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Cross Section for Excitation of the Fourth Positive Band System
in Carbon Monoxide by 20-120 keV Protons*

John T. Park, D. R. Schoonover, and George W. York
Physics Depavtment, University of Missouvi-Rolla, Rolla, Missouri 65401
(Received 27 July 1970)

Excitation cross sections for the fourth positive band system in carbon monoxide have been
determined from studies of the energy-loss spectra of 20—120-keV protons incident on gaseous
CO targets. The energy-loss spectra had an energy resolution of about 2 eV. - Prominent
peaks in the spectra were observed at 8.5 and 13.8 eV. The first peak is believed to be due
to excitation of the fourth positive band system of CO (X'=*— All), while the 13.8-eV peak
covers a number of possible states, including the B'>* and the C!S* states. Changes in the
slope of the ionization continuum were noted at 16.5 eV, corresponding to the A%I; state of
CO*, and at 20.5 eV, corresponding to the B2%* state of CO*. Absolute excitation cross
sections for the fourth positive band system of CO are presented, as well as the total inelas-
tic cross sections and the total ionization cross sections for 20—120-keV protons incident

on CO.

I. INTRODUCTION

Heavy-ion energy-loss spectrometry can be used
to determine inelastic collision cross sections for
processes which cannot be studied by observing
secondary particle or photon emission from the
collision region. In this case, this technique has
been applied to a study of the excitation of the fourth
positive band system (X'>*-A 'II) of carbon mon-
oxide. This band (1140-2800 A) is the most pro-
nounced and extensive of all the bands (over 150)
observed in carbon monoxide.! It is an optically
allowed transition and is readily excited by proton
impact.

Spectroscopic studies of proton-carbon-monox-
ide collisions have been very limited. Poliakova
et al.? studied the light emitted (between 4000 and
6500 A) from CO excited by 38-keV protons. Pou-
lizac et al.®* measured emission cross sections
for transitions in the range 1900-11 000 A for
30-600-keV proton bombardment of CO. They were
able to measure cross sections for the first vibra-
tional levels of the B2=* and A 2II, states of CO".

In addition, they studied the Angstrom (B!Z*—A ')
and Herzberg (C's*~A ) band systems of CO.

- They were, however, unable to measure these cross
sections. They estimated their value at ~10-°
cm?/molecule. The fourth positive system includes
ultraviolet wavelengths which were outside the range
of their spectrometer; thus, the cross sections for
the dominant structure in the H*-CO collision en-
ergy-loss spectra have not been reported prior to
this measurement,

Carbon monoxide is found in comet tails, stellar
atmospheres, outer space, and in the solar chromo-
sphere. It is also found in increasing concentration
in the earth’s atmosphere, being a major element
in vehicular exhaust emissions. In addition, CO
is of interest since it is isoelectronic with N,. CO

2

data can therefore sometimes facilitate understand-
ing of equivalent processes in N,.

The present experiment involves proton energies
of 20-120 keV. Recent rocket measurements® have
indicated that solar-wind protons, which are thought
to play a major role in auroral excitations, enter
the earth’s upper atmosphere at velocities compar-
able to those used in the present experiment. Such
studies indicate the importance of laboratory work
on collisions between positive ions, especially pro-
tons in this energy range, and atmospheric gases.

In the present experiment, the determination of
the excitation cross section of interest was made
by a direct measurement of the energy-loss spectra
of the forward-scattered ion beam. The energy-
loss spectra was not affected by subsequent relaxa-
tion in the target, and was due only to processes
induced by the detected ions. Thus, excitation cross
sections were obtained without complications from
cascade effects. The method used also assured
that neutrals in the ion beam and secondary elec-
trons in the collision chamber did not contribute
to the results. By measuring the apparatus reso-
lution function directly in the absence of target
gas, absolute cross sections were obtained from
the energy-loss spectra. Whereas the results of
optical experiments are dependent on the calibra-
tion of detectors and on theoretical or experimental
determination of transition probabilities, the pres-
ent cross sections were independent of detector
efficiencies and were not normalized to any other
experiment or theory.

II. EXPERIMENTAL

A detailed description of the UMR heavy-ion
energy-loss spectrometer has been published
elsewhere.® A beam of ions was accelerated and
focused on a target gas contained in a collision
chamber. The forward-scattered beam was then
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mass-analyzed and decelerated to 2 keV for energy
analysis and detection. Energy analysis was ac-
complished using a 127° electrostatic analyzer.
During operation, the mass and energy analyses
were both held fixed, while a small sweep voltage
connected between the accelerator and decelerator
high-voltage terminals was varied to obtain the
energy-loss spectra. The raw data were obtained
in the form of plots of collected ion current versus

energy loss. Auxiliary experiments were performed

to assure that the currents were true functions of
energy loss only.’

The method of obtaining differential and total
cross sections from the spectra has been discussed
in recent articles.”® The energy-loss spectrum
R(%) is a convolution of the apparatus resolution
function ® (&) (taken without gas in the collision
chamber), and an experiniental energy-loss differ-
ential cross section do/d¢; i.e.,

R(§)=ndx[ B(e- )5 €t
where £ is a (positive) energy loss as measured
from the most probable energy of the beam of par-
ticles, n is the number density of scatterers, and
dx is the effective path length.

Typical examples of the data obtained are illus-
trated in Fig. 1. Figure 1(a) is a plot of the reso-
lution function, taken without gas in the collision
chamber. Figure 1(b) is an energy-loss spectrum
of 60-keV protons incident on CO at a target gas
pressure of 8 X10™ Torr. The inelastic portions
of both curves are shown at a gain of 100 times that
of the elastic peak. In both cases, the elastic peak
establishes the zero of the inelastic energy-loss
scale.

In the present experiment, a slightly different
data analysis has been applied than that used in
prior experiments. Because of the energy analysis
of the ion beam, ions which undergo an inelastic
collision of any kind can be distinguished from the
original beam spectra. The differential equation
for the monoenergetic beam is given by

dlyg=—Ig(0.+ 04+ 0 ndx,

where I, is the monoenergetic zero-energy-loss
component of the proton beam, o, is the capture
cross section, o, is the total inelastic cross sec-
tion, o, is the cross section for elastic scattering
beyond the acceptance angle of the apparatus, and
n is the number of target particles per unit volume.
The differential equation for the beam component
which has undergone an energy loss corresponding
to the desired excitation (I,,) is given by

dl = Liyo,ndx — I (0, + 0;+ 0,) ndx,

where o, is the cross section for excitation of the
particular level. Exact solution of these equations
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yields the detected current.(7,,); in the energy-loss
range corresponding to the desired excitation in
terms of the detected current of the zero-energy-
loss component of the beam (I;y); from which o,
can be determined by

0,= (I1a)f/7ll(l10)f= ‘AlaR(g)dg/nl »[ACOR(g)dg B

where [ is the effective length of the scattering
chamber, A£  is the energy interval of the energy-
loss spectrum corresponding to the convolution of
the desired transition with the apparatus resolution
function, and A{ is the interval in the energy-loss
spectrum corresponding to the monoenergetic zero-
energy-loss component of the proton beam.

The above analysis, which yields a very simple
result, is valid whenever there are no competing
processes which correspond to the same energy
transfer. The effects of other direct excitations
which fall within the resolution of the apparatus
are simply additive and will be discussed later.
Any other inelastic process involves an energy loss
greater than 14 eV. For example, a capture-loss
cycle for the incident proton would yield a contin-
uum starting above 23-eV energy loss.

The above analysis permits data acquisition at
target pressures considerably greater than those
used in the prior experiments.”'® However, the
data used to calculate the cross sections reported
in this paper were taken under essentially single-
collision conditions.

The data reported were obtained from 78 sets of
paired energy-loss curves [R(£)] and apparatus
resolution curves [®(£)]. These cruves were care-
fully analyzed and the numerical integrations per-
formed by an IBM 360-50 computer. Systematic
errors associated with this method are discussed
in Refs. 7 and 8. In the present experiment, a
capacitance~bridge manometer was taken as the
laboratory standard.® The total systematic error
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FIG. Energy-loss spectrum for 60-keV protons on
CO (ndx=1.6x10 cm?). (a) Apparatus resolution func-
tion and (b) proton energy-loss spectrum.
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in the present cross sections is believed to be less
than +30%, most of which is due to uncertainties in
the pressure measurements.

III. ENERGY-LOSS SPECTRA

Energy-loss spectra for H* on CO were obtained
at target gas pressures ranging from 2 x10-* to 3
x 10" Torr (hdx=4%10" to 6 X 10 cm™2), and at
energies from 20 to 120 keV, in 10-keV increments.
With each spectrum, a resolution curve was taken;
the two were then used to eliminate the background
before calculating the total cross sections.

Figure 2 shows the apparent energy-loss differ-
ential cross sections, do/d¢ for protons on CO at
20, 60, and 120 keV. The apparent energy-loss
differential cross section is defined

5 _RE)=[Jar RE)VAE/ [, 3 (E)dE]o ()
“ nl J oy R(E)dE

It yields the cross section for energy loss by a pro-
ton colliding with a CO molecule as a function of
the energy lost.

The energy-loss scale was established first by
careful calibration of the sweep voltage using two
differential voltmeters, and second from the loca-
tion of a peak corresponding to the sum of the 11S5-
21S and 115-2'P transitions in the H*-on-He spec-
trum. The first of these transitions occurs spec-
troscopically at 20.6 eV, the second at 21.2 eV.
Because the two transitions cannot be separated
with the present resolution, the calibration was
done at a proton energy of 100 keV, where the con-
tribution from the optically forbidden 21S state was
expected to be small.”’

With this calibration, the first peak in the H* on
CO spectrum occurs at 8.5+0.2 eV. This is in
good agreement with the measurements of Lassettre
et al.'® (8.35 eV), obtained from electron energy-
loss spectra. The second, and most prominent,
peak occurs at 13.8+0.3 eV. Other features of

2
20 keV
ob—t = v A

(107" cm¥eV)
N

do
3

120 keV

0 B 30 45 0
ENERGY LOSS (eV)

FIG. 2. Apparent differential energy-loss cross sec-
tions for H*-CO collisions.
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the carbon-monoxide spectrum are the ionization
continuum.

The potential-energy curves for CO and CO* are
shown in Fig. 3. The well-established states which
lie inside our resolution of the first (8.5 eV) peak
are the a’*z*, d®A;, I'>-, and A 'TI excited states
of CO. The first two cannot be reached from the
ground state of CO (X!3* without violating the
Wigner spin rule. This rule is expected to hold in
the absence of perturbations from other states
which can produce a mixture of singlet and triplet
terms within an otherwise pure triplet state. Pou-
lizac et al.® reported observation of triplet-state
excitation. They found a quadratic pressure de-
pendence with no apparent excitation at very low
pressures. They concluded that these states were
excited by secondary electrons or neutral hydrogen
and that the excitation of triplet levels from the
ground state had a very low probability. Excitation
of the I'Z- state involves a »*-Z" transition which
is forbidden for all order of multipole radiation.

The X'=*-ANI fourth positive transition is op-
tically allowed and the radiation from the fourth
positive band is about a thousand times stronger
than those due to the forbidden transitions which
they overlap.! We feel the identification of the
(8.5 eV) peak with this transition is well justified.

The second peak covers a number of states in-
cluding the B!=* and C!Z*. These states were noted
in the paper of Poulizac ef al.® Since the peak is
not clearly resolved from the ionization continuum,
no attempt was made to determine the cross sec-
tions for the second peak.

In an energy-loss spectrum, simple ionization of
the target molecule produces a continuum beginning
at the ionization potential, while simultaneous ex-
citation and ionization produces another continuum
beginning at the potential required to simultaneously
ionize the molecule and excite the molecular ion to
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the excited level. In the energy-loss spectrum in
Fig. 2, a change of slope is evident at an energy
loss of about 16.5 eV which marks the A 2II; state
of CO*. The A?N-X22* transition in CO* is the
comet-tail system which is responsible for the
strongest bands of CO*. A similar change in slope
at about 20.5 eV marks the B?3* state of CO* which
is the source of the B 2Z*-X2%2"* first negative sys-
tem of CO*. Since these processes involve the
simultaneous excitation-ionization of the target by
the projectile, the resulting features in the energy-
loss spectrum are smeared out due to the variation
in the energy which can be transferred to the ejected
electron. Hence they do not produce distinct fea-
tures in the energy-loss spectrum which could
otherwise be used to determine cross sections.

IV. TOTAL EXCITATION CROSS SECTIONS

Total cross sections for excitation of the sum of
the vibrational levels in the fourth positive band
system of CO by proton impact are shown in Fig. 4.
These were obtained by integration over the 8. 5-eV
peak in the energy-loss spectra. The error bars are
+2 standard deviations. No other measurements
of the excitation cross section of the fourth positive
bands are known to the authors.

The cross section for excitation of the fourth pos-
itive band system is large for an excitation cross
section, as would be expected from the strength of
the observed optical lines. The shape of the cross
section curve is markedly different in shape from
that obtained for the LBH of N,.® They also differ
markedly from the shape of the total inelastic cross
sections shown in Fig. 5. This figure shows total
cross sections for inelastic processes not involving
charge exchange in collisions of H* with CO. These
were obtained by integrating over the entire inelas-
tic portion of the energy-loss spectra. Included in
these measurements are all excitation, gross ion-
ization, and dissociation.

V. TOTAL IONIZATION CROSS SECTIONS
Total gross ionization cross sections were ob-
tained by integrating the energy-loss spectrum over

ol— Lt L1 1 L1 1 i
30 60 90 120

IMPACT ENERGY (keV)

FIG. 4. Excitation cross sections for the fourth posi-

tive band system in CO.
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FIG. 5. Total cross section for inelastic processes
in H*-CO collisions which do not involve electron cap-
ture.

all energies greater than the ionization potential of
CO. The results are shown in Fig. 6. These can
be considered total cross sections for loss of en-
ergy greater than that required to remove a single
electron from the CO target. They include pro-
cesses such as simultaneous ionization and excita-
tion, excitation of auto-ionizing levels, and double
ionization. Shown also in Fig. 6 are data of Pou-
lizac et al.,® who used the parallel-plate method to
measure cross section for the production of elec-
trons. These measurement were also subject to
the same extraneous processes listed above. Al-
though the shape of the two curves is quite similar,
agreement is not very good. The discrepancy could
be due to incomplete accounting for loss of beam by
scattering in our results. However, independent
checks of beam conservation similar to those dis-
cussed in Refs. 7 and 8 show that only a negligible
portion of the beam was scattered out of the accept-
ance angle. As concerns the ionization cross sec-
tions in general, however, it should be pointed out
that agreement among investigators in this energy
range is not good. Of the extraneous processes
that can affect ionization measurements by the con-
ventional parallel-plate-condensor methods, many
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FIG. 6. Total cross section for ionization of CO by
protons. Points with error bars are present data;
others are from Poulizac et al. (Ref. 4).
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become important at low energies.!! The cross
section for charge changing, for example, is com-
parable to that for ionization at these energies.
Thus, elimination of charge-exchange effects in the
parallel-plate method becomes difficult. The effects
of the differences between the two types of measure-
ments are discussed in Ref. 7. It should also be
noted that the present measurement uses a M.K.S.
Baratron® for the pressure measurement while
Poulizac et al.® used a McLeod gauge.

VI. DISCUSSION

With no adequate theory and no other known ex-
perimental data available for a comparison with
our excitation cross-section measurements, a
complete evaluation is difficult at present. Proper
determination of the relative intensities of vibra-
tional levels in the fourth positive bands, for ex-
ample, must await improved resolution.

The identification of the band within the 2-eV

resolution of the system seems quite definite. Re-
cent modifications of the energy-loss spectrometer
have permitted measurements with 0.7-eV resolu-
tion. A measurement of the excitation cross sec-
tion for 60-keV protons incident on CO has been
made with the improved resolution. The new mea-
surements were in agreement with the results re-
ported here. Since the C!>* state together with
the smaller contribution of the B!Z* state are re-
solved in the spectra taken with 0.7-eV resolution,
this agreement indicates that contributions from
these states were eliminated in calculating the cross
section for the fourth positive band system of CO.
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