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The rotational excitation of N2 and Cl; molecules on electron impact is investigated over a
wide range of incident electron energies (0.01-1000 eV). Two different excitation mechanisms are
reported, the importance of which depends on the impact energy. At low electron energies only a few
rotational quanta are exchanged, and the differential cross section decreases exponentially with Aj.
At high electron energies the excitation spectrum shows a rotational rainbow, i.e., the differential
cross section has a maximum at a relatively high Aj. The location of this maximum depends on
electron energy E and scattering angle 6. For intermediate energies there is an interplay of these
two mechanisms. It can be seen that the contributions of both mechanisms can roughly be added

to yield the cross section for the observed process.

PACS number(s): 34.80.Gs

I. INTRODUCTION

Scattering processes include electronic, vibrational, or
rotational excitation of the target. Because of the very
low energy transfer the latter was difficult to observe,
but, due to improving experimental techniques, the in-
terest of experimentalists and theorists has been growing
during the last two decades. Some 15 years ago it was
observed in heavy-particle scattering systems that large
rotational quantum changes can occur in a single scatter-
ing event. This phenomenon was theoretically recognized
as arotational rainbow (see, e.g., [1-3]). These rotational
rainbows were subsequently found in many other collision
systems (see, e.g., [4-6]). It was widely believed that the
dominance of a repulsive interaction was a necessary con-
dition for these occurrences. In 1987 the surprising ob-
servation of a rotational rainbow in an electron-Na, cross
beam experiment by Ziegler et al. [7,8] proved that this is
not so. The experimental results were confirmed by cal-
culations with different theoretical methods [9,10], and
the rotational rainbow was interpreted as a consequence
of the strong anisotropy of the potential (for a compre-
hensive review on rotational rainbows, see [11] and refer-
ences therein).

Rotational rainbows in electron-molecule scattering for
a couple of other targets have meanwhile been observed.
In fact, today we know that this feature can be found
in any electron-molecule system if the scattering energy
and the scattering angle are large enough.

In this paper we will show that rotational rainbows
are a specific high-energy (rotational) excitation mech-
anism, whereas at low energies a different mechanism
dominates (which will be called the “normal” excitation
mechanism). This is a quite useful division because the
high- and low-energy spectra of the rotational excitation
cross sections are very different from each other. Our in-
terest was first directed towards the dominance of one or
the other of these mechanisms for a given scattering en-
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ergy and angle and then particular emphasis was given to
the threshold of the rotational rainbow mechanism since
we wanted to investigate if and how these mechanisms
interacted with one another.

Two homonuclear molecules N, and Cl; were chosen as
targets (these two molecules differ greatly in their inter-
nuclear distances and their polarizabilities) and the ex-
citation cross sections were calculated for a wide variety
of energies and scattering angles. Simultaneously, both
scattering systems were investigated by an experimen-
tal group at the University of Kaiserslautern, Germany
[12]. The good agreement between their and our data
demonstrated the validity of our results. Furthermore,
a large amount of theoretical and experimental data are
available for Ny which we could also compare with our re-
sults. The scattering system e™-Cl;, on the other hand,
has been studied neither experimentally nor theoretically
before.

For the present calculations the well-known close-
coupling ansatz was chosen. Local model potentials are
adopted, and an improved version of the local exchange
potential is introduced. All this is described in Sec. II.
The various cross sections used are briefly defined in Sec.
III. In Sec. IV the two scattering mechanisms are out-
lined in some more detail. In Sec. V our findings are
interpreted and some interesting aspects are presented
about the total cross sections. A short summary in Sec.
VI concludes this paper.

II. MODEL POTENTIALS

A. The effective potential V (+, E)

The Schrodinger equation was solved by the well-
known close-coupling ansatz, i.e., it was treated as a
partial differential equation, and transformed to a set
of ordinary differential equations by expanding the wave
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function, Schrddinger operator, and potential into par-
tial waves. Then a close-coupling calculation was per-
formed subject to the scattering boundary conditions.
The whole procedure is described in detail elsewhere (see,
e.g., [13,14]).

In order to avoid the Schrodinger equation becoming
an integro-differential equation it is necessary to approx-
imate the nonlocal potential by an effective local poten-
tial. Therefore the interaction potential is approximated
by the sum of a static, an exchange, a correlation, and
a polarization potential. All those parts can be calcu-
lated from the local charge density derived from a self-
consistent-field (SCF) calculation of the neutral undis-
turbed target in its ground state. The static potential
Vet (7) [15] is purely local and need not be approximated,
whereas the exchange is approximated by an energy de-
pendent local model exchange potential Ve (7, E). Cor-
relation and polarization are treated together to give an
(energy independent) model correlation-polarization po-
tential Veopo (7). The sum of these three expressions rep-
resents the effective potential

V(7, E) = Vet (™) + Vex (7, B) + Veopo(7)- (1)

This is the model potential used in the calculations dis-
cussed below. Next the model correlation-polarization
and the model exchange potential are discussed in more
detail.

B. Local model correlation-polarization potential

In order to obtain an expression for a model
correlation-polarization potential we adopted an idea of
O’Connell and Lane [16]. The local correlation potential
Veorr is based on the free-electron-gas correlation energy
which is a function of the charge density p(7) alone. In
the literature different expressions for this correlation en-
ergy are available [16-20]. In the present work we em-
ployed the same parametrization as Morrison and Saha
[20].

As described by O’Connell and Lane [16] and Morrison
and Saha [20] the polarization potential is approximated
by its asymptotic form

a «a

Vool(r, 0) = —2—121 — 2Tin(cos 0) . (2)
Next the correlation potential is expanded into spherical
harmonics and the innermost crossing point of the ex-
pansion coefficients Veore (7, A) and Vpo(r, A) for A = 0,2
is determined. For r larger than this crossing point one
takes Vo) to represent the model correlation-polarization
potential Veopo Whereas for r smaller than the crossing
point one takes Vorr. All terms of the correlation poten-
tial with A > 2 have been neglected. We have checked
that this neglect changes the computed cross sections
only marginally.

C. Local model exchange potential

The exchange potential based on the free-electron-gas
model is used. It was first introduced by Slater [21-23]
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and then adopted by several authors (e.g., [15,16,24-29]).
The local model exchange potential is given by

V() = ~ 2K (7P (n(7)) , 3)

where the functions Kg(7), F(n), and n(+) have the
forms

Kp(7) = [3%p(M]"°, (4a)
F(n)=%+1;”’ ln‘i—t—Z’ , (4b)

and

") = ks (1¢)

respectively. Here Kr denotes the Fermi momentum and
p the charge density which is taken to be the SCF charge
density.

For the local momentum of the scattered electron x(7)
we find different expressions in the literature. Hara de-
fines [30]

Fhiara(?) = k* + K& (7) + 21 , (5)

where k denotes the (asymptotic) momentum of the scat-
tering electron and I denotes the ionization potential of
the target. This ansatz fails when 7 becomes large be-
cause then k%, approaches k%+ 21 instead of the correct
value k2. For this reason other authors (e.g., [28,31])
dropped the 2I term from the equation and called the
method asymptotically adjusted (AA):

Kaa(?) = k% + KL (7) . (6)

This expression is correct for large values of |7], but it
gives insufficient results for the exchange potential for
small |7].

To combine the advantages of these two expressions we
introduce a parameter g and define

(2 - g)(ZI)KIz?‘(F) (7)
(2-g)K; (M) +2Ig°

K35(9,7) == k* + K3(7) +

where g is a real number between 0 and 2. Equation (7)
reproduces the Hara and the AA ansatz for g = 0 and
g = 2, respectively.

For intermediate values of g our ansatz has the correct
properties for both small and large distances |7]. At small
distances the relation holds KZ(7) > 2I, and therefore
Kg(9,T) & KHara(T), whereas for large distances Kg(7) —
0, which leads to xk4(g,7) = kaa(7) for r — oo.

The 2II,-shape resonance of the N, molecule near
2.4 eV was used as a very sensitive criterion to inves-
tigate the influence of g in more detail. Model poten-
tial calculations were performed with several values for g
and compared to a calculation using a nonlocal ab initio
potential. We found that the cross sections for g =~ 1
matched very well the calculation based on the ab initio
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exchange. Hence all our calculations on N3 and Cl, were
carried out with g = 1.

A typical example of such a test is given in Fig. 1
where the eigenphase sum 6§, versus the scattering en-
ergy E is shown. The full model potential was used.
Using the same Gaussian basis as in [32] for the SCF cal-
culation, p(7) was determined, and Vi (7), Vex(E, ), and
Veopo(7) were calculated, the last adopting the polariz-
abilities cited in [17]. The exchange potential was cre-
ated three times in order to compare g = 1 with Hara’s
(g = 0) and the asymptotically adjusted (g = 2) ansatz.
These results were compared to two calculations of Meyer
[32], who used an “exact” nonlocal exchange potential
and introduced correlation and polarization effects by an
optical potential. This optical potential was derived by
a two-particle-hole Tamm-Dancoff approximation (2ph-
TDA) [33,34] (solid curve in Fig. 1) and by algebraic di-
agrammatic construction complete until third order per-
turbation theory [ADC(3)] [35,36] (long and short dashes
in Fig. 1). One can give arguments that the 2ph-TDA is
likely to yield optical potentials that are too attractive
whereas ADC(3) is supposed to give a potential that is
not attractive enough [32]. The calculation with g = 1
lies nicely between the two results which used an opti-
cal potential whereas the exchange derived with Hara’s
ansatz (g = 0) is not attractive enough (the resonance
appears at too high energy). With the AA approach,

5SIlIIl
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FIG. 1. e™-N; II, resonance: Eigenphase sums dsum ver-
sus scattering energy E. Comparison of scattering calcula-
tions with different parameters g in the model exchange po-
tential (O, dashed curves, g=0.0,1.0,2.0) with two calcula-
tions of Meyer [32] employing two different optical potentials:
2ph-TDA (X, solid line) and ADC(3) (*, alternately dashed
curve). The 2ph-TDA approximation is known to yield opti-
cal potentials that are too attractive, whereas optical poten-
tials calculated with the ADC(3) approximation are likely to
be not attractive enough.

on the other hand, the potential becomes so attractive
that the resonance completely vanishes and turns into a
bound state. This result shows that setting g = 1 is an
improvement to the model exchange potential.

Note that with the above comparison the quality of
both the correlation-polarization potential and the ex-
change potential has been tested. Scattering calculations
using the model exchange potential alone were also per-
formed and compared with “exact” static-exchange re-
sults for N, and HF [14]. It was found that g = 1 was
always a reasonable choice [37].

III. CALCULATION OF CROSS SECTIONS

Differential cross sections which depend on both the
scattering angle 8 and the rotational transition Aj =
Jf — Ji are of interest here, in particular those that refer
to the rotational ground state j; = 0. These differen-
tial cross sections are called “excitation cross sections”
or “excitations” %(j + 0,6). The equations used for
the evaluation of the excitation cross sections are given in
[15,37,38]. Here we make some brief remarks only about
the approximations and their range of applicability.

From the scattering calculation described in Sec. II the
fixed nuclei S matrix is obtained. The nuclear motion is
then included via the adiabatic nuclei approach [38]. This
is a good approximation if the time of interaction between
electron and target is short compared to characteristic
times of a rotational period and if the energy transfer AF
is small compared to the total energy F of the scattering
electron. Both conditions are fulfilled down to energies
of about 10~2 eV for both the Ny and the Cl, molecule.

The target was treated as a rigid rotor; hence no vi-
brational excitations are taken into account. The cross
sections for vibrational excitations are indeed very small
(see, e.g., [39] for N2), because due to the huge difference
in mass between electron and target the direct excitation
mechanism is very inefficient. However, in the vicinity of
shape resonances vibrational excitation becomes very im-
portant, but the energy regions of resonances have been
of minor interest here.

Due to the potential model adopted, electronic exci-
tations were neglected also. It is known that Ny can be
electronically excited by electron impact above 10 eV [39]
and Cl, above a few eV. The cross sections for electronic
excitation are not always small compared to those of ro-
tational excitation. The possibility of electronic excita-
tion is assumed to be insignificant and will not alter the
scattering going into the electronically elastic channel.
The electronically inelastic flux may reduce somewhat
the cross sections for electronically elastic scattering but
the rotational distribution within the elastic channel will
be almost unchanged. This assumption is supported by
the rather good agreement between our computed cross
sections and measured ones.

From the excitation cross section two more kinds of
differential cross sections which are used in this paper
can easily be derived. Summing over all final rotational
states j yields the differential cross section
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do .\ _x~do(j+0,0)
d—n(ﬂ)—;::0 5 : (8)

If we integrate the excitation cross section over all space
we obtain the “integrated excitation”

a(j(—O):/gf%O—’—g—zdﬂ. )

Note that the differential cross section and the inte-
grated excitation were not evaluated by using their def-
initions [Egs. (8) and (9)], but were calculated directly
from the fixed nuclei S matrix. The relevant equations
can be found in [37].

Of considerable interest is also the total cross section
Otot- For linear molecules where m is a good quantum
number we may calculate oot as sum of the partial cross
sections o(m)

i = 3 a(m). (10)

m=0

The partial cross sections o(m) are related to the fixed
nuclei S matrix via

o(m) = vy 3|S5 |, (11)
£,'=0

where v,, denotes the symmetry degeneracy factor
(vo=1, vm=2 for m > 0), k = (2E)'/? is the momen-
tum of the incident electron, and S}Z‘) is a shorthand
notation for the S matrix Sgmerm:, Which is diagonal in
m because we consider linear molecules.

Alternatively, we will write o(X) for o(m = 0), o(II)
for o(m = 1), etc. For homonuclear molecules one may
split the partial cross sections further into a gerade and
ungerade part, e.g., 0(2g4). The gerade (ungerade) part
is obtained by summing in Eq. (11) only over even (odd)
£, respectively.

IV. ROTATIONAL EXCITATION MECHANISMS

There are two different mechanisms for the rotational
excitation depending on the energy of the scattering elec-
tron, the target, and the scattering angle 8. We will refer
to one of them as the “normal” excitation or “low-energy
excitation” and to the other as the “rotational rainbow”
or “high-energy excitation.”

At low incident energy the electron essentially inter-
acts with the long range parts of the potential of the tar-
get. For homonuclear molecules these are the quadrupole
potential and the polarization potential. The angular de-
pendence of both these potentials is given by the second
Legendre polynomial. If we further assume validity of the
“distorted-wave Born” approximation [40] we find that
only rotational transitions Aj = 0 and Aj = 2 appear in
first order Born approximation, whereas Aj = 4 appears
only in second order Born. The cross section falls off
exponentially with increasing Aj and in most cases only
the transitions Aj = 0,2 carry non-negligible intensities.

For high electron energies it has been found (see, e.g.,

[7-9,11,41,42]) that excitation cross sections may be very
large for high final rotational states js. This phenomenon
has been identified as a rotational rainbow; it can be
rationalized in the following way.

For the observation of a rotational rainbow not only
high electron energy but high scattering angles are
needed as well. The scattering angle can only be
large when, classically speaking, the impact parameter
is small, i.e., the scattering electron must penetrate the
electron cloud and come near the core of the molecule.
We may further simplify this picture and assume that
the scattering electron “bounces off” one of the nuclei of
the diatomic molecule while the other is a “spectator.”
This classical picture, which is called the spectator model
[11], is depicted in Fig. 2. The momentum transfer of the
electron changes the angular momentum of the target:

J = kRsin (g) sina . (12)

It can be shown that a rotational rainbow arises for o =
90° [9,11,42] and

Jr = kRsin (g) : (13)

The (normalized) classical transition probability is given
by (cf. [42], Eq. (40))

2J
Jr/JE —J%

In quantum mechanics the following differences to the
classical picture emerge:

(i) The spectrum is discrete;

(ii) the spectrum shows a maximum at a transition jg
which is somewhat lower than Jg, given by Eq. (13);

(iii) the oscillations in the classically allowed region
(4 < Jr) can be interpreted as interferences between
different classical trajectories which lead to the same jy;
and

(iv) the cross sections in the classically forbidden re-
gion are not zero but decrease rapidly. The quantum

P(J «+0,0) = (14)

FIG. 2. Electron-molecule collision in the spectator model
(classical picture). An electron with momentum ¥ is scattered
off one nucleus of a diatomic molecule while the other nucleus
is the “spectator.” R denotes the internuclear distance. The
electron is scattered with angle  and has momentum &’ after
collision. Because the energy transferred to the molecule at
impact is small compared to the total energy of the scattering
electron we may write |E'| ~ |k| = k.
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cross section within the spectator model is given by ([9],

Eq. (5))
99 (5 + 0,0) = C(23 + 1) (kRsin(6/2)) ,  (19)

where the symbol j;(x) denotes the spherical Bessel func-
tion and C is a normalization constant.

V. RESULTS AND DISCUSSION
A. The total cross sections

We investigated the total cross sections of Cl; and N
in the energy range from 102 eV to 1000 eV and from
10723 eV to 1000 eV, respectively. Brief comments on
the basis sets used for the SCF calculations performed to
derive the charge densities and on some other parameters
for the model potentials are in order. These values were
used for all calculations discussed in this paper.

For N, the basis of [43], Table 1 and Table 2 was
used. The contraction scheme of [43], Table 3, No. 14
was slightly modified by contracting only the first two
p functions and treating the remaining p functions as
separate. From the charge density the model exchange
potential was calculated with ¢ = 1 and the ionization
potential was set to I=1.146 Ry [28]. The polarizabil-
ities needed for the model correlation-polarization po-
tential were taken from [44], i.e., ap = 11.29 a.u. and
as = 2.713 a.u. The basis set for Cl, was taken from
[45]. In the model exchange potential calculation again
g = 1 but I=0.8452 Ry [46] was used and for the cal-
culation of the model correlation-polarization potential
the polarizabilities ag = 24.42 a.u. and a; = 16.293 a.u.
were taken according to Ref. [44]. For the scattering cal-
culation of both N, and Cl; up to 80 angular momentum
terms (€max = 158) and up to 16 scattering symmetries
(Mmax = T7) were used.

The calculated and measured [12] total cross sections
of Cl; are shown in Fig. 3(a). Below 10 eV there is a
surprisingly large difference (about two orders of mag-
nitude) in the results obtained with the full model po-
tential and a static-exchange (SE) calculation (where we
simply omitted the model correlation-polarization poten-
tial). The curve obtained with the full model potential
shows a deep minimum in about the same energy range
where there is a maximum in the SE calculation, i.e., the
scattering calculation is extremely sensitive to small al-
terations in the effective potential. By investigating the
partial cross sections (for more details, cf. [47]) we found
that the minimum in the full calculation is due to a min-
imum in ¥, symmetry whereas the maximum in the SE
calculation is caused by large cross sections in ¥, sym-
metry.

Therefore the minimum in the “full” calculation is of
the Ramsauer type. The peak in the SE calculation is
more difficult to explain. In the neutral Cl, molecule the
5%, orbital is the lowest unoccupied molecular orbital
(LUMO). If the scattering electron occupies this orbital
a weakly bound state is formed (the Cly™ ion is stable)

when the full model potential is used. The SE potential,
on the other hand, is less attractive and hence this state
is no longer bound but becomes a shape resonance which
is the cause of the observed maximum.

In a similar way the total cross sections of N5 can be
explained [Fig. 3(b)]. Let us first turn to the often investi-
gated 2II, shape resonance. Qur calculation with the full
model potential reproduces very well the correct position
of this resonance at 2.4 eV, whereas in the SE calcula-.
tion the position of the resonance is shifted to 4.3 eV.
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FIG. 3. Total cross sections ooy versus scattering energy E
for (a) Clz molecule and (b) N2 molecule. We compare calcu-
lations performed with the full model potential ( X, solid line)
with static + model exchange calculations (O, long dashes).
Experimental results of Gote [12] are shown as well (¥, al-
ternately dashed line).
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This shift is due to the fact that the SE potential is less
attractive.

As in the Cl; molecule a prominent Ramsauer mini-
mum is found, which in this case is very deep and broad.
Again there is no Ramsauer minimum in the calculation
with the less attractive SE calculation. The relatively
high cross sections in this area are dominated by the X,
symmetry.

For both molecules (Cl; and N3) very similar results
for both model potentials (“full” and SE) are obtained
when the scattering energy is higher than about 10 eV.

Both molecules were experimentally investigated by
Gote [12]. The total cross sections which were evalu-
ated by numerical integration of his differential cross sec-
tions (extrapolated for small angles) are also shown in
Figs. 3(a) and 3(b). Our calculations agree well with his
results.

B. The differential cross sections

Differential cross sections of N2 and Cl, for a great
variety of scattering energies and scattering angles were
calculated. At low energies the shape of the differential
cross sections varies strongly with the scattering energy.
At high scattering energies (from about 10 eV) the for-
ward direction becomes more and more dominant, lead-
ing to large cross sections in the forward direction which
decrease rapidly with the scattering angle 6.

We compared many of our results with experimental
data. In all cases the correspondence was good or at least
satisfactory. Figure 4 shows an example for each of the
two molecules. In Fig. 4(a) we see a comparison between
our calculation (full line) and two measurements. For the
Cl; molecule there are no results in the literature apart
from those of Gote [12]. In Fig. 4(b) cross sections at
2.0 eV are shown, the lowest measured energy and the
one which agrees worst. The higher the energy the better
the agreement, which becomes excellent above 10 eV.

C. The excitation cross sections

The main interest in this work was the investigation of
rotational excitation of the molecules caused by electron
impact. From the shape of the spectra one can distin-
guish the two excitation mechanisms discussed earlier.
It turned out to be far more difficult to make statements
about the intermediate energy range where both mech-
anisms contribute to the process. In the following these
aspects will be discussed in more detail.

The excitation cross sections 92 (j « 0,6) versus the
final rotational state j have been calculated for a large
number of scattering energies and angles [47]. In the
following we shall concentrate on calculations with the
full model potential.

A first interesting observation can be made in the en-
ergy region of the Ramsauer minimum (E =~ 1072 eV for
N2, E = 5x107! eV for Cly), i.e., at energies low enough
that a “normal” excitation mechanism is expected. This
is indeed the case, but with the peculiarity that the

cross section of the elastic channel almost vanishes. This
means that in this energy range the 2 + 0 excitation is
the most probable one and practically all collisions lead
to rotational excitation. The Ramsauer minimum seems
only to affect the 0 < 0 channel. The region in which
the cross section of the 2 + 0 excitation is higher than
the elastic channel is quite broad: from ~.5 x 1073 eV to
~2%x1072 eV for Ny and from ~ 2x 1071 eV to~1eV
for Cl; if in the latter case the backward direction is con-
sidered only [37,47].

P I T T S N SN S ST T Y

0 50 100 150

6 [°]

FIG. 4. Differential cross sections :—g versus scattering an-
gle 6. In (a) we compare our calculations (solid line) for the
N2 molecule and scattering energy E=5 eV with experimental
results of Shyn and Carignan [48] (A, long dashed line) and
of Brennan et al. [49] (O, short dashes). (b) shows cross sec-
tions for Cl; at E=2 eV. Our results (solid line) are compared

to the measurements of Gote [12] (O, short dashes).
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Next we will discuss the rotational rainbows at scatter-
ing angle #=180°. At this angle the rotational rainbow
can be observed best according to Eq. (13). Figures 5(a)
and 5(b) show the result of our calculations. Because
the differential cross section for #=180° decreases rapidly
with the scattering energies it was convenient to normal-
ize the excitation cross sections such that the sum over
all excitations for a given energy equals 1. For energies
of 10-20 eV for N, and a few eV for Cl,, respectively,
the rotational rainbow begins to build. In Figs. 5(a) and
5(b) one can see how the maximum of the rainbow moves
to higher j with increasing energy. The higher the en-
ergy the better the structure of the oscillations can be
observed. At the same time the height of the maximum
decreases because a higher percentage of collisions lead
to other excitations. Note that the highest maximum for
the Clz molecule lies at higher values of j [Fig. 5(b)] com-
pared to N [Fig. 5(a)] (for same electron energy), which
is simply due to the larger internuclear distance [cf., Eq.
(13)].

In Figs. 6(a) and 6(b) the calculated spectra at 200 eV
and 160° for (a) N2 and (b) Cl; are compared with the

FIG. 5. Three-dimensional (3D) plot of the relative excita-
tion cross sections 42 (j < 0,6 = 180°) (cross sections were
normalized to 1 for every scattering energy) versus rotational
transition j and energy of the scattered electron E (eV) for
N2 (a) and Cl; (b). The calculations were made for fixed

scattering angle § = 180 °.
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experimental results of Gote [12] and the spectator model
[cf. Eq. (15)]. The latter is a good description of the scat-
tering process since the rainbow excitation mechanism
applies at this scattering energy and angle. The normal-
ization constant C of the spectator model was fixed by
a least square fit relative to our calculation. The overall
agreement between all three curves is very good apart
from two values. In Fig. 6(a) the spectator model over-
estimates the 2 + 0 transition. In Fig. 6(b) the experi-
mental 10 < 0 cross section is higher than both our cal-
culation and the spectator model. A similar comparison
with the experiment and (when appropriate) the specta-
tor model was made for the majority of our excitation
calculations. In almost all cases the agreement of the
results was very good.

D. The integrated excitation

To reduce the amount of data substantially the exci-
tations were integrated over space angle Q [cf. Eq. (9)].

(a) Ny

J
L e e B
S, //, ]
£ /| \,‘ J
c___; 0.5F / / \
l yd i \ ]
N/ \
%% / # \\
"/k-»——* / \\
0.0 e iad o By
0 5 10 15 20

FIG. 6. Excitation cross sections j—g(j « 0,0) versus final
rotational state j for (a) N2 molecule and (b) Clz molecule.
The scattering energy and angle for both molecules were
E=200 eV and §=160°. We compare our calculations (X,
solid line) with the experimental results of Gote [12] (O,
long dashes) and the spectator model (%, alternately dashed
curve).
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Hence the rotational state of the molecule after the colli-
sion is selected for a given scattering energy disregarding
the fate of the scattered electron.

If cross sections of the integrated excitations are plot-
ted versus j one observes that the typical shape of the
rotational rainbow has completely vanished even for very
high scattering energies. The position of the minima and
maxima of the oscillation structure depends on the scat-
tering angle 6 [cf. Eq. (13)]. Integration over this angle
averages out these maxima and minima.

More information can be gained by plotting the in-
tegrated excitation cross section versus scattering en-
ergy for particular excitation channels. For the first four
channels this is shown on Fig. 7. For the N, molecule
[Fig. 7(a)] one observes that in the region of the Ram-
sauer minimum the 2 « 0 excitation cross section “over-
takes” the elastic channel. This effect has been discussed
earlier in this paper (cf. Sec. V C).

In the region where the rotational rainbow occurs the
higher excitation channels gain some intensity compared
to the region where the low-energy excitation mechanism
dominates. This effect starts at a scattering energy of
about 20 eV for N, [Fig. 7(a)] and at about 5 eV for Cl,
[Fig. 7(b)]. In both cases it can be seen that the inte-
grated cross section decreases with the final rotational
state j.

E. Rotational excitations at fixed parameter Jg

According to the spectator model the shape of an exci-
tation spectrum [cf. Eq. (15)] depends only on the value
of Jr, which is defined in Eq. (13). Two series of calcu-
lations have been performed for each of the molecules N,
and Cl;. For each series the momentum k of the scatter-
ing electron and the scattering angle @ was varied such
that the resulting Jr was kept constant. The correspond-
ing spectrum was normalized to 1 and compared with the
spectator model, which predicts identical spectra for the
pure rainbow mechanism.

In Fig. 8 all calculated spectra were compared with the
spectator model for N2 and Jp=4.69 (a) and for Cl, and
Jr=3.95 (b). Figure 8(a) shows that all curves corre-
spond quite well with the result of the spectator model
with the exception of scattering energy 70 eV and an-
gle 180°. Further analysis of the data shows that the
correspondence between the calculated spectrum and the
spectator model improves for higher scattering energies.

This is also the case with the spectra of Fig. 8(b). Here
the differences are even more obvious. The 2 + 0 peak
of the 50 eV spectrum is much lower than the peak of the
spectator model. Furthermore, a slight maximum at the
excitation 6 < 0 appears which is not in the spectrum of
the spectator model. In the 15 eV spectrum the position
of the maximum has shifted to a higher excitation (i.e.,
4 < 0). We could show that a better agreement with
the spectator model could be obtained when a higher Jg
parameter was used in the latter.

The other two series studied (i.e., Jg=9.72 for N, and
Jr="7.20 for Cl;) showed results which could be inter-
preted in exactly the same manner. The differences with
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the spectator model were smaller, though, because at
higher Jg the rainbow scattering dominates the excita-
tion mechanism more and more.

Our findings can be summarized in the following two
statements.

(i) The spectra calculated for high scattering energies
and low scattering angles agree better with the spectator
model than those for low scattering energies and high
scattering angles.

(ii) The excitations at lower scattering energies can
be interpreted by the spectator model if one artificially
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FIG. 7. Integrated excitation cross section o(j < 0, FE)
versus scattering energy F for (a) N2 molecule and (b) Cl:
molecule. The following rotational excitation channels were
considered: 0 < 0 (X, solid line), 2 + 0 (O, long dashes),
4 <+ 0 (O, short dashes), and 6 < 0 (A, alternately dashed
line).
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introduces a higher value for Jg.

There may be two explanations for this.

(1) The scattering electron is accelerated before im-
pact by the attractive potential of the target. The im-
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FIG. 8. Relative excitation cross sections :—zrel(j +~ 0,0),
versus rotational transition j while parameter Jr was held
constant (cf. text). (a) For the N2 molecule we compare
the following pairs of scattering energies (scattering angles)
(Jr=4.69): 70 eV (180.0°) (O, long dashes), 150 eV (86.1°)
(O, short dashes), 300 eV (57.5°) (A, alternately dashed line
[long,short,. ..]), and 700 eV (36.8°) [k, alternately dashed
line (long,short,short,...)]. (b) For the Clz molecule the fol-
lowing pairs of scattering energies (scattering angles) were
chosen (Jr=3.95): 15 eV (180.0°) (O, long dashes), 50 eV
(66.4°) (O, short dashes), 100 eV (45.5°) [A, alternately
dashed line (long,short,...)], and 500 eV (19.9°) [, alter-
nately dashed line (long,short,short,. .. )]. The graphs in both
figures were compared to the spectator model of Korsch [42]
which is represented by (X) and a solid line. All cross sec-
tions were normalized to 1.

pact (and the rotational excitation) therefore takes place
at higher kinetic energy (i.e., higher Jg). After the im-
pact the scattering electron is slowed down again by the
potential. The energy of this process is taken from the
overall potential (not from a distinct scattering channel).
The higher the energy of the scattering electron before
impact, the lower is the importance of this mechanism.

(2) The observed scattering angle is higher than pre-
dicted by the spectator model because the long range
part of the potential further deflects the electron. This
may lead to higher Jg. The importance of this effect
increases the lower the scattering energy.

Both arguments explain the observed facts satisfacto-
rily and allow a somewhat more detailed insight into the
scattering process.

F. Relative energy transfer

The investigation of the amount of energy which is
transferred from the scattering electron to the target dur-
ing the rotational excitation turned out to be a promis-
ing tool to characterize the excitation mechanism. To
this end the excitation cross sections :—g(j +~ 0,0,F)
are averaged leading to a considerable reduction of data.
This is another advantage of this method. The energy
AFE which is transferred on average at a single scattering
event is given by

1
> 95(j + 0,6,E)
J

AFE = B,

do , . .
U< 0.0,E)jG+1) |, (16)

where j denotes the final rotational state and B, is the
rotational constant which has the value B, = 3.025 x
1075 eV in the case of Cl, and B, = 2.4775 x 10~% eV
for the N2 molecule [46]. AE was divided by the energy E
of the incident electron to arrive at the fraction of energy
which is transferred to the molecule. This variable still
depends on scattering energy and angle.

The relative energy transfer AE/E was plotted as a
function of FE for several scattering angles §. Compared
to the spectator model, which is, as mentioned before,
only valid for the rotational rainbow scattering mecha-
nism, the differences can be interpreted in favor of the
low-energy scattering mechanism. Figure 9 shows our
results in a doubly logarithmic scale for § = 180 °.

Figure 9(a) depicts AE/FE for the N molecule. The
spectator model (solid line) shows two completely dif-
ferent regions. At low scattering energy (up to about
10-20 eV) the relative energy transfer increases strongly.
At the high-energy side a plateau is reached, i.e., the
data oscillate about a constant value. These oscillations
become flatter and more and more frequent. The low-
energy side must be interpreted as a decrease of the ef-
fectiveness of the spectator model mechanism with de-
creasing energy. The plateau at high scattering energies
can be understood in the following way. AFE is an average
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with weight factor j(j + 1) [Eq. (16)]. Thus AE « j2. If
one assumes that most of the transferred energy will ex-
cite the rainbow channel Jg, and since Jg o« k [Eq. (13)],
one can conclude that AE « E and AE/E = const. The
oscillatory structure is due to the quantization of the an-
gular momentum. Whenever the scattering energy, is
such that the value of Jg is near an even integer the
rotational rainbow peak is very distinct and the energy
transfer is maximal. The opposite is the case when Jp is
between two allowed rotational peaks. As Jp VE the
oscillations become closer on a logarithmic energy scale
with increasing energy. The higher the scattering energy,
the more rotational excitation channels are open and the
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FIG. 9. Relative energy transfer AE/E versus scattering
energy E at 6 = 180 ° for (a) the N2 molecule and (b) the Cl.
molecule. Our calculations ( X, dashed line) are compared to
the corresponding results of the spectator model (solid line).
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oscillations flatten towards the classical constant value.

Next the calculated spectrum (dashed line; the explic-
itly calculated energy points are marked with crosses)
is compared to the spectator model. At low scattering
energy (below 10 eV) rotational excitation can occur ex-
clusively via the “normal” excitation mechanism, while
excitation by the rotational rainbow mechanism leads to
energy transfers which are several orders of magnitude
lower than the “normal” ones. The 2II; resonance ap-
pears as a peak of high energy transfer. At still lower
energies the relative energy transfer reaches a minimum
and then increases again. This effect will be discussed
later in the Cl; spectrum. Between 10 eV and approxi-
mately 50 eV there is an intermediate range where both
mechanisms take part in the excitation process simulta-
neously. As the calculated energy transfer is larger than
the one of the spectator model we assume the two ex-
citation mechanisms to be additive. At high scattering
energy (in this case over 50 eV) the rainbow mechanism
clearly dominates. The oscillations could not be repro-
duced by our calculation, which is, of course, due to the
lack of sufficiently dense energy points. With the last two
scattering energies the relative energy transfer appears to
become higher. This is likely to be caused by the lack of
convergence of our calculation because at very high en-
ergies it is necessary to take more scattering symmetries
into account.

In Fig. 9(b) the results based on the spectator model
for the Cl; molecule show exactly the same features as
already discussed for N,. Because of the longer internu-
clear distance the region of the rotational rainbow starts
at lower energy. At energies below =~ 3 eV only the low-
energy mechanism is responsible for excitation. The in-
termediate region where both mechanisms contribute ex-
tends from about 3 eV to approximately 20 eV. Above
this energy the rotational rainbow mechanism dominates.
At 0.3 eV a very sharp maximum is seen. This coincides
with the energy of the Ramsauer minimum [cf. Fig. 3(a)].
At first glance it might be surprising that a minimum in
the cross section leads to a maximum in the relative en-
ergy transfer. But if one recalls Fig. 7(b) it immediately
becomes evident that the 2 < 0 excitation channel dom-
inates the elastic one, which leads to a disproportional
energy transfer (cf. the discussion of Sec. VD).

Comparisons of our calculations with the spectator
model for other scattering angles showed very similar
results, except that then the rainbow mechanism — as
expected — takes over at somewhat higher scattering en-
ergies. Investigating the relative energy transfer turned
out to be a very convenient method to study the interplay
of the discussed excitation mechanisms in more detail.

VI. CONCLUSION

We have investigated the electron scattering from N,
and Cl; molecules with special emphasis on rotational
excitation.

The scattering process was described by performing
close-coupling calculations. Local model potentials have
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been used to account for exchange, correlation, and po-
larization effects. We could improve the model exchange
potential somewhat by introducing a parameter g which
was later set to ¢ = 1. Nuclear dynamics has been in-
cluded in the adiabatic nuclei approximation. Moreover
the molecule was treated as a rigid rotor. With these
approximations some limitations were introduced. The
scattering event has to be fast compared to typical times
for rotational motion, the energy transferred to the tar-
get has to be small compared to the kinetic energy of the
scattering electron, and finally vibrational and electronic
excitations were excluded (the latter due to the potential
model). However, only the exclusion of electronic excita-
tion may be a questionable approximation. As discussed
in Sec. III, one has reasons to believe that the existence
of open channels for electronically inelastic scattering has
only a negligible effect on the rotational distributions for
electronically elastic scattering.

The very prominent feature in the spectrum of the to-
tal cross section for N, is the 2II, resonance peak at
2.4 eV. This peak is shifted to ~ 4 eV if we omit correla-
tion and polarization effects, i.e., use the less attractive
SE potential. The total cross sections of Ny and Cl; both
show a very deep and broad Ramsauer minimum at lower
scattering energy. These minima are extremely sensitive
to small changes of the potential and vanish completely
when the SE potential is used. In the Cl, spectrum a
maximum appears at almost the same position due to an
(artificial) X,, shape resonance.

Two rotational excitation mechanisms have been stud-
ied. At low scattering angles and energies only a few
rotational quanta are transferred (“normal” excitation
mechanism) whereas in the case of high angles and ener-
gies many rotational quanta can be exchanged, i.e., the
rotational rainbow mechanism applies. If the excitation
cross sections are plotted versus rotational excitation Aj
for a given scattering energy and angle both mechanisms
can be distinguished by the typical shape of the spectra.
On the other hand, little information can be gained in
this way on the intermediate region where both mecha-
nisms are active.

An interesting observation could be made concerning
rotational excitation at scattering energies in the range
of the Ramsauer minimum: a minimum is shown in the
rotationally elastic channel indicating that almost every

scattering event leads to an excitation 2 « 0.

As discussed the spectra of rotational rainbows can be
described quite well by the so called “spectator model.”
In this model the shape of the spectrum (in the case of
a diatomic molecule) only depends on Jgr = kRsin(6/2)
where R denotes the internuclear distance and k the mo-
mentum of the incident electron and the scattering angle
0. Several series of scattering calculations with fixed Jg
(by choosing appropriate energy-angle pairs) were com-
pared with this model, showing that the correspondence
improved with higher incident energy. This was inter-
preted as long range effects by the scattering potential.

The relative energy transfer AE/E (energy transfer on
average per scattering event divided by the total energy)
was calculated for several scattering angles and many
scattering energies and compared to the corresponding
results for the spectator model. Three energy regions
could be clearly distinguished. At low scattering ener-
gies excitation is only possible via the “normal” exci-
tation mechanism (spectator model energy transfers are
several orders of magnitude lower). In this region max-
ima in energy transfer are observed at energies around
the Ramsauer minimum and at resonance energies. At
the intermediate region both mechanisms additively con-
tribute to the total energy transfer. At high scattering
energies our calculations merge with the spectator model
and excitation occurs via the rotational rainbow mech-
anism. The energy transfer plotted versus the scatter-
ing energy becomes constant except for small oscillations.
This behavior could be explained satisfactorily.

Several results on the N2 molecule have been compared
to calculations or measurements in the literature. These,
as well as comparison of our calculated cross sections for
both scattering systems to the results of Gote, show good
agreement.
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