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Differential scattering of Na* ions from N, molecules was studied at laboratory energies of
100< E ), <350 eV and scattering angles of 15°<0<45°. The energy-loss spectra were measured
with the time-of-flight technique. The experimental results were analyzed by the classical trajectory
calculation. The spectra measured at small angles show a typical double-peak structure, while at
large angles the spectra are composed of the three peaks. The triple-peak structure can be explained
in terms of the rainbow effect on the angular momentum transfer mechanism, by taking into ac-
count the direction of the final rotational angular momentum vector. A drastic structural change of
the energy-loss spectra was observed around the reduced scattering angle of =8 keV deg, indepen-
dent of the collision energy. This can also be attributed to the rainbow effect arising from vibration-

al excitation.

I. INTRODUCTION

Study of the energy-transfer mechanism in ion-
molecular collisions is of considerable interest in connec-
tion with chemical-reaction dynamics, plasma physics,
astrophysics, and surface science. Impulsive molecular
collisions generally cause rotational, vibrational, and
electronic excitations, and even molecular dissociation.
Momentum transfer (rotational and vibrational excita-
tions) is an important elementary process in inelastic
molecular collisions, and has been investigated over a
wide range of collision energy, up to a few keV. Never-
theless, our knowledge about the vibrorotationally inelas-
tic collision mechanism is still far from being complete.

In the last ten years, experimental and theoretical stud-
ies of differential scattering involving rotationally inelas-
tic collisions have been carried out extensively at thermal
and suprathermal collision energies, and the rotational
excitation mechanism at low energy is now well under-
stood.! =% Inelastic molecular collision experiments have
been achieved by employing supersonic nozzle beams
with very low translational and rotational temperatures.
The rotational rainbow, which was found in low-energy
molecular-beam experiments,”'? has become an estab-
lished phenomenon in the study of collision dynamics of
rotational energy transfer under the repulsive potential.

The rotational rainbows are observed either in the final
rotational-state distribution at a fixed scattering angle or
in the angular dependence of the excitation cross sections
for a particular rotational transition. Both observations
give the same information about the potential surface.
Here we will refer to the rainbow in the former case,
which is closely related to the present study carried out at
higher collision energies. In molecular collisions which
result in rotational excitation extending over many levels,
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the final rotational state distribution for a certain angle
shows a prominent peak around the highest rotational
state j,. This phenomenon is termed the rotational rain-
bow.!! Approximating the interaction potential by a
hard ellipsoid with an eccentricity e << 1, the rotational
rainbow state j, is given by®!12

j,=2#""2uE)""*( 4 —B)sin(®/2) , (1

where A4 and B are the major and the minor semiaxes of
the hard shell, respectively, E and ® are the collision en-
ergy and scattering angle in the center-of-mass (c.m.) sys-
tem, respectively, and u is the reduced mass of the collid-
ing system. The quantity ( A — B) represents the anisot-
ropy of the repulsive potential. For fixed collision energy
and scattering angle, the rainbow state j, is proportional
to the product u'/%( A —B) and thus depends on the col-
lision system. In Xe-CO, collisions with a large coupling
parameter of u'/*( A — B), the normal rotational rainbow
could not be observed distinctly in the energy-transfer
spectra, but a specific multiple-collision rotational rain-
bow structure was found for the first time.> The normal
single-collision rotational rainbow appears only in sudden
molecular collisions.'3

Differential inelastic scattering in molecular collisions
at moderate energies is also investigated utilizing a
crossed-beam technique with supersonic target beams to
clarify the collisional conditions. The energy-loss spectra
in Na*-N, and Na*-CO collisions measured previously
at the collision energies 27 < E <192 eV showed a dis-
tinct structure of the rotational rainbow.!*!> Very simi-
lar results have also been obtained in measurements of
Li* ions scattered from N, and CO molecules at
4<E <17 eV.'® Rotational rainbows are thus observed
not only in low-energy atom-molecule collisions, but also

5053 © 1988 The American Physical Society



5054 H. TANUMA, S. KITA, I. KUSUNOKI, AND N. SHIMAKURA 38

in moderate-energy ion-molecule collisions. In a collision
system with a large coupling parameter of u!’*(4 —B),
the angular momentum transfer plays quite an important
role in the energy-transfer mechanism even when the col-
lision energy is high enough to lead to other inelastic pro-
cesses. Rotational rainbows have also been found in
electron-molecule,!” molecule-surface collisions,!® and
even in collisional dissociation,!® as well as photodissocia-
tion.2%2!

Vibrorotational excitation in the high-energy collisions
has been studied at very small laboratory angles of 8 <5°
and laboratory energies of E,,, 2 500 eV.22~2* According
to the experimental results, the angular and energy
dependences of the most probable energy loss could be
scaled quite well with Sigmund’s law,?® which suggests
that the reduced energy loss f depends only on the re-
duced scattering angle 7r=E,,; 6. The scaling function
f(7) determined experimentally shows an interesting
collision-system dependence.?*

In the previous work, total differential cross sections
(DCS) in the laboratory frame for impulsive Na*-N, and
Na*-CO collisions have been measured over a wide range
of the scattering angle, 0 < 90°.2% The measured DCS for
the two systems shows a distinct cutoff structure due to a
huge momentum transfer in the collisions. The energy
dependence of the cutoff structure suggests that vibra-
tional excitation as well as rotational excitation plays an
important role in the energy-transfer mechanism at
higher energies and larger scattering angles. All the ear-
lier works concerning impulsive molecular collisions at
large angles have been devoted to an investigation of en-
ergy transfer due to vibrational excitation.’’ 32 The
angular-momentum transfer mechanism in large-angle
scattering under impulsive conditions and the vibrational
excitation effect upon the large angular momentum
transfer are not yet known. These have stimulated us to
the study of the momentum-transfer mechanism in im-
pulsive collisions at large angles.

Dissociative processes in Na™-N, collisions have previ-
ously been studied by detecting the fragment N atoms for
E,,,=200 and 350 eV, at various forward scattering an-
gles 6.!° The time-of-flight (TOF) spectra of the frag-
ment N atoms measured at small laboratory angles pro-
vide information on energy transfer at large c.m. angles.
No indication of electronic excitation was found in the
N-atom spectra. This experimental result suggests that
the contribution of electronic excitation can be neglected
in Na*-N, collisions at energies E,,, <350 eV. This col-
lision system is, therefore, suitable to study the momen-
tum transfer in large-angle scattering.

In this study, energy loss spectra in the Na*-N, col-
lisions were measured by means of the TOF technique at
100< E,, <350 eV and 15 <0 <45°. The observed spec-
tra show three types of distinct structure which are due
to dynamical effects on the momentum transfer. The an-
gular and energy dependences of the spectra were ana-
lyzed with the classical trajectory (CT) calculation, which
provides valuable information on the momentum-transfer
mechanism.

This article is composed of five sections. In Sec. II ex-
perimental apparatus is described briefly and the mea-

sured energy-loss spectra are presented. In Sec. III anal-
yses with the hard-shell model and with the CT method
are given. Comparisons of the experimental results with
the calculations are also made. Section IV is devoted to
the discussions on the momentum-transfer mechanisms in
the impulsive Na*-N, collisions, and a summary is given
in Sec. V.

II. EXPERIMENTAL DETAILS

A. Apparatus

The crossed-beam apparatus used in the present study
has been described in detail previously.’> A schematic
drawing of the crossed-beam experiment is shown in Fig.
1. The apparatus consists of five chambers, a nozzle
source followed by a collimation chamber, an ion source,
a main chamber, and a detector chamber. These are eva-
cuated differentially with turbo-molecular pumps. The
two beams cross each other perpendicularly in the main
chamber, and the particles scattered in the plane are
detected by a secondary-electron multiplier in the detec-
tor chamber, which is rotatable around the scattering
center in the main chamber. The primary Na* ion are
formed by surface ionization of the aluminosilicate
Na,0-Al,05-28i0, on a heated platinum filament. The
ions are accelerated to a desired energy, 100 < E,, <350
eV, with a lens system, and are collimated by two slits
within an angular spread of approximately 0.5° full width
at half maximum (FWHM). The target N, beam is inject-
ed into the collision volume as a pulsed supersonic beam,
which is obtained by adiabatic expansion of the source
gases through a nozzle of 0.1 mm diameter followed by a
skimmer.*® The stagnation pressure P, in the nozzle
beam source is approximately 1200 Torr.

The kinetic energies of the scattered ions were ana-
lyzed with a TOF technique. For the TOF measurements
the Na*t jon beam is pulsed with a pair of condenser
plates in front of the collimating slits.*> The flight path
length from the scattering center to the detector is ap-
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FIG. 1. Schematic drawing of the crossed-beam experiment.
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proximately 50 cm. The overall angular resolution for
the scattered particles is approximately 0.8° FWHM.
The time resolutions At /t in the TOF measurements at
the scattering angles 6=20° and 40° are approximately
0.005 and 0.01, respectively. At large angles, the scat-
tered ions distribute over a wide range of the flight time
in addition to their low intensity. The experiments were,
therefore, performed with angular and time resolutions
worse than those employed in the previous works for
small-angle scattering.!*!*

In our apparatus the scattered ions and neutral species
are detected simultaneously. According to the TOF
analysis at E;,, <350 eV, the neutral species detected are
the fragment N atoms produced by collisional dissocia-
tion.'> At small angles, 8 5 30°, the intensity of the neu-
tral signal is much lower than that of the ions, while at
large angles, 6> 30°, the contribution of the neutral
species to the total signal cannot be neglected. In this
study a negative high voltage (~ —3 kV) is supplied to
the first dynode of the secondary electron multiplier, so
that the impinging energy of the ions is very much higher
than that of the neutral species. Under this experimental
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FIG. 2. Angular dependence of the experimental energy-loss
spectra for Na*-N, collisions at E|,, =200 eV.

5055

condition, the pulse height of the secondary electron for
the neutral species is approximately a factor of 3 lower
than that for the ions. The neutral signal can, therefore,
be cut off by a discriminator and only the ions are detect-
ed.

B. Energy-loss spectra

Figure 2 shows the energy-loss spectra measured at
E,,;, =200 eV and 20 <8 <40°. The abscissa in the figure
is the reduced energy transfer AE /E in the c.m. frame,
and the ordinate is the relative intensity normalized at
the maximum in each spectrum. The energy-loss spectra
I(AE /E,0) were deduced from the measured TOF spec-
tra I(t,6) with the relation I(AE/E,0)=1(t,0)dt/
d(AE), where ¢t means the flight time. As is seen in the
figure, the spectrum at laboratory angle 6=20° is com-
posed of two peaks. This double-peak structure was dis-
cussed in the previous reports.'*!> Peak (2) located at
large energy transfer is due to the rotational rainbow
effect, while peak (1) located near the elastic position is
due to the rainbow effect arising from vibrational excita-
tion in the collisions around the specific molecular orien-
tation of y.=90°, where y. is the angle between the
molecular axis and the intermolecular distance vector R
at the turning point in the collisions. Increasing the
scattering angle, the peaks broaden and shift to larger en-
ergy transfer, and peak (2) observed in the spectrum at
6=20" splits into two peaks (2) and (2') around 6=30".
At larger angles of 0> 40°, peaks (1) and (2) become less
distinct and they are observed only as the shoulders of
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FIG. 3. Angular dependence of the reduced energy-loss posi-
tions of peaks (1), (2), and (2') observed in the spectra at
E,,, =200 eV. The solid curve indicates the rotational rainbow
positions determined by the hard-shell model.
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depends strongly on the scattering angle. The angular
dependence of the energy-loss position of each peak and
shoulder at E,, =200 eV is presented in Fig. 3. The open
circles indicate the peak positions, while the open trian-
gles denote the positions of shoulder.

The energy-loss spectra measured at the fixed angle of
6=35° and for several collision energies are shown in Fig.
4. In this figure, only the spectra measured at
150 < E,,;, <250 eV are given. The overall structure of
the spectrum observed at E,, =100 V was almost the
same as that for E,, =150 eV, but the separation of
peaks (2) and (2') was not as clear as for higher energies,
which would be due to the lower signal-to-noise ratio in
this spectrum. The spectra measured at higher energies
of 275 < E,,, <350 eV were similar to the spectrum for
E., =250 eV. The open circles and triangles in Fig. 5
show the collision-energy dependence of each peak posi-
tion in the spectra measured at 6=35°. The position of
peak (2) in Fig. 5 depends only weakly on the collision en-
ergy. As shown in Fig. 4, however, the spectrum remark-
ably changes its structure around E ;=225 eV. The
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FIG. 4. Energy dependence of the experimental energy-loss
spectra for Na*-N, at 6=35".
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structure in the spectra observed at a smaller angle of
6=20° was nearly independent of the collision energy and
could be explained in terms of the rotational rainbow
effect affected weakly by vibrational excitation.!*'> The
strong energy dependence of the spectra in Fig. 4 cannot
be explained by rotational excitation only, and is con-
sidered to be due to the effect of vibrational excitation.
Figure 6 exhibits the angular dependence of the spectra
measured at E,, =350 eV. The spectra at 6=17.5° and
20° show the double-peak structure, while the typical
structure disappears at 6=22.5° (=6,). As can be seen
in Fig. 2, the similar change of structure in the spectra
takes place around 8, =40 for E,;, =200 eV, and in col-
lisions at E,, =275 eV the critical angle was 8, ~30°.
These results indicate that the angle 8. depends on the
collision energy, whereas the reduced angle 7.
=E,,;,0. =8 keV deg is nearly independent of the energy.
As can be seen in Figs. 2, 4, and 6, the energy-loss
spectra measured in this study show the three different
types of structure; First is the typical double-peak struc-
ture (type I), second is the triple-peak structure (type II),
and third is the single-peak structure with two shoulders
(type III). Although the structure of type I is understood
already,”’15 the dynamical effects which bring about the
structures of types II and III are not yet known. In Sec.
IV we will discuss these effects on momentum transfer.
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FIG. 5. Energy dependence of the reduced energy-loss posi-
tions of peaks (1), (2), and (2’) observed in the spectra at 6=35".
The open circles and triangles denote the experimental results.
The solid curve indicates the rotational rainbow positions es-
timated with the hard-shell model. The solid symbols connect-
ed with the dashed curves exhibit the peak locations in the spec-
tra obtained with the vibrotor CT calculation.



38 ROTATIONAL AND VIBRATIONAL EXCITATION IN THE . ..

T T T
Nat-N2
Elqp=350 eV

8 (degq)

25

22.5

Intensity (arb. units)

20

—

17.5

L

1 L 1 L 1
04 02 00
AE/E

FIG. 6. Angular dependence of the experimental energy-loss
spectra for Na*-N, collisions at E),, =350 eV.

III. COMPUTATION OF THE ENERGY-LOSS
SPECTRA

A. Hard-shell model

The structure in the energy-loss spectra observed at
small angles could be explained well with a simple hard-
shell model for rotational excitation.!*!> As the first step
for understanding of the experimental results for large
angle scattering, the energy transfer due to rotational ex-
citation was computed with a hard-shell model to esti-
mate the rotational rainbow position.

The hard-shell model,'? which was successfully applied
to small-angle scattering, is based on the infinite-order
sudden approximation assuming a small energy transfer
AE /E. At large scattering angles, the energy transfer is
so large that this hard-shell model becomes less reliable.
The two-dimensional hard-shell model proposed by
Bosanac,® on the other hand, has no such limitation on
the energy transfer AE /E. For large inelastic transitions
most of the scattering occurs in a plane, so that the two-
dimensional model is appropriate to estimate the highest
rotational state (rotational rainbow state j,) at a certain
angle 6. In the present study, the Bosanac’s hard-shell
model is employed for the first evaluation of the experi-
mental finding.
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In the hard-shell model, rotational excitation is as-
sumed to take place at the intermolecular distance
R*(y), i.e., the interaction potential V(R,y)=c for
R <R*and V(R,y)=0 for R >R*. Here vy is the angle
between the molecular axis and the vector R. The final

rotational angular momentum quantum number j is given
by?®

j=2#""pyb,cosd/(1+b2u/I), )

where p, is the initial linear momentum, b, is the
effective impact parameter, and ¢ is the incident angle on
the shell surface. The quantities u and I are the reduced
mass of the system and the moment of inertia of the rigid
rotor, respectively. If the shape of the hard potential
shell R*(y) is given, the rotational angular momentum
j(y,0) is calculated with Eq. (2) as a function of molecu-
lar orientation y for a certain c.m. angle ®.

In this calculation, the interaction potential for the col-
lision system was approximated by the additive interac-
tion

VR, Y)=V(ry)+V(ry), 3)

where the subscript 1 means Na* ion, 2 and 3 are con-
stituent N atoms of the N, molecule, 7|, and r3, are the
interatomic distances, and R is the intermolecular dis-
tance. The intramolecular distance r,; is taken to be the
equilibrium distance r, =1.098 A of the isolated N, mole-
cule.’® The Na*-N interaction V(r) are calculated with
the statistical electron-gas model,’” and was approximat-
ed in the exponential form

V(r)= A exp(—Br) . 4)

The potential parameters 4 and B were 1500 eV and 3.93
A_l, respectively. Under our experimental conditions,
the effect of the attractive force can be neglected, and
hence only the repulsive potential was taken into ac-
count. For the computation of the excitation function
j(y,0) with Eq. (2), one needs to know the shape of the
hard-shell R *(y) for each collisional condition. In this
study, the function R *(y) was assumed to be given by
the equipotential surface, which is determined by the po-
tential height at the turning point in the collisions follow-
ing Hasegawa et al.'*

1. Rotational rainbow positions

The excitation function j(y,®), 0°<y <90° generally
has a maximum value j, (>>1) at a certain molecular
orientation ¥, (in our case, ¥, ~50°), and a minima (j=0)
at y=0°" and 90°. The rotational cross section o(j,®) is
nearly proportional to the Jacobian factor D
=3j(y,®)/dy | ~L.!' The quantity D is O at ¥, and has
finite values at ¥ =0° and 90°. The cross sections are,
therefore, extremely large around the specific rotational
angular momentum j,, which is the rotational rainbow
state. The rotational rainbow positions in the energy-loss
spectra are given by AE,=B_j.(j, + 1), B, being the
rotational constant.

The solid curves in Figs. 3 and 5 denote the rotational
rainbow positions calculated with the hard-shell model.
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These curves reproduce fairly well the angular and ener-
gy dependences of peak (2). This indicates that the larg-
est energy loss in the spectra is due to angular momen-
tum transfer, and peak (2) can be ascribed to the rotation-
al rainbow.

B. Classical-trajectory calculation

The energy-loss spectra were calculated with the CT
method to investigate the momentum-transfer mecha-
nisms in more detail. In the CT calculation, Hamilton’s
equations for the three-body system described in terms of
generalized coordinate are integrated numerically on the
basis of a soft potential.*®3° The c.m. scattering angle ®
and the energy AE transferred into the internal degrees of
freedom of the molecule are evaluated from the initial rel-
ative velocity vector v, and the final velocity vector v,.
The final rotational angular momentum j is given by

JUHDE=[1;3X Py %, 5

where P,; is the momentum vector conjugate to the in-
tramolecular distance vector r,3.

Interaction potential for the collision system was ap-
proximated by

V(rlz,r23,r3,)=V(r12)+V(r23)+V(r3,) . (6)

Here the potentials V(r|,) and V(r3;) are the same as
those in Eq. (3). The intramolecular potential ¥V (r,;) for
a N, molecule is represented by a Morse potential

V(r)=D,{1—exp[—al(r—r,)]}?, (7

where D, is the well depth and a is the steepness of the
potential. The values are D,=9.91 eV and a=2.69 At
for the isolated N, molecule.*®

The collision geometry employed in this calculation is
shown in Fig. 7. The initial velocity vector v, lies in the
x-y plane and is antiparallel to the x axis, and b
represents the impact parameter. The center of the mole-
cule is on the origin. The quantities a and 3 are the polar
and azimuthal angles, respectively, defining the molecular
orientation in the space fixed coordinate system. The
molecule was assumed to be initially nonrotating and sta-
tionary at the intramolecular distance of r,; =r,.

FIG. 7. Collision geometry employed in the CT calculation.
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1. Rigid-rotor model

The computation with the hard-shell model indicates
that the angular momentum transfer is the most impor-
tant energy-transfer process even at large angles. As the
second step of evaluation, the CT calculation of the
energy-loss spectra was done with the rigid-rotor model,
in which the vibrational freedom of the molecule is
frozen. This model provides the significant insight into
the angular-momentum-transfer mechanism. The La-
grange equations of motion in the rigid-rotor model are
given by

R=—(1/n)VRV, t=—(1/m)V,V —Ar),
with
A=(1/r)(r-V,V —mi-i), (8)

where R and r are the intermolecular and intramolecular
distances, respectively, and u and m are the reduced
masses of the collision system and of the N, molecule, re-
spectively. A is the Lagrange multiplier which represents
the rigid-rotor constraint r =r,.

Figure 8(b) shows the energy-loss spectrum calculated

‘with the rigid-rotor model for the Na*-N, collisions at

E,,=175 eV and 6=35°. In this calculation, the spec-
trum was composed of about 2000 trajectories which fell
into an angular window of A6@=0.4" centered at the labo-
ratory angle of 6=35°. The computed spectrum was con-
voluted using a Gaussian function with an energy width
of A(AE/E)=0.04 (FWHM), which is somewhat larger
than the experimental resolution of A(AE/E)~0.025
(FWHM). As can be seen in Fig. 8, the theoretical spec-
trum shows the triple-peak structure and reproduces sat-
isfactorily the experimental spectrum in Fig. 8(a).

The spectra computed for E,, =150 and 200 eV at
6=35° also show the triple-peak structure, and are al-
most the same as that for E,,; =175 eV. The spectrum
simulated for E,,=150 eV represents well the corre-

Na*t-Np  Eqp=175eV  6=35°
(a) (b) (c) (d)

Intensity (arb. units)
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FIG. 8. Comparison of the experimental and calculated
energy-loss spectra at E,,, =175 eV and 6=35°. (a) Experimen-
tal spectrum; (b) calculation with the rigid-rotor model; and (c)
and (d) calculations with the vibrotor model for a =a, and 2a,,
respectively. The dashed curves in (b) and (d) exhibit the spec-
tra separated according to the signs of j,, which is the z com-
ponent of the rotational angular momentum vector.
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sponding experiment in Fig. 4, while the agreement be-
tween the computation and experiment at E,, =200 eV
is not so good as for the lower energies.

Figure 9 exhibits the spectra for E ;=250 eV and
6=35°% (a) is the experiment and (b) is the calculated
spectrum. This simulated spectrum also shows the same
structure as that of Fig. 8(b) for E|,, =175 eV, and does
not reproduce the experiment of Fig. 9(a). It is
noteworthy that the energy-loss positions of peak (2) in
the calculated spectra always agree quite well with the
experiments and with the rainbow positions obtained by
the hard-shell model.

2. Vibrotor model

The energy-loss spectra computed with the rigid-rotor
model at 100< E},, <350 eV and 0=35° are nearly in-
dependent of the collision energy, and do not interpret
the energy dependence of the experimental spectra in Fig.
4. As the third step, the CT calculation with the vibrotor
model® was carried out to reproduce the experimental
spectra. The Lagrange equations of motion for the vibro-
tor model, which takes account of the vibrational free-
dom as well as the rotational freedom of the molecule,
are equivalent to those with A=0 (without the rigid-rotor
constraint r =r,) in Eq. (8).

Figure 8(c) shows the spectrum computed with the vi-
brotor model for the collisions at E,, =175 eV and
0=235°. The largest energy loss in the spectrum is almost
the same as those in Figs. 8(a) and 8(b). Prominent peak
(1) located around the elastic position in the experimental
spectrum [Fig. 8(a)] cannot be, however, seen in the spec-
trum of Fig. 8(c). As mentioned above, peak (1) is
affected by vibrational excitation on the collisions around
the molecular orientation ¥, =90°. The disagreement be-
tween the computation [Fig. 8(c)] and the experiment
[Fig. 8(a)], therefore, suggests that the model potential
used in the calculation gives a vibrational excitation at
Y. ~90° that is too large.

Nat-N,  Eqp=250eV  8=35°

(a) (b) (c)

Intensity (arb. units)
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FIG. 9. Comparison of the measured and calculated energy-
transfer spectra at E,, =250 eV and 6=35°. (a) Experimental
spectrum and (b) and (c) calculations with the rigid-rotor and vi-
brotor models, respectively. The dashed curves in (b) and (c) ex-
hibit the partial spectra. Curve A4, single collisions with posi-
tive j,; curve B, single collisions with negative j,; and curve C,
double collisions.
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In order to get a better agreement with the experiment,
we performed the CT calculations with other potential
functions. One is the CT calculation with a modified po-
tential,

V(ri3,rys,rs)=(1=38)[V(ry)+V(ry)]

where V(R) is a spherical potential averaged over the
molecular orientation y and is obtained from Eq. (3). In
this model potential, the potential anisotropy is adjusted
by the parameter 5. When we chose 6=0.2, prominent
peak (1) in the spectrum of Fig. 8(a) could be reproduced
satisfactorily. Peak (2) located around the largest energy
loss in the spectrum, however, shifted to the energy
transfer approximately 40% lower than that of the calcu-
lation for 6=0. Therefore the computed spectrum
showed a structure remarkably different from the experi-
ment at larger energy losses. As discussed in Sec. IIT A,
peak (2) in the experimental spectrum of Fig. 8(a) is due
to the rainbow effect on rotational excitation. The
energy-loss position of the rotational rainbow depends
strongly on the potential anisotropy, which can also be
seen in Eq. (1). Increasing the parameter §, the potential
anisotropy decreases, so that rainbow peak (2) shifts to
the lower energy loss. The hard-shell-model calculation
with =0 reproduces well the location of experimental
peak (2). One can conclude, therefore, that the disagree-
ment concerned with peak (1) between the experiment
and the calculation is not due to the inadequate potential
anisotropy.

The other CT calculation was carried out by varying
the steepness parameter a in the intramolecular potential
of Eq. (7). With the increase of the parameter a, the
structure around the elastic position could be better
reproduced. The spectrum of Fig. 8(d) is the result com-
puted with a=5.38 é_l, which is twice as large as the
steepness of a=2.69 A~' (=a,) for the isolated N, mole-
cule. As can be seen, this spectrum reproduces well the
experiment of Fig. 8(a). We performed the CT calcula-
tion on the angular and energy dependences of the spec-
tra by assuming the identical steepness of a =2a,. It
should be noted that the steepness a, which provides the
best result of the computed energy-loss spectra, depends
on the intermolecular distance R and on the orientation
angle 7, in the strict sense.

Figure 9(c) exhibits the spectrum obtained with the vi-
brotor calculation for E,,=250 eV and 6=35°". The
spectrum shows a prominent peak in the middle and
reproduces the experiment of Fig. 9(a). The two spectra
calculated with the rigid-rotor model [Fig. 9(b)] and with
the vibrotor model [Fig. 9(c)] are distinctly different,
which is due to the effect of vibrational excitation. Nev-
ertheless, the gross features of the angular momentum j
distributions I (j) in these two calculations are still al-
most the same. Figure 10 exhibits the energy-loss spectra
computed as a function of the collision energy E|,, at the
fixed laboratory angle of 6=35°. The spectrum changes
distinctly its structure around E,=225 eV, which
agrees with the experimental finding in Fig. 4. The solid
symbols in Fig. 5 denote the energy dependence of the
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peak positions in the computed spectra in Fig. 10. The
agreement between the calculation and the experiment is
fairly good. The angular dependence of the energy-loss
spectra for E,,, =275 and 350 eV was also calculated.
The spectra simulated for E,, =275 and 350 eV vary
their structure drastically around 6,=30° and 22.5° re-
spectively. These theoretical results give the critical re-
duced angle 7, =E,,;,0, ~8 keV deg, which is equal to the
experimental value. Thus the vibrotor-model calcula-
tions by assuming the steepness of a =2a, explain fairly
well the overall features of the angular and collision-
energy dependences of the experimental spectra. This in-
dicates that the dependence of the steepness a on the dis-
tance R is less significant under our experimental condi-
tion, R S 1.5 A, which corresponds approximately to the
intermolecular distance of the closest approach at the
smallest reduced angle of 7=1.5 keV deg in our experi-
ment.
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FIG. 10. Energy dependence of the spectra calculated with
the vibrotor CT method at 6=35°.
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IV. MOMENTUM-TRANSFER MECHANISM

A. Angular momentum transfer

The two calculated spectra of Figs. 8(b) and 8(d) both
show similarly triple-peak structure and reproduce satis-
factorily the experiment of Fig. 8(a). Peak (2), which is
ascribed to the rotational rainbow, is located at nearly
the same energy loss in the theoretical two spectra. Both
peaks (1) and (2') in Fig. 8(d) are located at the energy
transfer slightly higher than the corresponding peaks in
Fig. 8(b). The shift of peak (1) was discussed already in
the previous reports in detail.!*!> The two rotational
state distributions I (j) determined from the trajectories,
which compose the energy-loss spectra of Figs. 8(b) and
8(d), are almost the same. Consequently, the shift of peak
(2') in the energy-transfer spectra of Fig. 8(d) is due to
the effect of vibrational excitation as similar to the shift
of peak (1). Additional peak (2’) in the spectra is con-
sidered to originate from angular momentum transfer, so
we will discuss here this mechanism in the large-angle
scattering.

1. Rainbow effect

According to the three-dimensional CT calculation,
the classical excitation cross section o(AE,0) is given
py!415

o(AE,0)=A 3 siny, |d(AE)/dy . |[ !, (10)
i

where A is a proportional constant and the summation is
made over all branches of the excitation function
AE(y.)/E which contribute to the same AE/E. The
classical cross sections diverge around the extrema of the
function AE(y_.)/E, because of the Jacobian factor
|d(AE)/dy.| ~'. This is considered to be the rainbow
effect on momentum transfer. The characteristic struc-
tures in the energy-transfer spectra are interpreted in
terms of the rainbow effect. One can approximately
separate the momentum transfer into angular and linear
momentum transfers. The former corresponds to rota-
tional excitation and the latter to vibrational excitation.
The rainbow on the angular momentum transfer is the
same with the rotational rainbow.

For the collisional geometry of Fig. 7, the total angular
momentum vector J of the colliding system, which is
equal to the initial orbital angular momentum vector
L=pu(bXxvy), is parallel to the z axis. First, we will con-
sider the in-plane scattering for the orientational angle
a=90° in Fig. 7. A schematic drawing of the two
different trajectories, which lie in the x-y plane, for a cer-
tain scattering angle 6 is shown in Fig. 11. In the case of
Fig. 11(a), the molecular orientation y . at the closest ap-
proach is positive and the final rotational angular
momentum vector j is parallel to the z axis. For the col-
lision in Fig. 11(b), the molecular orientation y . is nega-
tive and the angular momentum vector j is antiparallel to
the z axis. Thus there exists two different mechanisms of
angular momentum transfer in the in-plane scattering.
Figure 12 denotes the reduced energy transfer AE /E as a
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FIG. 11. Schematic drawing of the typical two trajectories
for in-plane scattering, a=90°, at a certain angle 6. In (a) both
¥. and j, are positive, while in (b) they are negative.

function of the molecular orientation Y, computed with
the rigid-rotor model for the in-plane scattering. This ex-
citation function shows two maxima.

If one assumes that the relation of Eq. (10) holds in the
two-dimensional analysis, peaks (2) and (2') in the spec-
trum of Fig. 8(b) can be attributed to the rainbow effect
at the two maxima in the function of Fig. 12. The arrows
in Fig. 8(b) indicate the rainbow positions determined
from the excitation function of Fig. 12. As shown, the
simple estimation based on the two-dimensional scatter-
ing model well explains the peak positions in the energy-
loss spectrum.

The computed spectrum in Fig. 8(b) is composed actu-
ally of trajectories for three-dimensional scattering. As
the next step, then, the trajectories were sorted according
to the signs of j,, which is the z component of the final
angular momentum vector j. The dashed curve 4 in Fig.
8(b) shows the partial spectrum which is composed of the
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FIG. 12. Excitation function AE(y.)/E for in-plane scatter-
ing, a=90°, determined with the rigid-rotor model at E,,, =175
eV and 6=35°. The quantity ¥, is the molecular orientation an-
gle at the closest approach.
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trajectories of j, >0, and curve B for j, <0. The peaks a
and b located around the largest energy loss in each curve
are due to the rainbow effects. As can be seen in the
figure, peaks (2) and (2') in the spectrum are ascribed to
rainbow peaks a and b, respectively. A similar analysis at
other angles indicates that the energy separation A(AE),,
between peaks a and b increases as a function of scatter-
ing angle 8. At smaller angles, therefore, the two peaks
are observed only as a single-peak in the energy-loss spec-
tra as shown in Figs. 2 and 3. Two peaks (2) and (2') in
the spectrum of Fig. 8(d) computed with the vibrotor
model are also ascribed to the rainbows. The triple-peak
structure in the spectra, thus, is due to the splitting of a
normal rotational rainbow, which is a new phenomenon
observed on the angular momentum transfer.

2. Split of the rotational rainbow

The angular momentum transfer is treated very often
with the hard-shell model. The splitting of the rotational
rainbow peak cannot be explained with this simple mod-
el, in which both collisions for the molecular orientations
Y.>0° and ¥, <0° are equivalent. In order to investigate
the energy difference between two maxima (2) and (2') in
Fig. 12, the two trajectories at .~ £45°, which are indi-
cated with arrows in Fig. 12, are analyzed in detail. The
initial azimuthal angles 8 of the trajectories for y , ~45°
and —45° are 105° and 10°, respectively. Figure 13 shows
the time dependence of the two selected classical trajec-
tories. The solid curves indicate the collisional parame-
ters of the trajectory for y, ~45° (trajectory 1) and the
broken curves are those of the trajectory for y,~ —45°
(trajectory 2). Here the origin of the time scale, t=0, is
taken at the maximum of the interaction potential V (),
and the time unit is 1073 s. As shown in Fig. 13(b), the
time dependences of the potential V (¢) for these two tra-
jectories are almost the same. The time dependence of
the molecular orientation |y(¢)| is shown in Fig. 13(c).
The function y(t¢) for trajectory 1 takes a minimum
around =0, while the function —y(¢) for trajectory 2 in-
creases monotonically during the collision. The final ro-
tational angular momentum j is given by’

1 p= 9V
— R — . 11
j=— dt (1n

B 14
The time dependence of the integrand oV /dy is ap-
parently different for the two trajectories, which is shown
in Fig. 13(d). As a result, the final angular momentum j
for trajectory 1 is approximately 120 higher than that of
trajectory 2 as shown in Fig. 13(e). For the homonuclear
molecule N,, the function 8V /9y is represented by

Vv 1 . 1 dV 1 vV
——=—=Rrysin|y| |[— - . (12)
ay 27 7 riy Ory, ry ory

For these two trajectories, the interaction potential of the
ion-molecule system is dominated by the ion-atom in-
teraction of the closest pair during the collision,
V(R,y)~V(ry,), so that (1/r;;)(dV /0r;;)~0. Further-
more, the function (1/r,)(dV /9r ;) as well as ry, is al-
most the same for the two trajectories. The difference in
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the final rotational angular momentum j, therefore,
comes from the difference in the function |y(¢)|. Al-
though the CT calculations for the two selected trajec-
tories are presented here in detail, this result is true for
the trajectories at other y.’s, even in the three-
dimensional collisions. We therefore conclude that the
split of rotational rainbow is due to the *orientational
effect” in the angular momentum transfer.

The angular momentum transfer takes place in a nar-
row range of the intermolecular distance R around the
turning point as can be seen in Figs. 13(a) and 13(e). For
trajectories of y.>0°, the variation of y(¢) with time is
small during the collisions, and the sudden condition is
fulfilled. This would be the reason for the fact that the
energy-loss position of rainbow peak (2) in the spectra
can be estimated well with the simple hard-shell model.
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FIG. 13. Time dependence of two selected trajectories indi-
cated by arrows in Fig. 12. (a) Intermolecular distance R; (b) in-
teraction potential ¥; (c) molecular orientation angle |y |; (d)
derivative —#~'(3¥ /07 ); and (e) rotational angular momentum
j. The solid and dashed curves represent the scattering parame-
ters for the trajectories at maxima (2) and (2’) in Fig. 12, respec-
tively. The dotted curve in (a) indicates interatomic distance
r12. The time evolutions of ¥ and r;, are both indistinguishably
the same for these two trajectories.
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For the trajectories of Y, <0° on the other hand, the
function y(¢) depends strongly on the time ¢, and the an-
gular momentum transfer cannot be evaluated in such a
simple manner.

B. Vibrational excitation

Vibrational excitation takes place exclusively around
the molecular orientation Y, =0° and 90°, while rotational
excitation does around y,~50°!*!°> Vibrational excita-
tion around y,.=0° contributes only weakly to the
energy-loss spectra because of the geometrical factor
siny, in Eq. (10). The effect of vibrational excitation on
the energy-loss spectra, therefore, arises from the col-
lisions around the molecular orientation of y,=90°.

For collisions at y.=90°, the two different trajectories,
which are exhibited schematically in Fig. 14, belong to a
certain scattering angle 6. These trajectories in Figs.
14(a) and 14(b) denote the collisions at the initial polar
angles of =90° and 0°, respectively. In both cases the
projectile is in the x-y plane during the collision. Figure
15 exhibits the time dependence of the scattering parame-
ters for the trajectory of Fig. 14(a). The interaction po-
tential ¥ (¢) in the figure shows a flat maximum which is
due to double collisions.**~%> As can be seen in Figs.
15(d) and 15(e), in the first interaction the quantity
—#~13V /3dy) is positive and the angular momentum is
transferred to the molecule. In the second collision, how-
ever, the quantity —#~ (3% /dy) is negative and the an-
gular momentum, which was transferred to the molecule
in the first impact, is turned back completely to the pro-
jectile. As a result of these interactions, the final angular
momentum j transferred to the molecule is zero for this
specific trajectory. In the case of the trajectory in Fig.
14(b), no torque acts on the molecule during the collision,
and the final angular momentum j=0. The final angular
momentum j is exactly zero for these two trajectories,
while all other trajectories, which belong to the collisions
at a scattering angle 0, take finite j values.

The variation of the angular momentum with time j (¢)
is completely different between the trajectories in Figs. 13
and 15. For the typical single-collision cases in Fig. 13,
the angular momentum j, at the turning point has ap-

(a) (b)

FIG. 14. Schematic drawing of two trajectories for the
scattering at ¥, =90°. (a) Typical double collision and (b) single
collision.
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proximately half the value of the final momentum j. In
the double collisions, on the other hand, the function j (¢)
takes a maximum value at the turning point (see Fig. 15).
To distinguish the two vibrational excitation mechanisms
around y,=90°, the rotational angular momentum j, at
the turning point was compared with the final angular
momentum j for each trajectory. If the angular-
momentum difference (j —j.) was negative, the collision
was considered to be double collisions. The trajectories
which were regarded for the single collision were also
classified according to the signs of j,. Dashed curve C in
Fig. 9(b), which is computed with the rigid-rotor model,
exhibits the partial spectrum for double collisions. This
result indicates that the peak located at the elastic posi-
tion is predominantly due to double collisions, which
coincides with the discussion on Xe-CO, collisions at low
energy.’ Curves A and B in Fig. 9(b) correspond to the
single collisions of j, >0 and j, <O, respectively. The
dashed curves in Fig. 9(c), which is the result of vibrotor
calculation, denote the three components similar to those
of Fig. 9(b). Contrary to Fig. 9(b) by the rigid-rotor cal-
culation, curve C in Fig. 9(c) shows a broad structure
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FIG. 15. Time dependence of a typical trajectory for the dou-

ble collision, y,=90°, at E|,, =175 eV and §=35°.

with a flat maximum due to vibrational excitation, more-
over, the additional peak d can be seen in curve 4. Peaks
d and b are located at nearly the same energy loss, so that
a prominent peak appears in the middle of the spectrum.
The similar analysis of the spectra in Fig. 10 and of the
vibrotor calculations for E;,, =275 and 350 eV indicates
that the drastic change of the spectral structure around
7~8 keV deg is concluded to be due to the appearance of
additional peak d, which is similar to that in Fig. 9(c).

The appearance of additional peak d in Fig. 9(c) can be
explained with the excitation function AE(y_)/E deter-
mined from the trajectories belonging to partial spectrum
A. Figure 16 shows the excitation function AE(y.)/E
for single collisions obtained with the vibrotor CT calcu-
lation for the collision energies of E,; =150, 200, and
250 eV at laboratory angle 6=35°. The maximum
around y,=45" is due to the angular momentum
transfer, and the maximum height is almost the same
with that obtained by the rigid-rotor CT calculation. In
the rigid-rotor model the energy AE /E at y.=0° and 90°
is zero. The finite values of the excitation energy at
Y. =0"and 90° in the vibrotor model are due to vibration-
al excitation.

In the spectra computed for E,, =150 and 200 eV and
at 6=35°, the additional peak d in partial spectrum A4
does not appear distinctly. The excitation function for
E,,,=250 eV in Fig. 16 shows a minimum around
v.=280°, while the other two functions do not show it.
Peak d in curve A4 in Fig. 9(c) is, therefore, ascribed to
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FIG. 16. Excitation function AE(y,.)/E for the single col-
lisions of j, >0 calculated with the vibrotor model at 6=35".
The solid, dashed, and dotted curves are for E,, =250, 200, and
150 eV, respectively.
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the minimum in the excitation function around y, =80,
and is considered to be a rainbow peak. All the struc-
tures in the spectra simulated for E,,;, =275 and 350 eV
are also explained quite well by decomposing each spec-
trum into three components A, B, and C as in Fig. 9(c).
According to these analyses of the spectra, the structural
change of the energy-loss spectra at 7, ~8 keV deg is due
to the fact that the single-collision excitation function
AE(y,)/E takes a minimum around y,=80°, which
forms a new rainbow peak in the spectra.

V. SUMMARY

The angular and energy dependences of the energy loss
spectra measured for the impulsive Na*-N, collisions
were analyzed with the classical trajectory calculations
on the simple additive interaction potential surface. The
CT calculations reproduce satisfactorily the experimental
finding in this study. The energy-loss spectra observed at
lower energy E,,, <200 eV can be simulated fairly well
with the CT calculation of the rigid-rotor model. The
triple-peak structure in the spectra observed at these
lower energies are explained in terms of rotational rain-
bow, by taking into account the direction of the final an-
gular momentum vector j.

The spectra measured at higher energies and larger an-

gles were reproduced satisfactorily only with the CT cal-
culation of the vibrotor model. This suggests that the
contribution of vibrational excitation in the momentum
transfer is significant under these experimental condi-
tions. Nevertheless, the largest energy transfer in the
spectra is still determined predominantly by the angular
momentum transfer. This is due to the fact that the an-
gular momentum transferred to the molecule in the col-
lisions around the rainbow angle y.~45° is quite big in
the Na*t-N, system studied here.
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