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ABSTRACT

Absolute excitation cross sections were measured for five vibrational
bands of the CO(Alm - Xl:r*) Fourth Positive band system. The bands were
produced by electron impact on CO and C02 and the cross sections were
measured from threshold to 350 eV, Relative intensity measurements on 28
bands were used to determine the dependence of Re on the r-centroid, which
is Ry = 1,9(1,0 - 0,6 Fv'v”)' Absolute transition probabilities were
computed using this functional form for Re and normalizing the total tran-
sition probability of the v' = 2 level to published experimental results,

The total f-value for this transition is then 0,15, Absolute excitation cross
sections for the first five vibrational levels (v' = 0 + 4) of the Alnm state
were determined for each parent gas using the measured cross sections of specific
bands and the absolute transition probabilities, When CO was the parent gas,

the relative populations of these vibrational levels were proportional to

the Franck=Condon factors, q The sum of the cross sections for these

v'o'
Tevels is 1,87 x 1017 cm? + 15% at 300 eV, This represents 87,4% of the
total excitation cross section for the Alm state. The relative populations
of the first five vibrational Tevels were also determined for dissociative
excitation of CO2 and they differed from the relative populations which

resulted from direct excitation of CO, The sum of the cross sections for

these five levels is 1,4 x 1018 ¢m?2 + 17% at 300 eV,




INTRODUCTION

The importance of carbon monoxide and carbon dioxide in planetary
atmospheres has recently been emphasized by the Mariner space probe in-
vestigations of Mars and Venus, In particular, the recent Mariner VII
probe toward Mars detected a strong emission spectrum in the vacuum
ultraviolet, dominated below 2000 R by the Lyman alpha radiation from
atomic hydrogen and the Fourth Positive band system of carbon monoxide,
CO(Alr « X1x*),1 Absolute electron excitation cross sections are needed
to determine the relative importance of producing the Fourth Positive
Fand system by photoelectron impact on CO and C02 in the Martian
atmosphere,

Laboratory measurements of the intensities of these bands in emission
have been sparse, Krupenie? reports some visual estimates made from photo=
graphic plates. We report here accurate relative intensity measurements
on 28 bands of this system,

Hesser3 has measured the transition probabilities for the A-X
transition from vibrational levels (v' = 0 + 4) of the CO (Alm) state in
a radiative lifetime experiment, Wells and Isler' have measured the
radiative lifetime for the v' = 2 level in a level-crossing spectroscopic
experiment and found good agreement with Hesser's value. Hesser also
ca16u1ated the total absorption oscillator strength for this transition and
found f = 0,094, in essential agreement with Rich's® value of 0,12 from
shock tube work, Lassettre and Skerbele®, however, obtained a value f = 0.195
from electron energy loss spectra measurements and thus the existing data are

in serious disagreement, A nonconstant electronic transition moment (Re)




will change the total f-value calculated from Hesser's absolute transition
probabilities, It is therefore of interest to measure the variation in Re
across the band system and thus to determine if this effect is the cause

of the disagreement in the f-values,

THEORY
In a region containing diatomic molecules in an electronically excited
state, the number of photons emitted per unit volume per second® in a
transition from the v' vibrational level of the upper state to the v"

vibrational level of the lower state is

(1)

where ny» is the number density of excited molecules in the v' vibrational

state, and

Av‘ vr T Oy
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is the transition probability for an electric dipole allowed transition.
The usual factor 64u%/3h on the RHS of [2] has been included in the

definition of Re2 and Re is then written in atomic units. q v is the

vi v
Franck-Condon factor for the two vibrational states involved; Yyt oyn
is the wave number (cm=!) of the emitted photon: Re is the electronic
transition moments and Fv' v is the r-centroid, a measure of the mean
internuclear distance for the transition,

Values of the Franck-Condon factors and r-centroids for the Fourth




Positive band system of carbon monoxide {Alm - Xlr* transition) have been
calculated to a high degree of accuracy by Albritten et al.? using a
Rydberg-Klein.Rees potential function for v' = 0 to 9 and v* = 0 to 24.
The assumption that Re is a function of the r-centroid alone has been
studied by Drake and Nicho11s!0 and found to be good to within one or two
percent for oxides and nitrides,

If the molecule is excited to the upper electronic state by electren
impact and the Born approximation holds, then the probability of excitation
from the ground state (v" = 0) to the v' vibrational level of the upper
state is proportional to the Franck-Condon factor for the transition,

11 Thus, the relative volume emission rates for vibrational bands

By b5
oy
belonging to a molecular band system are given by
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The relative volume emission rates for vibrational bands belonging to a

v® progression (v* s constant) are given by a much simplified version of

I‘\f‘*\;"\" Av’vi"
= (4)
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Thus the relative counting rates (Sve } for vibrational bands belonging

V"




te a v" progression will be
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where 0(2 ) is the spectral response of the photon detection system at

VAR A

the wavelength A Equation [5] may be inverted to yield the relative

VAAN
electronic transition moments for the bands in question,

APPARATUS AND CALIBRATION

The apparatus used in making these measurements has been described
in detail by Mumma and Zipfl2 (see Fiqure 1), A small collision chamber
was filled with CO or CO, to a known pressure (typically 5 x 10=5 torr). A
beam of electrons (typically 5 x 10=5 amperes) was passed through the gas
at energies which were varied from 1 to 350 eV, Photons emitted in the
interaction region were observed at 90° to the direction of the electron
beam with a vacuum monochromator and a solar-blind photomultiplier tube.
Excitation functions were measured manually and in a multi-scaling mode
at energy intervals of 0,7 volts,

The vibrational bands of the CO Fourth Positive system were produced

by direct excitation of CO or dissociative excitation of CDZ’ i,e.

e + CO(X1z*) - CO(Alm) + e -
(6)

1]

CO{Aln) - co(xiz*) + hvy ey




or

e + C0, - CO(Aln) + 0+ e

2
(7)

CO(A}‘T{) hd CO(X12+) + h\)vk V"

The s1its of the monochromator were set so that the entire rotational
structure of the band was included in the unity portion of the trapezoidai
transfer function. The bands for which excitation cross sections were
measured were selected on the basis of freedom from contamination by over-
lapping bands and atomic emissions, Absolute cross section and relative
fﬁtenéity-measuwements were made at electron energies of 300 eV, where the
Born approximation is known to be accurate,® The method of calibration of
the optical system has been described in detail by Mumma and Zipf7. The
method uses intensity!3 measurements made on vibrational bands of the Lyman-
BirgeHopfield (LBH} (dlng - Xizg+) band system of molecular nitrogen and
on selected multiplets of atomic nitrogen whose branching ratios are known,
The relative transition probabilities of the LBH bands were calcylated using
the Franck-Condon factors of Benesch et al,!*, The electronic transition
moment (Re) is a constant for this band system!S5:16, A comparison of the
calculated intensities with the measured intensities of these bands (via
equation [5] then gives the relative response of the optical system as a
function of wavelength, A comparison of known branching ratios for NI
multiplets with measured intensities is used in a similar manner (See Figure 2).
Absolute calibration of the cross sections was achieved by comparing
them to the cross section for producing Lyman alpha radiation (1215 E) by

electron impact on molecular hydrogen,!2:17




ELECTRONIC TRANSITION MOMENT

The intensities of twenty-eight bands of the CO(A-X) system belonging
to v" progressions with v* = 0 - 6 were measured by scanning the mono-
chromator over each band, Bands belonging to a given v" progression (v'
constant) were scanned sequentially, thus minimizing the effects of long
term drifts in the gas pressure and electron beam current, These parameters
were monitored continuously and drifted by less than 1% over the time
required to scan a given band, The monochromator slits were set to yield
o882\ resolution and the electron energy was set at 300 eV, The detected
photon counts were fed into a multi-channel analyzer which was operated
in the multiescaling mode with an equivalent channel width of 0,45 E, The
resulting readout showed the shape of the band and gave visible evidence
as to whether the band was overlapped or otherwise contaminated. The
total number of counts in the histogram of a band was taken to be the
intensity of the band, The relative electronic transition moment was then
calculated using Equation [5], the Franck-Condon factors of Albritten et
al,9, and the relative spectral response values shown in Figure 2, This
procedure was employed for the bands of each v" progression, The results
for each progression were multiplied by an arbitrary constant and the
values of the constants which gave a least squares fit of the data to a
1inear relation with the recentroid were determined, This procedure has
the advantage that it does not assume anything about how the Tevels of the
Alm state are populated, whether by direct excitation or cascade, and it
does not assume that the relative populations of the upper vibrational

Tevels are related to the Franck-Condon factors, Oyt
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The values for RQ(F . v”) are plotted vs. the r-centroid values

v
in Figure 3, The error bars represent the statistical counting noise
(ML} in the total number of counts in each band or 2,5%, whichever

is greater,

The relationship between Re and v based on our measurements is

R, (F

. ) = 1.9 (1,0 - 0,60 F ) (8)

vhy
hiod v e

where Fyr yn 18 given in A and Re is in atomic units. Hesser's absolute

transition probability measurements are interpreted (see discussion

Below) as best fitting the relation

R, (F w) (9)

e Vk VH) = 207 (]OO = 968 rvl

v
Relative transition probabilities for each vibrational level of the Aln
state {(v" = 0 » 9) were computed using the Albritten et al. Franck-Condon
factors and re-centroids, and the measured dependence of Re given in
equation [8]. The transition probabitities were put on an absolute scale
by normalizing A . _ , to the average of the published values3s*, i,e,

A 5 = 10,3 x 10*7 sec=l (Table 1), Hesser3 measured the radiative life-

Yk o=
times of vibrational Tevels of the Alnm state using a radio-frequency phase
shift technique, His results show a slight increase in transition proba-
bility as v* varies from 0 to 5, Our results show a modest decrease
(Table I, column three}, As an exercise, we determined what slope gave

best agreement with Hesser's measurements, The resulting relation is

equation [9] and the corresponding computed values of the transition




probabilities are displayed in Column four of Table I, We have used
equations [2] and [8] to calculate an array of absoiute transition
probabilities for the system (Table II)., We are then able to calculate
the total absorption oscillator strength for the CO(A - X) transition.

The total absorption oscillator strength is given by

f = £ = , bypn \ 2,
gh‘ - ZV* 1,499 (G'/G") AV o Myt o (10)

where 2 is in cm, A in sec=!, and G'/G" has the same value as the ratio

of the electronic statistical weights g'/q" [where g is (2S5 + 1) for 1 states
and 2 (25 + 1) for states with A 3 1]. For the CO (Alm - XIzt) transition,
§%GY = 2, UWe find a total absorption oscillator strength of 0,15, We
interpret this as a corrected value of Hesser's f = 0,094, which is thus

in better -agreement with Lassettre and Skerbele's® value of 0,19, The
discrepancy between the f-values as measured by optical means and hy

electron energy ioss spectra is thus substantially reduced.

co

Excitation functjons for several vibrational bands of the CO Fourth
Positive system, produced by electrons impacting on CO, were measured as
a function of electron enerqy from threshold to 350 eV. The shapes of the
excitation functions were obtained using the multi-scaling technique
discussed earlier, The cross sections were put on an absolute scale by
comparing them to the cross section for production of Lyman alpha radiation
By dissociative excitation of H2 at 300 eV, The vibrational bands whose

cross sections have been measured are listed in Table III along with

10




the values of their absolute excitation cross sections at 300 eV, The

ratios ﬁv%fﬂ@ have been calculated from the relative band intensities

[fvﬁ v”j and the branching ratios are given in Column 6, Table III. These
ratios should be compared to the theoretical Franck-Condon factor ratio
qv*a/qoo‘ The agreement is quite good, This demonstrates that the populations
of the vibrational 1eve1s of the Aln state are proportional to the Franck-

Condon factors, Lassettrel® has observed similar results for

qv o
the direct excitation (i.e, excluding cascade) of the CO(Alm) state from
electron energy loss spectra, Our results show that the total emission

cross sections for the vibrational levels of the Alnm state (including cascade)
are proportional to the Franck-Condon factors (qv. 0) to within experimental
error, Hence, relative emission intensities (photons/sec) for the bands

of this system may be calculated using

] V3

E

vh oyt T Gyn g Gy gy » [1.9(1.00 - '60FV' v")]2 (an

vty
We have calculated the emission intensities relative to the intensity of
the (270} band bsing equation [11]., The results are shown in Table IV,
These band intensities may now be used for the calibration of monochromators
using the molecular vibrational branching ratio technique.”

The total cross sections for excitation of vibrational levels of the

Al state were calculated via

Oyt T Tyn g ———— {12)
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znd are shown in Figure 4, The absolute cross section of a specific
band belonging to one of these v" progressions (v' = 0 - 4} may be obtained
from the total level cross section, Gy by multiplying by the appropriate

Branching ratio Av“ v"/A The total cross section for exciting the

v
Tevels v* = 0 » 4 at 300 eV is 1,87 x 10717 cm? + 15%, If higher vibrational
levels are also populated according to the Franck-Condon factors, 9 '0°
then the cross section for the first five levels represents 87.4% of the
total excitation cross section for all levels of the Alm state (which
then s 2,13 x 10=17 c¢m2 at 300 eV). The total cross section for exciting
the A'm state becomes - 5,0 x 1017 cm2 at the peak (25 eV).

Rarts and de Heerl® have recently measured the shape of the excitation
cross section for the {0,1) band of this system from 100 - 6000 eV. They
assumed a constant electronic transition moment and then calculated the

branching ratio AOT/AV The absolute cross section for direct

Ca g
excitation of the v* = 0 vibrational level was calculated from the inelastic
electron scattering cross-sections of Lassettre and Skerbele® at 500 eV. The
calculated branching ratio was then used to obtain the emission cross section
for the (0,1) band at 500 eV although Aarts and de Heer recognized that

the electronic transition moment was not constant for this system. The
assumption of a constant electronic transition moment leads to a branching
ratio equal to 0,289 whereas the branching ratio which results from using

the variation of Re determined in this work (Equation 8) is 0.323. Thus we
expect the absolute value of the cross section for the (0,1) band to be

11,5% greater at 500 eV than the value quoted by Aarts and de Heer. We

compare our cross section for the (0,1} band to that given by Aarts and de Heer

in Figure 5, We have multipiied the cross section values of Aarts and de Heer

12




by 1,115 in order to correct for the non-constant electronic transition
moment of this band system, There is some disagreement in the shape
of the emission cross section over the energy range 100 - 340 eV, but
the absolute values agree within the experimental error at 300 eV, The
shape of our cross section curve is estimated to be accurate to better

than 10%,

C02

Excitation cross sections were measured for five vibrational bands
of the CO Fourth Positive system which were produced by electron impact
dissociative excitation of CO2° The cross sections were measured over
the energy range 0 - 350 eV, Excitation functions were measured using the
multi-scaling technique described earlier, and the cross sections were
put on an absolute scale by comparing them to the Lyman alpha cross section
as in the case of C0, The absolute cross sections, Tyt s at 300 eV are
given in Table V, Column 3,

The absolute transition probabilities of the Fourth Positive system
(Tabte II) may be used to determine the total level cross sections, o
from Tyt g since the branching ratios from a particular v' level are
properties only of the CO(Alm - X!z*) transition and not of the intermediate
dissociation process, Total level cross sections have been calculated
in this way and are shown in Figure 6. The relative popuiations of
vibrational levels of the Alm state will no longer be related to the Franck-
Condon factors, Gyt of the CO(A - X) transition but will be a property

of the dissociation mechanism of the 602 molecule, This can readily be

verified by comparing the observed relative populations (Table V, column 6)

13




to the theoretical Franck-Condon ratios qvﬁﬁ/qgg {Table ITI, column 7).
The sum of the cross sections for exciting the v* = 0 » 4 Tevels
of the CO(A'n) state by dissociative excitation of CO, is 1.4 x 10718 cm2 + 17%
at 300 eV, We cannot calculate what fraction of the total excitation
cross section for the Alm state this represents, although it seems likely
that it is a sizeable fraction of the total, The shapes of the level cross
sections (v' = 0 - 4) exhibit reproducible differences even out to 200 eV
{see Figure 5). The sum of the cross sections for these five vibrational

Tevels peaks near 40 eV where it is 2.6 x 10-18 cm2,

SUMMARY AND CONCLUSIONS

The dependence of the electronic transition moment on the r-centroid
has been measured for the CO{Alm - X!z*) Fourth Positive band system. This
has enabled us to calculate the array of absolute transition probabilities
for this system and thus to calculate the total absorption oscillator
strnegth (f-value), The f-value obtained in this way (f = 0.15) is 20%
lower than the f-value obtained from electron energy loss spectra measurements
(f = 0,195), Thus the apparent discrepancy between f-values obtained by
Tifetime measurements and by electron scattering measurements has been
resoived,

Absolute excitation cross sections for bands of the CO Fourth Positive
system have been measured for electron impact on CO and on C02° We have
shown that the intensities of these bands in emission from CO may be
calculated on the assumption that the vibrational Tevels of the Alm state
are populated according to the Franck-Condon factors., This agrees with

Lassettre's results for the direct excitation of the Alw state, and thus

14




we conclude that cascade effects are unimportant for the calculation of
relative band intensities. A table of relative emission intensities has
been calculated and these are useful in the calibration of vacuum ultra-
violet monochromators using the vibrational branching ratio technique.

The relative importance of exciting the CO (Alm) state by direct
electron impact exictation of CO and by electron impact dissociative
excitation of CO2 has been calculated from our measured absolute cross
sections, The electron on CO cross section peaks at ~ 5.0 x 10717 cm?
while the electron on CO, cross section peaks at greater than 2.6 x 10718
cm?, Since the absolute cross sections have been measured as a function of
electron energy, they may be folded into the photoelectron energy spectrum
for the Mars upper atmosphere and should provide a way of deciding how the
CO Fourth Positive bands are produced as an emission feature in the Mars

upper atmosphere,
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Table I

Transition Probabilities For Vibrational Levels of
The CO(Alm) State.

V' Hesser3 Wells and Islert Re“(]° - ,67) Rea(? - 687}
0 9,2 x 107sec~! a) 10,5 x 107 b) 9.0 x 107
1 8.2 10.4 9.2
2 9,5 + 10% 11.1 x 107 + 10% 10.3 9.4
k! 9.5 10.2 9.6
4 9.6 10.0 9,8
5 9.8 9.8 9.9
6 9.6 10.0
7 9.3 10.0
8 9,1 10.1
9 8.9 10.1
a) Calculated using A, = 3" Ayt o “3' " Ré and normalizing A, = 107sec™!.

b) Calculated by finding the dependence of Re vs. r which gave a best fit of

calculated transition probabilities to those shown in column 1,
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

List of Figures
& schematic drawing of the expev%ment§1 apparatus,
The relative spectral response of the window=-monochromator-detector
combination., The crosses are derived from measurements on the N2
Lyman=Birge-Hopfield band system and the dots are derived from
measurements on multiplets of atomic nitrogen. The smooth curve
represents the least squares fit to the data.
The dependence of the electronic transition moment on the r-centroid
for the CO Fourth Positive band system. Bands represented by the
same symbol belong to the same v" progression, Viz: - (v' = 0);
)3 0 (v =2); @(v' =3); » (v' =4); o (v' =5); and
6).

i

x {v*

(v

Absolute cross sections for excitation of vibrational levels

(v' = 0+ 4) of the CO (Alm) state by electrons impacting on CO.

The cross section for excitation of the (0,1) band of the CO(Alnm - Xlz+)
band system by electron impact on CO. The continuous curve represecnis
the present data and the crosses represent the data of ref. 19 which
have been renormalized as described in the text.

Absolute cross sections for excitation of vibrational levels

(v' = 0~ 4) of the CO (A'n) state by electrons impacting on CO,.
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