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Rotational Rainbows in Electron-Molecule Scattering
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We report the measurement of state-to-state differential cross sections for rotationally inelastic
electron-Na2 collisions for impact energies from 150 to 300 eV. The data demonstrate for the first time
large rotational transitions (0 ~ hj ~ 30) for backward scattering. The most surprising result is the ob-
servation of pronounced rotational rainbows. These structures are expected to be general features in

high-energy electron-molecule scat tering.

PACS numbers: 34.80.Gs, 34.50.Ez, 34.50.Pi

Rotational excitation of molecules in their electronic
ground state by electron impact is one of the most im-

portant energy-transfer processes in low-temperature
laboratory gas discharges and in low-lying planetary
ionospheric layers. Over the last few years, crossed-
beams experiments yielded total and differential cross
sections and elucidated the mechanisms through which
these processes proceed preferentially. ' Short-living
negative-ion states such as shape resonances and
nuclear-excited Feshbach resonances as well as direct in-
teraction via a permanent dipole moment and/or the po-
larization are most effective. The cross section for
~&j ~

=1 rotational excitation can be as large as 10
cm for molecules with strong dipole moments. ' Excita-
tion via the other interactions lead to hj 4 with cross
sections ranging from 10 ' to 10 ' cm .

No experimental or theoretical investigations with
state selection for other than hydrogen molecules or en-
ergies exceeding 100 eV have been reported. In particu-
lar, no experimental data under these conditions are
available for scattering in the backward direction. This
angular range is not accessible in conventional electron
scattering spectrometers, except for special configura-
tions and using trochoidal electron spectrometers. At
high collision energies, short-living negative-ion states do
not contribute to rotational excitation within the elec-
tronic ground state. The Born approximation is expected
to be valid only for small-angle scattering processes
(+50'). Thus, a model study investigating rotational
excitation associated with backward scattering at high
collision energy is needed to supplement our knowledge
of rotational excitation of molecules by electron impact.

In this paper we present state-to-state differential
cross sections for scattering angles in the range 130'
& 0~180 for collision energies of 150, 225, and 300

eV. We find rotational transitions as large as hj =28
and pronounced rotational rainbow structures. This re-
sult is of fundamental importance because it is expected
to be generally valid for high-energy electron-molecule
scattering.

Rotational rainbows have first been observed in rota-
tionally inelastic heavy-particle collisions. Subsequent-
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FIG. 1. Schematic experimental setup. A supersonic sodi-
um beam with a flow velocity of u =1250 m/s and a width
At. /u =0.07 of the velocity distribution is crossed by an elec-
tron beam. The energy spread of the latter is estimated to be 1

eV.

ly, they have been found in many other collision systems,
e.g. , molecule-surface scattering and photodissociation
as well as collisional dissociation. Supernumerary rota-
tional rainbows are more diScult to resolve and only a
few measurements have been reported. The dominance
of repulsive interaction is a common characteristic of the
collision systems discussed in Refs. 6-9. In this paper
we report the first observation of rotational rainbows in-

volving attractive interactions.
The experimental setup is shown schematically in Fig.

1. A supersonic sodium beam, consisting of about 85%
atoms and 15% dimers, is crossed with a high-current
(=10 mA) electron beam, the energy of which is varied
in the range 150 & E„~~ & 300 eV. Strong cooling of the
internal degrees of freedom of the sodium dimers in the
course of the expansion leads to a rotational temperature
of about 30 K. ' Thus low rotational levels are predom-
inantly populated with the maximum population found
near j 7. The scattered dimers cover the angular range

@,h(11' in the laboratory frame (for E„tt=300 ev).
The largest scattering angles correspond to backward
scattering in the center-of-mass frame. Because we

detect the heavy particle rather than the electron, back-
ward scattering (0, ~180') angles are easily accessi-

2642 1987 The American Physical Society



VOLUME 58, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1987

ble. The angular resolution in the laboratory system is
h, O~,b=2, which corresponds to about AO, m =-40 in
the center-of-mass frame. This angular resolution is
adequate for the purpose of this study.

The technique of laser state selection has been used
extensively in heavy-particle scattering and is described
in detail by Bergmann, Hefter, and Witt'' and Jones et
al. ' Briefly, the flux of molecules scattered under the
angle O~, b into a given rotational level jf is detected by
laser-induced fluorescence. Thus the sum of all processes
leading from any of the thermally populated levels j into
the level jf under study is measured. The initial state is
labeled by depletion of the population of a selected level

j; by optical pumping with a second laser 10 mm
upstream of the collision region. The molecules in level

j; are excited to the 2 'Z„electronic state of Na2 and de-
cay by spontaneous emission predominantly to high vi-
brational levels v "&&1 of the electronic ground state.
The probability for collisional transfer from these levels
back to the level t. "=0 is expected to be negligible com-
pared with rotational energy transfer within the level
v" =0. Thus, with the pump laser on, the detector signal
decreases because the contribution of the j; jf transfer
process is missing. As a consequence, the difference of
the scattering signal with the pump laser on and off is
proportional to the j; jf differential scattering cross
section.

The scattering signal with the pump laser on and off is
measured with the electron beam on and off. Scattered
laser light as well as electronic emission following
electron-impact excitation contributes to the background
signal. Furthermore, despite the small relative velocity
distribution of the supersonic beam, Na-Na2 scattering
processes within the beam contribute to the flux at small
laboratory scattering angles. This flux is also modulated
by optical pumping. By taking appropriate differences of
the count rate in the four different channels with pump
laser on/off and electron beam on/off, these background
signals are eliminated. ' '

The collision processes j~ =5 jf are originally mea-
sured together with the sum of all processes leading to jf
(channel: pump laser off, electron beam on). This is

done because the signal-to-noise ratio increases with in-
creasing thermal population of level j; and decreasing
population of level jf, respectively. The raw data are
converted to those shown in Fig. 2 after appropriate nor-
malization and invoking microreversibility. Figure 2
shows the experimentally determined relative cross sec-
tions for j; jf =5 transitions for backward scattering
as a function of hj for a collision energy of 300 eV. The
detector, positioned at O~, b =9.6, samples scattering
events from the range 0, & 140 . Obviously, large hj
and a nonmonotonic variation with jf are observed. Be-
cause we are dealing with a homonuclear target molecule
in a X electronic state, rotational transitions with odd hj
are symmetry forbidden.

I

/I

/

/

/
~ ~

x /

I I l I 1 t I I I I I l I I

0 3010 20

h, j

FIG. 2. Experimental relative cross sections j; jf =5 for
scattering into the backward direction in the center-of-mass
system at a collision energy of 300 eV.

Extensive experimental tests have been made to prove
that the reported scattering signals are in fact related to
rotational energy transfer within the v"=0 level of the
electronic ground state. Because of the relatively high
energy of the electrons, many other competing processes,
such as vibrational and electronic excitation and ioniza-
tion, occur in parallel to the rotational excitation. This
material will be discussed in more detail elsewhere, to-
gether with a more complete set of experimental data.
Briefly, the observed signals increase linearly with elec-
tron current, excluding multiple collisions, consistent
with the estimate of the attenuation of the sodium beam
based on measured total cross sections. ' The scattering
signal drops rapidly for laboratory angles that exceed the
angular range accessible to molecules deflected by elec-
tron scattering. Finally, the rigorous upper limit for the
cross section for odd hj transitions can be set. It is
smaller than 5% of the cross sections for transitions to
neighboring levels with even hj. This excludes combined
rotational and electronic excitation followed by spon-
taneous emission back into the level v" =0, jf as an ori-
gin of the scattering signals.

Figure 3 shows the relative cross sections for j; =0
jf transitions determined from the set of data shown

in Fig. 2. Because the interaction time is small com-
pared with the rotational period of the molecule even in
the highest levels observed and because the inelasticity is
very small, hE/E„a((1 (hE (Bjf(jf+1)], the well-
known scaling formula' '

o(ji —jf I e) —g c (j;,j,jf IOOO)o(0 —j I ~)

applies, where C is a Clebsch-Gordan coefTicient. This
equation relates a set of cross sections j; jf to transi-
tions j; =0 jf. This relation between cross sections is
widely used in the study of heavy-particle collisions as
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well as electron scattering. Here we invert the set of
equations and determine the relative j; =0 jf cross
sections from a complete set of measured cross sections
for j; =5 jf transitions. As will be discussed in the
following, the data of Fig. 3 show a pronounced rotation-
al rainbow and supernumerary rainbow structure.

At large e-molecule distances, the interaction is due to
the attractive polarization forces. At short distances, in

particular inside the charge distribution, Coulomb at-
traction dominates. At the relatively high collision ener-

gies relevant for our experiment, the contribution of ex-

change forces is small. In fact, preliminary calcula-
tions' show two steep and deep attractive wells centered
at the nuclei of the molecule. Thus, backward scattering
is expected to be limited to a small range of orbital angu-
lar momenta centered around l=(kr, siny)/2 (measured
in units of h) where k is the wave vector of the incoming
electron, r, is the dimer bond length, and y is the angle
between k and the molecular axis. The angular momen-
tum transferred to the molecule is d j =2l. The max-
imum transfer hj „=kr, occurs for y=90 and

0, =180 . The value of Aj,„ is indicated by the ar-
rows in Fig. 3 based on the spectroscopically determined
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FIG. 3. Relative cross sections for j, =0 jf scattering into

the backward direction (0, =180') obtained from the data
of Fig. 2 by applying the scaling relation given in the equation.
In addition data for E„I~=225 and 150 eV are also shown.

The cross section for transitions with odd hj are zero because
we are dealing with a homonuclear molecule. Pronounced ro-

tational rainbows as well as resolved supernumerary rainbows

are observed. The dotted curve in (a) results from the specta-
tor model (Ref. 20).

r, =0.3079 nm. '

Thus a very simple picture of these processes emerges.
The incoming plane wave is scattered from a small re-
gion near the nuclei into the backward direction. The
angular momentum transferred to the molecule is zero
for y=0. It increases with y in the range y & 90' before
decreasing again to zero at y

= 180'. Thus for y&90'
there are two orientations of the molecular axis relative
to the direction of the incoming electron that lead to the
same hj & hj,„. The interference of the corresponding
scattering amplitudes results in oscillations of the cross
sections, the supernumerary rotational rainbows. At

y =90' these two orientations coincide, giving rise to the
main rotational rainbow.

Processes of this type, characterized by the superposi-
tion of independent scattering off two centers (spectator
model), have been observed in ion-molecule scattering. '

They have been treated by Korsch and Eckelt' more
than a decade ago. According to the spectator model the
probability P~(8) for 0 j excitation varies as P~(H)
=N(2j + I)J~ ((kr, sinH)/2), where J~ is the spherical
Bessel function and 0 is the center-of-mass scattering an-
gle. The dotted curve gives this function with r, taken
3% smaller than the spectroscopic value. ' The agree-
ment in the range of the rotational rainbow and the first
supernumerary rainbow is very good. At smaller hj, the
calculated and measured relative cross sections are of the
same order of magnitude but the maxima of the oscilla-
tions are not at the same positions. The origin of this
discrepancy can be traced back to the fact that the ex-
perimental and calculated j; =5 jj =5 cross sections
diAer by a factor of 2. At the present time it is not clear
whether the cause of this discrepancy is due to deficien-
cies in the experiment or in the theory. The calculated
cross sections for j; jf =5 with j; & 5 agree with the
experimental results to within the limits of experimental
uncertainty.

In summary, application of laser state-selection tech-
niques provided, for the first time, experimental data
about rotational rainbows in electron-molecule collisions.
In particular, excitation by electron impact leading to
scattering angles up to 180 could be investigated. Un-
like for the range of scattering angles 0, & 135',
covered in conventional electron scattering apparatus, ro-
tational energy transfer is not limited to small hj. Very
large rotational quantum jumps, only limited by angular
momentum conservation, are observed. The structural
features, namely, the rotational main and supernumerary
rainbows, are expected to be a general phenomenon in

electron-molecule scattering independent of quantitative
details of the interaction potential. This finding has im-
portant implications for the estimate of the average ener-

gy transfer by electron impact.
Experimental and theoretical work to obtain absolute

cross sections is in progress.
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