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Abstract

Recently, carbon pellet experiments have been perfomed on W-TAS and a few CT lines have been
observed in the situation of the pellet cloud from the cold dense plasma to hot ambient plasma [1]. In
so large varied conditions, the collisional radiative (CR) model is needed to study the spectra. In this
article, a CR model including 79 states with n < 6 and I < 4 is developed, and then the line spectra and
line intensity ratios are evaluated in the ionizing and recombining plasma, respectively.
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1. Introduction

In the magnetic controlled fusion research, the im-
purity atoms and ions play an important role as a
contributor for plasma cooling, due to its strong ra-
diation with higher nuelear number. Meanwhile, the
radiation also contains the information on the nature
of plasma, and the spectroscopy of the radiation can
be used to measure the plasma parameters. The ra-
diation of plasma contains two parts: one is contin-
uum spectra from the bremsstrahlung and radiative
recombination, which often forms the background of
line spectroscopy and can be used to measure the
temperature of Maxwellian electron distrbution [2];
another is the line spectra from spontaneous radia-
tion, which contain a lot of informations on the tern-
perature and density of electron, and the ionization
stages and excited state populations of partilly fon-
ized ions. Using the intensity ratios and the profiles
of some special lines, the electron temperature and
density, and impurity temperature and density can
be derived[3]. Carbon atom is one of the most impor-
tant Impurity species in the fusion edge plasina, since
carbon composite materials are widely used as the
first wall and divertor plate of fusion experimental de-
vices. The line of 909.5 nm (2p3p(3 %) — 2p3s(*P%))
has been widely used for the observation of CI line
in takamaks like JETH4], TEXTOR/5|, DITE[6] and a
linear machine PISCES[7]. The lines of 155n1n from
CIV, 117.5nm and 97.7 nm from CIII and 133.4nm
from CII have been observed in recent experimentsi{8},
and the CII doublet (* P—?5) at 658nm and the CIII
tiplet (3P —2 S) at 464.9nm have been used to mes-
sure the flow velocities of carbon ions in the DIlI-D
divertor([9].

In the practical diagnosiic for plasma, we must
provide spectral data with high accuracy, and then
compare them to the experimental measurements. As
is well known, the line spectra of plasma come from
the spontaneous radiation of the excited atoms and
the line intensities are proportional to the population
of the excited states. In order to evaluate the pop-
ulation of excited states, several models have been
proposed, that is, the corona and capture-cascade
models for low electron-density regions and partial
and complete LTE’s for high-density regions. How-
ever, in the high density plasma corresponding to
the edge or divertor plasma in the fusion devices,
N ~ 1011 - 101%em ™3, the population density of the
excited states must be determined by the collisional

radiative (CR)) model. Udng CR model, the popula-
tion dynamics in high density plasma as well as low
density plasma has been investigated by Fujimoto{10]
for hydrogen atoms in three different plasmas: equi-
librium, ionizing and recombining plasma. So far,
the population densities of hydrogen, helium and oxy-
gen atoms/ions, which are investigated with the CR
model, have been applied for the plasma parameter
measurements[10, 11, 12}. As for atomie carbons, line
emission profiles at 156.1 and 165.7nm from the solar
chromosphere have been investigated[13, 14]. Sasaki
et al.[15] have calculated the effective emission and
ionization rate coefficients in the ionizing plasma with
a CR model, in which 31 states including the ground
state and the excited states with the principal qua-
tumn number n < 4 and [ < 3.

Recently, Sergeev et al.[1] have perfomed carbon
pellet experiments on W-TAS, in which spherical car-
bon peliets of 0.3-0.5mm sizes and 200-300 m/sec
velocities were Injected in the direction of plasma
core. They have observed a few CI lines. The dt-
uation of the pellet cloud plasma may change from
the cold dense plasma ( with cloud density ngp ~
10'% —10%7em 2 and cloud temperature Top ~ 1 —
50€V" ) to hot ambient plasma { with electron den-
gty ne ~ (0.5 — 10)10%%em ™3 and temperature T, ~
100 — 3000¢V'). In so large varied condition, the CRR
model is needed to study the spectra in both ioniz-
ing and recombining plasma. In this article, using
the CR model including 79 states with the principal
quatumm number n < 6 and [ < 4, we calculate the
line spectra and line intensity ratios in the ionizing
and recombining plasma, and dicussed the theoretical
method in equilibrium and norequilibrium plasma.

2. RATE EQUATION

We consider the rate equation for neutral carbon,
in which the carbon atom CI and carbon ion CII are
involved, and these carbon ions with more than one
charge are not included. The population densities of
the i-th state of carbon atoms, n{i), is described by
the following rate equation:
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where 7. is the electron dendity and n (k) is the pop-
ulation density in the k-th state of a singly charged
ion. The collisional excitation, de-excitation and ion-
ization by electron impact are taken into account in
our calculation. The collisicnal processes with ion
and atom impact are neglected. Cj; is the electron
impact excitation rate coefficient and A, is the ra-
diative transition probability from j-th to i-th state.
5;; is the electron impact ionization rate coefficient
for which a neutral atom in the i-th state is ionized
into the k-th stae of singly ionized charged jon. ax;
is the recombination rate coefficient where a singly
charged ion in the k-th state recombines into the i-th
state of a neutral atom. The radiative recombina-
tion, dielectronic recombination and three-body re-
combination (the inverse electron impact ionization)
are included as recombination processes in our cacu-
lation. We consider 79 states as summarized in Fig.1,
in which the splitting of terms for 2p5g and 2p6g are
not included.

According to the method of the quasi-steady-state
solution[10], for all the excited states, eq. (1} is as-
sumed to be 0, that is, dn(i}/di = 0 for i = m,m +
1...,79, m — 1 is the number of ground state and
metastable states. Futhermore, it is supposed that
a minority of impurity carbon is immersed in the
plasma and the change of its ionizing degree doesn’t
cause the increase or decrease in the electron density,
then we have a set of the coupled linear equations,
which contain n{p}(p = 1,...,m) and ny(k) as pa
rameters. Based on the linear algebraic theory, the
population of excited states can be solved in the form

n(i) =Y _roli, k)ne(B)+ ) miipm(@),  (2)
k P

where rg(i, k) is the contribution of the singly ionized
ion to the excited state i, and ry(i,p) is the contn-
bution of the ground state in neutral atom to the
excited state. For recombination processes from the
singly ionized ion, the summation on k only has one
term in eq. (2), and if we treat the metastable states
as other excited states to be quasi steady states, the
summation on p also have one term. In our calcula-
tion we take into account only the ground state for
both n, (k) and n(p) in eq.(2) as

n{i} = ro(i)ny +71(B)n{l), {3)

which means that the population of excited states
is the sum of two components. If we treat the first
and second terms in eq. {3) separately, the first term

is called the recombining plasma componet, whereas
the second term is called the ionizing plasma compo-
nent.

The rate equation, eq. {1), for the ground state
is rewritten in terms of ro(i) and r1 (i) for i > 2, viz.

dn(1)

a (4)

where Sog and acr are the collisional-radiative ion-
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ization and recombination rate coefficients, respec-
tively, are functions of n. and T.:

Scr=Y_Ciy— Y [Ci+ Asfnin(f)+Su  (5)
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and

acr = Y [Ci+ Aji/nelra(f) + o (6)

7>1
When dn(1)/dt = 0 or Sprn(l)n. = acrnyne,
the plasma is called the ionization equilibrium plasma.

3. Atomic Data

Collisional excitations from the ground states
(2p*(3 P)) and from the two metastable states (2p* (1 D}
and 2p%('S)) to the other excited states and from
the excitation states to the excitation states for the
We also
include the forbidden transitions whose initial and
final states have the same configuration but differ-
ent terms. Some of the rate coefficients for n < 4

allowed trandsitions are taken into accout.

are calculated by R-matrix[16], and the others are
calculated on Mewe’s semi-empirical formula[17] us-
ing the oscillator strength f;; and excitation energy
E,;[18, 19, 20, 21]. Electron impact ionization from
all the excited states are included, and the rate coeffi-
cients are estimated by Lotz’s empixical formula[22].
The collisional de-excitation and three-body recom-
bination rate coefficients are derived by detailed bal-
ance from the excitation and ionization rate coeffi-
cients. The spontaneous radiative processes for all
the allowed transitions and three forbidden tramsi-
tions, 2p?(1 D)—2p*(*P), 2p°(* §)-2p* (*P) 29 (" §) -
2p*(1 D), are included[18, 19, 20, 21, 23]. Radiative
recombination rate coefficients are obtained by de-
tailed balance from the photoionization cross
sections[24].

Dielectronic recombination rate coefficients to each
excited state are calculated by Cowan’s code[25, 26]
for n < 6 and are used in our calculation. The colli-
sional density effect of plasma on rate coeficients in



high n states have been derived from the n- distribu-
tion of the dielectronic rate coefficients{25, 26]. This
effect have been included by multiplying a modified
factor F which is calculated by the following formula,

0.128in{n:} — 0.213 fd<mn <20
F=1{ 0296In(n) —0.758 if20 <n; <100 (7)
1.13exp(—63.8/n,) i 100 < n,

where n, is the thermal limit of Rydberg states, which
can be evaluated by Grem’s formula,

4. Result and Discussion

In our calculation, the confribution to the ex-
cited states is divided into two components, that is,
the ionizing and recombining components. For the
realistic plasma, it should be a summaiion of the
two components. In order to sum the two compo-
nents, we need to obtain the relative population of
n{1} and n,. When the time scale of plasma pa-
rameters is much larger than that of ionization (~
1/(n. - Scr)) and recombination (~ 1/(n. - acr)),
the plasma is in the ionization equilibium or neas-
equilibrium, and then we can use the equilibrium
value n(1)/ny = acr/Scr to caculate the spectra.
Of course. there exist some case, in which one pro-
cess { ionization or recombination ) dominants over
another ( recombination or ionization }[10] and we
only need o consider one process ( ionization or re-
combination }, it depends on the plasma tempera-
ture, density and the relative population of n(1) and
ny. In the large varied condition on carbon pellet
experiments[l], both the ionizing and recombining
components should be considered. Tn Fig.2, we plot-
ted the collisonal-radiative ionizetion and recombi-
nation rate coefficients. It can be found, when T, >
2 eV, the collisional-radiative ionization rate coeffi-
- clents are much larger than the collisional-radiative
recombination rate coefficients, in the equilibrium or
pear-equilibrium region, n(i) 3> n, the ionizing pro-
cess dominates the recombining process; when T, <
0.8 eV, the collisional-radiative recombination rate
coetfiicients are much larger than the collisonal-
radiative ionization rate coefficients, in the equilib-
rium or near-equilibrium region, n(f) > ny, the re-
combining process dominate over the lonizing pro-
cess; when 0.8¢V < T, < 2eV, both the ionizing
and recombining components contribute to the pop-

ulation depsiﬁes. In Fig.3, we plot the population

density of ionizing ( r1{#)/n.) and recombining com-
ponent (ro(i}/m.) for the excited states 2p3l. The
population for 2p4!, 2p5! and 2p6! are similar to 2p3L.

In previous papers([15], the population dynamics
has been discussed in detailed. In this paper, we will
concentrate on the spectra and line intensity ratios
for plasma diagnostic in the ionizing and recombining
plasma.

4.1 Yonizing Plasma

We assume that there is one neutral carbon atom
in the ground state, and then the line intensity from
j to i is expressed as,

Iy = n{3)Aj (8

here the unit of I;; is photons-s t-atom™!. The spec-
tra are synthesized with Gaussian distribution with
the assumed full width of half maximum (FWHM)
I'="0.Inm,

I A

Jp(A) = (2’”_)1/2]:161'?[ 92 ] (9)

here J)j; is the photon wavelength from 7 to i. The
units of A, A;; and Jj;:(A) are nm, nm and photons -

_1.

stonm™ 1. atom™L.

4.1.1 Spectra

The spectra of neutral carbon at T, = 10eV and
ne = 10'%m ™2 in the ionizing plasma are shown in
Fig.4. We plot the total spectra in the wavelength
from 100 to 1000 nm , and detailed spectra in the
wavelength from 100 to 200 nm, 550 to 650 nm and
900 to 1000 nm, as shown in Fig4 (s}, Fig4 (b},
Fig.4 {c¢), Fig.4 (d), respectively. 'The specira can be
divided into four regions approximately: From 100
to 200 nm, the contributions to the spectra come
from the transition 2pni(n > 3) to 2p? with different
terms; from 480 to 540 nm, the contribuiions come
from the tramsifion 2pnp(n > 4) to 2p3s; from 550
to 740 nm, the contributions come from the transi-
tion 2pnd(n > 4) to 2p3p with different terms, espe-
cially, the largest contributions come from the tran-
sition n = 4, because the states with the lower prin-
cipal quantum number have the larger populations;
from 800 to 1000 nm, the contributions come from
the transition 2p3p to 2p3s.

In Fig.5, we plot the spectra at T, = 100eV and
ne = 10¥%m 3. Compared to Fig.4, the intensities
from the states with the higher n(n > 4) increase




much more than the states with the lower n(n < 4),
because there are more neutral atoms excited to the
high excited states from the ground states with the in-
creasing temperature. In Fig.6 and Fig.7, we plot the
spectra of neutral carbon at the same electron density
ne = 10Mem ™3 and different electron temperature
T, = 10eV, T, = 100eV, respectively. Compared
to Fig.4 and Fig.5, the intensities are two magnitude
higher than that in Fig.4 and Fig.5.

4.1.2 Line intensity ratio

The line intensity ratio can be calculated by

— n'(j)Agi
n{j") Az
In Fig.8 (a), Fig.8 (b) and Fig.9 (a), we plot the

line intensity ratios among 3 lines denoted in Fig.2

(d): 912 nm ( 2p3p(3P) — 2p3s(*P) ) (triplet line},

939 nm ( 2p3p(* D) — 2p3s('P) } (singlet line), and

968 nm { 2p3p(®S) — 2p3s(*P) } (triplet line). The

ine intensity ratio between triplet lines varies slowly

1
Ijr:f

(10)

with the temperature and density, as shown in Fig.8
(a); however, the line intensity ratio between triplet
and singlet lines varies rapidly with the temperature
and density, as shown in Fig.8 (b) and Fig.9 (a), it is
because the triplet lines come from the ground states
(triplet state) by collisional excitation and the singlet
lines comes from the mestable states (singlet state).
So for the plasma diagnostics, it is better to use the
line intensity ratios between triplet and singlet lines.

In Fig.9 (b), Fig.10 (a) and Fig.10 (b}, we plot
the line intensity ratios among some lines denoted in
Fig.d (c): 602 nm ( 2p5d(°F) — 2p3p(®D) ) /605
nm ( 2p6s(3P) — 2p3p(* D) ); 579 nm ( 2p5d(1 D) —
2p3p(1P) ) /635 nm ( 2p5d(*P) — 2p3p(*S) ); 585
nm ( 2p6d(®P) — 2p3p(®S) ) /579 nm ( 2p5d(* D) —
2p3p(* P) }.

In fact, for the realistic plasma diagnotics, we
must consider the line intensity enough to be mea
sured, the experimental resolution enough to distin-
gush the different lines and the vartation of line in-
tensity ratios with the electron temperature and den-
sity. In Fig.11 (a)}, Fig.11 (b}, Fig.12 (a) and Fig.12
(b}, we plot the line intensity ratios among some
lines denoted in Fig.4 (b): 156 nm ( 2p5d(* P) —
2p2(15)} ) /160 nm ( 2pdd(* P) — 2p*(*S) }; 160 nm
( 2p4d(*P) — 2p*('8) )} /175 nm ( 2p3d(1P) —
2p2(18) ); 126 nm ( 2p3d(*P) — 2p°(°P) ) /193
nm ( 2p35('"P) — 2p%(*D) ); 160 nm ( 2p4d(* P) —
2p%(18) ) /126 um ( 2p3d{3P) — 2p°(*P) ).

o

It can be seen that the line intensity ratios involv-
ing the same Rydberg series, such as 2p5d(! P} and
2pad(1P) in Fig.11 (a), 2p4d(* P) and 2p3d(1P), is
not suitable for plasma diagnostic, because they have
the similar behavior on the electron temperature and
density, and their line intensity ratios varies slowly
with the electron temperature and density, although
they are easy to be distingushed in the experiments.

4.2 Recombining Plasma

There are three kinds of recombination processes
in plasma, that is, the radiative recombination, di-
electronic recombination and three-body recombina-
tion. At low electron density and low temperature
(T. < 1€V), the main contribution to recombina-
tion comes from the radiative recombination Process,
and at low electron density and high temperature
{T. > 1€V, the main contribution comes from the
dielectronic recombination process. At high electron
density, the main contribution come from the three-
body recombination process, especially, at low elec-
tron temperature. In the calculation of the spectra
in recombining plasma, the continium spectra for
the radiative recombination have also been included,
which can be written as,

2xT

o By, — Ey

1/2 _
wme) exp( xT
En, ~ Er En Eny
T ®T he 7T®
when Ey, > £

(11)

here £ is Boltzmann constant, Ey, is the energy of
photon produced by radiative recombination, Er is
the photo-ionization threshold, o, is the cross sec-
tion of radiative recombination. We also included the
satellite spectra in dielectronic recombination pro-
cesses using the numerical data[25].

4.2.1 Spectra

The spectra of neutral carbon at T, = 0.5eV and
ne = 101%em™2 in the recombining plasma are shown
in Fig.13. We plot the total spectra in the wavelength
from 100 to 1000 nm, and detailed spectra in the
wavelength from 100 to 200 nm, 550 to 650 nm and
900 to 1000 nm, as shown in Fig.13 (a), Fig.13 (b),
Fig.13 (c), Fig.13 (d), respectively. The continuum
spectra in Fig.13(b) come from the radiative recombi-
nation to the ground state and mestable states, and
the continuum spectra in Fig.13(c) come from the



radiative recombination to the excited states. The
satellite spectra in dielectronic recombination pro-
cesses is too weak to be seen. In Fig.14, we plot the
spectra at T, = 1.0eV and n, = 10%¢m 3. Com-
pared to Fig.13, for the line spectra, there is no large
difference, this is because the rate coefficients be-
tween 0.5eV and 1.0eV are the same values; but the
continnum spectra become wide due to the increase
of temperature as seen in eq.(11). The small peak at
about 820 nm is the contribution of satellite lines, but
in general, its contribution can be ignored. In Fig.15
and Fig.16, we plot the spectra of neutral carbon at
the same electron density n, = 10cm=? and differ-
ent electron temperature T, = 0.5¢V, T, = 1.0eV,
respectively. Compared to Fig.13 and Fig.14, the in-~
tensities are six magnitude higher than that in Fig.13
and Fig.14, and the relative importance of the contu-
inuum spectra is decreased, because the main recom-
bination contribution come frorm three-body recombi-
nation processes and not the radiative recombination.

4.2.2 Line intensity ratio

In Fig.17 (a) and Fig.17 (b), we plot the line in-
tensity ratios:

2p*(*S) ) /175 nm ( 2p3d('P) — 2p*(1S) ); 126
nm ( 2p3d(*P) — 2p2(3P) ) /193 nm ( 2p3s(:P) —
2p°(1D) ), 160 nm ( 2pdd(*P) — 2p*(1S) ) /126 nm
(2p3d(*P) — 20*(°P) ).

For the plasma that the ionization and recombi-
nation components are mixed, after the relative pop-
ulations of n{1) and = are obtained, the spectra can
be calculated by sitnple summation. However for the
line intensity ratios, we must calculate the population
of the excited states from the two components firstly,
and then calculate the line intensity ratios using the
eq.(10).

‘We have studied the emission of carbon atom in
plasma with the use of collisional radiative model in-
cluding both ionizing component and recombibning
component. We have presented the effective ioniza-
tion and recombination rate coefficients as a function
of electron density and temperature as well as the
spectra and line intensity ratios.

This work was partily supported by the Japan
Sociaty for Promotion of Science.
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