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the simultaneous recording of this spectrum and
that of the scattered laser light. The deviation
of the center of the spectrum from the laser fre-
quency is within the Fabry-Perot—interferome-
ter width of 2 MHz.

Although none of the theories predicts any
asymmetry in the heights of the side peaks, we
have observed a slight, but reproducible, asym-
metry.'? The low-frequency peak was consistent-
ly smaller than the high-frequency peak by about
5-10%. A similar, but more severe, asymmetry
has been observed by Schuda, Stroud, and Her-
cher® and Walther.* The effect of neighboring hy-
perfine levels may be eliminated by a scheme
suggested by Abate'® for the preparation of atomic
sodium as a two-level system.
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Program. :
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Broadening from this effect is not as severe as might
be expected, since optical pumping transfers most of
the atoms into the my=0,+1 sublevels, which have ap-
proximately equal matrix elements for Am =0 transi-
tions.

2This cannot be explained by fluorescence from the
transition F’=2 to F=1 which we found negligible ex-
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The vibrational excitation in the energy ranges of the lowest resonances in benzene has
been measured and it is found that only few fundamental modes become excited. This sel-
ectivity of the excitation process can be understood in terms of selection rules which are
based on symmetry considerations. The angular distribution of scattered electrons in the
range of the lowest shape resonance (~1.2 eV) is consistent with an f5 wave as the domi-

nant partial wave.

In this Letter we present experimental mea-
surements on the vibrational excitation in benzene
(CeHg and CDg) by electron impact at low ener-
gies. We consider the experimental observations
presented here as prototypes for similar process-
es in the larger molecules. In particular, we
study the vibrational modes excited by electron
impact in the regions of the lowest shape reso-
nances at energies of about 1.2 and 4.8 eV. De-

spite the large number of fundamental vibrational
modes in which the benzene molecule can vibrate,
only very few mode s ave obsevved. In order to
explain this selective excitation, we develop a
set of selection vules for vibrational excitation
via resonances. These selections rules are based
on the symmetry of the resonances and a few ad-
ditional, physically reasonable postulates.

We find that the angular distribution of elec-

1429



VOLUME 35, NUMBER 21

PHYSICAL REVIEW LETTERS

24 NOVEMBER 1975

trons near 1.2 eV is dominated by an fs partial
wave and thus we establish that the resonance
near 1.2 eV is the lowest state of CjH;".

The energies of shape resonances (compound
states) in benzene have been studied previously
by electron transmission spectroscopy' and by
other methods. The lowest resonance, ’E,,
which consists of the neutral molecule plus an
electron in the e,, orbital, is doubly degenerate.
The ground vibrational level of this compound-
state system has been previously placed* at 1.15
eV and higher vibrational levels of this compound
state have also been observed, but will not be
further discussed in this Letter. The removal of
the degeneracy of this state by substitution of
nitrogen atoms is discussed in Ref. 1.

The “third” compound state is short-lived, as
evidenced by a broad structure in electron trans-
mission spectrum® (centered near 4.8 eV) with-
out fine structure. This state, ?B, g consists of
the benzene molecule in the ground state plus an
electron in the b, , orbital. ‘

The compound states enumerated above decay
by the emission of the extra electron, leaving the
molecule in various modes of vibrational excita-
tion, It is the purpose of this paper to describe
the vibrational modes thus produced and to sug-
gest the selection rules which govern the decay.
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FIG. 1. Energy-loss spectrum in CyDg at an incident
energy of 1.18 eV (the ground vibrational level of the
°F,, resonance) and an angle of observation of 70°. On-
ly the modes v,, vy, and vy, (Herzberg’s notation) be-
come appreciably excited. The geometry of these
modes is indicated. Only one each of the doubly degen-
erate modes for vy; and v,; are shown.
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In the present experiment® we cross a molecu-
lar beam with a beam of monochromatic elec-
trons in a hemispherical electrostatic analyzer,
having a resolution of about 16 meV. The energy
scale in the present experiment is determined
with respect to the first peak in the vibrational
excitation cross section (v=1) of N, at 1.97 eV,3
by admixing a small amount of N, to the benzene
vapor.

In Fig. 1 we show an energy-loss spectrum in
CsD; when the energy of the incident electron is
fixed at 1.18 eV. This is the energy at which the
vibrational excitation cross section exhibits its
first sharp peak and we can loosely associate this
energy with the v =0 level of the compound state.
Bearing in mind that the benzene molecule poss-
esses thirty normal vibrational modes (twenty
fundamental frequencies), it is at first sight sur-
prising that only the three fundamental modes
shown in Fig. 1 have a large probability for being
excited. In Herzberg’s notation,* which is used
throughout this paper, they are v,, v, and v,,
with symmetries a, ,, e,,, and e,,, respectively.

Figure 2 shows the energy-loss spectrum in
the center of the 4.8-eV resonances. The modes
which we assign to the two prominent peaks are
v, (a, g) and v, (b, g). Figure 2, just like Fig. 1,
shows a dramatic selectivity in the excitation
mechanism, which led us to the development of
the selection rules outlined below.

The assignment of the modes in Figs. 1 and 2
comes not only from the position of the energy-
loss peaks, but also from the isotope effect, i.e.,
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FIG. 2. Energy-loss sbectrum in C¢Dg at an incident
energy of 4.8 eV (the center of the 2B2g resonance) and
an angle of 70°. Only the modes v, and vy are apprecia-
bly excited.
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the shift of a given energy-loss peak in C;H, com-
pared to C;De.* We note that the energy-loss
spectra in C4;H, are similar to those shown for
C¢Dg, but subtle differences exist in the ratio of
peak heights, especially for the less prominent
peaks. The geometries of the modes which are
prominently excited are indicated in Figs. 1 and
2.

It has already been pointed out by Bardsley and
Read® that the 2E,, resonance is expected to oc-
cur predominantly in the f; partial wave. Thus,
when we examine the angular distribution of elec-
trons having excited the totally symmetric C-C
stretch mode, v, (a, g), we should obtain an angu-
lar distribution characteristic of the f5 partial
wave. The angular distribution which we find ex-
perimentally for C,H, in the angular range 25-
100 deg is in fact reminiscent of an f5 partial
wave, with a clear minimum near 40 deg; the
second minimum expected for f; partial wave at
90 deg is somewhat washed out. We consider the
fairly good agreement between theory and experi-
ment as a confirmation that we are dealing here
with the first shape resonance of benzene and
that no lower resonance or negative-ion state can
exist, within our present understanding of the
normal benzene molecule.® The deviation of the
experimental curve from a pure f; wave may be
attributed to the admixture of other partial waves,
as will be discussed below.

In sharp contrast, the angular distribution of
electrons which have excited infrared-active
modes by nonresonant processes [e.g., v, (a,,)]
is monotonic and exhibits a strong peak in the
forward direction. The excitation of the v, mode
decreases monotonically with energy, without
structure in the resonance regions.

The selectivity of the vibrational modes excited
via vesonances makes it clear that selection rules
are in operation. These can be understood partly
by the relation between the symmetries of the
resonances involved and the symmetries of the
vibrational modes: Vibrational modes can be-
come excited only when the transition matrix ele-
ment (x,/Gly,) is nonvanishing. The symmetries
of the nuclear wave functions y , (for the final vi-
brational mode) and x, (for the initial vibrational
mode) are specified by the symmetry representa-
tion of the appropriate normal modes. The sym-
metry of the propagator G (which can be replaced
for our purposes by the interaction Hamiltonian)
is characterized by the charge distribution of the
extra electron and can be obtained by forming the
symmetric product? of the representation of the

TABLE I. Vibrational modes excited via the 1.2-eV
resonance in benzene. Selection rule: fs+sq+rigid
constraint. Herzberg’s notation is used for the designa-
tion of vibrational modes. vy and vy, are out-of-plane
modes.

Symmetry
g €2g €2u

fs wave (ey,) vy vy,  Vy5 Pig Vi Vyg

sg wave (ay) Vig Voo
Rigid C-H X X X X
Strongly obs. X X X

resonant orbital.®

We now apply these guidelines to the vibration-
al excitation via the 1.2- and 4.8-eV resonances.
The transition matrix elements are evaluated
with reference to Dg,, the point group of benzene.

(i) Undistorted resonance. —For the 1.2-eV
resonance in benzene, the symmetry of the elec-
tron orbital, e,,, leads to an electrostatic poten-
tial of symmetry Alg and E, g This allows the
excitation of fundamental modes a4 (v, and 1)
and e,, (Vs5, Ve Vi and vg). These modes are
listed on line 1 of Table I.

For the 4.8-eV resonance, the orbital has a
symmetry b,,, and G has a symmetry A, g~ This
allows the excitation of the v, and v, modes.
These are listed on line 1 in Table II.

(ii) Out-of-plane distortion. —It may not be un-
reasonable to postulate that the benzene ion has
an incipient out-of-plane distortion (puckering).
In order to explain our results in the simplest
manner, we wish to consider that a component of
a, , symmetry is admixed to the “undistorted” e,,
orbital. This postulate, which is tantamount to
adding an s ; component to the scattered wave, al-
lows us to predict additional allowed modes:
These are vy, (e,,) and v, (e,,) in the case of the

TABLE II. Vibrational modes excited via the 4.8-eV
resonance in benzene. Selection rule: g, +sg-+nonrig-
id constraint. v, and vy are out-of-plane modes.

Symmetry
g bag
g¢ wave (bzg) Vi Vy
sq wave (ay,) vy g
Nonrigid C-H X e
Strongly obs. X X
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1.2-eV resonance; for the 4.8-eV resonance the
additional allowed modes are v, (b, g) and v, (b, g).
These modes are listed on line 2 of Tables I and
II. The s, component in the partial-wave expan-
sion also could be responsible for the deviation
from a pure f; wave in the angular distribution
of electrons in the region of the 1.2-eV reso-
nance.

(iii) Rigidity of the C-H bond. —In line 4 of
Tables I and II we list those modes which are
strongly developed in our energy-loss experi-
ments. We note that in the case of the 1.2-eV
resonance, only those modes are strongly ob-
served which have a rigid C-H separation. In the
case of the 4.8-eV resonance, only those modes
are observed which have a nonrigid C-H bond.
We can argue that the radial distribution of the
extra electron may be responsible for this selec-
tion rule.®

Our findings are consistent with the viewpoint
that the angular symmetry of the charge distribu-
tion sorts out the symmetry of the allowed vi-
brational modes. These can be subdivided into
those in which the C-H bond is excited (“nonrigid
modes”’) and those in which the C-H bond remains
unexcited (“rigid modes”). It is the radial extent
of the charge distribution in the resonance which
controls which of these modes are preferentially
excited. It is possible that the latter finding will
lead us to a knowledge of the radial distribution
of the charge cloud directly from experiments.

In addition to their intrinsic interest, the selec-
tive excitation mechanisms described above may
be of importance in the understanding of chemical
reactions taking place in gas discharges through
hydrocarbon vapors. Also, the selectivity in vi-
brational excitation is a desirable property for
inverting the vibrational population in gas lasers.

We are indebted to A. Herzenberg, K. Jordan,
W. C. Tam, and R. G. Wheeler for their impor-
tant comments and their generous help with the
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interpretation of the benzene experiments. We
also thank F. Fiquet-Fayard and R. S. Alben for
informative discussions.
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