676 FRANK K. TRUBY 6

PF, Linder and H. Schmidt, Seventh International Con-
ference on the Physics of Electronic and Atomic Colli-
sions, Amsterdam, 1971 (unpublished).

PHYSICAL REVIEW A

VOLUME 6,

30C. A. Long and G. Ewing, Chem. Phys. Letters 9,
225 (1971).

NUMBER 2 AUGUST 1972

Vibrational Excitation in N, by Electron Impact in the 15-35-eV Region*

Z. Pavlovic,T M. J. W. Boness, A. Herzenberg, and G. J. Schulz
Depavtment of Engineeving and Applied Science, Mason Laboratory, Yale University,
New Haven, Connecticut 06520
(Received 18 January 1972)

The vibrational cross section by electron impact on N, exhibits a broad maximum near 22
eV. This maximum can be observed in the first three vibrational states, at all angles of ob-

servation.

The angular distribution of the electrons having excited nitrogen to the vibrational

states v=1, 2, 3 is measured. The shape of the angular distribution changes as the incident
energy is varied from 20 to 28 eV, We interpret our observations in terms of the possible
existence of a number of overlapping compound states above 20 eV.

I. INTRODUCTION

Compound states in molecules can be studied by
measuring the structure in a variety of cross sec-
tions. Thus one can study the elastic, the rotation-
al, the vibrational, the electronic cross sections,
or even optical excitation or dissociative attach-
ment. In principle, each of these “channels of
decay” can give information on the existence of
compound states,!—¢

When the lifetime of the compound state is rela-
tively long (e.g., larger than 10-'* sec), relatively
sharp structures appear in many of the channels of
decay. In such a case there is sufficient time
available during the existence of the compound state
for the nuclei to perform one or more vibrations
so that vibrational structure in the compound state
is evident. Decay of the compound state can take
place not only to the ground vibrational state but
also to higher lying vibrational states, Decay of a
given compound state into as many as 13 vibrational
states has been observed in H,.”

When the lifetime of the compound state is skort
(i.e., 101510 sec) then the structure in any
decay channel is broad, i.e., it is smeared out by
the uncertainty principle. Such broad structures
are often difficult to observe in the elastic cross
section because the broad structure is superimposed
on a large, energy-dependent, elastic cross sec-
tion which results from “direct” scattering.® This
channel of decay is, therefore, not easy to inter-
pret. On the other hand, the “direct” scattering
component is generally absent in vibrational ex-
citation in homonuclear diatomic molecules because
momentum transfer is unfavorable. Thus vibra-
tional excitation is often the only decay channel

which gives clearly information on short-lived com-
pound states.

An example of the foregoing considerations is
provided by the hydrogen molecule. The 22; state
of H," is the lowest compound state in the hydrogen
molecule. Its peak lies around 2-3 eV, and the
state is about 2 eV wide. Vibrational excitation
shows a well-developed peak in the region 2-3 eV,°
but the elastic cross section is without noticeable
structure.

In the case of the nitrogen molecule, a low-lying
shape resonance®'!? at 2,3 eV is well known and has
been studied in great detail, both in elastic scat-
tering and in vibrational excitation. In fact the
vibrational cross section in the region 1.7-4 eV is
dominated by the decay of this compound state.
Sharp structure in the vibrational cross section for
v=1 and v=2 exists also at higher energies (11. 48,
11.75, 12,02 eV)."

The present study shows that even above the
ionization potential of N, one can find short-lived
compound states which, as one would expect from
the foregoing discussion, decay into vibrational
modes of the N, molecule. We present in this paper
the energy dependence of the differential vibra-
tional cross section for »=1,2, and 3 and also the
angular distribution of the scattered electrons.
These results indicate the existence of several in-
distinguishable short-lived compound states in the
vicinity of 22 eV in N,. This effect of several com-
pound states is a new feature in these types of mea-
surements, Comparison with the data of Trajmar,
Cartwright, and Williams'? on vibrational excitation
in O, at 10 and 15 eV show that this phenomenon,
the details of which are not completely understood,
may exist in other molecules as well.
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II. APPARATUS

A rotatable cylindrical electrostatic selector is
used to produce a monoenergetic beam of electrons
of small angular divergence which is crossed with
a highly collimated molecular beam. The angular
.dependence and energy distribution of the scattered
electrons are studied using a second electrostatic
analyzer.

The apparatus is fundamentally similar to instru-
ments previously employed in this laboratory® but
does possess several refinements, A schematic
diagram of the instrument is shown in Fig. 1.
Electrons emitted from the thoria-coated hairpin
filament are accelerated to 20 eV by the anode po-
tential. The three-element aperture lens consisting
of electrodes 4, 5,6, is designed according to the
theory given by Read!?; it images aperture 1 onto
the input aperture 7 of the monochromator, and it
decelerates the beam to 2 eV, Aperture 3 forms
the angular stop for the injection optics and limits
the semiangle of the beam entering the monochro-
mator to 5°. Because the divergence of the beam
is restricted, electrons do not strike the cylinders
forming the monochromator, This obviates the
need for grids generally employed in monochro-
mators of this type,!* and thus simplifies construc-
tion. The inner and outer radii are 1.9 and 3.2 cm,
respectively. The monochromator is rotatable
from —10° to 120°.

A 2-eV beam of about 1X10® A and full width at
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FIG. 1.
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half-maximum (FWHM) of 0.030 eV emerges from
the monochromator and is focussed at the desired
energy onto the molecular beam by the three-ele-
ment lens system 10,11, and 12. The impact en-
ergy is controlled by varying the potential between
the first and third elements (electrodes 10 and 12)
while the potential on the center element 11 is pro-
grammed to maintain a fixed focus. The resolution
of the beam is measured by examining the width of
the distribution due to elastic scattering or by mea-
suring the widths of narrow resonances in the elas-
tic scattering cross section; the position of several
of these resonances which are now well documented'®
serve to establish the energy scale by performing
experiments in a mixture of the calibration gas and
the gas under investigation.

The fringing fields at the input and output planes
of the monochromator and analyzer, which possess
identical dimensions, are compensated for by ap-
plying the Herzog correction.!® Thus we use a
sector angle of 112° (instead of 127°), and we place
the input and output apertures 0. 25 cm from the
ends of the cylindrical electrodes.

The molecular beam is formed by allowing gas
to effuse from a fine fused-glass capillary array
with pore size 0.0025 cm, thickness 0.05 cm,
transparency 50%, and total diameter 0.15 cm.
The pressure behind the array is maintained at a
sufficiently low value such that the gas flow through
the array is effusive. The existence of single-
collision conditions in the interaction region is con-
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Schematic diagram of double electrostatic analyzer,
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firmed by demonstrating the linearity of the elas-
tically scattered signal as a function of the back-
ground pressure in the vacuum system. This back-
ground pressure is monitored by a Bayard-Alpert
ionization gauge mounted on the low-pressure side
of the vacuum system. The array yields a pres-
sure of 10° Torr in the collision region and is gold
plated to avoid accumulation of scattered electrons,

Electrons scattered from the molecular beam
enter the electron-optical system of the analyzer
through the acceptance angle defined by apertures
13 and 14. Aperture 14 is moveable which permits
the acceptance angle to be varied over the range
from 2° to 6°. This feature is included to improve
measurements of differential cross sections which
vary rapidly with angle. Electrodes 15, 16, and
17 comprise a third three-element lens which
focusses the electrons onto the input aperture of
the analyzer and adjusts the energy of the beam
to the desired analysis energy of 2 eV. Electrodes
2,9, and 18 are perpendicular pairs of deflection
plates whose potentials may be adjusted to com-
pensate for mechanical misalignments and penetra-
tions of stray fields, Shields S1,52,S3,S4, and S5
restrict stray electrons and limit penetration of
potentials from the various apertures into the
collision region.

All parts of the instrument are constructed from
molybdenum and cleaned by the etching process
described by Rosebury'”; adjacent parts are in-
sulated by using 0. 15-cm-~diam sapphire spheres.

Magnetic fields are eliminated from the instru-
mental region by three pairs of mutually perpen-
dicular Helmholtz coils approximately 30 in. in
diam. The instrument is enclosed in a nonmag-
netic stainless-steel vacuum chamber bakeable to
400 °C. A high-speed 6-in. oil diffusion pump,
water baffle, and liquid-nitrogen trap enable an
ultimate vacuum of 5X10° Torr to be achieved
after baking the system for 24 h,

Electrons emerging from the exit aperture of the
analzyer 20 are detected by a Bendix helical
channeltron multiplier. A 90% transparent grid
21 prevents penetration into the electrostatic
analysis region of the high voltage applied to the
channeltron multiplier. Shields S4 andS5eliminate
signals from other directions from arriving at the
multiplier. The background counting rate of the
system is extremely low, only 5 counts per minute,
Pulses from the collector are applied directly to
the input of a charge-sensitive field-effect-tran-
sistor (FET) preamplifier which is maintained at a
high voltage (2800 V). The output pulses are trans-
formed to ground potential, amplified, shaped,
amplitude limited by a single-channel analyzer,
and the counting rate is measured with a scaler
and ratemeter. For sufficiently high counting
rates the analog output from the ratemeter is dis-

played on an X-Y plotter. Alternatively for low
counting rates the pulses are taken to the digital
input of a 1024-channel signal averager. The
channel address of the signal averager is synchro-
nized with the sweep voltage appropriate to the
particular mode of operation of the instrument, so
that successive sweeps are accumulated in the
memory of the averager. This technique improves
the signal-to-noise ratio in proportion to the
square root of the number of sweeps. The count-
ing rate of the system depends on the nature of the
process being observed, and it varies between a
few thousand counts per second to a few counts per
minute. The latter requires signal accumulation
using the averager for up to 24 h, After storage,
the contents of the signal-averager memory are
plotted on an X-Y plotter via a digital-to-analog
converter,

III. RESULTS

The basic experiment that we perform using the
double electrostatic analyzer measures the energy-
loss spectrum, which exhibits well-pronounced
peaks characteristic of the elastic and the first
three vibrational cross sections, The simplest
and most-reliable measurements consist of taking
the ratio of the peak heights and studying these as
a function of incident energy or angle of observa-
tion. Such a ratio eliminates all problems con-
nected with focussing of lenses (whose focal length
changes with energy) or imperfections of the ap-
paratus as the angle is altered. We shall show
below that considerable effort is necessary to ob-
tain reliable absolute curves as a function of en-
ergy and angle of observation.

Energy Dependence of Ratio g, /0,

Figure 2 shows the ratio of the first vibrational
peak (v=1) to the elastic peak, plotted in the en-
ergy range 2—-35 €V, for three angles of observa-
tion, Two peaks are clearly evident; the first re-
sults from the well-known 211, shape resonance®'!?
in the neighborhood of 2.3 eV. The second peak is
reported here for the first time. Since we are
initially interested only in the broad features of this
spectrum the data points are plotted at intervals
of 2—-3 eV; thus the resonant structure which we
observe in the vicinity of 2 eV and also at 11,48 eV!®
is not included in Fig. 2. The peak is evident at
all angles of observation. Since large vibrational
cross sections often proceed via compound states
in homonuclear diatomic molecules, we postulate
that such may also be the case for the 22-eV peak.

It should be noted that Fig. 2 presents only the
ratio of cross sections. In order to obtain the true,
absolute, energy dependence of these cross sec-

‘tions, one has to make corrections for changes in

the focal conditions of the electron optics as the
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FIG. 2. Ratio of cross section to the first vibrational

state of N, to elastic cross section (0,/0,) vs elec-
tron energy, for three angles of observation. The peak
at 22 eV is interpreted in terms of broad overlapping
compound states at that energy.

energy is swept. This can be accomplished in two
ways: One can calculate theoretically the perfor-
mance of the lenses and correct the measured
points accordingly. Alternately, one may calibrate
the apparatus on a cross section that is reliably
known and correct the experimental readings ac-
cordingly, We found the latter approach more con-
venient and reliable, and we describe our procedure
below,

Calibration Procedure

For calibrating our apparatus, we rely on the
elastic cross section in helium as calculated by
LaBahn and Callaway.!® It is believed that this
cross section is reliable to + 5% but it is much
better for angles larger than 30° for which the the-
oretical cross section agrees extemely well with
experiment, Figure 3 shows the theoretical curve
for helium, taken from the work of LaBahn and
Callaway. All subsequent energy dependences re-
ported in this paper are normalized to this curve.

For example, when we wish to measure the en-
ergy dependence of the elastic cross section in N,
at a given angle (e.g., 30°), we proceed as follows:
We measure the height of the elastic peak in N, at
a given pressure. We then replace the nitrogen
gas by helium and measure the elastic peak at the
identical pressure.?® We multiply the experimental
ratio thus obtained [6,,(N;)/0,,(He)] by the theoreti-
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cal cross section to obtain the absolute value of the
differential elastic cross section in N,. The top
curve of Fig. 3 shows the result of such a proce-
dure, and it provides us with a “secondary stan-
dard” for the differential elastic cross section in
N,, traceable to the LaBahn and Callaway cross
section in helium,

Comer and Read!! measure the differential elas-
tic cross section at an angle of 40° and 85° and
obtain values of 6.3 and 1.8%10"'® cm?/sr, respec-
tively, around 11.5 eV. Their values are thus
higher than ours by a factor of about 3. This dis-
crepancy is not understood.

When we wish to measure the energy dependence
of the vibrational cross section we proceed in a
similar manner. We measure the ratio o,(N,)/

0, (N,) and multiply by the value of the “secondary
standard”, i.e., the value of the elastic cross
section in N, shown in Fig. 3.

A small correction must also be made when
measuring the angular dependence of any cross
section, This effect is due to the fact that the col-
lision volume, defined by the intersection of the
molecular beam, incident electron beam, and the
acceptance cone of the analyzer optics exhibits a
small variation with the angle of observation.
However, this correction is small and is at most
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FIG. 3. Differential elastic cross sections at an angle
of 30°, The bottom curve is taken from the theoretical
work of LaBahn and Callaway and is used for normaliza-
tion of the electron optics. The top curve is an experi-
mental curve for N,, normalized to the bottom curve.

The top curve serves us as a secondary standard to which
all other energy dependences are normalized.
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FIG. 4. Theoretical and experimental angular dis-
tributions at 25 eV in helium normalized at 20°, All sub-
sequent angular distributions are corrected to the theo-
retical distribution of LaBahn and Callaway.

4%. Figure 4 shows the uncorrected, experimen-
tal, angular distribution in helium in comparison
with the theory. All the angular distributions
presented in this paper are normalized to the the-
oretical curve.

Energy Dependence of Absolute Vibrational
Cross Sections

The energy dependences of the absolute vibra-
tional cross sections for » =1-3 are shown in
Figs. 5-~7. All the vibrational cross sections show
a relatively large peak near 22 eV, at all angles
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FIG. 5. Energy dependence of differential cross sec-
tion for vibrational excitation to » =1, in N,, for three
_angles of observation,

tion for vibrational excitation to v =2, in N,, for three
angles of observation.

of observation, We cannot exclude the possibility
that sharp structures are superimposed on the
smooth curves shown. Infact, when we divide

a 1-eV interval on the curve for v=3 between
20.7 and 21.7 eV into 1000 points and accumulate
data for about 48 h, structure appears which is
spaced about 200 meV apart. However, since the
signal-to-noise ratio is only about 2~3, we cannot
be completely certain about the existence of this
structure, and thus we do not show it in Fig. 7.

Angular Dependence of Differential Cross Section

Angular dependences are shown in Figs, 8-11.
Figure 8 shows the elastic cross section, in the
range of energies 21.0-25.0 eV. Curves were
taken at 0. 5-eV intervals, but they are indistin-
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FIG. 7. Energy dependence of differential cross sec-
tion for vibrational excitation to =3, in N,, for three
angles of observation.
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FIG. 8. Angular distribution of elastically scattered
electrons. The angular distributions at different incident
energies in the range 21.0-25.0 eV are indistinguishable.

guishable as to shape, and thus we plot only a
single curve, representative of this range of en-
ergies. The monotonic behavior should be noted.

The shape of the angular dependence for the
first vibrational state, shown in Fig. 9 also shows,
over-all, a monotonic behavior with angle. Figure
10 shows the angular dependence for electrons
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FIG. 9. Angular distribution for electrons having excited
the v =1 state in N,.
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FIG. 10. Angular distribution for electrons having ex-
cited the v=2 state in N,,

having excited the v=2 state of nitrogen. At an
incident energy of 18.0 €V, a monotonically de-
creasing function is evident. At higher energies,
i.e., for 20.0, 22.5, and 25.0 eV, the angular
dependence shows an extremely complex struc-
ture, indicating the possibility that many over-
lapping compound states are present. A similar
interpretation can be associated with the angular
distribution for electrons having excited the v=3
state of nitrogen, as shown in Fig. 11.
1IV. DISCUSSION

Two features of the results presented in Sec.

III are noteworthy: (i) The vibrational cross
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FIG. 11. Angular distribution for electrons having ex-
cited the v =3 state in N,.
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section for »=1-3 in the neighborhood of 22.5 eV
is very large; (ii) the angular distribution for
electrons having excited the v=2 and v=3 state
of N, varies considerably as the electron energy
is varied. In Fig. 12 we combine the energy de-
pendence and the angular dependence for v=2 into
a single plot so as to present pictorially the com-
plexity of the process being studied. As has al-
ready been shown in Figs., 6 and 10, the energy de-
pendence of the cross section for v=2 (and also
for v=3) depends on the angle of observation and
the angular distribution depends on the electron
energy. Possibly the most prominent feature of
Fig. 12 is the occurrence of a “hump” in the en-
ergy dependence at intermediate angles of obser-
vation. It thus appears that the angular distribu-
tion in the energy range 20-25 eV is not char-
acteristic of a single partial wave, but it appears
to be a superposition of many resonant partial
‘waves.

On the low-energy and the high-energy sides
of Fig. 12, the cross section is very much reduced
in magnitude, and the angular dependences show
a smooth monotonic behavior with a peak in the
forward direction. Since N, does not possess a
permanent dipole moment these contributions to
the cross section probably arise from higher-

|o»

multipole interactions.

The experimental results described above lead
us to the possibility that many compound states
exist in the neighborhood of 22 eV and that their
spacing is so close that it is difficult to resolve
them,

These compound states are unlikely to bear
much relation to the ionization potentials (at 15.6,
16.7, 18.8, and 23.6 eV), because the cross sec-
tions in Figs. 5-7 show no pronounced structure
there. Rydberg excited states are known to form
compound states lying below their parents?' and
shorter-lived compound states lying above their
parents. In addition, there is also the possibility
that valence excited states form compound states.??
To estimate their density, consider the valence
states of N, and N,~. There are eight valence
orbitals available in N, and N,-, which can be con-
structured from atomic 2s and 2p states; they are,
in order of ascending energy, (v,2s), (0,2s), (7,2,)
(doubly degenerate), (0,2p), (7,2p) (doubly de-
generate), and (0,2p). The lowest five of these
orbitals are filled in the N, ground state, which
has a configuration KK (0,2s)?(0,2s)?(0,2p)?(m,2p)*;
the uppermost three are empty. Following the
nomenclature customary in solid-state and nuclear
physics, we shall use the term “hole state” for
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the occupied orbitals (0,2s), (0,2s), (7,2p), and
(0,2p); and we shall use the term “particle state”
for the valence orbitals which are empty in N,,
i.e., (m2p) and (0,2p). The valence excited states
of N, have » electrons in particle states, where

1 <»n <6, and correspondingly » vacancies in hole
states; as in solid-state and nuclear physics, we
shall say that such an excited state has » “parti-
cles” and n “holes”, or »n “particle-hole pairs”,

The ground state of the negative ion N,~ has one
particle and no holes. It is an autoionizing com-
pound state (near 1.8 eV) which can decay to var-
ious vibrational levels of N, by emitting an elec-
tron; in the nomenclature customary in electron
scattering, it is called a “single-particle reso-
nance” or “shape resonance”. There is another
such “shape resonance” consisting of a filled N,
core and a single (0,2p) particle, which has not
been identified to date. It is probably very broad.
N, must have also excited valence states which
possess n particles, where 6>n>1, and (z - 1)
holes; if n=2, one has a single extra electron
attached to an N, valence state with a single parti-
cle-hole pair. Conventionally, this would be a
“core-excited resonance”; having in mind the sin-
gle particle-hole pair, we shall call this state a
“singly core-excited vesonance”. Other valence
excited states of N,” can have from 2 to 5 particle-
hole pairs; following the usual nomenclature of
electron scattering, one might call the state with
two particle-hole pairs a “doubly cove-excited
vesonance,” and so on with n> 2,

All these states have autoionization widths which
arise in part from the ability of the electrons in
the higher orbitals, (7,2p) and (0,2p), to tunnel
through the centrifugal barriers (I=2 and 7=1),
and in part from an Auger process in which one
electron is emitted while one or more others drop
into lower orbitals. In the N, ground state, the
tunneling width of the (7,2p) orbital is 0.6 eV at the
equilibrium separation of N,, and falls rapidly as
the separation increases.!® This tunneling width is
extremely sensitive to the energy of the emerging
electron, and therefore to correlation effects be-
cause they determine the energies of the states;
for example, in the ground state of O, in which
the extra electron occupies a similar (r,2p) orbital,
the tunneling width is < 0.1 eV, since O, has good:
vibrational levels. Therefore, one would expect
the tunneling contribution of the (up to four) elec-
trons in the (m,2p) orbital to the width to vary from
about (0.6 €V)x4=2.4 eV (for four electrons)
downwards. The tunneling width of the (0,2p)
should be larger than for the (m,2p), because the
energy is higher and the lowest angular momentum
component smaller [/=1 instead of /=2 for (ngzp)].
Therefore, states with (0,2p) particles should
generally be very broad with tunneling widths of

several electron volts, The Auger widths are al-
most unknown; as a guide to their magnitude one
has only the existence of many Feshbach reso-
nances in different systems, while lie below their
parents in energy; they decay by the Auger process
and generally have widths appreciably below 1 eV,
We conclude that the widths of valence states
should vary from several electron volts for states
with (0,2p) particles, down to a fraction of an elec-
tron volt for some states containing only (7,2p)
particles. Values of a volt or so for the auto-
ionization width are consistent with the observed
ratios 0,.1:0,.2 0,3~ 12:3:1 at 90°, according

to Figs. 5-7; this rapid falloff of o,, as v rises,
suggests that the change of the nuclear separation
during the lifetime of the compound states is not
large compared with the zero-point amplitude;

in fact, the excitation cross sections fall off with
the vibrational quantum number a little less rap-
idly than for the 2T} resonance in e+ H, at about

3 eV, which has a width of order 3 eV.

The many compound states, which we suggest
as being responsible for the observed peak in the
vibrational excitation cross sections, could arise
in the following way. A straightforward count of
states with spin  (which are the only ones to be
found in e-N, scattering) gives 3,45, 210, 390,
285, and 75 levels with » particles and » -1 holes
in valence orbitals, where® n=1,2,3,4,5, and 6.
An examination of the low-lying spectrum of N,
and N,* suggests 11 eV as an average excitation
energy for the creation of a single particle-hole
apir., The excitation energies for states with a
given number of particle-hole pairs will spread
over a few electron volts because of the fluctua-
tions in the creation energies for the different
particle-hole pairs, and the different ways they
can be coupled, But, very roughly, one might ex-
pect about three N,~ shape resonances with n=1
in the interval of 11 eV centered at the ground
state, about 45 singly core-excited N, states in
the next intervalfrom (2. 3+%-)=7.8 eV to (2.3+ 3
x11)=18. 8 eV, about 210 doubly core-excited
states in the next interval from 18.8 to 29.8 eV,
and so on. Clearly, the expected average spacing
of valence states around 22 eV should be of the
order of (11 eV)/210~0.05 eV. This level density
comes from all compound valence states, and in-
cludes the broad ones arising from the (0,2p) parti-
cles. Any direct measurement of the level density
with an energy resolution of less than 1 eV, of the
kind described in Sec. IV for a 1-eV interval at
21 eV, would observe only a fraction of the level
density coming predominantly from the (m,2p) par-
ticles. In addition, there is a contribution from
the occupation of higher (i.e., Rydberg) orbitals.
(The relative importance of these compoynd states
is discussed in the Appendix.) At present, we can
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conclude only that the suggestion of an experi-
mental structure near 21 eV with a spacing of or-
der 0.2 eV is not inconsistent with the theoretical
guesses about the level density.

A possible reason why the levels contributing to
Figs. 5-7 should be bunched in an interval as
narrow as 7 eV (from 18 to 25 eV) follows from
considering the compound levels as a thermal
equilibrium, as is done in the statistical model of
the nucleus.?* The cross section for scattering to
a final state f through such compound states should
then have the approximate form o=0,P;, where o,
is the cross section for the formation of the com-
plex, and P, the probability for decay into the final
electronic state f, which would be akin to evapora-
tion. The peak in the cross-section curves in Figs.
5-7 could arise in the following way: The level
count quoted above (i.e., 3,45,210,...levels for
n=1,2,3,...) suggests a rapid rise of the level
density of N,~ at a bombarding energy around 15 eV;
therefore o, should start to rise there, probably
saturating at a value of the order of 10-!® cm?, due
to the finite size of the molecule. At low incident
energies, the value of P, starts at unity because
only the electronic ground state is accessible for
decay of the complex, and P, falls rapidly around
20 eV as more N, states become accessible, since
the level density of N, must also rise rapidly in
that region. The product o.P; would then show a
peak.

It is implicit in this model that the compound
states should be able to decay also to excited N,
states, and that the part of the corresponding cross
section arising from compound-state formation
should have a peak for each such state, although
possibly of a different width from the electronic
ground state.

The idea of compound states involving the excita-
tion of several electrons is not new, Several triply
excited states are known® in He- at a bombarding
energy of about 57 eV for electrons on He. The
number of levels and of electrons is much smaller
in He~ than in N,".

Vibrational excitation of N, at higher energies
has been previously observed: Skerbele, Dillon,
and Lassettre®® have studied vibrational excitation
at a single electron energy, namely 45 eV by ob-
serving forward-scattered electrons between 3°
and 14°, They observe a relatively large vibra-
tional cross section, and they find that the intensity
of the vibrational peak is a constant fraction of the
elastic peak, independent of the scattering angle
between 3° and 14°. Our own experiment confirms
these findings. We also agree with the interpreta-
tion of Skerbele et al., namely, that this process
does not involve a compound state and that direct
processes such as quadrupole transitions should be
invoked.

It is possible that the large vibrational cross
section in O,, observed by Trajmar, Cartwright,
and Williams!? at energies of 10 and 15 eV could
also be caused by the contribution of high-lying
resonances, but their final data are not yet avail-
able.
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APPENDIX: RELATIVE IMPORTANCE OF RESONANCES
ASSOCIATED WITH RYDBERG AND VALENCE STATES

In comparing the relative importance of different
compound states (Rydberg and valence states for
example), it is worth noting that the contribution
of any compound state to the total cross section
is determined essentially by the entry width. To
see this, consider a compound state at energy E,
with total width Ty and entry width I'y,,; let 0, be
the total cross sectic... The contribution of the
compound state at E, to o contains the energy E
in a Breit-Wigner factor,

xX2Ty 1 To/l(E=- E?+ £T2],

where x is the incident de Broglie wavelength, If,
as in the present experiments, the compound states
cannot be observed individually, it is appropriate
to consider the average 0, of o, over an energy
interval containing many resonances, i.e.,

_ +A/2
Gp=(1/8) fE’fA‘;z op (E")dE' .

If A>T, the contribution of the resonance at E,
to G,(E) is 2n%® Ty ,,/A. (This argument ignores
interference terms between different resonances,
which is permissible if the compound states differ
sufficiently for the relative phases to be random,)

In general, a negative-ion compound state in
which some of the electrons occupy Rydberg orbit-
als has a smaller Ty ;, than a compound state with
the same number of excited electrons, but all in
valence states. In making such comparisons, we
consider the sum over all the vibrational states
associated with each electronic state; then all
influence of the vibrational states disappears be-
cause the sum of the Franck-Condon factors is
unity.?’ _All that is important is the overlap of the
electronic wave functions. The larger spatial ex-
tent of the Rydberg orbitals makes their electronic
overlap integrals with the target wave function
and the incident wave (which enters into I'y,,)
smaller than the corresponding overlap integrals
with the more localized valence orbitals,

We stress that these considerations apply to the
sum over all vibrational states, and not to the de-
tection of individual vibrational states.
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