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%e report the measurements of the relative total cross sections of collisions between electrons

and molecular nitrogen and between electrons and carbon monoxide for incident electron energies

in the range 10—2S eV. Through the use of a crossed electron-supersonic-molecular-beam

con6guration and a phase-lock detection technique we obtain direct measurement of features in

the relative total cross section that are approximately 10 ' of the total cross section itself. Our

measurements con6rm that the e -N2 collisions exhibit a number of features that can be con-

sistently interpreted with the grandparent model proposed by Sanche and Schultz [Phys. Rev. A 6,
69 (1972)], and further developed by Brunt, King, and Read [J. Phys. B 11, 173 0978)]. The e

CO collisions are also amenable to this interpretation. %e 6nd no evidence of a Feshbach reso-

nance at 15.6 eV and suggest that the Feshbach resonances in the e -CO system arise from only

two grandparent states, as they do in the e -N2 system.

I. INTRODUCTIGN II. EXPERIMENT

The study of low-energy electron-molecule collisions
has been of interest to physicists for more than six de-
cades. Through the study of such systems we have come
to appreciate the complexity of the interactions between
an electron and a molecular target, interactions that
have not proven to be amenable to detailed theoretical
analysis. While there have been a number of calcula-
tions' of the low-energy shape resonances that occur
at electron energies of 1.52 eV in e -CO and of 1.89 eV
in e -N& collisions, there are no similarly refined calcu-
lations of the features that are found in the scattering
cross sections of these two systems at the higher energies
of 10-25 eV. Lest this be considered the sniping of dis-
gruntled experimentalists, we hasten to add that the ex-
perimental work on these features has been diScult to
interpret, as the resonances represent small excursions
(10 —10 ) from the nonresonant scattering cross sec-
tion. One of the more sensitive methods, which mea-
sures the derivative of the transmitted electron current,
has been of value in determining if there is or is not a
resonance feature in the scattering cross section, but it is
difficult to determine the energy and shape of the feature
precisely from such measurements. In this paper we de-
scribe a method used to measure the relative total
scattering cross section (RTSC) that allows us to deter-
mine the energies and shapes of features in that cross
section that represent resonant scattering. In Sec. II we
describe the experiment, in which a modulated superson-
ic molecular beam and an electron beam collide in a
crossed-beam con6guration. Section III is a presentation
of the relative total cross sections obtained in this study
and an analysis of these cross sections using the
grandparent model. In Sec. IV we summarize our
6ndings.

The apparatus used in these investigations has been
described briefly in a previous paper. It is shown
schematically in Fig. 1. The molecular target is a super-
sonic nozzle beam that has a Aux of 6.0& 10'
molecules/cm sec. In the target region, the diameter of
the beam is approximately 0.7 cm. The molecular beam
is modulated with a mechanical chopper that rotates
with a frequency of 57 Hz. A signal from an infrared
photogate provides the reference signal for the phase-

FIG. 1. Cross sectional view of the crossed-beam apparatus.
The supersonic beam is produced at the nozzle-skimmer assem-

bly {1)and then modulated by the chopper (2). The pillar to
the right of the fan contains the photogate assembly. The gas
that is skimmed away is pumped out (3) by a difFusion pump
with a pumping speed of 2000 L/sec. The chopper region is it-
self also pumped through a side port (4). The electron beam is

produced by a trochoidal velocity selector (S) and analyzed by
a second such selector (6) after traversing the interaction re-

gion (7). The magnetic fields for the operation of the tro-
choidal selectors are provided by solenoids (8) that are aligned
with the stainless-steel tube containing the selectors.
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sensitive detection (PSD) described below. An advan-
tage that we obtain through the use of a supersonic
molecular beam is the elimination of tbe broadening of
the observed features that would result from the thermal
motion of the target. At room temperature, the
thermal broadening in a nitrogen gas target is approxi-
mately 8 me V. In the current work the thermal
broadening is of the order of a microvolt.

The kinetic energy of electron beam is defined by a
trochoidal velocity selector, After traversing the col-
lision region, the energy of the electron beam is analyzed
by a second trochoidal velocity selector. The beam then
enters an electron multiplier. The signal from the elec-
tron multiplier is processed by a high-voltage isolation
preamplifier. The output from the preampli6er is a
time-dependent voltage V(t, E) given by
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V(t, E)=GI [1 n(t)Q(E—)x],
where 6 is the input impedance of the electron multi-
plier and isolation preamplifier, Io is the beam current
incident on the target, n (t) is the time-varying, spatially
averaged density in the target region, Q (E) is the
effective cross section for the removal of electrons from
the electron beam by the target beam, and x is the
length of the electron trajectory in the interaction re-
g1on.

This signal is then processed by a lock-in amplifier us-
ing a signal from the photogate mentioned above as the
reference signal. The lock-in removes the dc component
from the signal and yields a signal which is directly pro-
portional to Q(E). This Q(E) is very nearly equal to
the total cross section o(E) at a given energy E (apart
from a constant factor) for the following reasons. First,
the second trochoidal analyzer is set to pass electrons of
the same kinetic energy as the first analyzer. This
prevents any inelastically scattered electrons from pass-
ing through the second analyzer. Second, the axial mag-
netic field provided by the iwo trochoid solenoids drops
from 18.0 mT in the analyzer region to 2.5 mT in the in-
teraction region. Thus a magnetic mirror is formed
that prevents electrons that have been elastically scat-
tered by more than a few degrees from entering the
second trochoida1 velocity selector. This represents a
considerable decrease in the acceptance angle for a dual
trochoidal electron-impact spectrometer. ' %e find that
the effective cross section Q(E), for S-wave scattering, is
thus given by

FIG. 2. Relative total cross section of e -N&. Feature "a"
is shown at half-size. The assignments of the features is given
in Table I.

before and after each run using standard retardation
procedures. The electron spectrometer usually supplies
8 nA of current with a full width at half maximum of 35
meV.

III. RKSUI.TS

A. Nitrogen

The effective cross section Q(E) is plotted as a func-
tion of energy in Fig. 2. Arrows indicate the location of
the centers of the features, whose values are listed in
Table I. The presence of many of these features has
been noted before '" ' in electron-molecule collision
experiments, but the present work shows the shape and
width of these features. These relative total cross sec-
tions are also easier to interpret than those from the
derivative-current method, having the advantage that
the series of vibrational states associated with a particu-

TABLE I. Features in the e -N2 relative total scattering
cross section. The letters in the feature column refer to the
features denoted in Fig. 2. The energy that marks the center of
the feature is listed in the energy column. The assignments of
the resonances are given in terms of the grandparent model by
listing the orbitals of the two Rydberg electrons, then the
positive-ion core.

Temporary negative ion

Q (E)=a;„(E)+0.97o „(E),
where o;„(E) is the total inelastic cross section at an en-

ergy E, and cr„(E) is the total elastic cross section at the
same energy.

The total cross sections are obtained as functions of
incident electron energy by repeatedly sweeping the po-
tential applied to the electron spectrometer through a
2.56-V range in 10-meV steps over a period of several
hours. The electron beam energy is calibrated at the be-
ginning and end of each run in comparison with the
19.35-eV electron-helium window resonance. The ener-

gy distribution of the electron beam is also determined

11.48
11.74
11.90
12.20
12.64
12.87
13.00
13.23
13.46
13.70
13.88
14.12
14.36

(3so ) X Xg+, v=O

(3so~)(3po „)X Xg+,

(3scrg )(3pH„)X Xg+,
(3-', )'A'H. '='0'
(3sog) A H„, v =1
(3scrg )(3po „)A ~H„,
(3sog )(3po „)A ~H„,
(3so ~ )(3po „)A H„,
(3sog)(3po. )A H
(3po.„) A'H„, u=O
(3po„) A H„, u=1
(3po.„) A H, v=2

u=0
v=0

v=0
u=1
v =2
u 3
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lar grandparent state may be identi5ed more readily.
The two grandparent states which contribute to Fesh-

bach resonances in 8 -N2 collisions aI e X Xg and

A H„. The 5rst state gives rise to the four features not-
ed between 11.48 and 12.20 eV. These assignments
agree with those of (Brunt, King, and Read) BKR. The
second state gives rise to three vibrational series, as not-
ed in Table I, the 6rst two of which agree with BKR,
while we find that the (3po „)~ series begins at 13.88 eV,
and not 14.134 eV as they claim. We have also observed
the large broad shape resonance that peaks at 22.5 eV, a
result that is in good agreement with measurements of
the absolute total cross section.

8. Carbon monoxfide
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The features in e -CO relative total cross section be-
tween 10 and 25 eV are listed in Table II with our as-
signments of those features. The cross section as a func-
tion of energy is displayed in Fig. 3. We have found
that the Feshbach resonances in e -CO collisions in-
volve only two grandparent states X X+ and A 0, and
that there is no feature corresponding to the 8 X+ state.
We have also found that the feature at 10.42 eV may be
assigned to the (3so ) {3pcr ) Rydberg electron
con6guration, an assignment that establishes a close
correspondence between the four features seen in the
e -N2 cross section between 11.48 and 12.20 eV and the
four features seen in the e -CO cross section between
10.04 and 10.72 eV.

The next two features in the e -CO cross section are
more diScult to assign, and we propose that they are
core-excited shape resonances. They correspond to no
state with a X X+ grandparent, and are too low in ener-

gy to have an A 20 grandparent. It seems likely that the
first resonance with an A2II grandparent is found at
12.58 eV. The feature at 12.78 eV is probably the first
vibrationally excited state of the (3sa ) A II temporary

TABLE II. Features in the e -CO relative total cross sec-

tion. The letters in the feature column refer to the features

denoted in Fig. 3. The energy that marks the center of the

feature is listed in the energy column. The assignments of the

resonances are given in terms of the grandparent model by list-

ing the orbitals of the two Rydberg electrons, then the

positive-ion core. The exceptions are the "e" and "f"features,

which do not correspond to a possible temporary negative ion,
and which are probably core-excited shape resonances.

FIG. 3. Relative total cross section of e -CO. Feature "a"'

is shown at half-size. The assignments of the features is given
in Table II.

negative ion, as the vibrational spacing for the 2211
configuration of CO+ is 190 meV.

We come to another vibrational series beginning at
13.98 eV. The series continues with three vibrationally
excited states at 14.18, 14.38, and 14.56 eV, correspond-
ing to U =1, 2, and 3, respectively. We find no state cor-
responding to a (3scr) (3pe) A II temporary negative
ion, although one is expected at approximately 13 eV.
We find no evidence of the feature at 15.6 eV reported
by BKR' that they interpret as a Feshbach resonance
with a 8 X+ grandparent state.

There is one last feature to comment on, which is the
broad shape resonance that is centered at 19.5 eV. We
have found no structure either in this shape resonance or
in the similar feature in the e -N2 cross section. This
lack of structure is consistent with the resonant continu-
um model proposed by Dehmar et al. '~ This is in con-
trast to the observations of Pavlovic et al. ,

' who did
see structures in the e -Nz cross section in this energy
region, and in agreement with the observations of Tronc,
Azria, and LeCoat, ' who failed to observe any such
features in the e -CO cross section. The greater energy
resolution of the present work confirms the interpreta-
tion of these broad features as shape resonances that
arise from vibrational excitation of the ground electronic
state. "

Feature

10.04
10.27
10.42
10.72
11.24
12.18
12.58
12.78
13.98
14.18
14.38
14.56

Temporary negative ion

(3sa) X X+ u=O
(3so) X2X+, u=1
(3so)(3po)X X+, u =0
{3sa)(AH)g2X+, u =0
core-excited shape
core-excited shape
(3so.)232H;, u =0
(3so. ) A2H;, u=1
(3pa) A H;, u=0
(3po ) A H;, u = 1

(3po }~A~H;, u=2
(3po) A H;, u=3

IV. CONCLUSION

We have developed a new method for observing
features in the relative total cross section for electron-
molecule scattering. This method, which uses dual tro-
choidal velocity selectors to define and analyze the ener-

gy of the electron beam and a supersonic molecular
beam as a target, allows us to determine features that
represent changes of 10 in the RTCS. %'e have used
this method to locate a number of features in the RTCS
of e -N2 and e -CO scattering, and have been able to
assign them to the formation of temporary negaiive ions
using the BKR model. %'e And that nearly all of the
features in the two RTCS studies are consistent with this
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model. %'e have also observed the continuum shape res-
onances in these RTCS„and find no evidence of vibra-
tional structure in them. The width of these shape reso-
nances, about 7-8 eV, indicates that these resonant
states are short lived (i=10 ' sec), compared to the
Feshbach resonances, which are much narrower, with
widths of 5-SO meV.

%e have found that a11 Feshbach resonances in these
two systems arise from two grandparent states; in e

N2, the grandparents are X Xg+ and A H„, in e -CO,
the grandparents are X X+ A II. %e found no evidence
for a third Feshbach resonance in e -CO arising from a
8 X+ grandparent.
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