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The electron energy dependences of the cross sections and of the ion kinetic energy distri-
butions have been measured for 0 production from CO and NO. The present apparatus per-
mits total collection measurements as well as kinetic energy analysis and mass identifica-
tion of the ions produced. It is shown that in CO two reactions contribute to the single peak
in the cross section, whereby carbon atoms are produced in their ground state and in their
first excited state (D) respectively. The first reaction is predominant, and known from pre-
vious work to have a peak cross section of 2. 0&&10 cm . Normalized to this, the second
reaction is shown to have a peak cross section of 9.5&&10 cm . In NO it is shown that 0
production proceeds exclusively through the reaction e+ NO 0 + N* where N* is the first
excited state ( D). No 0 ions are observed corresponding to the formation of ground state
N. Nor is there any evidence for the production of the second excited state of nitrogen,
N( P), postulated by Dorman to account for the structure in the attachment cross section.

INTRODUCTION

In two previous publications, '~' Chantry and
Schulz have discussed in some detail the prob-
lems attending the experimental determination
of the energetics of dissociative attachment
reactions using electron beams, and the extent
to which these problems are alleviated by
making suitable direct observations of the ion
kinetic-energy distributions as a function of
electron energy. The superiority of such a
technique over earlier techniques involving
retarding potential analysis of the ion energies
was demonstrated in Ref. 2 (hereafter referred
to as CS) in a study of 0- production from 0,
The purpose of the present paper is to report the
results of similar measurements on the reactions

e+ CO-0- +C, (i)
and e+NO-0- + N. (2)

These reactions were first observed by
Vaughan' and by Tate and Smith4 and have been
studied repeatedly' since that time. The present
study of the reaction (1) was undertaken to estab-
lish that the threshold does indeed correspond
to the accepted values of the dissociation energy
D and of the electron affinity A. In such cases
as this, where the cross section rises very
sharply, probably vertically, to a maximum
value at threshold, the determination of the
true threshold from a measurement of the energy
dependence of the cross section presents an
unfolding problem which requires a detailed
knowledge of the electron energy distribution
used. ' An alternative approach is to measure
the most probable ion energy as a function of
most probable electron energy over as wide a
range as possible, and extrapolate the data in
the theoretically expected linear manner to the
threshold. This method, used in CS to study
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0- production from O„has the advantage of
being relatively insensitive to the details of
either the cross-section shape or the electron
energy distribution. In the present work this
technique has been applied successfully to a
determination of the threshold in CO, and estab-
lishes also that two separate processes contrib-
ute to the total cross section for 0 production
from this molecule. The presence of two such
processes is easily detected by the present
technique provided they involve separate
dissociation limits, since in this case the
dependence of the ion kinetic-energy peaks on
electron energy forms two sets of data, giving
two distinct extrapolated thresholds.

The present study of 0- production from NO
was undertaken in order to obtain a better
understanding of the energetics of the process,
and thereby of the shape of the cross section.
In a recent paper Hierl and Franklin' claim that
the appearance potential for 0- from NO is
5. 0 +0. 1 eV, from which they conclude that the
dissociation products are 0-+N(4S), i. e. ,
grov .d state N, for which the theoretical onset
is 5. 0 eV. In contrast to this, however, there
are eight other values' for the experimentally
observed appearance potential available in the
literature, ' all of which lie between 7. 0 eV and
7. 5 eV. It would, therefore, appear that either
Hierl and Franklin were observing a different
process from that observed by all other workers,
or their electron energy-scale calibration was
in error by two or more volts. Since two'»' of
the eight previous determinations were performed
with total ion collection, the former conclusion
is more difficult to accept than the latter; and
one concludes that their identification of the
states of the dissociation products rests on
questionable' experimental evidence.

Whilst there is a certain degree of agreement
between other previous workers as to the appear-
ance potential of 0- from NO, there is a dis-
tinct lack of agreement as to the dissociation
limit and the shape of the cross section. Of
particular interest is the double peak structure
in the cross section observed in the previous
total collection experiments. '»' On the basis
of mass spectrometric and ion retarding-
potential analysis, Dorman' has recently
suggested that the structure arises from two
separate processes leading to two distinct
dissociation limits 0—+ N" ('D) and 0 + N*('P).
This proposal may be easily tested with the
present technique. As we shall see, we are led
to the conclusion that the second process proposed
by Dorman does not take place.

In Sec. I of this paper, the question of the exact
behavior of the kinetic energy distribution in
the threshold region is discussed on the basis of
the exact theoretical distribution derived in CS.
We consider also the effects on the observed
position of the peak to be expected from ion
energy discrimination in the experimental sys-
tem. In Sec. II, a description of the experi-
mental technique is given, with particular em-
phasis on the problem of adequately calibrating
the electron and ion energy scales. In Sec. III,

the results are presented and analyzed so as to
identify the reactions occurring. On the basis
of these results, qualitative potential energy
curves for the XY-* state involved are presented
in Sec. IV.

I, THEORY

It has been shown by CS that in the reaction'

e+XY X-+ Y+

the ion X- produced by electrons of energy Ve
will have a kinetic energy distribution whose
most probable energy is at E„defined as

(4)E = (1-p)[V —(D A+E+-)],

where P=m/M, m and M being the masses of
X and XY, respectively, D is the dissociation
energy of XY, A. is the electron affinity of X, and
E~ is the excitation energy of P'. Therefore, if
one measures the most probable ion energy as a
function of electron energy Ve, one may analyze
the data using Eq. (4). That is to say, one fits
the data points with a straight line of slope
(1—P) and extrapolates, if necessary, to zero ion
energy. The value of Ve at this intercept pro-
vides a. determination of (D A+E*), f-rom which
we may identify the state of excitation of the
neutral fragment. As shown by CS, the appear-
ance of the peak of the distribution (the most
probable ion energy) at E„defined by Eq. (4), is
conditional on satisfaction of the inequality
E, ))PkT In the c.ase of 0 from 0, considered
by CS this condition was well satisfied through-
out the range of E, of interest. As will be seen,
in the present work 0 is produced from CO and
NO over a range of E, extending down to zero,
where the condition E,))PkT is obviously not
satisfied. The exact behavior of the most
probable ion energy in the threshold region is
therefore of interest.

The most probable ion energy in the obse~ved
peak is also dependent, over the whole energy
range, on the degree of energy discrimination
present in the ion detection system. For the
purpose of analysis this will be assumed to be
of the form E-&, in which case the shape of the
observed energy distribution is determined bye

&E n E/PkT--
MS

&&sinh(2EO E / /PkT), (5)

where IMS is the current of 0 detected by the
mass spectrometer when the ion energy analyzer
is tuned to transmit ions of initial energy E.
C is a constant in that it is independent of E, this
being the only aspect of it of interest to the pres-
ent discussion. The position of the observed
peak is given by equating to zero the differential
of Eq. (5) with respect to E. For convenience
we define the dimensionless energies

n' = E/pk T and n, ' = E,/pk T.
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In terms of these, the position of the observed
peak ap' is given by one" of the roots of the
equation

czo' = (n+ n/zy)' tanh (2zyn ), (7)
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This may be solved numerically, allowing n~'
to be plotted as a function of n, ' for various
choices of n. Fig. 1 shows four such curves,
for n=0, 0. 5, 1, and 2. The broken parts of
the curves correspond to minima in the distri-
bution given by Eq. (3), which arise for nk0,,

temperature reduced from that of the target
molecules by the factor P, since they have the
same velocity distribution but a mass reduced
by this factor.

The near-threshold behavior of the observed
energy distribution, represented in Fig. 1, may
be put in perspective by noting that the instru-
mental energy resolution in the present experi-
ment corresponds to a "window" of width at half
maximum of approximately 0. 1 eV. This corre-
sponds, at room temperature and for these
particular gases, to approximately 7PkT. Thus
we cannot expect to resolve any structure
imposed in this region by the energy discrimi-
nation. We note, however, that for small n and
energies greater than a few PIzT the observed
most probable energy appears 2nP)aT below
the true value. " As will be shown, in the present
experiments n is always less than 1, so that this
displacement may always be expected to be less
than 0, 03 eV.

II. EXPERIMENT

The measurements to be presented were per-
formed using the apparatus shown in Fig. 2. The
electrode system is a modification of that used by
CS, wherein a full description of the apparatus
and its mode of operation may be found. The
modifications are described in some detail below,
with a brief account of the essential features of
the technique.

0 2 4 6 8 10
Normalized Ton Energy in CNI, EgiikT

FIG. 1. The calculated position of the ion-current
peak plotted as a function of Eo, defined by Eq. (4),
showing the effect of ion energy discrimination of the
form E-'N. The heavy curves are plots of Eq. (7), the
broken portions corresponding to minima in the observed
distribution. The straight lines of unit slope are the
high-energy asymptotes. The dotted curve is a qualita-
tive representation of the behavior expected in a practi-
cal situation for the case n= 1,
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when there is always a corresponding peak at
E =0, From a practical point of view, however,
one does not expect to see such a minimum for
small values of n; first, because the E n

weighting factor cannot be expected to apply for
very small E, and second, because the finite
resolution available experimentally will not allow
the minimum to be traced out, Provided an
adequate ion-extraction field is applied, one
expects the collection efficiency to be indepen-
dent of E in the region of E = 0, so that as E, is
decreased the position of the observed peak will
first follow the curve appropriate to the value
of n involved, but will then cross over in a
smooth manner to the n = 0 curve as E, approaches
zero. Behavior of this type is qualitatively repre-
sented by the dotted curve for the case of n= 1.

We note that, in the case of no energy discrim-
ination (n = 0), as Eo approaches zero, the most
probable energy approaches the value PAT/2,
corresponding to the Maxwellian distribution of
velocities of the target molecules. Thus, in the
limit of E, = 0 the ions are produced with a

FIG. 2. Diagram of the modified "split" collision
chamber and the ion velocity (Wien) filter. See text and
CS.

The gas under study is admitted to the colli-
sion chamber through a heavy copper capillary,
which also serves to support the electrode sys-
tem within the vacuum envelope. When required,
the part of the copper capillary external to the
main vacuum. envelope may be heated or cooled,
providing a corresponding change in the temper-
ature of the gas entering the collision chamber.
This feature was not used in the present work;
all measurements were carried out with the gas
at room temperature. The cylindrical electron
beam is collimated by an electrode system which
permits the use of the retarding potential-
difference (R. P. D. ) technique" for reducing the
effective energy spread of the electron beam.
The beam is aligned by the magnetic field indi-
cated by the crosses in Fig. 2 and travels per-
pendicular to the diagram along an essentially
equipotential surface within the collision chamber.
This is achieved by arranging that the ion-
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extraction field imposed between the repeller
(R) and attractor (A) electrodes be symmetrical
with respect to the potential of the main colli-
sion chamber box (CC).

Under the influence of the ion-extraction field,
the majority" of negative ions formed within
the collision chamber reach the attractor. Of
these a small sample passes through the narrow
(0. 05 X1.4 cm) slit in the attractor, which
provides essentially a line source of ions
entering the Wien filter.

The function of the accelerating grid G is to
transfer the ions from the exit slit in the attractor
electrode into the region between the condenser
plates Eg and Ep with minimum perturbation of
their paths by the magnetic field. Within the
region between the plates Eg and Eg, their
trajectories are controlled by the crossed elec-
tric (E) and magnetic (B) fields, and under the
conditions of operation will pass through the exit
slit only if their axial velocity v in the crossed
field region satisfies the condition U =E/B.

As might be expected, the ion current trans-
mitted by the system increases with increasing
accelerating voltage applied to the grid G. The
application of more than approximately 5 V to
the grid was found, however, to cause serious
deterioration of the energy resolution of the
filter, presumably due to penetration of the grid
potential into the analysis region between plates
Eg and Egg. The optimum choice of grid poten-
tial was found to be approximately 3 V accel-
erating with respect to the attractor electrode.

On leaving the Wien filter, the ions enter the
mass spectrometer through a series of elec-
trodes (Q, S, T). The purpose and mode of
operation of these electrodes has been previously
described in CS. They are used in an identical
fashion in the present work. Ions transmitted
by the mass-spectrometer are detected by a
secondary electron multiplier whose output is
coupled to a vibrating-reed electrometer.

Total Collection Measurements

In a conventional mass-spectrometer ion source,
such as that used initially by CS, it is possible
to make measurements of the total ion current
produced in the source by collecting the ions
on what is normally the repeller electrode. To
do so, however, requires that the polarity of
this electrode be reversed from that used when
operating the mass-analyzer, with a consequent
unknown shift in the electron energy scale.
Moreover, the asymmetry of the ion-extraction
field in such a geometry gives rise to variations
of potential along the electron beam of the same
order as the voltage applied between the colli-
sion chamber and the repeller. The advantages
of the present design of collision chamber have
discussed in some detail in CS. Of particular
value in the present work is that it allows one to
make measurements of the total ion current
reaching the attractor or the repeller. Thus,
for the measurement of total negative or positive
ion currents these electrodes may be held at
the same potentials as are applied for operation

of the collision chamber with the Wien filter and
mass spectrometer, in which case the same
electron energy scale applies to both types of
measurements. Moreover, the extraction field
may be so arranged that the electron beam tra-
verses the collision chamber along an essentially
equipotential surface, " the energy resolution
being degraded only to the extent of the potential
variation transverse to the beam imposed by the
ion- extraction field.

The term "total" has been applied somewhat
loosely to the measurements carried out with
the present system. Because there are no guard
plates, the current collected on either the
repeller or attractor cannot be expected to
comprise all the ions produced in a well defined
region, even with a large extraction field. In
deciding whether or not the extraction field is
adequate, the criterion adopted is not the usual
one of current saturation, ' but rather requires
only that the shape of the cross section as a
function of the electron energy be insensitive to
further increases in the extraction field. In
general, one uses the minimum adequate extrac-
tion field in order to preserve the best possible
electron energy resolution.

The present design of collision chamber was
chosen for its properties as a mass-
spectrometer ion source. It is not ideal for
total- collection measurements in that absolute
determinations of cross sections cannot be made.
The shaPes of cross sections can, however, be
accurately determined, as shown by the measure-
ments of 0 production from 0, reported in CS,
and of 0 from CO reported here in Sec. III.

Electron Energy-Scale Calibration

The electron energy scales used in plotting the
results of the present work have been chosen to
correspond as closely as possible to the most
probable electron energy of the distribution used.
In the work on CO, it was found that the magnitude
of the cross section for the reaction (1) is so
small that, for the measurement of ion kinetic-
energy distributions, the retarding potential-
difference technique could not be usefully
employed at electron energies other than near
the peak of the cross section. For the sake of
consistency all the ion energy distributions
measured in CO were taken using a retarded
distribution, that is, one in which the low-energy
part of the distribution has been removed by the
retarding electrode of the R. P.D. gun. The
electron energy scale used for the data taken with
this distribution (Figs. 4(b) and 5) was calibrated
by relating the onset of positive ions (CO+)
measured at the repeller to the known ionization
potential (14.0 eV).

In the present work we require a scale corre-
sponding to the most probable electron energy.
This is obtained from the CO+ appearance-
potential curve, which is known to be linear
immediately above threshold, "by correcting
the electron accelerating voltage scale so that
the true appearance potential (14.0 eV) occurs
midway between the linearly extrapolated
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threshold and the energy at which the linear
behavior is established. These points corre-
spond respectively to the average energy and to
the minimum energy of the distribution. It is
assumed that the most probable energy lies close
to the mean of these two. "

The total measurements of negative ion current
reaching the attractor, plotted in Fig. 4(a), were
taken using the R. P. D. technique. The energy
scale in this case was that given by the linearly
extrapolated positive- ion appearance curve
measured on the repeller using the same R. P. D.
distribution.

In the work on NO, the cross section is suffi-
ciently large, so that it was possible to use the
R. P. D. technique for the measurements of ion
energy distributions as well as for the total
measurements. The electron energy scale in
this case was calibrated in two ways: first,
from the retarding curve of the difference
electron-energy distribution, and second, from
a positive-ion appearance potential. In this
case, the NO+ appearance curve was not used,
its shape being distinctly nonlinear near thresh-
old'7 and, therefore, unsuitable for this purpose.
The following procedure was adopted. Using
a mixture of NO and Xe, and with the field be-
tween the repeller and attractor arranged to
extract positive ions into the mass spectrom-
eter, curves were taken of the total negative
ion current reaching the repeller, and the appear-
ance curve for Xe+ observed through the mass
spectrometer. The latter is known" to be
linear for approximately 1 eV above threshold,
and thus is useful for calibration purposes.
Knowing the position of the total negative-ion
curve on the electron energy scale calibrated in
the above manner, the polarity of the ion-
extraction field was returned to normal and the
total negative-ion curve measured at the attractor
used thereafter to calibrate the electron energy
scale.

Finally, having obtained the data for CO and
NO separately, mixtures of these gases were
employed to obtain a set of data representing
essentially a composite of Figs. 5 and 9
discussed below. No attempt was made in this
case to calibrate the electron energy scale
absolutely. The measurements, however, pro-
vide a direct determination of the difference
between the onsets of the three reactions
involved. Excellent agreement was found with

the values expected on the basis of the measure-
ments made in the separate gases. In particular,
the onset for the NO reaction was found to be
2. 20 eV below that for the first reaction in CO.

Measurement of Ion Energy Distributions

As described in more detail in CS, the ion
energy distribution produced at a given electron
energy is scanned by sweeping the accelerating
voltage between the Wien-filter electrode sys-
tem (E~, E&, F, Q, S) and the collision
chamber box (CC) over the appropriate range.
The ion energy scale is calibrated by noting the
ion accelerating voltage at which ions of initially

zero (i. e. , thermal) energy are transmitted by
the filter. In the present studies such ions were
found to be directly available at the thresholds
of the dissociative attachment processes.

The shape of the cross section in the thresh-
old region for 0 production from CO, as
determined by the measurements of total ion
current, was found to be essentially identical to
the corresponding electron retarding curve
irrespective of the electron energy distribution
used. Thus, the cross section must approxi-
mate a step function over a range of energy
comparable to the width of the electron energy
distributions used. A vertical onset for a dis-
sociative- attachment cross section indicates
that the negative- molecular-ion potential- energy
curve involved rises above the dissociation
limit somewhere within the Franck-Condon
region, "in which case the ions produced at
threshold have only thermal velocities. The
observations using the Wien filter are consistent
with this; for electron energies nominally below
the threshold the ion current peak always occurs
at the same ion accelerating voltage, with the
width of the peaks corresponding to the known
instrumental width. The ion accelerating voltage
at which the peaks appeared in this range of
nominal electron energy was, therefore, used
as the zero" of the corresponding ion kinetic-
energy scale.

Somewhat surprisingly, a similar situation"
was found to arise in NO, and the same proce-
dure was adopted to calibrate the ion energy
scale. The validity of these procedures is
strongly supported by the observation that,
using a mixture of CO and NO, the ion energy
peaks observed in the regions of electron energy
below the nominal thresholds were identical in
position and shape.

Ion Kinetic-Energy Discrimination

As discussed xn Sec. I, measurements of the
ion kinetic energy as a function of electron
energy will be subject to error, if there is
serious ion energy discrimination present in
the overall transmission of the Wien-filter mass-
spectrometer system. In the present work the
energy dependence of the overall transmission
efficiency, f (E), has been checked in the follow-
ing way. At a given electron energy, and with
the filter tuned to the peak E„of the ion energy
distribution, the 0 current IMS detected by the
mass spectrometer is proportional to" o(Ve)
Eo-'~'f(EO), where o(Ve) is the dissociative-
attachment cross section at energy Vz. The
"total" current, IT, collected on the attractor
is proportional simply to,~(V&). Hence, f(EO)
~IMSEO'~'/IT. Thus, a plot of this ratio as a
function of E, will reveal the form of f (E).
Samples of such data are shown in Fig. 3. In
order to apply the theoretical analysis of Sec. I,
we fit to the data functions of the form E . In
these cases n ~0.6, and, in general, values of
n &1 are found for the present system. In Sec. I
it was shown that the observed most-probable ion
energy will appear at E,—2nPkT for energies
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FIG. 3, The dependence of the transmission efficien-
cy of the Wien-filter mass-spectrometer system on the
initial-ion kinetic energy. The three sets of data were
obtained in separate runs with slightly different tuning
conditions of the filter.

other than very close to threshold. The corre-
sponding extrapolated threshold will then be too
high by 2nPkT/(1-P), which for n = 0. 6 amounts
to approximately 0. 04 eV for the present cases.
This is less than the over-all confidence limits
involved in the energy scale calibrations, and no
attempt has been made to apply a systematic
correction for it. We note, however, that the
experimentally determined thresholds presented
in the next section do exceed the theoretical
values, by 0. 08 and 0. 07 eV in the case of CO
and by 0. 08 eV in the case of NO, suggesting that
a systematic error is present, quite possibly
due, in part, to the above effect.

III. RESULTS
In the present work two types of measurement

have been made. The total difference current"
reaching the attractor has been recorded as a
function of electron energy, and under suitable
conditions of extraction voltage is believed to
provide the shape of the dissociative-attachment
cross section. Secondly, the ion energy distri-
butions of the mass-analyzed 0 sample enter-
ing the Wien filter have been recorded at various
electron energies. These results are presented
below, in turn, for the gases studied, CO and NO.

0 from CO

The shape of the cross section for negative ion
production in CO is shown in Fig. 4(a). The
present data shown were taken with an ion-
extraction field of 0. 8 V/cm. Increasing the
extraction field to three times this value gave a
curve identical in shape to that shown, indicating
that the ion-collection efficiency is not a function
of initial ion kinetic-energy in this case. Also
shown are the R. P, D. data of Rapp and Briglia, '
taken in a Tate and Smith apparatus. The curves
have been normalized in magnitude at 10.5 eV,
where any difference in electron energy distri-
butions may be assumed not to affect the shape.
The two shapes are in excellent agreement, the
slight discrepancies in the threshold region
suggesting that the electron energy resolution

I I I oO s I I I I I I I I I ) I

9 10 11 12 13 0 0.5 1.0
Electron Energy, eV Ion Energy, eV

FIG. 4. The cross section and ion energy distribu-
tions for 0 production from CO. In (a) the total cur-
rent collected by the attractor is plotted as a function
of electron energy, taken using the R.P .D. technique.
Also shown is the R. P. D. data of Rapp and Briglia
(Ref. 6). The two sets of data have been normalized at
10.5 eV. In (b) ion energy distributions observed with
the Wien filter at four different electron energies are
shown.

is a little better for the present data. As pointed
out by Rapp and Briglia, the actual shape ob-
served between the apparent threshold and the
apparent peak of the cross section is determined
by the electron distribution. Assuming that the
cross section behaves as a step function over
this small range, and that the electron energy
scale corresponds to the most probable electron
energy, the true threshold for the process will
correspond to the steepest part of the observed
onset. For the present data, this occurs at
9.65 +0.05 eV, in excellent agreement with the
value one calculates from the accepted values of
D (11.09 eV)" and A (1.47)," i.e. , 9. 62 eV.

As discussed in Sec. I, an alternative method
of finding the energy threshold for a dissociative-
attachment process is to plot the most probable
ion energy as a function of electron energy,
and fit to the data a straight line of the appropri-
ate slope. To this end, ion energy distributions
were measured at various settings of the elec-
tron energy, a sample of such data obtained in
CO being shown in Fig. 4(b) The cu.rves shown
are smooth tracings through x-y recordings of
the electrometer output as a function of ion accel-
erating voltage. " As explained in the previous
section, the peaks observed at and below the
true threshold reflect the instrumental width of
the Wien filter, 'the zero of the ion energy scale
therefore corresponding to the position of the
peak in this region of electron accelerating volt-
age. An indication of the noise present on the
original x-y recordings is given on the lowest
curve shown. In general, because of the chang-
ing cross section, curves taken at electron
energies below this particular value (11.0 eV)
are less noisy than shown; those taken above are
more noisy. It is seen that at 11.0 eV a second
peak of near-zero kinetic energy has appeared
in the ion energy spectrum. At higher electron
energies the two peaks appear with essentially
the same separation, both being at appropriately
higher ion energies.
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The systematic analysis of data of this type is
shown in Fig. 5, where the position of the ion
energy peak, or peaks, is plotted as a function of
the electron energy. The straight lines through
the two sets of points have been drawn with a
slope of,'—,', as prescribed by the theory pre-
sented in Sec. I. The fit to the more extensive
set of points is seen to be good, providing a well
defined value of 9.70 +0. 1 eV for the energy
threshold. The limits of error placed- on this
value reflect mostly the limits of confidence in
the energy scale calibrations, rather than scatter
in the data points. For this reason the threshold
for the second process observed is quoted with
the same limits of error, 10.95 + 0. 10 eV, in
spite of the fact that the data points are less
extensive and show more scatter.
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FIG. 5. Measured values of the most probable 0 ion
energy plotted as a function of electron energy for CO.
The straight lines are drawn with the theoretical slope
of (1-P) = ~. Within experimental error, the thresholds
(9.70 and 10.95 eV) are consistent with the reactions in-
dicated.

The energy thresholds, 9.70 +0. 10 and 10.95
+0. 10 eV, determined by Fig. 5, are within
experimental error those calculated for the
processes

FIG. 6. Electron energy dependence of the 0 cur-
rent observed in CO with the Wien filter tuned to zero
initial ion energy. The separation of the two peaks cor-
responds to the excitation energy of C*(~D) produced by
the second process. The total current collected by the
attractor is shown for comparison. Their relative mag-
nitudes are chosen for convenience of presentation, and
have no other significance.

the thresholds obtained from Fig. 5.
The relative magnitudes of the cross sections

for the two processes at their maxima has been
estimated by plotting the heights of the two peaks
shown in Fig. 6 as a function of CO pressure.
These data are shown in Fig. 7, which serves to
show that both processes are first order in pres-
sure, "as expected for dissociative attachment.
The lines of unit slope drawn through the data
points are separated by a factor of 21. The
cross section determined by Rapp and Briglia'
has a maximum value of 2. 0&10-"cm'. We
therefore conclude that the second process
observed in the present work has a maximum
cross section of 9.5~10-" cm'.

100 I

e+CO-0 +C('P), at 9.62 eV

e+ CO-0 + C"('D), at 10.88 eV

(8}
"- 10

from the accepted values of the dissociation
energy2' of CO (D = 11.09 eV), of the affinity28
of 0 (& = 1.465 eV), and of the excitation energy"

of C*('D) (E*=1.26 eV). We therefore conclude
that production of 0 from CO occurs by way of
the reactions (8) and (9) above. "

So far as can be determined, the cross section
for the second process has a shape similar to
that for the first. An alternative method of
determining the separation of the two thresholds
is to set the Wien filter to transmit ions of a
particular energy and to record the negative ion
current as a function of electron energy. The
sharpest peaks are obtained, understandably, if
one observes ions of zero initial energy. Such
a plot is shown in Fig. 6. The separation of the
peaks, 1.22 eV, is in excellent agreement with

C
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0. 1-
I I I

0. 1 1
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FIG. 7. Pressure dependences and relative magni-
tudes of the 0 currents produced at the peaks of the
two processes in CO. These data are taken with the
Wien filter tuned for zero-energy ions. The lines
through the data points have unit slope and are separated
by a factor of 21. Unity on the pressure scale corre-
sponds approximately to 3 && 10- Torr.
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0 from NO

The "total" measurements of the 0 current
reaching the attractor in the case of NO show a
significant dependence of the shape of the cross
section on the extraction field, it being apparently
more difficult to collect the ions formed at the
higher electron energies. This effect is shown in
Fig. 8, where the shapes observed in the pres-
ent work at two values of the ion-extraction
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field are plotted, together with the result of
Rapp and Briglia. ' Increasing the extraction
field to 16 V/cm changed the shape from that
observed using 8 V/cm only in that, at the higher
extraction field, the negative ion peak is super-
imposed on a background current, and has a
smaller apparent slope at onset. These effects
are due, respectively, to the collection of
scattered electrons and to the broadening of the
electron energy by the high transverse field.
Some evidence of this latter effect is present in
the data taken at 8 V/cm. The relative magni-
tudes of the two humps in the attachment peak
were not changed by the higher extraction field
of 16 V/cm. It is, therefore, believed that the
data taken with an extraction field of 8 V/cm do
not suffer from serious discrimination against
higher energy ions (in contrast to the data taken
at 1.25 V/cm). In Fig. , 8, the present data
obtained using 8 V/cm and the data of Rapp and
Briglia have been normalized in magnitude to
give the same maximum cross section, The
same normalization factor has been applied to
both sets of present data, so that the relative
magnitude of the currents observed using the

two different extraction voltages has been pre-
served.

The data points of Rapp and Briglia have been

FIG. 8. The "total" ion current collected by the at-
tractor in No plotted as a function of electron energy
for two values of the ion-extraction field. For compari-
son, the data of Rapp and Briglia (Ref. 6) are also
shown, shifted to higher energies by 0. 05 eV in order to
match the leading and trailing edges with the present da-
ta taken with an extraction field of 8 V/cm. The latter
curve is normalized in magnitude to the data of Happ and

Briglia at the peak. The relative magnitudes of the two
present curves shown is that observed experimentally.

e + NO —0 + N*(2D) (10)

from the accepted values of the dissociation
energy" of NO (D = 6. 506 eV), of the affinity" of
0 (A = 1.465 eV) and of the excitation energy" of
N* ('D) (E*=2. 383 eV). We therefore conclude

shifted" to higher energies by 0. 05 eV in order
to match the leading and trailing edges of their
curve to the present data taken using 8 V/cm.
The over-all agreement is then seen to be good,
except for some discrepancy in the region of the
second hump. One is tempted to ascribe this to
some remaining discrimination in the present
measurement against ions of higher initial kinetic
energies. However, if this were the case, one
would expect that the present results would fall
consistently below the data of Rapp and Briglia
as one increased the electron energy. This is
not the case at energies above 10.2 eV. No
explanation of the discrepancy can be offered at
this time.

The exact shape of the cross section in the
immediate threshold region is more difficult
to interpret from the measured shape for NO
than in the case of CO. If a broad electron
energy distribution is used, the shape observed
follows very closely the shape of the electron-
current retarding curve, showing that the cross
section rises very steeply, possibly vertically
at threshold, to near its maximum value. Using
a narrower (R. P. D. ) electron energy distri-
bution gave a steeper total-current curve in the
threshold region, but the correspondence of
shape to the electron retarding curve was not
preserved with the narrower electron energy
distribution. This observation, together with the
observation of zero energy ions over a range of
electron energies nominally below the threshold,
similar to those observed in CO, suggest that
the cross section rises vertically at threshold to
some fraction, say one half, of its maximum
value, and then rises steeply but with finite
slope to very near its maximum value.

The 0 ion kinetic- energy distributions pro-
duced from NO behave as a function of electron
energy in a similar fashion to those produced by
the reaction (8) in CO. That is to say, at nominal
electron energies below the true threshold the
ion kinetic-energy distribution has a width
determined by the "window" of the Wien filter.
With increasing energy the distribution shifts
to higher energies and broadens, as predicted
by theory. In contrast to CO, however, and in
contradiction to the proposal of Dorman' that
two separate dissociation limits of 0 +N* are
involved in the process, a second peak does not
appear in the ion kinetic-energy spectrum. This
behavior is shown in Fig. 9, where the position
of the peak of the iori energy distribution is
plotted as a function of electron energy. It is
seen that all the data points may be fitted with a
single straight line; the one shown having been
drawn with the theoretically predicted slope of
14/30. The energy threshold, 7. 50+0. 10 eV,
so determined is in excellent agreement with
that calculated (7.42 eV) for the process
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FIG. 9. The measured values of the most probable 0
ion energy from NO plotted as a function of electron en-
ergy. The straight line through the data points has the
theoretical slope 3~, and intercepts the abscissa at 7.5
+ 0. 1 eV, consistent with the reaction indicated. The
two broken lines indicate the positions in which peaks
would be found, if the reactions indicated occurred. No
such peaks were observed.

that 0 production from NO occurs exclusively
by way of the reaction (10) above.

IV. POTENTIAL ENERGY CURVES

Because of the resonant nature of the dis-
sociative-attachment process, the shape of the
cross section as a function of electron energy
serves as an approximate guide to the position
and slope of the negative-molecular- ion potential-
energy curve in the Fraiick-Condon region.
Theoretical work"~' ~" on this subject has shown
that the dissociative-att~. chment cross section
may, with certain restrictions, "be written" as

o(E) (r, /EV')I)t(E)I e P2 -p(E) (ll)

where E is the electron energy, I"a is the entrance
width, "V' is the slope of the intermediate XY
potential energy curve, y(E) is essentially the
initial vibrational wave function written in terms
of the electron energy, "and e &(E) is the
probability that the XY * state does not decay
through autodetachment before dissociating into
stable fragments X + Y.

The reflection method" for the construction
of potential energy curves, used frequently in
the past, draws the XY * potential energy curve
such that the square of the initial vibrational
wave function, when reflected in the XY
potential energy curve, reproduces the shape of
the cross section on the energetically allowed
region of the energy axis. In terms of the above
equation, this is essentially equivalent to replac-
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FIG. 10. Qualitative potential energy curves for the
CO * states involved in dissociative attachment. The
positions and depths of the minima are speculative, and

are drawn in only to indicate the respective dissociation
limits of the two curves.

ing the factor (I"~/ V') e P-(E) by a constant. In
some cases, other evidence"~' has permitted
estimates of the energy-dependent effects of
these factors, and allowed semiempirical deriva-
tions"" of the salient features of the XY
potential energy curves, that is, their positions
and widths as functions of internuclear separa-
tion. In these cases the influence of the survival
probability e-&(E) on the observed shape of the
cross section has been shown to be very strong. "
The influence of the factor I'y/EV' is less severe.
The slope V' of theXY * potential energy curve
will generally not vary strongly in the Franck-
Condon region, and may be regarded as constant
relative to other factors. The factor E-' may
obviously be taken into account directly in
attempting to relate the observed shape to the
position and slope of the potential energy curve.
However, the entrance width I'a is likely to
increase with decreasing internuclear separa-
tion 8, thereby increasing with E, and it may
be a better approximation to assume that 1 0/E
is only weakly dependent on E.

%'e may conclude from the foregoing discussion
that the position and slope of the XY * potential
energy curve in the Franck-Condon region can
only be determined very approximately from the
shape of the attachment cross section measured
at one temperature. Thus, the XY * curves44
presented in Figs. 10 and 11 must be regarded
as essentially qualitative. Nevertheless, such
curves provide a useful means of presenting the
conclusions to be drawn from such work as the
present, and provide a basis for more sophis-
ticated determinations which hopefully will
become possible in the future.
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FIG 11, Potential energy curves of NO consistent
with two alternative interpretations of dissociative
attachment in NO. In (a) the structure has been as-
sumed to arise from two separate reactions involving
separate NO states. In E,

'b) it is assumed that only
one state is involved, the structure in the cross section
being due to survival-probability effects. The neutral
G2Z state is an example of the many neutral states
crossing the Franck-Condon region in this energy
range. The positions and depths of the minima shown
for the NO * curves are speculative and are drawn in
only to indicate the dissociation limit.

The present work on 0 production from CO
has shown that two distinct states of CO * are
involved, leading to the two distinct dissociation
limits, 0 + C('P) and 0 + C* ('D). The fact
that both processes have, so far as can be
determined, vertical onsets and maximum cross
sections at onset suggests that the potential
energy curves involved rise above their respec-
tive dissociation limits in the Franck-Condon
region, and at internuclear separations less4'
than the equilibrium value for the initial ground
vibrational state. The state dissociating to
0 +C~ ('D) has been drawn with this crossing
point at a smaller internuclear separation than
that for the state leading to ground state frag-
ments, in order to be consistent with the relative
magnitudes of the observed cross sections and
their extent in electron energy.

In order to account for the width of the cross-
section peak, one requires that, above the dis-
sociation limit, the potential energy curve stays
in the Franck-Condon region over an appropriate
range of energy. Clearly the choice of slope
depends on the choice of internuclear separation
at which the curve rises above the dissociation
limit. Thus the combination chosen in Fig. 10
is not unique.

The present measurements have shown that
in the production of 0 from NO only one
dissociation limit, 0 +N~ ('D), is involved.
Thus it is not obvious that the two peaks in
the cross section should be interpreted as arising
from capture to two separate states of NO
The present work does not rule out this possi-
bility, however, but shows that if two such
states are involved, both go to the same dis-
sociation limit.

We shall consider two possible explanations '
of the structure in the cross section: (a) The
cross-section curve consists of two separate
but incompletely resolved bell-shaped curves,

arising from two separate NO potential energy
curves, both having the same dissociation limit.
Alternatively, (b), there is only one No
potential energy curve involved, the structure
being imposed on what is basically a single bell-
shaped curve (with a low energy cutoff) by the
energy dependence of the survival probability. 4'

The potential energy curves of NO * which
are qualitatively consistent with the above
alternative interpretations of the structure in
the cross section are presented in Fig. 11(a)
and (b). The lower curve in Fig. 11(a) and the
single curve in Fig. 11(b) are shown rising
above the dissociation limit just within the
Franck-Condon region, to be consistent with the
suggestion made in Sec. III that the cross sec-
tion rises vertically at threshold to some fraction
of its maximum value, rising steeply thereafter
to very near its maximum value. The many
neutral states44 of NO in the region of 8 eV have
not been shown for reasons of clarity.

Finally, it must be stressed that the XY-*
state potential energy curves presented in Figs.
10 and 11 are to be regarded only as qualitative.

V. CONCLUSIONS

The results of the present work allow the
following conclusions to be drawn regarding the
production of 0 from CO and NO.

(a) In Co, two reactions occur:

e+ CO-O- + C(SP),

and e+Co-0 +C*('D).
(b) The thresholds for these occur, within

experimental error, at the theoretical values of
9. 62 and 10.88 eV.

(c) The peak cross sections of these processes
occur at or very close to thresholds, and differ
in magnitude by a factor of 21. Thus, by normal-
izing to the known value of the first peak (2. 0
x 10-"cm'), one concludes that the second has
a value of 9.5~10-" cm'.

(d) In No, only one reaction occurs:

e+No-0- +N*('D)

(e) The threshold for this occurs at the theo-
retical value of 7. 42 eV.

(f) The double peak structure of the cross
section in NO may or may not result from two
separate processes involving two intermediate
NO ~ states. If two such states are involved
they are both associated with the same dissocia-
tion limit, 0 + N" ('D).
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the same reasoning might be applied, with the conclusion
that the Zz+H curve crosses the dissociation limit at
an internuclear separation somewhere in the region R
& Re = 1.45a0 where Re is the equilibrium seParation of

H2 ground state. However, the semiempirical curve de-
rived by J. C. Y. Chen and J. L. Peacher [Phys. Rev.
167, 30 (1968)] from the dissociative attachment data of
Ref. 40 lies above the dissociation limit for R & 1.55ao.
As one might expect, the peak in the Gaussian ground-
state nuclear wave function then appears in the nuclear
overlap integral [see Fig. 4 of J. C. Y. Chen and J. L.
Peacher, Phys. Rev. 167, 30 (1968)]. This shape is,
however, so strongly modified by the other energy depen-
dent factors that the peak in the Gaussian ground-state
nuclear wave function is not discernible in the final
cross section. On the other hand, ab initio calculations
of this H2 curve [I. Eliezer, H. S. Taylor, and J. K.
Williams, Jr. , J. Chem. Phys. 47, 2165 (1967)], place
it below the dissociation limit throughout the Franck-
Condon region, rising above it only at smaller internu-
clear separations, in the wing of the ground-state vibra-
tional excitation. A more recent semiempirical curve
[J. C. Y. Chen, Advances in Radiation Chemistry (John

Wiley @ Sons, Inc. , New York, 1968), Vol. I] derived
from vibrational excitation data has a similar form, as
does the qualitative curve presented by G. J. Schulz and

R. K. Asundi in Ref. 40.
Evidence as to the number of NO * states involved in

dissociative attachment could probably be obtained from
measurements of the angular distribution of the 0 ions

as a function of energy. See G. H. Dunn, Phys. Rev.
Letters 8, 62 (1962).

For example, a relatively sharp decrease in the sur-
vival probability as the electron energy is increased
above approximately 8 eU could interrupt what would

otherwise be a monotonically increasing cross section in

this region of energy, thereby producing the first peak.
The second peak may then be interpreted as being gener-
ated by the peak in the Gaussian ground-state vibration-
al wave function. Alternatively, the minimum may be
associated with a local depression of the survival prob-
ability due to the NO * curve crossing the repulsive por-
tion of an excited neutral state curve, as proposed to ex-
plain similar structure in H production from H2 at 11.2
eV (I. Eliezer, H. S. Taylor, and J. K. Williams, Jr. ,
Ref. 45). If the effect is of this type, the most likely
neutral curve is the 6 Z state of NO. The wealth of
neutral-state curves in this region (see Ref. 44) means

that many such curve crossings undoubtedly occur, and

it would not be surprising if the structure in the attach-
ment cross section arises from local sharp changes in

the sur vival probability.


