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ABSTRACT

Effective emission and ionization rate coefficients of carbon atoms taking
into account the density effects in plasmas are studied using a collisional
radiative modei including 31 sub-levels up to the principal quantum number n
= 4. Atomic processes such as electron impact ionization, excitation, de-
excitation and spontancous emission, which are the dominant processes for
carbon atoms generated from the wall material in fusion devices, are
considered in our calculations. In a relatively high density plasma with
electron density above 1013 ¢cm3, the effective ionization rate coefficient
increases about by a facior of four compared with that in a Jow density plasma
at low temperatures of ~10 eV because of the increase of ionization from the
excited states. Effective emission rate coefficients for several lines, which are

useful for plasma diagnostics, are also presented.
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1. Introduction

Plasma-surface interaction is one of the crucial issues in fusion research
from the viewpoints of the impurities evaporated or spuitered from the wall
materials. Impurity concentration in a fusion plasma gives rise to serious
problems such as the enhancement of radiation power loss and fuel dilution.
On the contrary, cooling of edge plasma by radiation loss is expected from the
viewpoint of reduction of heat load to the wall. Hence impurity control is
indispensable for the realization of a fusion reactor. In future thermonuciear
experimental reactor schemes, carbon composite materials are one of the
candidates for the first wall since carbon is a low Z species. Therefore, it is
desirable to investigate the transport of carbon atoms in edge plasmas. In this
paper, ionization and excitation processes in plasmas are analyzed using a
collisional radiative model in order to offer data on the effective line emission
and ionization rate coefficients over a wide range of plasma parameters: 102 <
ne <1018 cm3, 1 < Te < 100 V.

Generally, a corona model is applied to the ionization balance and the
populations of the excited states in low density plasmas. In a corona model the
transitions only between the ground state and the excited states concerned are
considered. The population mechanism in high density as well as low density
plasmas has been investigated by Fujimoto 1-6) for three different types of
plasmas: equilibrium, ionizing and recombining plasmas. In ionizing plasmas,
the population densities are proportional to n-6 in the high density [imit, where
n is the principal quantum number 4). In ionization equilibrium plasmas, the
ion abundances and the population densities in the high density limit are given
by the Saha and Saha-Boltzmann equations, respectively. So far the population
densities of hydrogen, helium and oxygen atoms/ions have been investigated
with the collisional radiative model and applied to the measurement of plasma

parameters 1-8). Line profiles of multiplet lines at 156.1 and 165.7 nm of



neutral carbons emitted from the solar chromosphere with low density and
temperature (ne < 1010 cm-3. Te < 10 V) have been investigated 9.10).

In this paper the ionization and line emission processes of carbon atoms
under a wide range of piasma parameters are investigated under the condition
of ionizing plasma by the collisional radiative model considering 31 sub-levels
up to a principal quantum number n =4. In high density plasmas (ng> 1013
cm-3), the population densities do not depend on the electron density since they
are determined only by collisional processes. Therefore the effective emission
rate coefficients decrease as the electron density. The effective ionization rate
coefficient increases with the electron density since the ionization rate
coefficients from the excited states are much larger than that from the ground
state. The spectral line of 909.5 nm (2p3p(3P2) — 2p3s(3P2)) is widely used
for the investigation of carbon transport and edge electron temperature
measurement in JET 1), TEXTOR !L12) DITE 13 and PISCES 14). Effective
emission rate coefficients for lines with a wavelength in the ultra-violet to

near-infrared region are presented.

2. Rate equations and atomic data
2.1. Rate equations

The excitation and ionization processes by electron impact are taken into
account in our calculation. The collisional processes involving ions or neutral
atoms are neglected since the temperature is low in edge plasmas (10~100 V)
and the kinetic energy of carbon atoms released from the first wall is
relatively small (< 10 eV). The population density of the i-th level of carbon
atoms, n(i), is described by the following rate equation:
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where ne is the electron density and n+j(k) is the population density in the k-th
level of a singly charged ion. Cjj is the electron impact excitation rate
coefficient and Aj; is the transition probability from j to i. Sik is the ionization
rate coefficient for which a neutral atom in the i-th level is ionized into the k-
th level of a singly charged ion. 0 is the recombination rate coefficient for
which a singly charged ion in the k-th level recombines into the i-th level of a
neutral atom. We consider 31 levels summarized in Fig. 1 13), In the
collisional radiative model, the population densities of the excited levels are
generally assumed to be in a steady state, i.e. dn(i)/dt= 0. In our calculation, a
steady state for all the excited levels is assumed.

Generally speaking, the population densities of the excited states of atoms
in plasmas are described to be the sum of the contributions from the ground
state n(1) of the atom (purely ionizing plasma) and from the singly ionized
ions (purely recombining plasma) ). The carbon atoms in the edge plasma are
considered to be in an ionizing plasma since the ionizing component is much
larger than the recombining component. In our calculations the recombination
process corresponding to the fourth term in eq. (1) is neglected. In an ionizing
plasma, the ion abundance ratios of the ions with z+1 charge to the ions with z
charge, nz+1/nz, is smaller than that in ionization equilibrium [nz4+1/nz)eq. The
ions are ionized until n;41/n; reaches [nz+1/nz]eq in an ionizing plasma. On the
contrary, the ion abundance ratio nz4+1/n; is larger than [0z+1/0z]eq in a
recombining plasma.

[Figure I]
2.2. Atomic data
(a) Electron impact excitation and de-excitation

The excitation processes to all the excited states from the ground state,

2p2(3P), and metastable states, 2p2(1D) and 2p2(1S), are taken into account in

our calculations. All the allowed transitions between the excited states are
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considered, e.g., 2p3p(lP) - 2p3d(1D). We also included the forbidden
transitions whose initial and final states have the same configuration but
different terms, e.g. 2p3p(1P)— 2p3p(1S). There is scarce experimental data
for carbon atoms. Therefore, we used two sorts of theoretical data and two
types of semi-empirical formulae based on the Bethe approximation as

follows. They are summarized in Table 1 according to the transitions.

[1] The theoretical cross sections calculated by Henry 16) by the Close
Coupling Method for the transitions between the ground state 2s22p2(3P)
and the two metastable states (1D), (1S).
{2] The theoretical calculation by L. A. Vainshtein 17) by the Coulomb-
Born approximation for the transition 2p2(3P) — 2p3p(°P).
{31 Rate coefficients calculated from Mewe's semi-empirical formula 18)
using the oscillator strength fij 19-21) and the excitation energy Ejj. The
formula is given by eq. (B1) in Appendix B.
[4] Rate coefficients for hydrogen-like ions derived from the Bethe
approximation given by Jacobs 22). This formula was originally applied to
the transitions, An = 0 and Al = %1, where [ is the azimuthal quantum
number. We adopted this formula to the transitions of An=0, Al =0 and
AL = *1, where L is the term value; e.g. 2p3p(1S) — 2p3p(1P). This
formula is given by eq. (B3) in Appendix B.

[Table 1]

The de-excitation rate coefficient by electron impact, G;; ,is calculated from

the excitation rate coefficient Cj;:

C jFCﬂ—?ﬁ){p(Ej), (2)
1} e



where gj and gj arc the statistical weights of the lower and upper levels,

respectively.

{b) Electron impact ionization

The ionization processes by electron impact from all the excited states
shown in Fig. 1 ar¢ taken into account in our calculations. The ionization
process from the inner sub-shell is alsc considered, especially from the ground
and the metastable states, e.g. 2s22p2(3P) + e — 2s2p2(2P) + 2¢. The ionization
rate coefficient is estirnated by Lotz's empirical formula as given by eq. (B5)
in Appendix B.

(c) Spontaneous transition

Spontaneous transitions for all the allowed transitions and three forbidden
transitions, 2p2(1D) — 2p2(3P), 2p2(1S) — 2p2(3P) and 2p2(1S) - 2p2(1D),
are considered. The spontaneous transition probability Aji is expressed as,

13
Aj= @%10_3 i 3)
|

where A is the wavelength of the emission line [nm]. The energy for the i-th
level from the ground state E;, the oscillator strengths fjj, and the transition
probabilities Ajj 23) are given in Tables A1-AS5 in Appendix A.

3. Results
3.1. Population densities
(a)ne-dependence

Two metastable states, 2p2(1D) and 2p2(1S), make the population density
sensitive to ne and Te, especially for the singlet terms. In high density plasmas
where ne > A;j1/Cij, the population densities of the metastable states are not
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negligible compared to that of the ground state. Therefore the excitation from
the metastable states are not negligible when determining the population
densities of the excited states and the line intensities. In this section, we¢
consider three simplified levels, i.e. the ground state, the metastable state and
the excited (resonance) state, for modeling of the electron flows. The ne-
dependence of the population densities of carbon atoms are characterized in

the following three density regimes:

[1] Low density regime (Corona regime):

The population densities of the excited states are determined by the
balance between the collisional excitation rate neCji from the ground state
and the radiative transition probability. In this regime, the population
densities of excited states are proportional to R, i.e. n(i) = neC 1n(1)/Aj1.
2] Intermediate regime:

The excitation and de-excitation rates are increased as ne increases
whereas the radiative transition probabilities Aji are constant. Therefore
collisional processes become dominant between the levels where Aji is
small. The radiative transition processes, however, are still dominant for
the allowed transitions. In this regime, the population densities of the
metastable levels are independent of ne, while those of the resonance levels
are proportional to ne.

3] High density regime:

All the population densities are determined by the balance of collisional
processes. In this regime, population densities of all the excited levels are
independent of ne. The population densities of metastable states are
decreased from that in the region (2) due to the excitation process from the
metastable states.



Fig. 2(a) shows ne-dependence of the population densities for Te = 20 eV.
The population densities are expressed as population density ratios n(i)/n(1). A
density below 103 cm-3 corresponds to the low density regime, while the
densities of 106 cm-3 < ne <1013 ¢m-3 and ne > 1013 cm-3 correspond the
intermediate and the high density regimes, respectively. In an ionizing plasma
as in our case, the out-flow by the excitation to higher levels and the ionization
are balanced with the in-flow by the excitation from the ground state. Then
the population density ratios n(i)/n(1) for the metastable states 2p2(1D, 1S) are
smaller than the ratios of the statistical weight of each level. In the high
density regime, the ratios n(i)/n(1) for the metastable states decrease
comparing to those in the intermediate region due to the increase of the

excitation and ionization from the metastable states.

(b) Te-dependence

Fig. 2(b) shows the Te-dependence of population density ratios n(i)/n(1)
for ne = 1013 cm-3. The Te-dependences of the levels with singlet and triplet
terms have different features. The population densities of the tripiet terms are
mainly determined by excitations from the ground state. Therefore, the Te-
dependence of these populatioﬁ densities has similar features to those of the
excitation rate coefficients from the ground state. On the other hand, the
population densities of the singlet terms are greatly affected by the excitation
from the metastable states since the excitation from the ground state to levels
with singiet terms is small due to the spin exchange forbidden transition.
Hence the population densities of the singlet terms have similar Te-dependence
to those of the metastable levels. Those of the metastable states decrease as Te
increases since the excitation rate coefficients from the ground state to the
metastable states decreases toward higher temperatures.

[Figure 2 (a),(b)]




(c) Influence of cascade transition from excited states

In this section, the cascade transitions from upper excited states as well as
the transitions from the metastable and ground states are discussed. We
combine the levels into five groups: (i) ground state, (ii) two metastable states,
(iii) lower excited states except for the metastable states, (iv) upper excited
states, and (v) ionized state. The electron in/out-flows of the collisional type
are defined by,

e 3, Cjin(j) and ne ¥, Cijni) , @
] ]

respectively, while the electron in/out-flows of the radiative type are defined
by,

Y AjinG) and Y, Ajjnd) . (5)

j»i j<

As examples electron flows into/from the levels 2p3p(3P) and 2p3s(1P) are
shown as percentage contributions in Figs. 3 and 4. These levels are the upper
levels for the line emissions at 909.5 nm and 247.9 nm, respectively, which
are the important lines for diagnostics as will be described in Section 4. As
shown in Fig. 3 (a), the electron in-flow from the ground state is the dominant
process for the determination of the population density of 2p3p(3P) when ng<
1012 cm-3. It occupies as much as ~85 % of the percentage contribution, while
the rest is due to radiative transitions from the upper excited states, i.e.
cascades. The cascade contribution from the upper levels is 15 % at low
densities, and decrease down to a value of 5 % when ne > 1012 cm-3. In the
region ne < 1012 cm-3, radiative transition to the lower excited states is the
dominant out-flow from this level as shown in Fig. 3 (b). There is no radiative

transition to the ground state since it is forbidden. Hence the population
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density of this level for this density region is determined by the excitation
from the ground state, the radiative transitions from the upper excited states
(cascades), and radiative transitions to the lower excited states. The collisional
excitation from the lower excited levels gradually increases as ne exceeds 1012
cm-3 because of the increase in the population densities of the excited states. It
occupies as much as ~90 % as the electron densities exceed 1014 ¢cm-3. In this
region, the dominant electron out-flows from this level are the collisional de-
excitation to the lower excited states (~90 %), and the collisional excitation to
the upper excited states (~10 %). The population density of this level is
determined by the balance of collisional processes only, which results in a
population density independent of electron density as shown in Fig. 2 (a). The
contribution of the metastable states is negligibly small since 2p3p(3P) is a
triplet term. Consequently cascades from the upper states at low density region
and the excitations from lower excited states at high density region are
important for the determination of population densities of triplet terms.

The population density of 2p3s(1P) is strongly influenced by the metastable
states as shown in Fig. 4(a). In the low density region, ne< 103 cm-3, the
excitation from the ground state and cascades are the dominant in-flows intc
this level. They each occupy ~50 % of the percentage contributions. The
excitations from the metastable states become greater than that from the
ground states when ne > 103 cm-3 because of the increase of population
densities of the metastable state as shown in Fig. 2(a). They reach up to 60 %
of the percentage contributions for 103< ne < 1014 cm-3. The contribution
from the ground state increase for ne > 1014 following the decrease of the
population densities of the metastable states. In the density region ne< 1014
cm3, the dominant electron out-flows from this level are radiative transitions
to the metastable states as shown in Fig. 4(b). As ne exceed 1014 cm-3, the
contributions of collisional de-excitations from upper excited states become

large and reach up to ~45 %. In this region, the dominant electron out-flow is
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excitation to the upper state, which occupies as much as ~90 % of the
contributions as shown in Fig. 4(b). As a result, the effects of the metastable
states as well as the cascade contributions from the upper states are important
for the determination of population densities of the singlet terms.
[Figure 3 (a), (b)]
[Figure 4 (a), (b}]

3.2. Effective emission rate coefficients

The effective emission rate coefficient C% fcm3/s] for line emissions from
the i-th to the j-th level is defined as follows using the population densities of
the upper level of the emission line, n(i), and the transition probability Ajj:

ne Y, n(m)

The line intensity lem is calculated with the use of CH as Ly = neC?fnnc
[photons cm-3 s-1], where nc = Zn(m) is the density of carbon atoms. The
effective emission rate coefficients CZL, for typical lines are shown in Fig. 5.
The transitions for these lines are summarized in Table 2. Population densities
of n = 3 and n = 4 levels are nearly constant for ne> 1013 cm-3 and ne> 1014
cm-3, respectively as shown in Fig. 2(a). In this density region the population
densities are constant as ne increases (high density region as discussed in Sec.
3.1). The effective emission rate coefficients CE defined by eq. (6) decrease
as ne increases. Generally, the upper levels emitting visible lines have a
principal quantum number n = 4, while those emitting ultra-violet and near-
infrared lines have n = 3. Therefore C‘i.f‘f1 for visible lines are smaller than
those for ultra-violet and near-infrared lines by two orders of magnitude. This
is because in ionizing plasmas the population densities of the lower states are

larger than those of the higher ones. Hence it is experimentally practical to
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observe ultra-violet or near-infrared lines from n =3 from the viewpoint of
signal intensity.
[Figure 5, Table 2]
3.3. Line radiation power rate coefficient
In this section, the line radiation power rate coefficient Praq [eV cm3/s] is

calculated considering 91 line emissions. This quantity is defined as,

y { n(i) ¥ AijEij}
Ppag= —— 339 : )
" aYam

where Ejj is the energy of the line. Then line radiation power per volume is
obtained by nePradnc [V am-3/s] for Ejj in eV. Fig. 6 shows the line radiation
power rate coefficient Prad as a function of the electron temperature. The
electron temperature dependence is weak when Te >10 eV. The radiation
power is strongly influenced by ne- and Te-dependence of the population
densities of the triplet terms since almost all the population densities of the
singlet terms except the metastable states are smaller than those of the triplet
terms. The radiation power rate coefficient decreases as the electron density

increases above 1013 ¢m-3 because the population densities are saturated.

{Figure 6]
3.4. Effective ionization rate coefficients
The effective ionization rate coefficient Seff is defined as follows:
) {n(i)(z s,k)}
Seff_ 1 k ) (8)

Y n(m)

m
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The ionization process in an ionizing plasma is then expressed as dnc/dt=-ne
Seffn, where nc is the density of carbon atoms. Although the effective
emission rate coefficients Co generally decrease as the electron density
increases, the effective ionization rate coefficient Seff increases with high
densities since the ionization rate coefficients from excited states, Sik, are
much larger than that from the ground state, Sikx. The electron out-flows
n(i)Sik are not negligible compared to S1kxn(1), even through values of n(i) are
smaller than n(1). As shown in Fig. 7, the n.-dependence of the effective
ionization rate coefficient Seff is relatively large at low temperatures. The
value of Seff at ne = 1017 cm-3 is greater by three times than that at ne = 1012
cm-3 for Te = 10 eV. The ne-dependence of the electron flows n(i)Sik which
result in ionization is shown in Fig. 8. The electron flows for ionization are
grouped into four types, i.e. (i) from the ground state, (ii) from the excited
triplet states, (iii) from the excited singlet states and (iv) from the metastable
states. The increase of Seff where ne> 1013 cm-3 is due to the increase of
ionization from the excited levels. The ionization from the metastable states is
about 20 % at low density (103 < n. < 1013 cm-3) but the effect is not large. It
was found that the density effects on the effective ionization rate coefficient

should be considered at electron densities greater than 1013 cm3.
[Figure 7, 8]

4. Applications
4.1. Measurement of neutral impurity influx

The ratio of the effective ionization rate coefficient to the effective
emission rate coefficient, SefflC?.g,, is extensively used for the measurement of
impurity influx generated from the wall and limiter through evaporation and
sputtering 23). The impurity influx is calculated from the C I emission radial
profile considering both ionization and emission processes. The neutral carbon

flux is attenuated through ionization. The line emission signal Ic(z) observed
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in the direction perpendicular to the beam, where z, the position along the

beam as shown in Fig. 9, is given by,

Ic(z) = ns(z) C& nc(Z)%V”n- ©)

Here Q, V and 1 are the solid angle, the observation volume and the efficiency
of the optical detection system, respectively. The beam attenuation 1s expressed

in the following expression using the effective ionization rate coefficient Seff:

e @ S (10)

where vc is the velocity of carbon atoms. Eliminating ne(z) from egs. (9) and
(10}, the density of carbon atoms nc(z) is obtained as,

nc(z) = , an

where z1 is the position of the emission tail-off owing to complete attenuation
of the carbon flux. It should be noted that Seff and C¥ depend on ne and Te.
The calculated results of Seff/C, for the typical carbon lines, 909.5 nm and
247.9 nm, are shown in Fig. 9 (a) and (b), respectively. The ratios for both
lines increase due to both an increase of Seff and a decrease of Cé'?n in the high

density region.

[Figure 9]

4.2. Te-measurement using carbon activated spectroscopy.

_14-




The measurement of the electron temperature profile using the Te-
dependence of the ionization rate coefficient is one of the experimental
applications of the effective ionization rate coefficient Seff 12.26). An example
of the experimental set-up of carbon activated spectroscopy using a laser
blow-off beam is shown in Fig. 10. Neutral carbon and lithinm beams are
produced by laser blow-off using a thin film target. The emission profiles of
LiI (670.8 nm) and C I (309.5 nm) lines along the beam path are observed by
an Intensified CCD camera. The logarithmic differentiation of nc(z) obtained

from eq. (10) is expressed as,

1 di(z) 1 dnegz) 1 dCdT. _ | geff
L) &z n@ dz o dT, dz ve

1 doc_
nc dz

Comparing eq. (12) with eq. (10), the radial profile of Seff(z) is obtained from
the measured value of the emission signal Ic(z) and the dernived electron
density profile ne(z), which is reconstructed from the Li I emission profile.
Using the calculated Te-dependences of Seff and CH | the electron temperature
profile is obtained from the derived value of Seff(z). Details of electron

density reconstruction from the Li I emission profile are described elsewhere
26).

[Figure 10]

5. Discussions

5.1. Accuracy of atomic data

Because of the lack of atomic data, especially for electron impact

excitations, many of the excitation rate coefficients are calculated by empirical

formulae. The accuracy of these empirical formulae is considered to be within a

factor of two for the allowed transitions and an order of magnitude for the

forbidden transitions. We estimated the effects of the uncertainty of the atomic
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data by comparing the results with different data, i.e. Mewe's semi-empirical
formula and the theoretical calculation by Vainshtein. Fig. 11 (a) shows the Cj;
for the 2p2(3P) — 2p3p(3P) transition obtained by three different method
17,18,28), Fig. 11 (b) compares the electron density dependence of effective
emission rate coefficient C&%. The difference between the two kinds of atomic
data is larger at low densities, while significant difference cannot be seen in the
high density region (= 1014 c¢cm-3). This phenomenon can be explained by the
increase in the collisional flows between the exciied levels and 2p3p(3P). It should
be noted that the reliability of the calculation greatly depends on the accuracy of
the atomic data.

[Figure 11 (a),(b)]

5.2. Time dependence of population densities

The population densities have been calculated for the steady state by
neglecting the recombination terms oj in this paper. Therefore, the
applications of the ionization and the emission rate coefficients are limated to
ionizing plasmas in a steady state. Under realistic conditions, carbon atoms
move through a plasma where neither ne nor Te are uniform. Hence the
plasma parameters are assumed (o bé constants within the relaxation time of
the population densities.

For example, we consider relaxation in a plasma with ne = 1013 cm-3 and
Te = 20 eV. The triplet states in such plasmas have a relaxation time in the
order of 10-8 s (~1/A;j1) at ne < 1013 cm-3. Hence the carbon in-flux
measurement and Te measurement using laser blow-off beam, described in
Sec. 4, can have a good spatial resolution (~ 1 mm) since the carbon atoms
with a kinetic energy of several electron voits move one millimeter within this
relaxation time. On the contrary, the relaxation times for the singlet states are
the order of 10-5 s (~1/neCj1) due to the small values of the transition

probabilities. It should be noted that carbon atoms with several electron volt
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can move about 1 cm within this time. The temporal variation of the plasma

parameters during this relaxation time must be considered.
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Tables and Captions

Tabie 1 Classification of the transitions for the excitation cross sections.

Transitions Reference
[1] {+2p2(3P) — 2p2(1D), «2p2(3P) — 2p%(1S), Henry 16)
2p2('D) - 2p%('S)
121 |*2p2(3P) —= 2p3p(3P) Vainshtein!?)
i3] | *Allowed transitions other than [2] Mewe 18)
*Forbidden transitions from the ground and
metastable states with An #0.
{4] | «2pnl(Zs+1L)y = 2pnl(2s+1L" for An=0 Jacobs 19)

and Al=0, AL =%*1

Table 2 Transition and wavelength for the line emissions shown in Fig. 5.

Wavelength [nm] Transition
165.7 2p3s(3P2) — 2p2(3P7)
247.9 2p3s(1P1) — 2p2(1Sp)
4712 2p4p(3P2) — 2p3s(3Py)
538.0 2pdp(1P2) — 2p3s(1Py)
909.5 2p3p(3Py) — 2p3s(3P2)

-20-




Figure Captions
Fig. 1 Energy levels of carbon atoms.

Fig. 2 Electron density and temperature dependence of population densities.
(@) Te=20¢eV. (b) ne=1013cm-3.

Fig. 3 Percentage contributions of electron in-flows and out-flows into/from
2p3p(3P) at Te= 20 eV. (a) in-flows into 2p3p(3P). (b) out-flows from
2p3p(3P). Sub-levels are grouped into five states: (i) the ground states, (ii) the
two excited states, (iii) the lower excited states except the metastable states,
(iv) the upper excited states and (v) the ionized states. Transition processes are

shown in parenthesis, e.g. {rad.), (ex.) or (de-ex.).

Fig. 4 Percentage contributions of electron in-flows and out-flows to/from
2p3s(1P). at To =20 eV. (a) flows into 2p3s(1P). (b) flows out from 2p3s(1P).

Fig. 5 Effective emission rate coefficients ngl for the line emissions of

neutral carbon.

Fig. 6 Line radiation power rate coefficient Prad. Line emissions of 91 lines

are considered.

Fig. 7 Effective ionization rate coefficient Seff of neutral carbon.

Fig. 8 Percentage contributions of ionmizing electron flows. Transition
processes are grouped into four types, i.e. (A) from the ground state, (B)
from the excited triplet states, (C) from the excited singlet states and (D) from

the metastable states.
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Fig. 9 Ratio of the effective ionization rate coefficient Seff to the effective
emission rate coefficient CZ for line emissions of {a) 909.5 nm and {b) 247.9

nim..

Fig. 10 An example of the system for ne and T, measurement in the edge

plasma of a tokamak.

Fig. 11 (a). Three different data for electron impact excitation rate
coefficients 17.19.28). (b) Effective emission rate coefficients obtained using

the different excitation rate coefficients given in Fig. 11(a).
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Appendix A

The atomic data for the energy levels and the oscillator strengths used in
this paper are summarized. Energy levels of the carbon atom and its singly
charged ion are shown in Tables Al and A2, respectively. Energy levels of the
singly charged ion were taken into account for the ionization process.
Transition probabilities for the forbidden and spin exchange transitions are
shown in Table A3. Oscillator strengths and transition probabilities for the
allowed transitions, which are required in Mewe's empirical formula eq. (B3),
are shown in Table A4. In Table AS5, oscillator strengths for forbidden and
spin exchange transitions which are adapted in eq. (B3) are shown.
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Tables
Table A1. Energy levels of a carbon atom 15).

Config.&Term  Energy[eV] - Config.&Term  Energy[eV]

2p2(3P) 0.00 2p3d(1F) 9.74
2p2(1D) 1.26 2p3d(!P) 9.76
2p2(1S) 2.68 2p3d(3P) 9.83
2p3s(3P) 7.49 2pdp(1P) 9.99
2p3s(1P) 7.68 2p4p(3D) 10.00
2p3p(1P) 8.54 2p4p(3S) 10.06
2p3p(3D) 8.64 2p4p(3P) 10.10
2p3p(3S) 8.77 2p4p(1D) 10.14
2p3p(3P) 8.85 2p4p(1S) 10.20
2p3p(1D) 9.00 2p4d(1D) 10.35
2p3p(1S) 9.17 2p4d(3F) 10.38
2p3d(ID) 9.63 2p4d(3D) 10.39
2p4s(3P) 9.69 2p4d(1F) 10.41
2p3d(3F) 9.70 2p4d(1P) 10.42
2p3d(3D) 9.71 2p4d(3P) 10.43
_2p4s(iP) 97




Table A2. Energy levels of a singly charged ion 13).

Config. & Term Energy[eV]

2522p(2P) 0.00
2s22p(4P) 5.33
2522p(2D3s2) 9.29
2522p(2Ds5/2) 9.29
2522p(2S) 11.96
2522p(2P) 13.71
2p3(4S) 17.60
25235(2S) 14.45
2523d(2D3p) 18.05
2523d(2Dsp) 18.05
2523p(2P) 16.33
2524£(2F) 20.95

Table A3. Transition probabilities(A) for forbidden and spin exchange

transitions .

Transition A[108s-1] Ref.
2p2(3P) - 2p2(1ID) 0.000309 23
2p23P) - 2p%(1S)  0.0026 23
202(1D)  -2p2(1S)  0.50 23
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Table A4. Oscillator strengths(f) and transition probabilities(A)

for allowed transitions.

Transition f A[108s-1]  Ref.
2p23P)  -2p3sGP)  0.1474  3.580 22
-2p4s3P)  0.0217  0.883 22
-2p3dGF)  0.0014  0.041 21
-2p3d(3D) 0.1098  2.693 2
-2p3d(3P) 0.0395  1.657 22

- 2p4d(F)  0.0008  0.0267 21
-2p4d(3D) 00591  1.661 20

- 2p4d(3P)  0.0169  0.797 20

2p2(ID) -2p3s(IP) 0.1208  3.602 2
-2p3d(ID) 0.01407  0.427 22
-2p4s(lP)  0.01105 0.571 22
-2p3d(IF)  0.09608  2.138 22
-2p3d('P)  0.00744  0.389 22

- 2p4d(ID)  0.0223 0.799 20
-2p4d(IF) 0.1186  3.074 20
-2p4d(lP) 0.0014  0.0849 20

2p2(1S) - 2p3s(IP)  0.08545  0.309 22
-2p4s(lP)  0.005149 0.0368 22
-2p3d(IP)  0.1403,  1.016 2
-2p4d(1P) 0.1726  1.490 20

2p3sGP) -2p3pBD) 04971  0.174 22
_2p3p(3S)  0.1071  0.231 2

-2p3p3P) 03596  0.2903 22
-2p4p(3D) 00001  0.00017 20
-2p4p(3S) 0.0004  0.00344 20
-2p4pGP) 00042  0.0123 20
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Transition f AJ108s-1]  Ref.

2p3s(1P) -2p3p(lP) 02520  0.0794 22

-2p3p(ID) 0.6367  0.288 22
S2p3p(1S) 01213 0349 22
_opdp(lP) 00120  0.012 20

_2pdp(ID) 00132 0.0207 20
_2pdp(1S) 0.0064  0.0526 20

2p3p(1P) -2p3d(!D) 0.6960 0.217 22
-2p4s(1P)  0.02234  0.0134 22
- 2p3d(!P) 0.2414 0.157 20

-2p4d(ID)  0.0247  0.0212 20
_2p4d(IP)  0.0150  0.0230 20
2p3p(3D) - 2pds(3P)  0.1620  0.127 20
-2p3dGF) 07767  0.268 20
-2p3d(3D) 0.1487  0.0732 22
- 2p3d(P)  0.0004159 0.000425 22
_2p4d(3F) 00232 0.0218 20
-2p4d(3D) 0.0037 000492 20
-2p4d(3P) 0.0006  0.00138 20

2p3p(3S) -2p4s(3P) 0.5373 0.0652 22
-2p3d(3P) 0.6217  0.102 22
- 2p4d(GP) 0.0445  0.0177 20
2p3p(3P) - 2p4s(3P) 0.05744  0.0175 22
-2p3d(3D) 0.7035  0.135 22
-2p3d(3P) 03017  0.127 22

- 2p4d(3D) 00028  0.00174 20
-2p4d(3P)  0.0076  0.0082 20
2p3p(ID) -2p3d(ID) 0.1159  0.0199 22
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Transition f A[108s-1]  Ref.
-2p4s(IPy  0.2274 0.0830 22

_2p3d(IF) 07850  0.131 2
-2p3d(1P) 0.00491  0.00204 22

- 2p4d(1D)  0.0005 0.00040 20

- 2p4d(1F)  0.0001 0.00006 20

2p3p(1S) -2p4s(IP)  0.6009 00254 22
- 2p3d(1P) 0.5008 0.0252 22

- 2p4d(1P)  0.0061 0.00137 20

2p3d(ID) - 2p4p('P) 0.160  0.015 20
- 2p4p(ID)  0.0438 0.00489 20

2p4s(3P) - 2p4p(D) 07703 0.0221 20
-2pdp(3S) 0.1647  0.0291 20
_2p4p(P) 05123 0.0350 20

2p3dCF) -2p4p(3D) 0192 00120 20
2p3d(3D) -2p4p(3D) 0.0449  0.00188 20
2p3d3D) - 2p4p(GP) 0.131 00134 20
2p4s(IP) - 2pdp(iP) 0.4126 0.014 20
-2p4p(ID) 0.8989  0.0423 20

- 2pdp(1S) 0.181 0.0554 20

2p3d(IF) -2p4p(ID) 0.1642  0.0161 20
2p3d(1P) -2pdp(iP) 0.0701  0.00157 20
-2p4p(ID) 0.00483  0.00018 20
_2pap(1S)  0.0881 00218 20

2p3d(3P) -2p4p(3D) 0.00417  0.000037 20
-2p4p(3S)  0.0901 000578 20

-2p4p(P) 00708  0.00193 20

2p4p(IP) -2p4d(ID) 08690  0.03 20
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Transition f A[108s-1]  Ref.

-2p4d(IP) 03055  0.0014 20
2p4p(3D) - 2p4d(3F)  1.035 0.0432 20
-2p4d(3D) 01907  0.0117 20
_2p4d(3P) 00118  0.0014 20
2p4p(3S) - 2p4d(3P) 12370  0.0248 20
2p4p(3P) -2p4d(3D) 09605  0.0241 20
_2p4d(3P) 03158  0.0162 20
2p4p(ID) - 2p4d(ID) 0.1552  0.0031 20
- 2p4d(}F)  1.0690  0.0242 20
_2p4d('P) 0.0120  0.0007 20
2p4p(1S) - 2p4d(1P) 1.1660  0.00822 20

Table A5. Oscillator strengths for forbidden transitions used in eq. (B3).

Transition f Applied allowed transition
2p2(3P)  -2p3s(1P) 0.1474 2p2(3P) - 2p3s(3P)
-2p3p(IP)  0.0395 - 2p3d(P)
-2p3p(3D)  0.0395 - 2p3d(3P)
-2p3p(3S)  0.0395 - 2p3d(3P)
- 2p3p(3P)  0.0395 - 2p3d(3P)
- 2p3p(ID)  0.0395 - 2p3d(3P)
-2p3p(1S)  0.0395 - 2p3d(3P)
- 2p3d(ID) 0.1098 - 2p3d(3D)
-2p4s(1P)  0.0217 - 2p4s(3P)
- 2p3d(IF)  0.0014 - 2p3d(3F)
- 2p3d(1P) 0.0395 - 2p3d(3P)
- 2p4p(lP)  0.0169 - 2p4d(3P)
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Transition f Applied allowed transition

_2p4p(3D)  0.0169 _ 2p4d(3P)
- 2p4p(3S)  0.0169 - 2p4d(3P)
- 2p4p(3P)  0.0169 _ 2p4d(3P)
~2p4p(ID)  0.0169 _ 2p4d(3P)
2pap(iS)  0.0169 - 2p4d(3P)
_2p4d(ID)  0.059] - 2p4d(3D)
_2p4d('F)  0.0008 _ 2pAd(3F)
- 2p4d(1P)  0.0169 - 2p4d(3P)
2p2(0D) -2p3s(P) 0.1208  2p%(ID) - 2p3s(IP)
2p3p(IP)  0.01407 - 2p3d(1D)
- 2p3p(3D)  0.01407 - 2p3d(ID)
~2p3p(3S)  0.01407 - 2p3d(ID)
- 2p3p(3P)  0.01407 _ 2p3d(ID)
-2p3p(1D)  0.01407 - 2p3d(1D)
-2p3p(1S)  0.01407 - 2p3d(ID)
_2p4sGP)  0.01105 - 2p4s(IP)
_2p3d(3F)  0.09608 - 2p3d(IF)
-2p3d(3D) 0.01407 - 2p3d(1ID)
_2p3d(3P)  0.00744 - 2p3d(IP)
2pdp(iP)  0.0223 - 2p4d(1D)
- 2p4p(3D)  0.0223 - 2p4d(ID)
2p4p(3S)  0.0223 - 2p4d(1D)
-2p4p(P) 00223  2p2(ID) - 2p4d(ID)
~2pap(lD)  0.0223 - 2p4d(ID)
-2pdp(s) 00223 - 2p4d(ID)
- 2p4d(3F)  0.1186 - 2pad(IF)
_2p4d(3D)  0.0223 - 2p4d(ID)
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Transition f Applied allowed transition

- 2p4d(3P)  0.0014 - 2p4d(IP)
2p2(1S)  -2p3s(3P) 0.08545  2pX(1S) - 2p3s(IP)
-2p3p(iP)  0.1403 - 2p3d(IP)
_2p3p(D)  0.1403 - 2p3d(1P)
-2p3p(3S)  0.1403 - 2p3d(1P)
- 2p3p(3P)  0.1403 - 2p3d(1P)
-2p3p(ID)  0.1403 - 2p3d(1P)
-2p3p(1S)  0.1403 - 2p3d(IP)
- 2p3d(ID) 0.1403 - 2p3d(1P)
-2p4s(3P)  0.005149 - 2p4s(1P)
- 2p3dCF)  0.1403 - 2p3d(1P)
-2p3d(3D) 0.1403 - 2p3d(1P)
- 2p3d(IF)  0.1403 - 2p3d(1P)
-2p3d(3P)  0.1403 _2p3d(1P)
_2pdp(lP)  0.1726 - 2p4d(1P)
_2p4p(3D) 0.1726 _ 2p4d(1P)
_2p4p(3S)  0.1726 - 2pAd(iP)
- 2p4p(3P)  0.1726 - 2p4d(1P)
_2p4p(ID)  0.1726 - 2p4d(IP)
_2pap(lS)  0.1726 - 2p4d(1P)
-2p4d(ID)y  0.1726 - 2p4d(1P)
- 2p4d(3F)  0.1726 - 2p4d(1P)
- 2p4d(3D)  0.1726 - 2p4d(1P)
- 2p4d(IF)  0.1726 - 2p4d(1P)
- 2p4d(P) _ 0.1726 - 2p4d(1P)
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Appendix B
The approximation and semi-empirical formulae for the excitation and

ionization rate cocfficients by electron impact are summarized.

1) Mewe's empirical formula for excitation 18,

.1
Cy=1.6x10° T_2Ej fP(y)exp(-y), (B1)
P(y)=aHby-cy>+dy>+elexp(y)E1(y)+(c+d)y-dy?, (B2)

where y=E;j/Te,T¢ is the electron temperature and Ejjis the excitation
energy in ¢V. The constant values of a, b, ¢, d are given as follows:

(1) a=0.15, b=c=d=0, ¢=0.276 for allowed transition with An=0,

(11) a=0.6, b=c=d=0, e=0.276 for allowed transition with An=0,

(1) a=0.15, b=c=d=e=0 for monopole and quadrupole transition,

(iv) a=b=d=e=0, ¢=0.1 for transition with spin exchange.

The oscillator strengths fi; are originally defined for allowed transitions. In
the Mewe's semi-empirical formula, fij for forbidden transitions is adopted
from the fjj for allowed transition, which has the same initial and final states
with the same principle quantum number and electron configuration. For
example, the value of fjj for the atlowed transition, 2p2(3P) — 2p3s(3D), is
used for the forbidden transition, 2p2(3P) — 2p3s(1P). The fjj for the
forbidden transition, 2p2(3P) — 2p4p(!P), however, is taken from the f;; for
an allowed transition, 2p2(3P) — 2p4d(3P). This is because the transition
which has the same electron configuration, 2p2(3P) — 2p4p(3P), is forbidden.

2) Bethe's approximation given by Jacobs for An = 0 transitions of hydrogenic

ions 22),
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1
oo (2320 Al 2] z(IH}ZEE %
1= 3 b2 4 2% ek )

_ gpp L 2,72 IHP
= 6.51x10 ( ) l+1n2(n 1% ( I, E1(x), B3)
n? B '
x:(z(z+1)1 T_( Lri{2nfod) (B4)

where the notations are summarized as follows:
iL: reduced mass of ion,
me: mass of electron,
z: charge number of the target particles,
zg: charge number of the incident particles,
ag: Bohr radius,
h: Planck constant,
(p: plasma angular frequency,
I'7: energy width owing to the finite natural lifetime,
Ejj; excitation epergy,
Ej(y): exponential integral,
Iy: ionization potential of hydrogen = 13.6 eV,
I5: larger value whether [ of initial state or of final state,
Te: electron temperature.
z¢—-1 is used since we consider electron impact processes.

z=0 1s used for a carbon atom.

3) Lotz's formula for ionization 24),

_ X & él i eXp(-X) 4, bi exp(ci) i exp(-y)
$=6.7x10 Z Tmll i f x TG —y 9y (BS)
IiTe L/Terc;
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where aj, b;, ¢j are the constants given for each ions. The notations [; and x;
are the ionization potential from the i-th sub shell and the number of
equivalent electrons in i-th sub shell, respectively. It is well known that the
empirical formula by Lotz is in a good agreement with experimental results
especially for low Z elements like carbon. The ionization rate coefficients
from excited state are calculated with Ij = ionization energy from the excited
state and aj = 4.5x10-14 [em? eV2], bj=c;=0. The values I; are taken considering

the final states of the ionized ions given in Table A2.

The excitation cross sections from different sources for the transitions
listed in Table Bl are compared in Fig. B1 - B9. Cross sections given by

Csanak 28) are theoretical calculations made by using the Distorted Wave
Method.

Table B1. List of excitation cross section.

Transition Ejj[eV]  Transition Figure No.
Type
220GP)  -2pX(ID) 126  SpinExchange  BI
2020P)  -2p2(1S) 268  SpinExchange B2
2p2(1ID)  -2p2(1S) 1.42 Forbidden B3
2p2(3P)  -2p3p(3P) 8.85  Forbidden B4
2p2(ID)  -2p3p(3P) 7.59  Spin Exchange B3
2p2(ID)  -2p3d(ID) 8.37 Allowed B6
202CP)  -2p4s(P) 9.69  Alowed B7
2p2(ID)  -2p3p(iP) 7.28  Forbidden B8

2p2(1S)  -2p3p(3P) 6.17 _ Spin Exchange B9
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

B1 Excitation cross section, 2p2(3P) — 2p2(1D).

B2 Excitation cross section, 2p2(3P) — 2p2(18).

B3 Excitation cross section, 2p2(1D) — 2p2(18).

B4 Excitation cross section, 2p2(3P) — 2p3p(3P).

BS5 Excitation cross section, 2p2(1D) — 2p3p(P).

B6 Excitation cross section, 2p2(1D) — 2p3d(1D).

B7 Excitation cross section, 2p2(3P) — 2p4s(3P).

B8 Excitation cross section, 2p2(1D) — 2p3p(IP).

B9 Excitation cross section, 2p%(1S) — 2p3p(3P),
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