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Cross section data have been compiled for electron collisions with carbon dioxide
(CO,) molecules, based on 75 references. Collision processes considered are: total scat-
tering, elastic scattering, momentum transfer, excitations of vibrational and electronic
states, ionization, electron attachment, and emission of radiation. Molecular properties of
CO, are summarized as far as they are helpful in understanding those collisional pro-
cesses. With an evaluation of the compiled data, recommended values of the cross section
are presented in a tabular form. The literature was surveyed through early 2001, but more
recent data available to the author are also considere@0@2 American Institute of

Physics.[DOI: 10.1063/1.1481879
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750 YUKIKAZU ITIKAWA

(070 2 761 Very recently an extensive collection and evaluation of
13. Recommended values of the partial ionization cross section data has been carried out for electron collisions
Ccross sections for the production of g:o with moIecuIes5. This work has pl’OVidEd a comprehensive
CO", C*, O", and the sum of doubly charged set of cross sections recommended for a number of specific
ions(i.e., CO; ", C**, and O ") upon processesi.e., total scattering, elastic scattering, momentum
electron collision with CQ................... 761 transfer, excitations of vibrational and electronic states, ion-
14. Recommended values of the cross sections for ization, and electron attachmemior more than 70 molecular
the emissiong\ IT,— X ZHg andB 22; species. In the present paper, a complete data set is as-
X ZHg from CQO! upon electron collision with sembled for electron collision with GO mainly based on
O et 762 the result of that data compilatiGrjut with some significant
15. Recommended values of the cross section for additional information(e.g., emission cross sections, more
the emission BX " —X 23" from CO" upon recent data on vibrational excitation, etevhich are either
electron collision with CQ................... 763 outside the scope of the compilation or reported after the
16. Cross section for the emissignTl— X '3+ completion of the compilation.
from CO measured by AjelfS................. 764 The literature has been surveyed through early 2001, ex-
17. Cross sections for the emission of 130.4 nm cept for a few papers published since then.

radiation from O upon electron collision with

CO,, measured by Ajelf and Mumma

etal’ .. 764 2. Propertles Of CO 2
18. Recommended values of electron attachment

cross section for the electron collision with o - .
o 764 The carbon dioxide molecule in its electronically ground

state is linear. Electronically excited states are discussed in

19. Recommended values of the electron-impact o . )
P Sec. 6. The equilibrium C—-0O distance is

dissociation cross section of G@or the

production of O(S).. . ... 765
20. Summary of the recommended electron collision Ico=0.11600 nm.
cross sections for CO. . ... i 766

This was obtained from an analysis of infrar¢g) spectrd
and confirmed by the electron-diffraction experimént.

1. Introduction The ionization energy of CQrecommended by Lidds

Carbon dioxidg(C0O,) is one of the fundamental constitu- Ei=13.777(=0.00) eV.
ents of the planetary atmosphere. In particular, it is the mosthe energy to dissociate Ganto O—CO was recommended
abundant molecule in the atmospheres of Venus and Margy Darwent to be
On Earth, its behavior is carefully scrutinized with respect to
the global warming process. In a laboratory, £i® widely
used in gaseous discharges or low-temperature plasma de-
vices. Since CQ@is one of the simplest polyatomic mol- The ground state C©Ohas D, symmetry and no permanent
ecules, its study is also of interest from the viewpoints ofelectric dipole. It has an electric quadrupole, whose moment
atomic and molecular physics. is

An electron collision with CQ is one of the basic pro-
cesses involving the molecule. Since the 1920s, the process
has been studied both theoretically and experimentally by
many authors. A large number of papers have been publishéthis is a result of very elaborate calculatiBii.e., taking a
to report cross section data for the process. In view of thg@roper account of electronic correlatjorThere are several
wide interest of C@ as described above, it is desirable to measurements @ (see Maroulis and ThakkHy, but, con-
compile those cross sections and present them in tabular sidering their uncertainties, it is better to adopt the most ac-
graphical form. In 1971, recognizing its importance in thecurate theoretical value above.
upper atmosphere of Mars, Itikawa and Shinizeviewed The electrostatic dipole polarizability of GOs a tensor,
the process of electron collision with G@nd compiled the only two components of which are independent. The isotro-
relevant cross section data as far as available at that timgic and the anisotropic components are defined, respectively,
Taward noticed the role of the process in nuclear fusionby
devices and published a review of the data on the electron-
impact cross section of GO Recently Shiraet al2 revised

D=5.451(+0.004 eV.

®=-3.239a.u= —4.357x 10 %5esu cm.

= =1
the work. Karwaszt al published a review article on the @=ao= st ayytazy), @
electron-impact cross section of a number of polyatomic
molecules, including CQ Aa=3a, =a,,— ayy, 2
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CROSS SECTIONS FOR ELECTRON COLLISIONS WITH CO, 751

symmetric stretching (v{) TaBLE 1. Spectroscopic constants in E§)?
GU BU DU
vP° (cm™b) (cm™b) (1077 ecm™Y)
< O ra O >

~ 000 0 0.3902 1.333

010 (,=1) 667.4 0.3906 1.353

02C° (1,=0) 1285 0.3905 1571

- 10CF 1388 0.3902 1.149

001 2349 0.3871 1.330

bending (v2)

3Determined by Rothmaat al®

bVibrational states are denoted by=(v;,v,,v3), Wherev,,v,,v3 repre-

sent the symmetric-stretching, bending, and antisymmetric stretching states,

respectively. The quantum numbler denotes angular momentum associ-
i) ated with bending vibration.

O—>

‘Due to the Fermi resonance, these two states have a mixed character of
(020 and (100.

In Eq. (3), v denotes collectively the vibrational states, i.e.,
v=(vq,vs,v3), Wherevq,v,, anduv; represent the vibra-
antisymmetric stretching (v3) ' tional quantum numbers of the symmetric-stretching, bend-
ing, and antisymmetric stretching modes, respectively. The
) rotational quantum number is denoted By The spectro-
O o> —0 scopic constants appearing in Eg) are given in Table 1 for
‘ the ground and the lowest excited stalés.
The following two special features of the GGpectra
Fic. 1. Normal vibrational modes of COn its ground electronic state. ~ should be noted:
(1) Fermi resonanceln CO,, the energy levels of100
and (020) are very close. This accidental degeneracy of the
where thez axis is taken along the molecular axis. Similarly levels is called the Fermi resonance. Due to this resonance,

to the case of the quadrupole moment described above, tﬁBe two levels perturb each oth_er. Table _1 shows the resultant
. ) — ) two levels(often called a Fermi dyadwhich have both the
isotropic componentr has been determined by an elaborate h 100 and (020) (i . £ 1h
theory to bd? characters 9( ) and (020 (i.e., mixture of the twi
(2) Vibrational angular momentum quantum numbgne
_ bending mode of a linear molecule is doubly degenerate.
a=17.63a.u=2.613 8. This degeneracy causes an angular momentum around the
molecular axis. Here we introduce the quantum nuniber

Since there is a difference between two large quantities, thassociated with the resulting angular momentum. It takes the
anisotropic componemk « is amenable to a cancellation er- value

ror and difficult to obtain theoretically. Instead the value di- |— _o 1 0 4
rectly determined from a measurement of the Kerr effdst 2TV2,027 4l OF D (4)

adopted here: Thus, in Eq(3), v, should be replaced with a set of quantum

numbers ¢,,l,) to designate the bending mode. Each level
(v,,l,) with I,#0 is doubly degenerate.

L . . From the rotational—-vibrational spectra observed, the mo-
The vibrational(and rotational spectra of CQ, mostly in lecular constantgi.e., harmonic frequency, anharmonicity

the IR region, have been studied extensively. The spectra and,siant etg.can be determined. Those molecular constants
the molecular constants derived from them are collected in Are also tabulated in the Landolt-Bstein volume2 A

s . . 2 .
volume of the Landolt—Bastein series? It contains many e recent attempt of the determination is reported by Tash-
works, among which the most comprehensive determinatiog,, et 41,4 \who derived the constants from the experimental

of the energy levels and the line intensities is the one re'spectra reported by Rothma al *

ported by Rothmaret al*® Their result is incorporated into Two of the fundamental bands of G@re IR active. They
the database HITRAN. According to their analysis, the V|bra-are associated with the bending,} and the antisymmetric

tional and rotational energy levels of G@an be expressed stretching ¢ 3) vibrations. The corresponding IR absorption
as intensities are®

Aa=13.2a.u=1.96 B,

— — 22 a1
E(U,J):GU+BUJ(J+ 1)_Dv[\](\]+l)]2 (3) S=83065<10 cm moleculé for (000 — (010,
CO, has three normal modes of vibration as shown in Fig. 1. S=916076<10 ?>cm molecule for (000)— (001).
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TaBLE 2. Measurements of total scattering cross section foy CO the higher energy range>400 e\). Figure 2 and Table 3
show the values of); recommended by Zecat all®

Energy range

Author ) .Below 1eV, Q-+ rises yvith decreasing energy. Recently
- this was confirmed by Fielet al,?* who used a very low
Ferchet al: 0.07-4.5 energy electron beam generated by a photoionization of the
Buckmanet all’ 0.1-5

Ar atom. From an analysis of their cross section data, they

S.ZmytkOWSk'th al® 0-5-3000 ascribed this rapid rise to the effect of a virtual state of the
Kimura et al: 0.8-500 . -

Sueoka and Mof? 1-400 electron in the field of CQ.

Kwan et al? 1-500

Hoffman et al?? 2-50

Garcia and Manerd 400-5000

’s ded by Kimuret al.*® i i
bsﬂBiEidid b); Kwast &l 4. Elastic-scattering and

Momentum-transfer Cross Sections

3. Total Scattering Cross Section Recently Buckmaret al?® determined the best values of

the elastic cross sectidQg,sin the energy range 1-100 eV.
Those are based on the elastic differential cross section
IDCS measured by Registeet al.,?® Tanakaet al,?’ and
Gibson et al?® Shirai et al® report similar recommended
Odata onQgs. Their result almost agrees with the values
recommended by Buckmaet al?® Shirai et al® extended

the energy range to 1000 eV, taking into account a recent
)eam measurement by Igaal?®in the higher energy region

The total scattering cross secti@ for electron collisions
with CO, was measured by a number of authors. Table 2 list
those measurements published since 1980. Zetas®® re-
cently determined the best value@f . In the lowest energy
range 1 eV) they adopted the experimental data obtaine
by Ferchet al® and Buckmaret al,'” which are in good
agreement with each other. In the energy range 1-1000 e

the three sets of cross sections, obtained by Szmytkows 500—400 eV. In the present paper, the result of Buckman

et al,'® Kimura et al,*® and Kwanet al,?* have an energy P . ) ’
dependence consistent with each other. Since there is no spegtﬁ?rléi el? ;re,e ;fq%% 11_06(§)OeglvlSTChOemttJ\I/rcI)GSe\tAgtgftZZt\elxalcu:ns g:;
cial reason to reject any one of them, Zeetal® averaged ' o '

the three sets of cross sections with equal weight to obtaiﬁmOOtth connected. The resulting cross sections are shown

; 25 [ati .
the recommended values. The resulting cross sections a'[% Fig. 3 and Table 4. Buckmaet al™ estimated an uncer

. . . . ainty of the data to bet 30%. In the higher energy region
consistent with the measurement by Garcia and M&Aémno (>100 eV}, the 18% uncertainty of the original data of Iga

et al?° can be adopted.
vl ad Broadly speaking, there are two experimental ways of ob-
taining the momentum-transfer cross sect@p. The first
one is a beam-type measurement. Once the elastic differen-
tial cross sectiomg,sis derived from a beam measurement,
40 - o the Q,, can be calculated as

50 ~ NIRRT (I R R ET

30 - - Qm=27-rfﬂ(1—cos¢9)qe|as( f)singde. (5)
0

Another method is a swarm-type experiment. In the ex-
periment, a set of cross sections is determined so as to repro-
duce the measured values of the transport properties of elec-
trons in a gas. This method is practically suitable to gg
10 o at a very low energy of electror{say, <1 eV), where the
data onQ,,, have a prime importance. As the collision energy
increases, it becomes harder to derive the cross section set
0 i without any ambiguity, because a number of different colli-

L L L sion processes should be taken into account simultaneously.

0.1 ! 10 100 1000 Elford et al3® determined their recommended value @f,
electron energy (eV)
from a recent swarm measurement of Nakantti@rrected
with the beam data at higher energies. In the procedure, they
Fic. 2. Recommended values of total electron scattering cross sagjion 00K into account the same beam experiments as considered
of CO,. in the case oR,sabove. Their results a®,,, are shown in
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CROSS SECTIONS FOR ELECTRON COLLISIONS WITH CO, 753

TaBLE 3. Total scattering cross section Ll el il

Energy Cross section
(eVv) (10716 cn?)
0.1 49.7
0.12 44.3
0.15 38.1
0.17 34.9
0.2 311 -~
0.25 26.4 E
0.3 23.0 @
0.35 20.5 2
0.4 18.6 I
0.45 17.0 o
0.5 15.7
0.6 13.6
0.7 11.9
0.8 10.5
0.9 9.25
1 8.29
1.2 7.22
15 6.32 0 -] N
1.7 6.02 ' z 368l 2 " agal 2 4 68!
2 594 1 10 100 1000
o5 6.81 electron energy (eV)
35 183'17 Fic. 3. Recommended values of elastic electron scattering cross section
3.8 15.8 Qeas OF CO,.-
4 14.9
4.5 11.3
5 9.06
6 8.44
7 9.21 TABLE 4. Elastic scattering cross section
8 10.3
9 11.3 Energy Cross section
10 12.2 (eV) (10716 cn?)
12 14.2
15 15.8 1.0 5.00
17 16.4 1.5 4.73
20 17.0 2.0 4.37
25 17.8 2.5 4.70
30 18.0 3.0 5.25
35 17.6 3.5 6.40
40 17.0 3.8 8.20
45 16.4 4.0 8.15
50 15.8 4.5 5.80
60 14.8 5.0 6.00
70 135 6.0 6.60
80 135 7.0 7.25
90 13.1 8.0 8.06
120 11.8 15 12.5
150 10.6 20 13.4
170 10.0 25 136
200 9.24 30 134
250 8.20 40 11.9
300 7.39 50 10.5
250 6.73 60 9.6
300 7.39 100 7.55
350 6.73 200 5.07
400 6.08 300 4.01
450 5.62 400 3.39
500 523 500 2.98
600 4.63 600 2.68
800 3.78 800 2.26
900 3.47 900 2.11
1000 3.20 1000 1.99
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S S 1 R S S SIHT Y] I S S U1 TL B S R R 11 g TaBLE 5. Momentum transfer cross section
Energy Cross section
100 L (ev) (10716 cn?)
2 C 0.01 182
o i 0.015 148
o L 0.02 128
N | 0.03 104
— 0.04 90.0
3 21 - 0.05 80.6
© 0.06 73.2
2 0.07 66.8
5 13 3 0.08 61.9
7 - 0.09 56.8
o L 0.1 53.6
4 L 0.12 46.4
3 L 0.15 37.2
0.18 30.1
21 " 0.2 26.2
0.25 19.8
1 B 0.3 15.05
L AL A 0.4 10.48
0.01 0.1 1 10 100 05 8.09
electron energy (eV) 0.6 6.77
0.7 5.69
Fic. 4. Recommended values of momentum transfer cross seQtjpfior 0.8 518
the electron scattering from GO 0.9 4.69
1 4.25
1.2 3.59
Fig. 4 and Table 5. Elforet al3° estimated an uncertainty of 15 3.24
the Q,, to be <5% for 0.01-0.5 eV<10% for 0.5-20 eV 1.8 3.24
and <20% for 20—100 eV. 2 3.39
2.5 3.91
3 4.67
5. Vibrational Excitation 35 5.64
4 5.79
o 32 . 45 5.02
Kitajima et al>* made a very comprehensive measurement 5 158
of the DCS for the vibrational excitation of GOTheir DCS 6 4.01
is consistent with the results of previous beam-type 7 6.08
experiment$533although the latter measurements were done g 7.40
at only a few points of collision energy. Kitajimat al> 9 8.09
reported their DCS over the scattering angles of 20°-130°, 10 9.02
except at 4 eV, where the smallest angle was extended to 10°. 12 10.00
In his master’s thesis, WatanabBettempted to extrapolate 12 18'32
the DCS in both the forward and the backward directions to 20 1017
obtain integral cross sectiofiCS9. As a guideline for the o5 874
extrapolation, he referred to the calculation by Takekawa and 39 751
ltikawa 3> It is well known that for a dipole-allowed tran- 40 5.84
sition, the Born approximation can give a fairly accurate 50 4.79
DCS at the small scattering angles, if properly taking into 60 4.15
account the electron interaction with the molecular dipble. ;8 z'i;

CGO, has no permanent dipole moment. But, once the nuclear

) . . L o 90 2.83
coordinates deviate from their equilibrium positions, £O 100 253
may have a dipole moment. The nuclear-coordinate depen
dence of the dipole moment induces the absorption/emission
of infrared radiation. Similarly the nuclear-coordinate depen-
dence of the electron—dipole interaction is the dominant ori- In the present paper, the experimental DCS of Kitajima
gin of the excitation of an IR-active vibration, particularly at et al3?is extrapolated to obtain ICS in the following manner.
the small scattering angles. Since the electron—dipole intetn the forward direction(i.e., <20°) for the dipole-allowed
action has a long range, its contribution can be well evaluiransitions, (000— (010), (001), the Born-dipole result is
ated with the Born approximation. used and otherwise the result of Watanabe’s extrapolation is
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1 [ N A | L TR OO T S O A | Il | W

1 O_ l I 1 1 I I 3 I 1 1 1 do 1.1 11 l 1 L ' ] n 10__ .-—
1 (100) excitation| T s L
IS O Kitajima L 54 (001) excitation C
o -5 Kochem L 4 O Kitajima
3 X Antoni L 3+ X Antoni )
X Register X Register
2 . L
24 —— Nakamura | —— Nakamura
[«3) 1 |
— 14 o ¥ = No N E
£ 1 L S 7 o [
o 74 % r © 6 L
2 e o [ o 5 o % r
o S+ r — 4 o 3
= 4- ¥ L = o
~ 34 )] r
5 o I £ °
B 8 2 X -
8 7 o r “
2 8 °
g 5 0.1 % -
© 0.1+ o o ] o F
] F 71 C
7] X E 6 L
6+ - 5 r
54 3 44 -
4 - N <
3 L
2 L
2 o o L
0 01 — - O'O‘I L T T T T T T T l T T T T T 111 ] T T T T —
. : Ty e e 2 3 45678 2 3 45678 2 3 45
2 3 4567 2 3 4567 2 3 45 1 10
0.1 1 10 electron energy (eV)

electron energy (eV)

Fic. 5. Cross sections for the electron-impact excitation of the vibrationalFic. 7. Cross sections for the electron-impact excitation of the vibrational
state (100 of CO,. Comparison of the beam experiments by Kitajima state (001) of CO,. Comparison of the beam experiments by Kitajima
et al, Antoni et al,*® Registeret al,?® and Kochemet al,*® and the et al,®? Antoni et al,®® and Registeret al,?® and the swarm result of
swarm result of Nakamuthis shown. Nakamurd® is shown.

adopted as it is. The resulting ICSs are compared with the

Y S previous data of Registet al?® and Antoniet al3® in Figs.
5-7. The present and the previous data are overlapped al-
most consistently. It should be noted that Kitajiragal?
assigned an uncertainty of 30% to their measured DCS. As is
34 r stated in Sec. 2, there is a Fermi resonance betwegi @g
o) - and (020 modes of vibration. According to the conventional
& notation, the higher of the Fermi dyddith AE=0.172 eV
- is called(100 and the lower AE=0.159 eV is called(020
E here. Kitajimaet al3 obtained the DCS separately for the
2 two states. More discussion about this is given at the end of
i this section

The vibrational cross sectiodCS) can also be derived
x o from a swarm experiment, as in the case of momentum-

o transfer cross sectiorfsee Sec. ¥ In such a manner,
Nakamurd® determined the vibrational cross sections for
CO,. As is discussed foR,,, the swarm result should be
most reliable in the low energy region. The values of
Nakamura! at the energies below 1 eV are plotted in Figs.
2 L 5-7. For the excitation d010) and(001) modes, the present
values of ICS are consistent with the swarm data. For the
0.01 = (100 mode, however, a large inconsistency seems to appear

o1 2 Pt 3 10 2 e between the swarm and the beam results. In the energy range
electron energy (eV) below 1 eV, the cross section f¢t00) excitation is much
. ons for the el _ iation of the vibrati Ismaller than those for the other two modes. From the prin-
1G. 6. Cross sections for t geectron-lmpact excnatl_on of the vi _raﬁlonaciple Of swarm analySiS, Sma”er Cross SeCtionS have Iarger
state (010 of CO,. Comparison of the beam experiments by Kitajima .. 38 .
et al,%2 Antoni et al,®® and Registeret al,”® and the swarm result of Uncertainties. In 1985, Kocheet al™" made a beam experi-

Nakamurd! is shown. ment at the energies below 1 eV. For ti®0 mode, they

T T

4 oy

cross section (107

p (010) excitation
77 O Kitajima

5 X Antoni

4 X Register

34 —— Nakamura

T
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TaBLE 6. Vibrational excitation cross sections TaBLE 7. Excited electronic states of GO
Cross section (10 cn?) Excitation energyeV)
Energy from the ground state
(ev) (100? (010° (0022
Staté Nakatsuff*® Rabalaiset al**® Chanet al®? Leeet al®%*
15 0.277 0.378 0.639
2 0.420 0.350 0.464 1, 11.39 11.28
3 0.878 0.734 0.417 T, 11.31
3.5 1.25 1.51 0.456 DM 11.00 11.08 10.3
3.8 1.29 1.96 0.443 A, 9.32 8.41 8.38 9.95
4 1.07 1.97 0.433 lEJ 9.27 6.53 9.73
4.5 0.526 1.42 0.356 32; 9.19 9.73
5 0.181 0.938 0.300 1Hg 8.93 9.31 9.30
6 0.0840 0.576 0.262 3A, 8.80 9.13
15 0.0221 0.120 0.141 3Hg 8.73
30 0.0210 0.153 0.0815 32: 8.15 4.89 8.53
&/ibrational states are denoted by=(v,,v,,v3), Wherev,,v,,v5 repre- aAssignment following Nakatsuff!
sent the symmetric-stretching, bending, and antisymmetric stretching state®/ertical excitation energy calculated by Nakatgji.
respectively. °Photoabsorption study by Rabalait al*?

dPhotoabsorption study by Chat al*
®Excitation energy employed in the cross section calculation byett s>

succeeded in deriving ICS in the energy range below 0.6 eV.

H 38 H H . . . . ..
The cross sections of Kocheet al™ are also shown in Fig.  gives no details about them. There is still no definite consen-

5. Tg‘ae present values are more consistent with Kochendys apout the assignment of the excited electronic-states of

Here we recommend the vibrational cross sections derived |, 1971, Rabalaiset al*? reviewed electronic spectros-
from the beam experiment by Kitajimet al* Table 6 pre-  copy of linear triatomic molecules. They extensively sur-
sents the ICS derived from their DCS. If one needs the Crosgeyed the experimental and theoretical results available by
section for the energies below 1 eV, the swarm data obtaineghen and also reported their own measurement of absorption
by Nakamurd" can be used for the excitations @10 and  spectra. Their study was concentrated on the excited states
(001) modes. For the(100 excitation, the beam data of pejow about 11 eV. For CQ they confirmed five excited
Kochem et al®® are preferred to the swarm data of gates in the energy region. Those are listed in Table 7. Note
Nakamura' but should be used with caution. that the lowest state they foundY_) was identified only

The experiment of Kitajimet al*? shows that th€020)  from emission spectra so that it has a bent geometry.
mode is excited significantly in the region around the 3.8 €V The most recent photoabsorption study of Ofas done
resonance. Particularly in thg energy range of .4—6 ev, th%y Chanet al*® They employed the electron-impaat, €)
cross section for th€020) excitation has a magnitude com- gpectroscopy. Below the ionization threshold, they confirmed
parable to that fo(100. Below and above the region, the foyr distinct states. Those are also listed in Table 7.

(020 excitation has a DCS more than 1 order of magnitude There are many theoretical calculations of the electronic
less than the corresponding valug(®00). The swarm analy-  strycture of CQ. One of the elaborate calculations is the
sis of Nakamur# does not distinguish the Fermi dyad. Be- symmetry-adapted cluster method with (S3AC-CI) study

low 1 eV, however, th€020) excitation is assumed to have py Nakatsuji** In his calculation he assumed a linear geom-
no contribution compared with that of the excitati®00. ety From the characteristics of the molecular orbitals, how-
The energy dependence of the cross secti@¥@S) of the  eyer, he indicated the possibility of bent geometry of some
Fermi dyad has been studied in more detail by Afam the  eycited states he obtained. On the other hand, Spielfiedel
resonance region, other overtone bands of the vibrationgl; 51 4546nyestigated the bent structure of the excited states.
modes are known to be excitésee, for example, All), They found that the electronic energy depends critically on
but no quantitatively reliable data are available for the crosspe details of the nuclear configuratigie., the two C-O

section. distances and th©—-C-0O anglg. It needs very elaborate
o _ treatment of electron correlation to obtain reliable values of
6. Excitation of Electronic States the electronic energy of CO Recently Buenkeet al*” at-

tempted theoretically to reveal the bent structure of the ex-

Although the electronic ground state of €@as a linear cited states. Their results are not necessarily in agreement
equilibrium geometry, many of the excited states are supwith those of Spielfiedeét al >4
posed to have a bent structure. It is difficult to determine Although electron energy loss spectroscopy has been ap-
spectroscopically the structure of the bent state, because theljied rather extensively in the study of electronic structure of
show only weak feature in the absorption spectra. Except foEO, (see Greert al*® and the references thergiwvery few
the Rydberg state@vhich are known to be linegrfor in-  experimental results have been reported for the excitation
stance, Herzberg lists four excited states in his Bdiyt  cross section. Klump and Lasseffreneasured DCS for two
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1 o excitation of 10.98 eV energy loss 1 ’ .
| ® 30eV
| o 6oev
X 100 eV {excitation of 11.05 e\ energy loss
. ¥ 200 eV 1 _ ® 30eV
O 60eV
: X 100 eV
% % '

R = X 200eV
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scattering angle (deg)

Fic. 8. DCSs for the electron-impact excitation of the excited electronicFiG. 9. DCSs for the electron-impact excitation of the excited electronic

state with the energy loss of 10.98 eV of gQneasured by Greeet al*®

state with the energy loss of 11.05 eV of §Qneasured by Greeet al*®

The data obtained at the incident electron energies of 30, 60, 100, and 2001€ data obtained at the incident electron energies of 30, 60, 100, and 200

eV are shown.

prominent transitiongat 11.05 and 11.40 eVTheir primary
aim was to obtain a generalized oscillator stren@@®©S),

eV are shown.

DCS is available only for a very limited range of scattering
angle, it is impossible to derive an integral cross section from

from which they extract the corresponding optical oscillatorthem.

strength. For this reason, their measurement was limited to There are several attempts to calculate electronic excita-
very high energies of electrons and at very small scatteringfon cross sections of CO McCurdy and McKo§° applied
ang]es_ Recent]y Greest a|'48 made a more extensive mea- the Born apprOXimation to the calculation of GOSs for a
surement of the cross section for the excitation of the 10.8-0umber of optically allowed excitations. The GOS for the
11.5 eV energy-loss states. In their energy-loss spectra, the§xcitation of the'll, state is in relatively good agreement
found four clearly distinct peaks at about 10.98, 11.05, 11.16With the measurement of the 11.40 eV transition of Klump
and 11.40 eV. As is stated above, an identification of theind Lassettré? but the GOS for'S | is much smaller than
excited electronic states of G@s still controversial. Green the corresponding experimental ddtee., 11.05 eV transi-

et al*® tentatively assigned those peaks as tion). The same conclusion is drawn from a comparison of
the theoretical GOS and the recent experimental data of
Greenet al“®

IS5 or 13 for 10.98 eV, : .
Tyt oor Ty for © Using a distorted-wave method, Lee and McKogalcu-
. lated the cross section for the excitation of eight low-lying
'S, or *A, for 11.05eV, states ., %114,3A,, M1y, 'A 1S %10, and1l,) at the

collision energies of 25—-60 eV. It should be noted that Lee
and McKoy! show no transition energies for those states.
Recently Leeet al>? employed a close-coupling method to
calculate similar cross sections for five excited stasee
Table 7. The agreement of the two sets of calculations is not
They measured DCS for the transitions to those states at threecessarily good. Furthermore Le¢al®? compared their
collision energy of 20—200 eV. The actual measurement wasalculations with three and nine channels coupled to find a
done independently at two places: Flinders University inrather sensitive effect of the strong coupling among the ex-
Adelaide and Sophia University in Tokyo. A good agreementited states. Finally, for the excitations 6k, and I,

is found between the two sets of measurements when thestates, the theoretical DCS can be compared with the experi-
are overlapped. Here those measured at the Sophimental one of Greert al*® The agreement is very poor,
University*® are plotted in Figs. 8—11. Green al*® claimed  although there is some ambiguity in the assignment of the
an uncertainty of 30% for the result. Since the experimentastates. In conclusion a much more elaborate calculation is

C’' for 11.16 eV,

1, for 11.40 eV.
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Fic. 10. DCSs for the electron-impact excitation of the excited electronicgg 11, DCSs for the electron-impact excitation of the excited electronic

state with the energy loss of 11.16 eV of GQneasured by Greeet al**  giate with the energy loss of 11.40 eV of gQOneasured by Greeet al*®

The data obtained at the incident electron energies of 30, 60, 100, and 20fhe data obtained at the incident electron energies of 30, 60, 100, and 200
eV are shown. eV are shown.

needed to produce reliable cross sections for the electronig o ctically the same as the total ionization cross segtion.

excitation of CQ. This type of experiment is relatively easy to perform so that
reliable data can be produced, particularly for their absolute
7. lonization values. In fact, the rather old data of Rapp and
Englander-Goldett are still taken as a standard of the total
When an electron collides with a GQmolecule, many ionization cross section for GO

different kinds of positive ions are produced: The second kind of ionization experiment is the separate
measurement of each product ion with the use of some kind
e+CO,» CO; 138 eV, of mass spect_rometer. When a d_iss_o_ciative ionization occurs,
the fragment ion may have a significant amount of kinetic
COt 195 eV, energy. It is not easy to completely collect the fragment ions,
particularly fast ones. Therefore special care should be taken
o 19.1 eV, in evaluating experimental data available on the paftal-
sociative ionization cross section.
ct 27.8 eV, Recently, after a critical survey of available experimental
data, Lindsay and Mangahhave determined their recom-
CO," 374 eV, mended values of ionization cross sections. Their result is

given in Tables 8—10 and Figs. 12 and 13. Their partial cross
sections are based on a very elaborate measurement of the
O'* 542 eV product ions with a time-of-flighfTOF) mass spectrometer

: ' by Straubet al>® It should be noted that Strau al>® made
The energy given at the right side of each channel shows thiaeir cross sections absolute without resorting to any other
appearance energy of the respective {sae, for example, data for normalization. For the total cross section below 25
Tian and Vida?®). There are two types of measurements ofeV, Lindsay and Mangan adopted the values of Rapp and
the ionization cross section. The first one is the measuremefinglander-Golder? instead of Strautet al.*® because the
of the total ion current, from which the total ionization crosslatter obtained cross sections only at a few energy points.
sectionQj,(tot) is derived.(Actually the ion-current mea- According to Lindsay and Mangan,the uncertainties for
surement gives a gross ionization cross section but, as the partial cross sections for the productions of,GGCO",
shown below, the production of multiply charged ions isC*, O, and the total ionization cross section are 5% for the
much less frequent. Hence the gross ionization cross secti@nergies above 25 eV. The cross sections for the energies

C** 51.2 eV,
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CROSS SECTIONS FOR ELECTRON COLLISIONS WITH CO, 759

TaBLE 8. lonization cross section: total and €@roduction

Energy co; Total
(ev) (10716 cn?) (10716 cn?)
14.5 0.055 0.055
15 0.097 0.097
15.5 0.135 0.135
16 0.174 0.174
16.5 0.215 0.215
17 0.255 0.255
17.5 0.293 0.293
18 0.333 0.333
18.5 0.373 0.373
19 0.428 0.428
19.5 0.452 0.452
21 0.577 0.577
215 0.623 0.623
22 0.676 0.676
225 0.727 0.727
23 0.777 0.777
235 0.828 0.828
24 0.880 0.880
25 0.969 1.04
30 1.34 1.58
35 1.53 1.95
40 1.70 2.25
45 1.84 2.50
50 1.94 2.71
55 2.00 2.88
60 2.06 3.06
65 2.10 3.18
70 2.13 3.27
75 2.15 3.36
80 2.19 3.45
85 2.20 3.51
90 2.22 3.56
95 2.23 3.60
100 2.25 3.64
110 2.23 3.66
120 2.23 3.66
140 2.19 3.63
160 2.12 3.52
180 2.08 3.43
200 2.01 3.32
225 1.95 3.21
250 1.87 3.05
275 1.83 2.97
300 1.75 2.82
350 1.62 2.58
400 1.54 2.43
450 1.43 2.23
500 1.35 2.09
550 1.27 1.96
600 1.21 1.85
650 1.16 1.76
700 1.10 1.68
750 1.06 1.61
800 1.01 1.53
850 0.964 1.45
900 0.941 1.41
950 0.909 1.36
1000 0.876 1.30

under 25 eV have uncertainties of 7%. The uncertainties for
the productions of CQ", C**, and O " are 6%, 11% and
11%, respectively.

The energy distribution of the ejectddecondary elec-
trons produced by the electron-impact ionization is of prac-
tical importance. For instance, to determine how much en-
ergy the incident electron loses upon the ionizing collision,
we need the energy distribution of the electrons after the
collision. The electron energy distribution, often called the
single differential cross sectiofSDCS of ionization, was
measured for COby Opalet al>"*8at the impact of 500 eV
electron. Later Shyn and Sharextended the measurement
to the lower energies, 50, 100, 200 and 400 eV. The values of
SDCS obtained by Shyn and Shapre given in Table 11.
Both groups derived their SDCS from the measurement of
the angular distribution of the secondary electrons.

8. Emission Cross Section

Upon an electron collision with a molecule, radiations of
various wavelengths are emitted. The detection of those
emissions is a diagnostics tool of the molecular gas or
plasma. In the case of GOfor instance, the electron-impact
emission plays an important role in the study of the upper
atmospheres of Mars and Ven(see, for example, the re-
view articles by Fo¥ and Fox and Bough®¥.

(1) Emission from CQ@ . Emissions corresponding to the
following transitions are detected:

A?l,—X?Ily at 293.3-438.4 nm

B2S,—X2l, at 218.9-226.8 nm.

It should be noted that both the ground and excited states of
CO; are known to be linedt There are three papers report-
ing emission cross sections for théM® The peak values of
the cross sections measured by the three groups for the above
emissions are almost in agreement with each otfidote
that the cross sections reported by McConkewl ®2 should
be corrected as noted in Mentait al®°). The cross section
of Ajello®® has too steep an energy dependence near thresh-
old, compared with the other two sets of dét4? Here the
cross sections obtained by Tsurubuchi and Réiaihich are
newer than the data of McConkey al.®? are adopted as the
recommended data. They are shown in Fig. 14 and Table 12.
Tsurubuchi and Iwaf assigned an uncertainty of 25% to
their data.

(2) Emission from CO. Only Ajello®® measured the cross
section for the emission of CO

B23 T X2 (first negative systein
The values of Ajell8® are shown in Fig. 15 and Table 13.
(3) Emission from COThe following band emissions from
CO are reported:
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TaBLE 9. Dissociative ionization cross sections

Energy co* c* o* ct o+
(ev) (10716 cm?) (10716 cm?) (10716 cn?) (10718 cn?) (10718 cn?)

25 0.0279 0.0419

30 0.139 0.0024 0.0986

35 0.247 0.0280 0.150

40 0.281 0.0782 0.195

45 0.299 0.121 0.245

50 0.319 0.149 0.299

55 0.339 0.178 0.352

60 0.362 0.208 0.407

65 0.369 0.229 0.452

70 0.379 0.246 0.485

75 0.380 0.261 0.526

80 0.386 0.278 0.556 0.0179

85 0.389 0.285 0.584 0.0215

90 0.390 0.296 0.606 0.0311

95 0.390 0.306 0.622 0.0506 0.0169
100 0.389 0.310 0.640 0.0520 0.0197
110 0.386 0.322 0.663 0.0751 0.0324
120 0.378 0.323 0.671 0.108 0.0721
140 0.365 0.331 0.680 0.157 0.133
160 0.340 0.321 0.670 0.186 0.159
180 0.333 0.309 0.647 0.249 0.217
200 0.314 0.301 0.631 0.279 0.233
225 0.300 0.288 0.606 0.256 0.271
250 0.278 0.273 0.572 0.291 0.286
275 0.269 0.260 0.553 0.247 0.304
300 0.250 0.245 0.524 0.252 0.276
350 0.226 0.215 0.470 0.216 0.249
400 0.211 0.202 0.433 0.224 0.215
450 0.193 0.183 0.388 0.198 0.193
500 0.178 0.169 0.361 0.177 0.192
550 0.165 0.154 0.339 0.184 0.168
600 0.154 0.145 0.311 0.145 0.156
650 0.145 0.136 0.299 0.169 0.142
700 0.139 0.127 0.283 0.147 0.176
750 0.132 0.123 0.268 0.157 0.147
800 0.124 0.116 0.252 0.139 0.127
850 0.119 0.108 0.238 0.129 0.127
900 0.113 0.105 0.229 0.0965 0.100
950 0.110 0.101 0.222 0.0897 0.116
1000 0.103 0.0964 0.209 0.0984 0.103

AI—-X13* (fourth positive system and easily blended with other emissions, unless the excita-

tion energy is small. Erdman and Zifftried to remeasure
the emission cross section of the Cameron system. They gave
an absolute magnitude of the total Cameron system emission

Ajello®® measured both of them. The emission cross sectioffOSS section of 2410 cn* at 80 eV. Because of the

for the fourth positive system is shown in Fig. 16. The emis-difficulty of the measurement, however, the value is likely to
sion is very weak and AjelfS could not measure the cross have a large uncertainty by as much as a factor of 2. No
section near threshold.3.48 eV). For the Cameron system, recommended cross sections, therefore, are presented here
Ajello® reported only the relative magnitudes of the crossfor the Cameron system of emission.

section for the emission of th@, 1) band at 215.8 nm. The  (4) Emission from O at 130.4 nnThe two sets of cross
upper statga 3I1) of this emission is metastable and has asections measured for this emissioff are in a large dis-

long radiative lifetime. Furthermore, being a dissociativeagreement with each othésee Fig. 1. Mumma et al®’
fragment, CO(a ®I1) is known to have kinetic energy. Ac- obtained their cross section with the normalization to the
cordingly the emission of the Cameron system is very wealtyman a emission at the electron collision with,tf Their

a’ll—-Xs* (Cameron system
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TasLE 10. lonization cross section for the production of £O

5 -
Energy co*
(eV) (10718 cm?)
45 0.166 4~ o
50 0.393
55 0.686
60 1.06 o
65 1.26 531 -
70 1.59 -
75 1.72 =
80 2.06 8
85 2.19 52 -
90 2.27 <
95 2.46
100 2.65 :
110 2.85 1] B
120 2.90
140 2.94
160 2.90
180 2.85 0 l T T T B
200 272 0 200 400 600 800 1000
295 257 electron energy (eV)
250 2.32
275 231 Fic. 12. Recommended values of total ionization cross se€ggitot) for
300 203 the electron collision with CQ.
350 1.83
400 1.75
450 1.65
500 1.41 | | N | | |
550 1.28 ] i
600 1.25 ] |
650 1.13
700 1.06 1 I
750 0.986
800 0.961 ! 3
850 0.883 . L
900 0.823 i I
950 0.741 e L
1000 0.723 2
o
. . g )i Boep, )
cross section for the latter process is rather old. If the most § 0.1 3 ) &
recent cross section is employed for the normalizatsee g ] C
van der Burgeet al®9), the values of Mummat al®’ should < 1o [
be multiplied by 0.61. Then the two sets of cross sections g 1a& WWMNN -
come closer. However, a difference of a factor of 3 remains § | & O N L
near threshold. At present it is difficult to decide which data T [ff RV M o g
would be better. g 0014 ¥ M
There are many other emissions than those presentec i ™ —co,’ _ -
above, but they have much smaller cross sections. For in- ] x| e co [
stance, Kaniket al”® reported cross sections for the emis- i g ¢ L
sions of wavelengths 40—125 nm, measured at the collision 18 e o L
energy of 200 eV. Those are the emissions from O, Q, M | X doubly charged ions
C*, CO, and CO. All the cross sections reported by Kanik 0.001 L
et al,’”® however, are less than 18 cn? (see also a review (') 280 4('30 6(')0 scl>o 10'00

by van der Burget a|.69). - electron energy (eV)
9. Dissociative Attachment

Fic. 13. Recommended values of the partial ionization cross sections for the
Recently Itikaw&! reviewed the cross section data for production of C§, CO*, C*, O*, and the sum of doubly charged ions

electron attachment to molecules. Here his conclusion fofi-e. C3 ", C**, and O'*) upon electron collision with CQ
J. Phys. Chem. Ref. Data, Vol. 31, No. 3, 2002
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TasLE 11. Single differential cross sections0 '8 cn? eV~1) for ioniza-

tion

YUKIKAZU ITIKAWA

TaBLE 12. Cross sections for the emissions from CO

Incident electron energeV)

Cross sections (10° cn?)

E2
(eV) 50 100 200 400
1 16.08 22.38 15.66 12.66
2 25.47 27.62 19.29 12.50
3 23.37 26.62 20.12 14.44
4 16.57 19.94 17.52 11.43
5 14.60 17.53 14.44 10.51
6 1351 19.40 12.90 9.32
8 12.79 12.85 10.64 7.70
10 12.50 10.12 8.76 6.30
12 11.26 8.55 7.39 5.47
15 9.61 8.18 5.77 4,52
20 6.18 4.46 3.26
25 4.18 3.22 2.38
30 3.14 2.52 1.76
35 2.87 1.77 1.32
40 2.65 1.32 1.04
50 0.81 0.687
65 0.56 0.401
80 0.49 0.277
100 0.188
120 0.137
140 0.131
160 0.129
180 0.123
#Energy of secondary electron.
1.0 ! 1 ! | I
— CO," (A-X)
0.8 === CO, (B-X) L
“e
o
"-O
0.6 L
f ey
=
k3]
e | -
2
5 0.4 -
o
2
8
£
Q
0.2 ~ -
0.0 T T T T T
0 100 200 300 400 500

Fic. 14. Recommended values of the cross sections for the emissions
AZII,—X 214 andB 23 7 — X 21, from CO; upon electron collision with

Co,.

electron energy (eV)
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Energy
(eV) A—X B—X
18.8 0.0314 0.0121
19.9 0.0494 0.0247
21.1 0.0682 0.0384
22.4 0.0873 0.0517
23.7 0.107 0.0653
25.1 0.128 0.0797
26.6 0.150 0.0932
28.2 0.168 0.106
29.8 0.191 0.120
31.6 0.214 0.134
335 0.233 0.147
35.4 0.256 0.162
375 0.280 0.176
39.8 0.304 0.191
42.1 0.331 0.207
44.6 0.356 0.222
47.2 0.388 0.239
50.0 0.416 0.256
53.0 0.445 0.272
56.1 0.476 0.288
59.5 0.508 0.304
63.0 0.541 0.321
66.7 0.579 0.337
70.7 0.615 0.353
74.8 0.646 0.371
79.3 0.675 0.386
88.9 0.723 0.415
94.2 0.740 0.425
99.8 0.754 0.434
106 0.767 0.443
112 0.776 0.451
119 0.784 0.457
126 0.790 0.462
133 0.796 0.466
141 0.796 0.468
149 0.798 0.469
158 0.796 0.467
167 0.796 0.466
177 0.791 0.462
188 0.784 0.457
199 0.775 0.449
211 0.763 0.441
223 0.750 0.432
236 0.734 0.423
250 0.718 0.414
265 0.702 0.404
281 0.687 0.395
298 0.671 0.386
315 0.656 0.377
334 0.640 0.368
354 0.624 0.357
375 0.609 0.348
397 0.593 0.339
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0.20 -4 i I 1 ! ! ! TasLE 13. Cross section for the emission from C(B)
Energy Cross section
(ev) (10716 cm?)
26.0 0.0240
0.15 ~ - 26.7 0.0346
5 27.2 0.0440
oA 27.3 0.0521
= 28.6 0.0594
g 29.3 0.0663
$0.10 - 30.0 0.0729
8 30.7 0.0791
5 314 0.0845
s 32.1 0.0897
2 32.9 0.0942
® 0.05 - 337 0.0984
34.5 0.102
35.3 0.106
37.0 0.114
39.6 0.124
0.00 = T T T T T T 41.6 0.130
0 50 100 150 200 250 300 43.6 0.136
electron energy (eV) 45.7 0.141
47.9 0.146
Fic. 15. Recommended values of the cross section for the emissian B 50.2 0.151
—X23* from CO" upon electron collision with CQ 52.6 0.155
55.1 0.159
57.8 0.162
CO, is adopted. Rapp and Briglfameasured absolute val- 60.5 0.165
ues of the cross section for the production of negative ions 63.4 0.168
from CO,. They used the total ionization method, i.e., the 66.5 0171
measurement of the total current of negative ions. Using a 09.7 0-174
. . . . 73.0 0.176
mass spectrometric method, Orient and Srivastasfatained 76.5 0.179
the cross section for the Oproduction. Their values are in 80:2 0:181
agreement with those of Rapp and Bridfiavithin the un- 84.0 0.183
certainty of the cross section-(20%) and the energy scale 88.0 0.185
(£0.1 eV). Here the cross section measured by Rapp 92.3 0.187
and Briglid? is recommended as the cross section for the 96.7 0.188
production of O from CO,. They are shown in Fig. 18 and 101 0.189
Table 14. 106 0.190
Spence and Schufzmeasured cross sections for the pro- 111 0.190
duction of C ions. The cross section has a value in the 1 0.190
energ;z/1 range 14-21 eV with its maximum of about 2 Ez 8'123
X 10" % enf. 134 0.186
141 0.184
10. Dissociation to Produce 147 0.182
Neutral Fragments 154 0.181
162 0.178
- . 170 0.176
Electron collisions with C@ produce neutral fragments, 178 0.174
CO, C, and O. When those fragments emit radiation, they 186 0172
can be detected easily. The corresponding emission cross 195 0.168
sections are compiled in Sec. 8. 204 0.164
Although a few qualitative studies have been reported on 214 0.161
the detection of metastable fragments, a direct, quantitative 224 0.157
detection of neutral fragments has been made only for 235 0.152
O (*s). With the use of a solid Xe detector, LeClair and 247 0.147
McConkey® succeeded in measuring the cross section for 258 0.142
the production of O ¥S). Their result is shown in Fig. 19 ;;11 g'izg

and Table 15. They claimed an uncertainty of 12% for their
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Fic. 16. Cross section for the emissi@n'II—X '3 * from CO measured
by Ajello.5

data. Measuring TOF spectra of &), they determined the
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Fic. 18. Recommended values of electron attachment cross section for the
electron collision with CQ.

kinetic energy distribution of the fragment atom. On the ba-They concluded that a part of it definitely comes from
sis of an analysis of the distribution, they discussed possible

dissociation channels for the production of GSy.

1.4 - 130.4 nm emission from O -
— Ajello
X Mumma
x|
1.2 4 ® Mumma*0.61 |
“e
o -
2 1.0 X X L
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electron energy (eV)

Fic. 17. Cross sections for the emission of 130.4 nm radiation from O upo
electron collision with CQ, measured by Ajel¥ and Mummaet al®”
Renormalized cross section of Mumratal. (Ref. 67) are also showisee
text).
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i)

e+CO,—e+COy ('Y )—e+CO('2)+0('S) (6)

but many other channels contribute to the production of
O (!S). A recent measurement of the cross section for the
excitation of the'S, | state of CQ by Greenet al*® supports
this dissociation channel.

LeClair and McConke$ also measured the metastable
fragment CO &°11). Since they have no information on the
detection efficiency of their solid Xe detector for CO
(a3II), they could not obtain an absolute magnitude of the
cross section for the COaCIl) production. The relative
energy dependence of the cross section, however, is some-
what different from the cross section for the emission from
CO (@a®Il) (see Ajello®®. LeClair and McConke¥ esti-
mated the detection efficiency of CO to be very small. Fur-
thermore it may be sensitive to the condition of the CO frag-
ment (i.e., both its kinetic and internal energiesin
conclusion, no definitely quantitative information is available
for the production of CO43II).

11. Summary and Conclusion

Figure 20 shows the cross sections for the electron colli-
sion with CQ recommended in the present paper. They are

total scattering cross secti@y (Fig. 2 and Table B
elastic scattering cross sectioQ.,s (Fig. 3 and
Table 9;

(i)
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TaBLE 14. Electron attachment cross section

Energy Cross section
(eV) (10716 cn)
33 0
34 1.7&-05
35 6.1&-05
3.6 0.000 141
3.7 0.000 273
3.8 0.000 528
3.9 0.000 818
4.0 0.001 06
4.1 0.001 28
4.2 0.001 41
43 0.001 48
4.4 0.001 36
45 0.001 21
4.6 0.000 976
4.7 0.000 774
4.8 0.000 598
4.9 0.000 440
5.0 0.000 282
51 0.000 194
5.2 0.000 132
5.3 9.6&-05
5.4 6.1&-05
5.5 2.64-05
5.6 1.7&-05
5.7 8.8@-06
5.8 0
5.9 8.8@-06
6.0 1.7&-05
6.1 2.64-05
6.2 4.4@-05
6.3 6.1&-05
6.4 0.000 106
6.5 0.000 141
6.6 0.000 202
6.7 0.000 290
6.8 0.000 387
6.9 0.000 528
7.0 0.000 897
7.1 0.000 897
7.2 0.001 14
7.3 0.001 45
7.4 0.001 78
7.5 0.002 16
7.6 0.002 67
7.7 0.003 12
7.8 0.003 57
7.9 0.003 96
8.0 0.004 24
8.1 0.004 28
8.2 0.004 13
8.3 0.003 80
8.4 0.003 36
8.5 0.002 83
8.6 0.002 15
8.7 0.001 72
8.8 0.001 36
8.9 0.001 02
9.0 0.000 783
9.1 0.000 616
9.2 0.000 484
9.3 0.000 369
9.4 0.000 290
9.5 0.000 229
9.6 0.000 176
9.7 0.000 132
9.8 0.000 106
9.9 7.92-05

10.0 6.1@&-05

0.20 4 | | i 1 L
Hssociation to produce O (IS)
0.15
“g
(5]
©
‘o
E 0.10
I+
3
"
[%:]
[=]
G
0.05 + -
0.00 ~ I

[ T i T [ I
0 200 400 600 800 1000
electron energy (eV)

Fic. 19. Recommended values of the electron-impact dissociation cross sec-
tion of CO, for the production of OS).

(i)  momentum-transfer cross sectid@,, (Fig. 4 and
Table 5;

(iv) total ionization cross sectio@;y(tot) (Fig. 12 and
Table 8;

(v)  dissociative ionization cross secti@i,,(dis) (i.e., the
sum of the partial ionization cross sections in Table
9);

(vi) cross sections for the emissions from tAeand B
states of CQ (Fig. 14 and Table 12

(vii) cross section for the production of @) (Fig. 19 and

Table 15; and
(viii) vibrational excitation cross sectiorifigs. 5—7 and
Table 6.

The electron attachment cross sectifig. 18 and Table 14
is too small to be plotted here.

For the cross sections shown in Fig. 20 to be consistent
with each other, the following relation should hold:

Q1= Qelast Qion(tot) + 2 Qexc- (7)

The last term on the right side of the equation includes all the
excitation cross sections of the electronic, as well as vibra-
tional, states. For the electronic excitation of S@nly the
cross section for the production of 3$) is shown in the
figure. Other electronic excitation cross sections are either
known to be smaller than this or not known quantitatively
(see Secs. 6, 8 and L@\nother point which should be noted
here is the resonance region at around 3.8 eV. The difference
between th&); andQg,sin the region seems too large to be
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TasLE 15. Cross section for G§) production filled by the vibrational excitation cross sections. As is dis-
Energy Cross section cussed in Sec. 5, howeve_r, ove_rto.n.e band_s of the vibrational
(eV) (10718 cnP) modege.g.,(020] are excited significantly in the resonance

12 0.020 region. The overtone excitation can be definitely contributed
14 0.051 to the sum of the excitation cross sections in the resonance
16 0.082 region, but no quantitative information is available for that.
;g 8'123 Subject to these conditions, relatiéf) holds for the present
24 0.146 set of recommended cross sections.
28 0.154 Finally it would be appropriate to mention that further data
gg g'igg are needed for the electron collision with €OThe most
40 0.167 urgent data needed are the cross sections for the excitation of
45 0.168 electronic states. There is no definite information available
28 8'122 for the excited electronic states of GOexcept for high-
70 0.165 lying Rydberg states. Comprehensive elaborate calculations
80 0.163 are probably adequate to provide the necessary information.
138 g'igg The low-energy electron collision is also helpful in under-
120 0.150 standing the structure of the excited states. Furthermore,
140 0.144 once electronically excited, the molecule often dissociates
128 8'122 into neutral fragments. Those fragmef®0, O, and ¢ are
200 0127 of practical importance in many application fields. Thus any
250 0.115 detailed knowledge about them is necessary. At the collision
ggg 8'382 energy below about 5 eV, vibrational excitation is very im-
400 0.091 portant. Even if the absolute magnitude of the excitation
450 0.085 cross section is small, the vibrational excitation is the most
288 8'832 significant energy loss process of the incident electron in the
700 0.065 energy region. In this sense, more accurate cross sections
800 0.061 need to be measured, particularly at energies below 1 eV.
900 0.057 Also more comprehensive data of the vibrational cross sec-
1000 0.054 . .
tion would be desirable even above 1 eV.
< | mom|
100 £
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— \ /——\\\
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Q T i
2 {010 LG AN
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Fic. 20. Summary of the recommended electron collision cross sections for CO
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