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In the elastic differential cross-section of the N*-rare gas systems two different types of oscilla-
tions have been observed. At an energy of a few eV a primary rainbow was detected for all systems,
In the case of N*—Ar, secondary rainbows were resolved too. From these experimental data the
potential depths were determined to be: ¢(N*—Ne) = 0.4 eV, ¢(N*—Kr) = 0.29 eV, £(N*"—Xe)
= 0.92 eV. For the system N*—Ar the shape of the reduced potential was obtained by evaluating
the positions of the secondary rainbow extrema. The potential depth was found to be 2.16 eV.

At higher energies and large scattering angles additional oscillations appeared which are pre-
sumed to be Stueckelberg oscillations. For N*—Ne a single group of strongly marked oscillations
appeared up to the highest energies used (E[, = 220 eV). In the case of N"—Ar the amplitudes of
these undulations are strongly quenched. For N*—Kr and N*—Xe several groups of oscillations
with different amplitudes and frequencies seem to be superimposed in the differential cross-section.
They are attributed for all systems to crossings of the incoming state with the charge exchanged

state,

1. Introduction

During the last few years much attention has been
paid to the determination of interaction potentials
between ions and neutrals by elastic scattering ex-
periments at energies of a few eV. A knowledge of
interaction potentials is an essential condition for
the understanding of chemical reactions and the
properties of molecules.

In the case of a purely repulsive potential the
differential cross-section is a monotonically de-
creasing function of the scattering angle. If the
absolute value of the cross-section can be measured
the absolute potential can be determined, either by
an inversion procedure! % or by fitting the para-
melers of an analylical model potential 3. If the
potential curve has an attractive well the differential
cross-section exhibits an oscillatory structure, pro-
vided the collision energy is not too high. This so
called rainbow structure extends from small angles
to a maximum scattering angle. The last maximum
is called the primary rainbow; the oscillations at
smaller angles secondary rainbows. Bevond the
primary rainbow the differential cross-section is
monotonic and drops sharply with increasing scat-
tering angle*™. In a high resolution experiment
rapid oscillations with a much higher frequency
can be observed which are superimposed on the
rainbow structure®. Their amplitudes decrease
sharply on the dark side of the primary rainbow.
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By evaluating the angular positions of the rainbow
extrema and of the rapid oscillations the absolute
potential can be determined from the minimum to
approximately 3 r,, (ry, = equilibrium distance).

The differential cross-section on the dark side of
the primary rainbow maximum yields information
about the repulsive potential branch which has to
be connected to the attractive branch known from
the evaluation of the rainbow structure !2.

Oscillations of a different kind called Stueckel-
berg oscillations may arise if the potential curve
under investigation has a crossing (or pseudo-
crossing) point with another electronic state of the
molecule ¥*~17. In most cases the two potential
curves cross at small distances, giving rise to oscil-
lations at large values of 7=E. 9 (E.=energy in
the centre of mass system, # = scattering angle in
the centre of mass system). From the Stueckelberg
oscillations information about the excited state may
be obtained. Under favourable conditions the eval-
uation yields the position of the crossing point and
the value of the coupling matrix element H;, .

In the case of curve crossing inelastic scattering
occurs too. If there are crossings between the in-
vestigated potential and many other molecular states
a great number of scattering events lead into inelastic
channels if the energy is sufficiently high. This ab-
sorption of intensity from the elastic channel leads
to widely spaced undulations in the elastic differ-
ential cross-section which can be compared with
the wave-optical diffraction pattern behind a light-
absorbing disc %17,
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2. Experiments

Differential cross-sections for the elastic scatter-
ing of N*-ions on Ne, Ar, Kr, and Xe were mea-
sured using the apparatus described previously ®.
The angular sgread of the primary ion beam was
less than 1.4%, the energy width usually about
0.8 eV FWHM.

In the N — Ne elastic scattering cross-sections a
primary rainbow maximum was observed in the
lab. energy range 3.5eV<FE; <9eV. In some an-
gular distributions the first secondary rainbow
could be distinguished but the whole structure was
rather shallow. In the energy range from £ =
40eV to E;, = 220eV a verv well pronounced
group of Stueckelberg oscillations was detected.
Figure 1 shows a typical experimental result for
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Fig. 1. Differential cross-section for elastic scattering of N*
by Ne at E1, =58.5eV.

E; =58.5¢eV. From zero angle up to @ =20° the
scattering intensity monotonically decreases and
then rises to a first maximum. At larger angles the
maximum is followed by a sharp intensity drop
and three regular oscillations. For ©>40° no un-
dulations could be detected. At energies Ey, > 100 eV
the minimum between the last two maxima fades
(Fig. 2) and at Ey = 175eV (Fig.3) the two
maxima overlap completely giving rise to one maxi-
mum of much higher amplitude. For still higher
energies this group of oscillations moves to smaller
angles without change in structure. Additionally, at
large scaltering angles a long wavelength undula-
tory structure with strongly damped . amplitudes
appears.

In the case of N* —Ar a very marked rainbow
structure was observed in the energy range 4.5 eV
<E;,<40eV. Between E; =7eV and E; =25eV
up to six secondary rainbow extrema were resolved
(Figure 4). At very small scattering angles a fur-
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Fig. 2. Differential cross-section for elastic scattering of N*
by Ne at E, = 120.0 eV.
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Fig. 3. Differential cross-section for elastic scattering of N*

by Ne at E|, =175.0eV.
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Fig. 4. Differential elastic scattering cross-section for N*— Ar
at Ej, = 10.2 eV. The arrows indicate rainbow extrema.

ther maximum appeared for energies below 12 eV.
The energy dependence of the maxima is the same
as in the case of a rainbow maximum. For
E;,>20eV Stueckelberg-oscillations were detected
at large deflection angles (Figure 5). Thus at inter-
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mediate energies the primary and one secondary
rainbow can be observed together with the curve-
crossing-undulations. The Stueckelberg structure is
very similar to that for N* — Ne but the amplitudes
of the oscillations are markedly damped. At E|
=225eV (Fig.5) the descent behind the first
maximum is less pronounced and the wavelength
of the following two oscillations is much longer
than for N* — Ne. At energies E;, > 70 €V this struc-
ture fades away and a very long wavelength struc-
ture appears as in the case of N* — Ne.
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Fig. 5. Differential elastic scattering cross-section for N*— Ar
at E1,=22.5eV. The arrow indicates the primary rainbow
maximum.

In the differential cross-section for elastic scat-
tering of N* by Kr only one primary rainbow
extremum appeared in the range 2eV <E, <9eV.
For energies £, >20eV a complex strongly damped
oscillatory structure was detected. In Fig. 6 two
different groups of oscillations can be distinguished
which might be due to two curve-crossings. At
higher energies the pattern becomes even more
complicated.
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Fig. 6. Differential cross-section for elastic scattering of N”
by Kr at Ef, = 39.7 eV.

1145

In Fig. 7a differential cross-section is plotted for
the system N*—Xe exhibiting a pronounced rain-
bow maximum which is indicated by an arrow. Left
and right of this extremum further maxima and
minima are observed. One of these maxima seems
to be superimposed on the rainbow maximum thus
giving rise to a higher amplitude of the primary
rainbow. At high energies the oscillations are com-
pletely damped.
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Fig. 7. Differential elastic scattering cross-section for N*—Xe
at E[,=11.0eV. The arrow indicates the primary rainbow
maximum.

3. Rainbow Structure

Evaluation and Discussion

For the complete determination of the attractive
part of the potential curve the rainbow structure
with several secondary rainbow maxima and well
resolved fine oscillations must be observed. The
most detailed experimental information about rain-
bow structure is available for the N* — Ar system.
Since the rapid oscillations could not be resolved
an independent determination of the potential depth,
¢, the equilibrium distance and the shape of the
potential curve was not possible. Therefore a rea-
sonable guess was made for the equilibrium dis-
tance so that the potential depth and the shape of
the attractive well could be evaluated from the mea-
sured rainbow structure. This method was chosen
since it is easier to make a reasonable guess for ry,
than is to guess the shape of the potential curve.
Furthermore the potential shape and the depth
resulting from the evaluation procedure are not
very sensitive to slight variations in the assumed
ru-value. To estimate r, the value r,=2.43 A of
the Ar," molecular ion, taken from a quantum
chemical calculation by Gilbert and Wahl!® was
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considered. Since the atomic radius of the N-atom
is slightly less than that of the Ar-atom, r, (ArN")
—~2.3 A is believed to be a reasonable assumption.
The true value is probably within the range
20A<r,<2.6A. This uncertainty in the ry-value
gives rise to an a priori uncertainty of 5% for
¢ as determined from the measured rainbow struc-
ture.

For the evaluation the differential cross-section
was calculated wave mechanically for an analytical
model potential using JWKB-phases. The potential
function was chosen to be of the Morse type:

V() = ¢ [exp{2 G, Go(1—r/r)}
72(‘)\']){(;162(1*"/"111)}] (1)
with
Gs=1 for rlry<1,Gs+1 for rfr,=1.

The parameter G; determines the shape of the re-
pulsive branch and G, G, that of the attractive one.
By varying G, which is required for fitting the
Stueckelberg oscillations, the shape of the attractive
part remains unchanged if the product G, G, is
kept constant. For the fit of the rainbow structure
(G, was varied choosing G, arbitrarily to be 3.0
(having no influence on the resulting é-value and
the potential shape).

The evaluation procedure was made for a series
of energies. At each energy good agreement be-
tween the calculated and the measured differential
cross-sections was achieved.

The e-values obtained were found to be slightly
energy dependent. This phenomenon is attributed
to contact potentials in the ion optical system of
the apparatus causing erroneous measurements of
the primary ion energy . In order to correct the
e-values, 1/¢' was plotted as a function of 1/E.
according to Equation (2).

1 1

s =+
& & &

1 Ve

£’ (2)

¢ uncorrected potential depth, & “true” potential
depth, V¢ contact potential (cm system), E.” un-
corrected c. m. energy following from the measure-
ment.

Figure 8 shows that the plot yields a straight line.
e and V¢ are obtained from the intercept and the
slope to be

£=(2.16%0.15) eV,

The form parameter G, was found to be G,=1.3
(with G, =3.0) independent of the energy.

V.=0.7eV (lab. system).
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Fig. 8. Plot of the uncorrected reciprocal potential depth
versus the uncorrected reciprocal collision energy.

In a prior publication® we reported rainbow
scattering of protons by Xe-atoms. The resulting
potential depths were found to decrease mono-
tonically with increasing collision energy. This
effect was attributed to potential curve crossing
between the states H" —Xe and H - Xe"* 2. Since
for N* — Ar ¢ increases with increasing energy and
Eq. (2) is well obeyed we believe that in this case
the energy dependence is due to contact potentials.

The additional maximum at small energies and
scattering angles was interpreted as a rainbow
maximum. The corresponding potential depth was
calculated simply by relating its angular position
to that of the main rainbow yielding ¢ = 0.27 eV.

We suppose that the two rainbows are due to the
scattering by two different molecular potentials
which are energetically degenerate at infinite sepa-
ration of N* and Ar. According to the Wigner
Witmer rules, from the asymptotic state N*(P®)
+Ar(1S*) the two molecular states 32X~ and 31/
arise. We assume that the lower lying *X -stale is
strongly attractive giving rise to the main rainbow
structure, whereas the ®[l-state has only a very
small attractive well which causes the rainbow
maximum at small angles. Since the projections of
the electronic orbital angular momenta of the two
states are different. the corresponding scattering
amplitudes superimpose incoherently.

Another explanation for the additional rainbow
might be that a considerable amount of the primary
N*.jons are in a long-lived metastable state e.g.
25 2p? D" or 2% 2 p*18°,

From these terms molecular states may originate
which could be slightly attractive. The scattering
intensities from these states can superimpose in-
coherently on that of the ground state. A further
possible explanation of the second rainbow maxi-
mum will be discussed below.
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For the evaluation of the experimental data of
the systems N* —Ne, Kr, Xe the same procedure
was used as for N* — Ar. Since only primary rain-
bows were detected for these systems an additional
assumption about the shape of the potential curve
had to be made. It was thought reasonable to take
the experimentally determined reduced potential of
N* — Ar. For the estimation of the equilibrium radii
the same considerations were made as for N*"— Ar
giving:

rn(N* —Ne) = 2.1 A,
r(N*—Kr) =254, r,(N*—Xe)=~28A.

Using these assumptions the wave mechanical fitting
procedure was performed. The resulting &-values
were again found to be energy dependent and thus
corrected for contact potentials according to the
procedure described above. The results are com-
piled in Table 1.

Table 1. Potential depths determined from rainbow

scattering.
System N"—Ne N*—Ar N*—Kr N*—Xe
& [eV] 0.4 2.16 0.29 0.92
0.27

The uncertainty of the quoted values arises from

two main sources:

1) the assumption about r, for N*— Ar, and the
assumption about r,, and the reduced potential
for the other systems,

2) the experimental error in the energy measure-
ment and the determination of the angular po-
sition of the primary rainbow.

The total error for N*— Ar is estimated to be

= 7% and for the other systems = 10%.

In the case of the H*- and the He*-rare gas
systems a monotonic increase of the potential depth
with increasing atomic number of the rare gas was
found. The N*-rare gas systems on the other hand
to do not exhibit such a systematic dependence.
N* — Ar has a much higher ¢ than the other systems.
This phenomenon might be explained by assuming
a crossing between the diabatic X -ground state
of the molecule with the diabatic 32" -state origi-
nating from the charge exchanged system N(*8")
+Ar"(*P") (Figure 11). This may occur if the
3X".curve of the charge exchanged state were
strongly attractive (which is suggested by consider-
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ing the strength of the isoelectronic binding of
NCI).

Due to the crossing two different elastic scatter-
ing processes may occur.

1. At the crossing point the system follows the
adiabatic 3X7.curve which dissociates into
N*+ Ar. The deep potential well of this curve
gives rise to the rainbow structure at large
angles.

(8]

. The system remains on the weakly attractive
diabatic 327-curve originating from N"+Ar
(nonadiabatic transition). This model implies
that the smaller potential depth ¢=0.27 eV for
N* — Ar must be compared with those of the
other systems.

For the other systems this curve crossing model
cannot be applied. In the case of N* — Ne the charge-
exchanged state lies 7eV higher than the ground
state, for N* — Kr and N* — Xe the charge exchanged
states lie 0.53 eV and 2.4 eV respectively below the
N*— X state (X =noble gas). Therefore a crossing
between the incoming state and the charge ex-
changed state is not expected for these systems.

4. Stueckelberg-oscillations

In the case of rainbow scattering by a non-
monotonic potential curve there are generally three
impact parameters leading to the same scattering
angle. In the wave mechanical picture there is inter-
ference between the corresponding partial waves
giving rise to oscillations in the differential elastic
scattering cross-section. Stueckelberg oscillations
however are due to interference between partial
waves scattered according to two different potential
curves. This situation is shown schematically in
Figure 9. The diabatic potential curves I —II" and
I1—1" cross over at a distance r=r,. If the cor-
responding electronic wave-functions have the same
molecular symmetry the states do not cross in adia-
batic approximation. In this case the adiabatic
potential curves I — 1" and 11 —II" are said to have
a pseudocrossing at r=r,. In the limiting case of
the colliding particles having low relative velocities
the system follows the adiabatic potential. With
increasing relative velocity of the particles at r=r.
there is an increasing probability of a nonadiabatic
transition from I to II". After having reached the
classical turning point r, the particles may then
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Fig. 10. Differential elastic scattering cross-section for N'— Ne at E.=
70 eV calculated quantum mechanically for the parameters:
a) lower potential: G, =4, e=0.2 eV, rn=2.0A;
b) upper potential: G,=5, e=0.1 eV, ryy;=1.32 A, H;,=0.5 eV,
AE=10eV.
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follow the adiabatic curve II'—11 (inelastic scat-
tering) or may return via a second nonadiabatic
transition to I (elastic scattering). There is a second
elastic channel which is characterized by adiabatic
scatlering by the potential I — 1" without transition.
The scattering amplitudes for the two elastic chan-
nels add coherently giving rise to interference oscil-
lations in the differential elastic cross-section. These
so-called Stueckelberg oscillations only arise if the
distance of closest approach ry is smaller than r..
Therefore the oscillations are only observed beyond
a certain value of 1 =F,{ >1.. This critical value
7. is independent of energy within the range of
validity of the small angle approximation.

The analysis of the experimental N*— Ne data
shows that the 7-values of the leading four extrema
of the Stueckelberg oscillations are nearly energy
independent in the range 30eV<E <120eV. De-
viation is observed for the last two maxima.

In order to study the influence of the parameters
of the two potential curves and the energy depen-
dence of the transition probability, differential
cross-sections were calculated quantum mechanically
using the following relationships 20~ 22:

S (20+1) (S7—1) Py(cos?) (3)

2ik i

fa (9) =

Sft=exp{—20;} exp{2i9n" 1"}
+(1—exp{—268}) exp {2in-T} (4)

fa (1) elastic scattering amplitude
k wave number
I orbital angular momentum quantum
number
P;(cos ) Legendre polynomial
& transition probability
I-II* . 1—T

scattering phases for the two elastic
channels

N s i

Equation (4) was derived by Stueckelberg?' as-
suming that d(I—11") =8 (II'—1). For the calcu-
lation of the transition probability the simple Lan-
dau-Zener approximation was used 23723:

x| Hys(r.) |2

d
H, —H,,
dr ( A “) P Ty

(5)

(Sf =

hov(re)

H,s(r.) is the coupling element, being half the
energy difference of the two adiabatic potentials at
r=re

1149

o (re) = VQEI' Vl Vi) _ 8 (g
w E Pt

v (r.) relative radial velocity of the particles at the

crossing point r.. i reduced mass, b impact para-

meter, d(H;;—H,,)/dr difference between the

slopes of the diabatic potential curves.

To account for the possibility that the potential
I — 1" might have an attractive well due to the cross-
ing with an attractive potential, instead of the
simple JWKB-phases, Miller-phases
which are still valid if orbiting occurs 26,

For the analytical representation of the two poten-
tials simple Morse functions were used. The poten-
tial depth of the ground state curve was taken from
the evaluation of the measured rainbow structure.
For r, the estimated value was taken. The form
parameter G, [Eq. (1)] of the ground state and
the parameters ¢ r,, G and AE (asymptotic en-
ergy) of the excited state were varied. By the choice
of these parameters and the collision energy, the
value |d(H,y — Hy,) /dr!,_,. and the velocity v, (r.)
are defined. An additional free parameter is the
coupling matrix element H,,. The values of r.,
Vird), ve(re) and |d(Hy —H,s)/dr!,_,. are in-
fluenced by each of the parameters of both poten-
tials. Due to this coupling the study of the influence
of the different parameters is very tedious.

For several combinations of parameters differen-
tial cross-sections were obtained which closely re-
sembled the experimental results. A typical curve is
shown in Fig. 10 exhibiting the main maximum fol-
lowed by a steep descent and a series of oscillations
with increasing angular separation. The small maxi-
mum preceeding the main maximum (Figs. 2 and 3)
is also reproduced by the calculation. In contrast to
the experimental curves the calculated oscillatory
structure continues up to high scattering angles with
slightly damped amplitudes. No set of parameters
could be found describing equally well all features
of the experimental curves, The behaviour of the last
two maxima at high energies could not be simulated.
This might be due to the insufficient flexibility of
the analytical model potentials or to the fact that the
right set of parameters could not be found because
of limited computer time. Another reason for this
failure might be that the use of the simple Landau-
Zener-theory is not adequate for a sufficiently precise
description of the transition probability 2.

For N* — Ne the Stueckelberg-oscillations are very
marked in comparison with the other systems. In the

I

were used
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cases of N* — Ar, Kr, and Xe the amplitudes of the
undulations are severely damped and for N* — Kr
and N* — Xe the structures are also more complex.
Inspection of the energy diagrams shown in Fig. 11
may be helpful in understanding the observed struc-
tures. Zero energy corresponds to the state N* +X
(X = noble gas atom in the electronic ground state)
of the separated particles. The potential depths of the
#X".potential curves are as determined from rainbow
scallering. For each system the asymptotic energy
levels of the lowest lying molecular states are plotted
which dissociate either to N*+X* (dashed lines)
or to N** £ X (solid lines) or to N +X** (dashed
and dotted lines) or to N* +X* (dotted lines). Only
states leading to the symmetries 3/1 and 33~ are
quoied.

For (NNe)™ the lowest lying excited state has an
asymptotic energy of 7eV. Further states follow
above 9 eV. Since for N* — Ne the group of Stueckel-
berg-oscillations is well isolated we suggest that the
isolated charge-exchanged state with 7 eV asymptotic
energy crosses with the ground state.

In the case of N* — Ar, Stueckelberg-oscillations
are observed approximately at half the 7-values for
N* —Ne (Figure 5). This agrees with the fact that
there are three excited states below 5 eV which are
candidates for crossings. For the systems N* —Kr
and N* — Xe even more states are available at ener-
gies below 4 eV. Additionally, there are charge-ex-
changed states below the “incoming” state which
may also cross. This large number of possible cross-
ings explains well the complexity of the experimen-
tally observed structure.

In the case of N* — Xe oscillations at angles less
than the rainbow angle were resolved (Figure 7).
They were tentatively interpreted as secondary rain-
bows and thus used for the determination of the
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shape of the potential. The fitting procedure how-
ever yielded an extremely narrow potential well.
Therefore we conclude that the observed maxima are
Stueckelberg-oscillations due to a crossing at rela-
tively large distances.

As described above additional oscillations with
comparatively long wave-lengths were observed. In
the case of N* —Kr and N* —Xe they are not sepa-
rated from the first group. Because of the very long
wave-lenghts they were tentatively interpreted as dif-
fraction patterns due to strong absorption from the
elastic channel. Such oscillations are observed if, at
high energies, a sufficient number of curve-crossings
lead to strong inelastic scattering '* 7. The scatter-
ing centre can be compared with an absorbing disc
because of the strong reduction of the scattering
intensity in the elastic channel. By analogy with
wave-optics, the following relationship holds for the
angular separation of the extrema of the diffraction
pattern:

AY =alka, (7)

a: radius of the absorbing disc.

For all systems the periods of the oscillations are
approximately constant. The radii were tentatively
calculated from Equation (7). For N*—Ne the
radius of the absorbing disc was found to be a=
0.02 A and for N*—Ar a=0.05 A, The radii ob-
tained for N* — Kr and N*—Xe were also about
0.05 A. These values are more than one order of
magnitude smaller than typical atomic dimensions
and the radii found by Baudon and others '7. There-
fore we cannot decide whether the long wavelength
oscillations are caused by diffraction at the absorb-
ing disc or by a single curve crossing with a highly
excited state which does not result in the marked
structure as shown in Figure 1.
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