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A low-energy excitation process in CO at approximately 2.3 eV is investigated near
threshold by a trapped-electron method. Structure has been observed in this excitation
for the first time. An upper limit to the electron affinity of CO is established at -1.8
+0.1 eV.

Excitation of carbon monoxide by electron im-
pact in the region 1.5-3 eV incident electron en-
ergy has been studied by a trapped-electron
method in which a rather small well depth of ap-
proximately 0.05+ 0.03 V is maintained. A low-
energy inelastic process peaking at about 2.3 eV
is observed including structure as is shown in
Fig. l. This process has not been directly stud-
ied close to threshold before, and no structure
has been observed near threshold by previous in-
vestigators. Schulz' has observed the phenome-
non but not close to threshold. At least five
"bumps" are clearly distinguishable with a spac-
ing of approximately 0.2 eV. In the present work,
it was found that increasing the well depth shifted
the peak towards lower energy. At sufficiently
large well depths where no vibrational structure
could be observed in the a w excitation (see be-
low), this iow-energy peak increased in magni-
tude and peaked at approximately 1.7 eV in agree-
ment with the data of Schulz.

The type of device used in this experiment was
a Tate-Smith ionization tube. ' "Trapped-elec-
tron" spectra have been recorded in such a de-
vice. 3

The estimation of the well depth is difficult and
can hence lead to errors in the calibration of the
electron energy. In the present experiment the
well depth was kept sufficiently low to observe
the vibrational fine structure of the a~w excita-
tion. According to Herzberg the v = 0 vibration-
al level for this state occurs at 6.01 eV. One
method of calibrating the electron-energy axis is
by assigning a value of 6.0 eV to this level. By
extrapolating the electron beam current linearly
to zero and establishing this intercept as zero
energy, the v =0 vibrational level of the &PAL state
occurs at 6.0 eV in agreement with the spectro-
scopic data of Herzberg' and the electron-impact

data of Brongersma and Oosterhoff. '
In Fig. 2 another method of energy calibration

is shown. By increasing the voltage across the
parallel plates, only negative ions can be collect-
ed at the collector plate. ' The energy scale is
calibrated by assuming the peak on the dissocia-
tive-attachment cross section occurs at 9.9 eV. '
This mode of operation is much like that used by
Rapp and Briglia. ' In Fig. 2 the voltage across
the plates is 6.2 V for the negative ions (open
circles) which are taken at a sensitivity of 3.3
times the sensitivity of the trapped electrons.
The voltage across the parallel plates for the
trapped electrons is again zero. The peak at ap-
proximately 9.95 eV in the trapped-electron
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FIG. 1. Plot of trapped-electron current versus elec-
tron energy showing evidence of structure in transient
negative-ion formation. Insert shows transmitted elec-
tron current. Calibration of electron-energy axis is
obtained by linear extrapolation of transmitted electron
current to zero, which places v = 0 vibrational level of
a3n excitation at 6.0 eV.
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FIG. 2. Alternative method of calibrating electron-
energy axis. The electron-energy axis is calibrated by

placing the negative-ion peak at 9.9 eV. The "tran-
sient" negative ions again occur at =2.3 eV. Resolution
and amplification of "transient" negative ions is not as
great as in Fig. 1.

spectrum is from dissociative attachment, while
the one occurring at -10.4 eV is assigned to the
excitation of the b~Z+ state and the peak at -10.8
eV is assigned to the excitation of the B'Z+ state.
These results are in agreement with those of
Brongersma and Oosterhoff. ' The low-energy ex-
citation peaks again at approximately 2.3 eV, al-
though in Fig. 2 the amplification and resolution
are not as great as in Fig. 1.

Because of the geometry of the interaction re-
gion and the orientation of the electron beam with
respect to the plates, "total collection" of trapped
electrons cannot be ensured. Therefore the data
shown cannot be interpreted as proportional to
the total excitation cross section. The plot of
negative ions in Fig. 2 is, however, proportional
to the total cross section for dissociative attach-
ment.

To interpret the series of peaks in the 2.3-eV
region, all possible channels for energy loss of
the incident electron must be considered. These
possible channels are (1) direct electronic excita-
tion, (2) direct vibrational excitation, (3) forma-
tion of a stable negative ion, and (4) formation of
a "transient" negative ion. The lowest lying elec-
tronically excited state in CO lies at 6.01 eV.'
This eliminates the possibility of channel 1.

The fact that the cross section for production
of slow electrons of -0.08-eV energy is essential-
ly zero below -1.5 eV would eliminate the possi-
bility of channel 2. There is no a priori reason
to assume that direct vibrational excitation should

occur by electron impact only in the region from
1.5 to 3 eV, since this would highly favor the ex-
citation of the v = 5 through v =12 vibrational
states only.

In Fig. 1, no negative ions are observed in the
2.3-eV region. If this peak were due to stable
negative ions it would have been 3 times as large
when the apparatus was run in the "negative-ion
collection mode, " and it would have doubtless
been observed by previous investigators studying
negative ions. These facts rule out the possibili-
ty of channel 3.

Channel 4, the formation of a "transient" nega-
tive ion, remains as the only interpretation. In
this experiment, an electron is collected only if
it has lost all but 0.08 eV of its energy. There-
fore one possible interpretation of the observed
structure would be that a "bump" is observed
whenever a vibrational level of the "transient"
negative ion is coincident to within 0.08 eV of a
vibrational level of the ground state of CO, as-
suming that the states of the "transient" negative
ions are well defined. This is to say that an elec-
tron nears the molecule and temporarily attaches
to the molecule in some vibrational state of the
"transient" negative ion. A short time later the
negative ion autodetaches and leaves the mole-
cule in some vibrational state of the ground elec-
tronic state. If the ejected electron has =0.08 eV
or less it is then collected. In his experiment,
Schulz' studied electrons which had -0.25 eV of
energy or more after being ejected from the
"transient" ion state. These electrons would
leave the molecule in the lower lying vibrational
states of the ground electronic state. Such elec-
trons are not collected in the present experiment.
It is difficult to compare the two experiments in
that Schulz collected electrons which had been
scattered through an angle of 72 and analyzed
their energy loss, whereas in the present work
only those electrons which reiain approximately
0.05+ 0.03 eV of their energy are collected over
almost all scattering angles.

Since the lifetime of this "transient" ion is
short, there may be a loss of definition in the
various vibrational levels of this state. There-
fore the state may not have to be within 0.08 eV
of a vibrational level of the ground state of CO in
order to cause a "bump. " "Smearing" of "bumps"
may therefore arise due to the fact that the levels
of the "transient" ion state are not precisely de-
fined. The resolution of the "bumps, " however,
is most likely limited by the 0.2-eV energy spread
in the primary electron beam. The observed
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structure is in striking agreement with that of
Hall and Reinhardt ' for the case of N, which is
isoelectronic to CO.

The "bump" observed at the lowest energy oc-
curs at the location of the ground state of the
"transient" negative ion or higher. This would

allow the assignment of an upper limit to the elec-
tron affinity of CO. In Fig. 1 there is a definite
bump at 1.8 eV and possibly another at -1.6 eV.
This experiment assigns the value of -1.8+ 0.1 eV
as an upper limit for the electron affinity of CO.
The possibility of another "bump" at 1.6 eV may
reduce this value when greater sensitivity is
achieved.
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A nonarbitrary method is presented for the calculation of inelastic-scattering wave
functions by an expansion technique. The method can be applied for any incident energy,
including values at resonances resulting from stable or metastable bound states. Calcu-
lations are presented for an exactly soluble two-channel model problem which illustrates
the utility of the method.

A central objective in the development of ex-
pansion methods f'or treating nonrelativistic
quantum-mechanical scattering is the identifica-
tion of optimum criteria for defining the expan-
sion coefficients. The well-known variational
methods of Kohn' and Hulthdn' are arbitrary in
the sense that they are two of an infinite set of
prescriptions leading to phase shifts whose er-
rors are of second order. Moreover, the varia-
tional criterion alone is not sufficient to guaran-

tee in any reasonable sense an optimum wave
function, as is evidenced by the convergence
problems' exhibited by the Kohn method. The
difficulties are, at least in part, due to the ap-
proximation of a continuous-spectrum Hamilto-
nian by a finite-dimensional projection thereof
whose discrete spectrum does not necessarily
contain an a priori-selected scattering energy.
This consideration?ed one of the present authors
to propose a method for selecting scattering en-
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