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Abstract A method based upon the weighted total cross section (WTCS) theory is proposed
to calculate the photo-ionisation cross sections and the radiative recombination rate coefficients
between the fundamental level of CO and the main electronic states of its corresponding ion.
Total photo-ionisation cross sections and radiative recombination rate coefficients are determined

from the calculation of elementary vibrational photo-ionisation cross sections.

Transitions be-

tween CO1 (X, A and B) and CO(X) are considered. Total photo-ionisation cross sections and
recombination coefficients are computed in the temperature interval 500-15000 K.

Keywords: CO, photo-ionisation cross sections, radiative recombination rate coefficients

PACS: 52.20.—j, 82.33.Xj
DOI: 10.1088/1009-0630/16/11 /04

(Some figures may appear in colour only in the online journal)

1 Introduction

Carbon-oxygen containing plasmas are involved in
many electric arc processes or applications. One can
mention for example: a. low voltage circuit breakers
with mixtures of air and organic vapours (C,,H,O,N,)
due to thermoplastic wall erosion ['=3! b. high-voltage
breaking devices with Air-CO,-C,F, mixtures as an al-
ternative to SFg [, c. biomass treatment for syngas 1°/,
CO32-Na-Ar mixtures for the study of planetary atmo-
sphere re-entry =19 and d. Metal Inert Gas (MIG)-
Metal Active Gas (MAG) welding arcs with Ar-COq

mixtures 11,

These processes have been widely studied theoreti-
cally, mainly through the implementation of Magneto-
Hydro-Dynamic (MHD) Models (Ref. [12] and refer-
ences therein) with the hypothesis of local thermody-
namic equilibrium (LTE). On the other hand, we know
that the LTE assumption is no longer acceptable in
some locations inside the plasma where deviations from
thermal, chemical or radiative equilibrium may exist:
close to the electrodes and the walls and in the sur-
rounding areas of the arc where turbulence phenom-
ena and the pumping of external gas have a signifi-
cant effect. Moreover, LTE is not always valid dur-
ing arc extinction and inside the plasma column for
low-power arcs. For a theoretical study of this kind
of plasma for which departures from equilibrium may
exist, multi-temperature MHD models are developed.
Several articles are available in the literature concerning
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2T MHD models such as Bernardi et al. 3], E] Morsli
and Proulx ', Tanaka !9 and Al Mamun et al. (16
concerning respectively argon, air, Ar-No and Ar-CO»-
H, radio-frequency inductively coupled plasma (ICP)
torches, Ghorui et al. '7 for the study of the gas flow
inside the nozzle of a metal cutting device, Belhaouari
et al. '8 associated to SFg high voltage circuit break-
ers and Trelles et al. 19 for the study of a direct cur-
rent (DC) plasma torch in argon. The development
of this kind of model is based upon multi-temperature
thermodynamic properties and transport coefficients
databases. It is thus indispensable to calculate these
properties and the first step, impossible to circumvent,
is the calculation of the plasma composition. More-
over, the only accurate way to obtain the plasma com-
position, with the existence of departures from ther-
mal, chemical or radiative equilibrium, is to adopt a
collisional-radiative (CR) model 2%, These models are
based on chemical species conservation equations es-
tablished from direct and reverse chemical reactions
occurring in the plasma. As a consequence, it is nec-
essary to have a complete set of cross sections or reac-
tion rate coefficients to develop appropriate CR models.
Rate coefficients are often found from a literature sur-
vey but some of them, particularly concerning excited
electronic levels of molecular species, are unavailable
and have to be determined theoretically. This work is
connected with this problem as it concerns the calcula-
tion of photo-ionisation cross sections and radiative re-
combination rate coefficients for the CO molecule (and



its corresponding ion) which is a dominant diatomic
species for C-O containing plasmas.

It is essential to take account of radiative mecha-
nisms in CR models (mainly spontaneous emission and
radiative recombination). Indeed, these processes make
it possible to highlight the possible presence of depar-
tures from radiative equilibrium. In previous works per-
formed in our laboratory for nitrogen [2!, oxygen [22
and air 202324 it has been established that some
atomic or molecular electronic states are under popu-
lated due to radiation losses (in these previous studies,
radiative recombination rate coefficients for Ny, O5 and
NO molecules were calculated, as in the present work, in
the frame of the Weighted Total Cross Section (WTCS)
theory [25]). Thus, it is indispensable to include radia-
tive processes in the kinetic scheme of CR models in or-
der to obtain reliable results. On the other hand, there
also exist CR models devoted to the study of planetary
entry plasmas 1% for earth (air) and mars (CO2-No-
Ar) atmospheres for which radiative recombination of
molecular electronic states is not taken into account.
Rate coefficients calculated in the present work for CO
molecules could be used to improve these CR models.

Concerning radiative recombination rate coefficients,
we did not find any articles for COT. On the other
hand, theoretical 2627 or experimental [28-3% photo-
ionisation cross sections have been already published
for CO. Moreover, reference should be made to the re-
view by Gallagher et al [*1). However, this kind of cross
section cannot be used to calculate accurate radiative
recombination rate coefficients for molecular electronic
levels in the case of thermal or quasi-thermal plasmas.
Indeed, these previous experimental or theoretical cross
sections were obtained from (or considering) photon
collisions on a cold gas. As a consequence, the tar-
get molecule was in its fundamental state (electronic
ground level X and vibrational quantum number v =
0), whereas the population of electronic and vibrational
levels follows a Boltzmann distribution in thermal plas-
mas. Thus, it is crucial to determine photo-ionisation
cross sections as a function of vibrational quantum
numbers and temperature to undertake accurate com-
putations of radiative recombination rate coefficients
for CO™ electronic levels.

In the present work, photo-ionisation cross sections
are determined according to the Weighted Total Cross
Section (WTCS) theory [2°]. Radiative recombination
rate coefficients for the electronic levels of COT (X, A
and B) are then calculated from photo-ionisation cross
sections with the assumption of a Maxwell-Boltzmann
velocity distribution function for electron and heavy
particles.

2 Theory and methods

From the works of Marr 32 and Bates 33!, with the
assumption of a Maxwell-Boltzmann velocity distribu-
tion function for electrons and heavy particles, the ra-
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diative recombination rate coefficient 3(m?-s~1) is ob-
tained as a function of temperature 6 from the total
photo-ionisation cross section a% (e,0) (where Ty is the
electronic state of the neutral molecule CO and Ty the
electronic level of the molecular ion CO™):
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where ¢ is the speed of light, m, is the electron mass
and k is Boltzmann’s constant. ¢ is the energy of the
photon and e¢pyreshold 1S the energy threshold of the tran-
sition (T7 — T3). Er, (0) and Dy, (6) are respectively
the energy and the degeneracy of the coalesced molec-
ular electronic level T;. Their calculation is achieved
according to Refs. [21,34]. The energy for a coalesced
electronic level T; is given by:

Er,(0) = Te,+ < G(vi) + Fu, (Ji) >0, (2)

with:
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And the degeneracy of a coalesced level is written as:
(2= d0,4)(25 + 1)q(T3, 6)
[ F’U‘ %
X exp (< Glog) + B (i) >0

k0 ) - W

S is the electron spin quantum number and A is the
quantum number associated to the angular orbital mo-
ment. F,,(J;) and G(v;) are respectively the energy of
the rotational level J; and of the vibrational level v;.
They are given by [35:36]:

(0+ 1) were + (v + 1)° werie + .
(5)
Fy(J)=By,J(J+1) — D, J*(J+1)*, (6)

with B, = B — a (v—&—%) and D, = D, + B. (v—i—%).
Te, Be, 0o, Do, Be, We, WeTe and weye are spectroscopic
constants taken from Refs. [37, 38] and summarized in
Table 1 for CO and CO™. In relations (3) and (4),
q(T;,0) is the internal partition function of the partic-
ular electronic state T}. It is written as (361

G) = (v+3)we—

v, (T;) Jr(vi)
q(T;,0) = Z Z (2J; +1 exp( G(MHF (Js )).
v;=0 J;=0

(7)
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Table 1. Spectroscopic data of CO and CO™ electronic levels
State Te We WeTe WeYe Te Dy Be Qe Do Be
(em™) (em™) (em™) (em™) (107 cm) (em™) (em™)) (em™) (em™})  (em™)
CO'tB2%t 158907.2 1734.18 27.927 0.3283  1.16877 37241.0 1.79992 0.03025 7.76x107% 2.60x107"
COVAZTL 133763.8 1562.06 13.532 0.0131  1.24377 46516.7 1.58940 0.01942 6.58x107° 1.38x107%
COTX22t 113030.5 2214.24 15.164 —0.0007 1.11514 67250.0 1.97720 0.01896 6.31x107° 1.61x1078
coxX's* 0.0  2169.81 13.238 0.0105 1.12832 89460.0 1.93128 0.0175 6.12x107° —1.04x107°

The global photo-ionisation cross section involved in
Eq. (1) for the transition between two electronic states
T1— Ty is calculated in the frame of the WTCS the-
ory 251 such as:

’UL(Tl) ’UL(TQ T
Z n (Tlv U1, 9) X Z UT?;Z? ( )
1)1:0 ’U2—

UTl (6 9) n (Tla 6) ’ (8)
where n(T1,v1, 6) and n(T1, 0) are respectively the
population number density of the vibrational and elec-
tronic levels. With the assumption that electronic, vi-
brational and rotational levels follow a Boltzmann dis-
tribution, n(Ty,v1, 8) and n(T, 0) can be expressed in
the thermal equilibrium case as a function of partition
functions, and vibrational and rotational energies (cf.
references [36:39 for detailed expressions of n(Ty,v1, 6)
and n(Ty, 0)). With this additional hypothesis, the
weighted total photo-ionisation cross section is finally

written as [39;
UL(Tl)
1 G(Ul)
He0= Y goew (-%5
V1=
vr (T2) vr (T1)
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where J%Zf (€) is the elementary vibrational photo-

ionisation cross section. It is determined according to
Sarrette et al. % and Skubenich et al *1. All the de-
tails concerning the method of calculation of U%’zf (e)
are available in Ref. [39]. In order to achieve the com-
putation of the elementary vibrational photo-ionisation
cross section U%;’f (), the Franck-Condon factors gy, v,
are indispensable. In this study, Franck-Condon factors
are taken from Ref. [42]. These authors give Franck-
Condon factors for the following vibrational transi-
tions: CO(X, v1=0-24)— COT (X, v,=0-13), CO(X
v1=0-24)— COT(A, v3=0-10) and CO(X, v1=0-24)—
CO™ (B, v2=0-10).

3 Results and discussion

In order to validate our computations, we have con-
fronted our weighted total photo-ionisation cross sec-
tions UT (€,0) (obtained for # = 300 K) with available
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measurements 23730 in Figs. 1, 2 and 3, respectively
for the ensuing reactions:

COX!'EH) + v — COT(X22H) +e (10)
COX'ST) + v — COT(AZTL) +e-  (11)
COX!'ST) + v — COT(B2ZH) +e (12)

As stated previously, the aim of the present work is to
determine the radiative recombination rate coefficients
which are strongly correlated with the energy thresh-
old and with the low-energy cross section shape. From
Figs. 1-3, one can notice that our results and previous
measurements exhibit an acceptable agreement, in par-
ticular for the position and the value of the maximum
of the cross section, and for the energy threshold.

In Figs. 1-3, we can observe that the cross sections
do not exhibit one unique maximum but rather two
peaks. The appearance of this second maximum is due
to a phenomenon called shape resonance 3. These
shape resonances for CO molecules are clearly identi-
fied in the photo-ionisation spectra of states X [44:45]
A ¥ and B 5471 The peaks associated with shape
resonances are located near 23.5 eV, 22 eV and 32 eV
for states X, A and B, respectively, and they are well
reproduced in our calculations.

T S e | T | B

14 .' -
13 1] . m  Samson & Gardner [30] ]
2] hd ® Hamnett et al. [29] 1
A Plummer et al. [28]

114 —— This work 7
10 e
9 i
g ] COX)+hv— .~ CO'(X)+e

Photoionisation cross section o (1 0" sz)

Energy = (eV)

Fig.1 300 K photo-ionisation WTCS for CO(X
CoT(X2xT)

1Z+)—>



16 - m  Samson & Gardner [30] B
. ® Hamnett et al. [29]
14 - A Plummer et al. [28]

— This work

Photoionisation cross section ¢ (10‘18 sz)

Energy = (eV)

Fig.2 300 K photo-ionisation WTCS for CO(X'XT)—
CO™(AIL)

6.0 r
5.5
5.0 4

1.54 . ®  Samson & Gardner [30] E
® Hamnett et al. [29]
A Plummer et al. [28]
0.5 4 —— This work 4

Photoionisation cross section ¢ (1 0" cmz)

15 20 25 30 35 40 45 50
Energy = (eV)

Fig.3 300 K photo-ionisation WTCS for CO(X'YT)—
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In order to obtain radiative recombination rate co-
efficients, it is necessary to calculate total photo-
ionisation cross sections as a function of temperature.
For all the processes studied, the same variation of
the photo-ionisation cross section was observed with
temperature: a decrease of the maximum value and a
threshold shift towards low energies, as shown in Figs. 4
to 6 respectively for the 3 mechanisms considered in this
work, i.e. reactions (10) to (12).

However, the effect of temperature upon the to-
tal cross section is more or less significant, depend-
ing on the process considered. Indeed, for the tran-
sition CO(X!'¥*T) — COT(X2XT) (see Fig. 4), the
variation of the cross section maximum value is only
about 12% (for temperatures varying between 500 K
and 15000 K), whereas it is close to a factor of 1.6 for
COX1X*)— CO*(AZL) (see Fig. 5).

The threshold shift toward low energy (for increas-
ing temperature) of the total photo-ionisation cross sec-
tion 0% (,0) is associated to the population number
densities of high vibrational levels. Indeed, when the
temperature increases, according to Boltzmann’s law,
the population of high vibrational levels v; and v be-
comes non-negligible, leading to a lowering of the en-
ergy threshold of the process.

In addition, the modification with temperature of
the maximum value of the total photo-ionisation cross
section arises from the elementary vibrational photo-

1016

Plasma Science and Technology, Vol.16, No.11, Nov. 2014

ionisation cross sections U%Zf (¢) and from the Franck-
Condon factors whose values can vary significantly (sev-
eral orders of magnitude) with regards to the electronic
transition and to the couple of vibrational quantum
numbers v; and v (in particular, for increasing tem-

peratures i.e. for high values of v; and vs).
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Fig.6 WTCS for CO(X'¥T)— COT(B2%T) as a function
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Radiative recombination rate coefficients ﬂ% (0) ob-
tained in this study are presented in Fig. 7 as a func-
tion of temperature for the reactions (10), (11) and
(12). These rate coefficients are typically in the range
of 10712-10~ cm?/s, and they are slowly varying with
temperature. This last result is not surprising since ra-
diative recombination is an exothermic process.
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Table 2.
=ao+ar X0 +asx 602+ ...4ag x 0% with 0 in Kelvin

Fitting parameters (6th degree polynomial) of CO" radiative recombination rate coefficients: ﬂ% (cm3 . sfl)

Recombination process

Fitting parameters

COT(X2XT) + e~ — CO(X 'TT) + hv ao
az
a4
ag
CO™(A IL;) 4+ e™— COX '2F) + hv ao
az
a4
ae
COt B2Zh) 4+ e — COX 'SH) + hv ao
az
a4

ae

1.0908x107%, a; = 2.1044x10~ 7
—4.6750x107%, a3 = 6.4780x10~%°
—5.3648x107%°, a5 = 2.3419x10733
—4.
5.6988x107 1%, ay = 1.1574x10~ %7
—1.8661x1072", a3
—7.9925x1073, a5 =
5.4547x 10739
1.2032x10715 a3 = 1.5090%x 10717
-3.
—3.8353x107%, a5 = 1.6725%x 1033
= —2.9986x10738

1118x10738

1.1234x1072%°
—1.8235%x1034

6145x10721, a3 = 4.8036x10~%°
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Fig.7 Radiative recombination rate coeflicients ﬁ% (0) of
the electronic levels of CO"

Unfortunately, we did not find any theoretical or ex-
perimental published value of radiative recombination
rate coefficients for CO™ ions to confront and validate
our own calculation.

The rate coefficients obtained in this study were also
fitted in a polynomial form (valid in the temperature
interval 500-15000 K): 872 (cm® - s71) = ag + a1 x 0 +
as X 0% + ... +ag x 05. The fitting parameters (a;) are
given in Table 2.

4 Conclusions

A theoretical approach allowing the computation of
photo-ionisation cross sections and radiative recombi-
nation rate coefficients for electronic states of diatomic
molecules is presented. This method is applied in the
present work to the transitions CO™ (X, A and B) .—
CO(X). Total photo-ionisation cross sections are cal-
culated in the frame of the weighted total cross sec-
tion theory (2°/. They are obtained from elementary
vibrational photo-ionisation cross sections and Franck-
Condon factors. Radiative recombination rate coeffi-
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cients are then determined from photo-ionisation cross
sections with the assumption of Maxwell-Boltzmann ve-
locity distribution functions for electrons and heavy
particles. Calculations are realized in the tempera-
ture interval 500-15000 K and fitting parameters are
given for the rate coefficients in a polynomial form:
ﬂ(cm3~s_1) =ag+a; X0+ay x02+...+ag x 69,
The room-temperature photo-ionisation cross sections
computed in this work were also confronted with exper-
imental published values in order to validate our own
calculations.

The database of photo-ionisation cross sections ob-
tained in this study can be used for any kind of plasma,
whereas reaction rate coefficients are only usable in the
case of thermal or quasi thermal plasmas for which the
assumption of Maxwell-Boltzmann velocity distribution
functions is effective.

These data can also be used to develop a collisional-
radiative model for C-O containing plasmas in order
to obtain the plasma composition, taking into account
the existence of departures from thermal and chemical
equilibrium. The composition will then be used to ob-
tain multi-temperature thermodynamic properties and
transport coefficients.

The set of photo-ionisation cross sections calculated
in this study can also be used to improve the photo-
absorption cross section database necessary for the cal-
culation of the molecular continuum contribution to
radiative properties of thermal plasmas such as the
net emission coefficient 8 or mean absorption coef-
ficients 9],
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Dr,(0) Degeneracy of the coalesced molecular electronic state T;
Er,(0) (J) Energy of the coalesced molecular electronic state T;
F,(J) J) Energy of rotational level J
G(v) J) Energy of vibrational level v
Ji Rotational quantum number of state (73, v;)
k (J/K) Boltzmann’s constant
Me (kg) Electron mass
n(T;, 6) (m™?) Population number density of electronic state T;
n(Ts,v;, 6) (m™3) Population number density of vibrational state v;
q(T3,0) Internal partition functions of electronic state T;
Qv vs Franck-Condon factor for transition vi— vs
S Electron spin quantum number
T; J) Electronic term of electronic level ¢
V1 Vibrational quantum number of state T
V2 Vibrational quantum number of state 15
,6’% 6) (m®s71) Radiative recombination rate coefficient for transition 71— T5
1) Kronecker’s symbol
€ J) Energy of the incoming photon
A Quantum number associated to the angular orbital moment
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