3 1.22 1.04 0.89 0.90 0.87 
Max 3 1.43 1.38 1.16 1.21 1.15 
Min 4 1.86 1.66 1.61 
Max 4 2.31 2.08 2.03 

However, the first extrema could not be explained using the quoted Bohr poten- 
tial. There was no AE function of exponential form which would give the right 
fit. 

Also since the Bohr potential calculated by Lane and Everhart is known to be 
too flat in this collision range, we tried an unscreened exponential potentialz7) for 
the Ar, system. The Ar+--Ar potential was obtained by subtraction of the orbital 
energy of the missing electron (Koopman’s theorem). The AE function was em- 
pirically estimated by trial and error. A good fit as shown in table V was obtained 

TABLE V 

Calculated values for extrema at 3.5 keV together with the experimental results. 
8* was obtained by extrapolation of the values of Barat et ~1.~~) 

Experiment 

0 IV* 

(deg) (deg) 

Calculations 

0 

(deg) Lg 
L” -(Ls - L”) f3 2 (77L, - Q,) 

@ad) (rad) 

Min 1 0.33 
Max 1 0.48 
Min 2 0.77 0.75 
Max 2 0.92 0.95 
Min 3 1.22 1.15 
Max 3 1.43 1.40 
Min 4 1.65 
Max 4 2.00 
Min 5 2.20 
Max 5 2.50 

0.27 11271 11966 3.274 -0.118 
0.47 10396 11112 5.869 - 0.250 
0.77 9 599 10334 9.881 -0.468 
0.99 9185 9933 12.922 - 0.637 
1.25 8 797 9555 16.534 -0.844 
1.47 8 524 9289 19.616 - 1.025 
1.72 8256 9029 23.212 - 1.229 
1.94 8050 8827 26.337 -1.415 
2.18 7847 8631 29.832 - 1.614 
2.40 7678 8467 33.039 - 1.799 
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with the following potentials : 

Vn, = 10.150 exp (-3.90r) + 16 - 22 exp (-2.0r) (in eV), 

VnU = vn, + dE, dE = 9000 exp (r/0.24) (in eV). 
(14) 

These potentials are drawn in fig. 16. This fit was obtained at 3.5 keV primary 
energy. It must be remarked that the first minimum is of the right order of magni- 
tude and the &function is drastically larger than the one found by Barat et aZ.16) 
and Jones et al.30). A peculiar feature is also shown in table V: the distance be- 
tween a minimum and a next maximum is smaller than the distance between a 

potentials ArfAr 

1 : TC~ CArtAr) 

2 : TC” CArtAr) 

3 : (Ar -Ar) 

4 : AEnr2-1 

2.5 
- r(lo 

3.0 

Fig. 16. Potentials for the (Ar+-Ar) system which are used to calculate the relative elastic diffe- 
rential cross sections. 

maximum and a next minimum. It is observed in the experiments as well as in our 
calculations. It is due to the fact that in eq. (12) the harmonic oscillation from the 
interference term is added to the negatively sloping background from the classical 
differential cross section. Note that the most important term in the argument of 
the cosine [eq. (12)], which causes the cross section to oscillate, is the (L, - L8) 8 
term. In other words, the existence of two different stationary L values. This justi- 
fies the use of the most refined orbital calculations. 

If we use other potentials than eq. (14) the relative importance of (L, - L,$ 

and 2 (Q - Q) is different. For instance, for the potentials (13) both terms are 
of the same order of magnitude. 

As shown in table VI deviations occur from the experimental results. In order 
to fit the results at 1 keV one has to look for a dE function which is higher than 



TABLE VI 

Extrema for four primary energies (measurements and calculations). 
B* was obtained from Barat et ~1.~~) 

Min 1 
Max 1 
Min 2 
Max 2 
Min 3 
Max 3 
Min 4 
Max 4 
Min 5 

Max 5 
Min 6 

1 keV 3.5 keV 10 keV 15 keV 

IV* 0 talc. exp Bexp. 0* exp. 0 talc. 0 exp. 0 talc. f3 0 talc. exp. 

0.51 0.33 0.27 0.28 0.16 0.25 0.13 
0.60 0.89 0.48 0.47 0.38 0.27 0.35 0.22 
1.05 1.48 0.77 0.75 0.77 0.48 0.44 0.50 0.36 
1.45 1.90 0.92 0.95 0.99 0.71 0.57 0.46 
1.75 2.41 1.22 1.15 1.25 0.89 0.72 0.58 
2.10 2.84 1.43 1.40 1.47 1.16 0.84 0.68 
2.55 3.33 1.65 1.72 0.99 0.80 
3.00 3.76 2.00 1.94 1.11 
3.40 4.24 2.20 2.18 1.25 

3.80 4.66 2.50 2.40 
4.10 5.13 2.64 

3.5 keV A~+-DAr 

_) scattering angle 8 (degree) 

Fig. 17. Relative elastic differential cross section for Ar+ -+ Ar. A: calculated, taking only scat- 
tering of l-j waves into account; B: u convoluted with the angular resolution of the apparatus; 
C: calculated, taking n and 2 scattering into account and convoluted with the angular reso- 

lution of the apparatus; D: experimental cross section. 
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the one we used but at 10 and 15 keV it must be lower. The conclusion is that 
dE and/or the potential are not exactly of the exponential form or that AE con- 
sists of two exponential expressions with different exponential constants. 

In fig. 17 the calculated and measured cross sections are shown for E,., = 3.5 keV. 
The theoretical function, curve A, was convoluted by our angular resolution of 
4.6 min, giving curve B. The relative magnitudes of the extrema of curve B were 
corrected for the fact that C scattering contributes by about 3 to the cross sec- 
tion. 

We assumed that the X,-C, potential difference is a factor 3 larger than the 
&-II, potential-energy difference. This is a very rough estimate. Indeed from 
fig. 17c one can see that the E oscillation which follows from this rough guess 
should be resolved by our apparatus. As this was not the case we may conclude 
that AE, > 3AE,. 

The effect of the introduction of C scattering brings the calculated depth of the 
minima more into line with the experimental depths. 

The overall behaviour of the theoretical cross section in fig. 17c shows a slower 
decrease than the experimental curve with increasing 0. This deviation between 
experiment and theory can partly be explained by the fact that the calculations 
do not take into account the loss of particles into inelastic channels at larger 
scattering angles. At 0 = 1.5 deg about 75 % of all particles are scattered inelasti- 
cally (fig. 7). So the theoretical curve should be a factor 4 lower taking this effect 
into account. 

5.3. Inelastic differential cross sections. The computer simulation of 
the orbit followed by the scattered particles enables us by means of a phase-shift 
method, to calculate the inelastic differential cross section. 

In 5.1 it was mentioned that there are two potential surfaces on which the Ne+ 
ion can move, which have the same final scattering angle and leave the target 
atom in the excited We (2p5, 3s) state. This means that also in the inelastic channel 
an oscillating cross section as a function of the scattering angle can occur. In the 
calculations it is necessary to introduce a probability factor P giving the change 
for a transition from one adiabatic state to the other. This probability is given by 
the Landau-Zener formula [eqs. (7)]. A complication is that the particles scat- 
tered over 6 following the (1.1.2) orbit have a different impact parameter and 
therefore a different radial velocity at rc from the particles which are scattered 
over 8 following the (1.2.2) orbit. 

If we call orbit (1.1.2) A and (1.2.2) B, the differential cross section for inelastic 
scattering is given by 

h,(e) = vi (1 - c2tm + pt (1 - pd%m2, (15) 

where f,(e) is given by formula (V. 3), ref. 28, p. 94 provided that the upper limit of 
the integral path is not co but has a value determined by the r, value. The differ- 
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ence between PA and PB can be considerable. d/ar (HI, - Hzz)_, was found 
from the potentials 8 and 9 to be 80 eV/A. HI2 was estimated to be about 2 eV, 
which is about the average between the value found by Morgenstern33) for the 
corresponding crossing in Ar+-Ar .at R, = 1.4 A (HI2 x 1.3 eV) and the value 
which can be found using the general dependence of HI2 from R,34) (HI2 z 3eV). 

20 3.0 6.0 5.0 

- scattering angle 8 (degree) 

Fig. 18. Inelastic differential cross section of Ne+ + Ne + Ne+ + Ne* (2p5,3s) 
(calculated). 

The resulting cross section for t3 > 2” is shown in fig. 18. Typical extrema are 
observed which are again extremely sensitive to the choice of the potential. 
Below 8 = 19, from our 8-p plot (fig. 15) it can be seen that a situation occurs 
which is very similar to rainbow scattering. We therefore used the Airy function31) 
to calculate the cross section in that region. The fit at 8 = Bi is good when one 
takes the uncertainty of H,, in consideration. The Airy function gives also a real 
cross section for 0 < f&, , the classical rainbow-scattering angle. In that region we 
did not proceed with the calculations because no radial velocity can be defined 
for these scattering angles. It must be stressed that the calculations were done using 
diabatic orbits which are not realistic in the crossing region. 

6. Conclusions. 6.1. From the inelastic energy-loss spectra. 6.1.1. 
Ar+-Ar. For each peak in the spectrum one or more families of excitations can 
be found which can explain the specific values of the inelastic-energy losses, re- 
flected in that peak. A peak due to elastic collisions and a peak due to single- 
electron excitations can be identified unambiguously. A third and a fourth peak 
in the spectrum can be explained in several ways. It seems probable that collisions 
in which both, projectile and target atom, are excited contribute to the third peak. 
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The fourth peak may be due to collision processes in which the ion is excited and 
the target atom is excited to an auto-ionizing state. Especially with regard to the 
identification of the collision processes leading to the third and fourth peaks, 
high-resolution Q measurements in coincidence with final charge of the target 
atom are required. 

6.1.2. Ne+-Ne. For t values 5 10 keV deg, the three observed peaks can be 
explained in a similar way as all Ar+-Ar spectra, i.e., by excitations in one or 
both collision partners. For instance, a small peak is resolved with Q = 16.7 eV 
corresponding to excitation of the neon target atom to the first excited state. 

For z values 2 10 keV deg, the two inelastic peaks shift with increasing t values 
towards larger Q values, even through the limits set by the explanation in the 
lower r region. Two more or less unsatisfactory explanations are offered in the 
case of the first inelastic peak. 1) A gradual change of excitation of the target 
alone (Q N 19 eV), via projectile alone (Q 2 27 eV) to excitation of both colli- 
sion partners (Q = 50 ev). ~2) A transition of the target atom into the first ioniza- 
tion continuum. In either of the two explanations the question remains why in the 
case of Ar+ on Ar no shifting of the inelastic peak occurs. Similar calculations 
which have led to the direct-ionization hypothesis for Ne+ + Nez5) should be 
performed for Ar+ + Ar. On the experimental side, measurements with larger 
energy resolution could shed light on the problem of shifting peaks. 

A small peak is resolved with 2 Q value of 23.4 eV. No excitation can possibly 
explain this peak. It may be due to the supposed direct ionization and should, in 
that case, indicate that electrons with a most probable energy of +2 eV are 
formed. 

6.2. From the calculations and experimental cross sections. It is not 
valid to determine 2 curve-crossing point of the ground-state and an excited-state 
potential using a relation between z and the impact parameter based upon the 
ground-state potential alone. The collision should be described through a complex 
potential. The error due to not taking a complex potential can be 2s large 2s 10 %. 

The oscillations in the elastic differential cross section of Ar+ + Ar, due to the 
interference of the waves scattered over a II, and a II, potential and over 2 X0 

and X;, potential can be very well described by the semi-quantum treatment. The 
stationary values of both waves leading to the same scattering angle and the phase 
shifts are calculated assuming 2 classical orbit. It is shown that this classical cal- 
culation has to take into account the fact that there are four different orbits 
leading to the same scattering angle. A perfect fit can be obtained for the 3.5 keV 
Ar+ + Ar measurement using an exponential potential for the 111, and lI, poten- 
tial. This is impossible with any screened Coulomb potential. For other primary 
energies deviations occur. It might be possible to solve this by using a screened 
potential in which the screening constant can have several values, 2s a function 
of distance. 
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Calculations show that oscillations can be expected in the differential inelastic 
cross sections due to one well-defined single excitation. The natural continuation 
of the “collision spectroscopy” seems therefore a combination of ab initio calcula- 
tions of the energy values of the excited pseudo-molecule and energy-loss mea- 
surements with such resolution that the different components in one peak can be 
resolved. Coincidence measurements of the scattered particles with photon emis- 
sion might be helpful in this respect. 
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