
EUR-CEA-FC-1581

-Radiative Models for Hydrogen-like and
like Carbon and Oxygen Ions and Applications

to Experimental Data from the TS Tokamak
and the Reversed Field Pinch RFX

L. Carraro, M. Mattioli, p. Sattin, C. De Michelis
J.T. Hogan, W. Mandl, M.E. Puiatti, P. Scarin, M. Valisa

July 1996

FR9700690



DRFC/CAD EUR-CEA-FC-1581

Collisional-Radiative Models for Hydrogen-like and
Helium-like Carbon and Oxygen Ions and Applications

to Experimental Data from the TS Tokamak
and the Reversed Field Pinch RFX

L. Carraro, M. Mattioli, F. Sattin, C. De Michelis
J.T. Hogan, W. Mandl, M.E. Puiatti, P. Scarin, M. Valisa

July 1996

ASSOCIATION EURATOM-CE.A.

DEPARTEMENT DE RECHERCHES
SUR LA FUSION CONTROLEE

CE.N./CADARACHE
13108 SAINT PAUL LEZ DURANCE CEDEX



COLLISIONAL-RADIATIVE MODELS FOR HYDROGEN-LIKE AND
HELIUM-LIKE CARBON AND OXYGEN IONS AND APPLICATIONS TO

EXPERIMENTAL DATA FROM THE TS TOKAMAK AND THE REVERSED
FIELD PINCH RFX

CARRARO L.t, MATTIOLI M.*, SATTIN F.j, DEMICHELIS C.*,
HOGAN J.T.°, MANDL W.*, PUIATTI M.E.j, SCARIN P.f and VALISA M.f

* Association Euratom-CEA sur la Fusion
Département de Recherches sur la Fusion Contrôlée

CEN-Cadarache, F-13108 St Paul-lez-Durance
t Gruppo di Padova per Ricerche sulla Fusione

ENEA-EURATOM-CNR-Universita1 di Padova Association
Corso Stati Uniti 4,1-35127 Padova

° Fusion Energy Division, Oak Ridge National Laboratory
Oak Ridge, TN 37831-8072 USA

ABSTRACT

Collisional radiative models (CRM) are needed to simulate
experimental line brightnesses and emissivities from fusion devices.
CRM are built for H-like and He-like carbon and oxygen ions,
following a detailed review of the published literature on the
required atomic data (including both collision rate coefficients and
atomic transition probabilities). The impurity ion radial distribution
is obtained using a transport code with two radius dependent
transport parameters: a diffusion coefficient D and an inward
convection velocity V. Reliable atomic data are a prerequisite to
these simulations, since they are supposed to be well known;
adjustement of the simulations to the experimental line and/or
continuum brightnesses and emissivities is done by varying only D
and V. Examples are given of the quantitative interpretation of
experimental spectroscopic data from two fusion devices: the Tore
Supra Tokamak and the Reversed Field Pinch RFX. As a consequence
of the order of magnitude difference in the central electron
temperatures in the two devices, the sensitivity of the H-like and He-
like ion emissions to the transport parameters is different. These
differences are highlighted in the examples given.



1. INTRODUCTION

Atomic data are needed for the quantitative interpretation of
experimental spectroscopic data in fusion devices. They include
cross sections and rate coefficients for various processes such as
ionisation, excitation, recombination, charge exchange, and also
transition probabilities for line emission. There is a need to ensure
that the most recent data are incorporated in the analysis and
interpretation of emission from plasmas. Given the large amount of
literature dedicated to these evaluations, regular review and
assessement work is necessary. Such work is published in
specialized reviews such as Journal of Physical and Chemical
Reference Data or Atomic Data Nuclear Data Tables. Recommended
cross sections and rate coefficients are presented in graphical and
tabular form along with fitting coefficients and estimated reliability.
The International Atomic Energy Agency (IAEA) sponsors a
Coordinated Research Programme on "Atomic Data for Impurities in
Fusion Plasmas". The results of this Programme are included in
volumes published as Supplements to the Journal Nuclear Fusion.
Moreover, the IAEA organizes Technical Committee Meetings on
"Atomic and Molecular Data for Fusion Reactor Technology", and the
invited talks are published [1]. To help modelling the plasma
emission, atomic data banks are also available. The University of
Strathclyde and the JET Joint Undertaking have recently created a
structured computational approach, called ADAS (Atomic Data and
Analysis Structure), involving database organisations and linkages
to theoretical plasma models [2]. New data are regularly
implemented on ADAS, which is now becoming accessible to
physicists of different laboratories.

Carbon and oxygen are intrinsic impurities present in all
fusion devices. If the central electron temperature Te is in the keV
range, as it is the case of tokamak plasmas, both elements are fully
ionised in the plasma core. Emission from H-like and He-like ions
(the most ionised ions of these elements emitting line radiation)
comes from a peripheral region, where Te is in the range of a few
hundred eV. Nevertheless, this region is well inside the plasma edge
(where Te is of the order of tens of eV) and, in practically all cases,
it is free from the asymmetries, both poloidal and toroidal, of the
edge region, related to localised interactions with wall materials.
Contrary to the brightnesses of less ionised ions, the brightnesses of
the H-like and He-like ion isoelectronic sequences are "reliable", in
the sense that they can be used to deduce from numerical
simulations the central carbon and oxygen contents, in spite of the
fact that, strictly speaking, the emission of these line does not come



from the hot plasma core. In reversed field pinch plasmas, on the
other hand, central Te values are much lower (of the order of 300-
400 eV), and full stripping of C and O ions is not attained. In this
case, the central ionisation degree, and consequently also the H-like
and He-like ion brightnesses, are not only sensitive to the central Te
value, but also to the impurity transport in the central region.

It is quite clear, therefore, that up to date atomic data are
required for quantative analysis of the experimental data and this is
the initial purpose of this paper. In sections 2 and 3 the published
literature on the collision rate coefficients and atomic transition
probabilities is reviewed for the H-like and He-like ion isoelectronic
sequences, respectively. Collisional radiative models (CRM) are built
for both carbon and oxygen. For both sequences, excited levels up to
the principal quantum level n=5 are included. Photon emissivity
coefficients are evaluated for the most important lines, e.g., the
Lyman and Balmer series lines for H-like ions and the resonance
and intercombination lines for He-like ions. The results of the CRM
are subsequently compared with the corresponding ones available
in the literature, essentially from astrophysics, and, consequently, in
some way validated.

CRM are needed for the simulation of experimental line
brightnesses and emissivities from fusion devices. The impurity ion
radial distribution is obtained using a transport code with two
radius dependent transport parameters: a diffusion coefficient D and
an inward convection velocity V. The transport code, along with the
atomic data used for ionisation and recombination, is briefly
recalled in section 4. Reliable atomic data are a prerequisite to the
impurity simulations, since they are supposed to be well known
and adjustement of the simulations to the experimental line and/or
continuum brightnesses and emissivities is done by varying only D
and V. In sections 5 and 6 examples of quantitative interpretation
of experimental spectroscopic data are taken from two fusion
devices: the Tore Supra (TS) Tokamak and the Reversed Field Pinch
RFX. As a consequence of the mentioned order of magnitude
difference in the central electron temperatures in the two devices,
the sensitivity of the H-like and He-like ion emissions to the
transport parameters is different and this is highlighted in the
examples given. Finally, section 7 gives a conclusion.

2. COLLISIONAL RADIATIVE MODEL FOR H-LIKE IONS

Electron impact cross sections and rate coefficients for
excitation of carbon (C II-VI) and oxygen (O II-VIII) ions have been
reviewed by Itikawa et al. [3], who recommended "best" values,



based on a selection of the data available in 1985. The resulting
recommended values are fitted to an analytical formula and the
fitting coefficients are given. For C VI, excitation from the ground
state Is to all the (1-resolved) n=2 and n=3 excited states is
included, whereas for O VIII only excitation from the ground state
to the (1-resolved) n=2 excited state is included. For the rate
coefficients of all the other transitions from the ground state up to
n=5, fitting coefficients are also available for both C VI and O VIII.
They are obtained from the scaled collision strengths for hydrogenic
ions proposed by Golden et al. [4] and by Clark et al. [5]. All these
rate coefficients have been judged to be the best ones, since their
validity has been confirmed by comparison with other data from
more recent papers [6,7,8]. To test the influence of excited state
populations, electon excitation rates from n=2 to n=3 levels have
been also included, since these are the strongest rates from the most
populated excited states. Similarly, the influence of ionisation from
the same n=2 excited levels is considered. The required rate
coefficients are, respectively, from Refs [4] and [9]. It has to be
noted that the ionisation rate coefficients from the ground state,
obtained using the formula given in Ref. [9], are, for both carbon and
oxygen, twice as large as the rate coefficients given by the Queen's
University of Belfast assessement [10]. Since the latter must be
considered quite reliable, we have reduced also the ionisation rate
coefficients from n=2 levels by a factor of two .

Collisional excitation rate coefficients by electrons and protons
for An=0 optically allowed fine structure transitions of the type
(n,l,j) -»(n,l\j'), where n < 4, have been calculated by Ljepojevic et al.
[11], and we have been kindly authorised by N.N. Ljepojevic to copy
them from the Queen's University of Belfast data bank. As a
consequence of these transitions, all the excited levels from n=2 to
n=4 need to be taken j-resolved, and this means a full treatment of
the (n,l,j) fine structure up to n=4. The n=2 fine structure transition
rate coefficients have also been calculated by Zygelman and
Dalgarno [12], whereas Tallents [13,14] calculated the excitation rate
coefficients for the same transitions as Ljepojevic et al. [11],
following the analytical expressions proposed by Shevelko et al.
[15,16]. Since for some transitions, e.g., 2si/2-2p3/2 in the case of
proton impact, the differences are quite large, it was decided to
follow the most recent Ref. [12] for n=2 fine structure transitions
and Ref. [11] for n=3 and n=4 fine structure transitions. Moreover,
as discussed in the following, the influence of the different
calculations on line ratios will be checked. Optically forbidden Al=0
transitions are generally neglected. This can be justified by the fact
that, according to Zygelman and Dalgarno [12], the excitation rate
coefficients for the optically forbidden Al=0, 2pi /2-2p3/2
transition are much weaker than the excitation rate coefficients for



the n=2, Al=l transitions. For n=5, An=O transitions, the excitation
rate coefficients have been estimated by extrapolation.

Electric dipole transition probabilities have been taken from
the tables by Wiese et al. [17], whereas for the important transition
2s i /2 - l s i /2 the two photon decay transition probability is taken
equal to 8.2 Z^ (Z being the nuclear charge), i.e., the value used by
Ljepojevic et al [11].

Radiative recombination (RR) is simply treated considering
the well known formula for recombination of fully stripped ions to
ground or excited hydrogen-like ions, with 1 and/or j distributions
according to the statistical weights. The used formula can be found,
e.g., in Ref. [18].

Proposed total rate coefficients for charge exchange
recombination (CXR) of fully stripped ions with neutral hydrogen
isotopes in their ground state can be found in Ref. [19]. The rate
coefficients for integration over Maxwellian distributions with equal
temperatures Ti for carbon ions and hydrogen or deuterium atoms
are used. According to Ref. [20], at low collision energies,
recombination is practically totally into n=4 levels for carbon and
into n=5 levels for oxygen, and the 1 distribution is given. The
review by Janev et al. [21] indicates that this is true for most
theoretical evaluations. The only exceptions are the calculations by
Green et al. [22] and Shipsey et al. [23], giving not negligible (with
respect to the most populated states) contributions to the n=5 and
n=6 levels for low energy collisions of fully stripped carbon and
oxygen ions, respectively. For the CXR rate coefficients, we chose to
follow Refs [19] and [20]. Consequently, line radiation from n=5
levels (e.g., Ly8) is unaffected by CXR with hydrogen neutrals in
their ground state. It has to be noted that in Ref. [24], to simulate
experimental carbon Lyman series spectra from the JET tokamak,
the calculations of Ref. [22] were preferred and, consequently, Ly5
was sensitive to CXR with neutrals in the ground state. It has to be
recalled also that, in the same Ref. [24], it was necessary to include
also CXR with excited neutrals (populating excited levels of H-like
ions with n-values much larger than 5, with subsequent radiative
cascade to lower levels).

The CRM is obtained, as usual, by solving the system of
balance equations for a plasma composed of a nearly equal number
density ne of electrons and protons (or deuterons), with equal (or
different) electron and ion temperatures Te and Ti. Neutral
hydrogen (or deuterium) atoms of number density nn are also
present. The plasma contains a small fraction of C or O impurity
fully stripped and H-like ions with known number densities nstr
and nhy, respectively, ni is the population density of the level i of
the H-like ions (according to the previous discussion, 21 levels are



included, since levels up to n=4 included are j-resolved, and n=5
levels are only 1-resolved). A(i,j) is the radiative transition
probability from the level i to the lower level j , QIi,j) is the collision
excitation or de-excitation rate coefficient from the level i to the
level j (excitations and de-excitations being related through the
detailed balance relation). Moreover, Rrad(i) and Rcx(i) are,
respectively, the rate coefficients for RR and CXR of fully stripped
ions into the level i, and Sion(i) is the stepwise ionisation rate
coefficient from the level i. For each excited level i a statistical
balance equation is written as the difference between an output
term given by

(1)

and an input term given by

R racl(i)ncnstr +Rcx (i)n
slrn0

(2)

Moreover, another constraint is given by ]!T, n, = nhy . Clearly in all

sums the ground level has to be included. Having solved this
system, it is possible to calculate the photon emissivity of any
selected line as the product of the upper level number density times
the transition probability. Before simulating plasma emission from
fusion devices with non uniform density and temperature, the
model is verified for a uniform plasma, by varying ne and Te in
ranges corresponding to both astrophysical and laboratory plasma
conditions.

The relative intensities of the fine structure of H-like spectral
lines are used to check our model, in spite of the fact that, for both
carbon and oxygen, these lines are not spectrally resolved by the
spectrometers currently used in tokamak and reversed field pinch
research. The Lyman alpha, Balmer alpha and Balmer beta fine
structure components are calculated neglecting recombination and
their ratios (called, following Ref. [14], Pi, P2 and P3, respectively)
are evaluated using the three previously mentioned An=O excitation
rate coefficients. In figure 1 (left), the ratio Pi, equal to the ratio of
the two fine structure components ( l s i / 2 - 2 p i / 2 to l s i / 2 -2p3 /2 ) ,
is shown for carbon as function of the electron density ne with
Te=Ti=200 eV. The solid, dashed and dot-dashed lines are obtained
using for the n=2, An=O excitation rate coefficients those proposed,
respectively, in Refs [12], [11] and [14]. The shape of these curves is
well known. At both low and large ne values, Pi is equal to 0.5,
corresponding to coronal and Boltzmann level populat ion
distributions, respectively. At low n e values, the 2 p i / 2 and 2p3/2



levels are populated from the ground state proportionally to their
statistical weights and, therefore, pi =0.5. Increasing ne, collisions
between 2s and 2p levels depopulate the long lived 2si/2 level. Pi
increases, since the excitation rate coefficient for populating the
2 p i / 2 level is larger than the corresponding coefficient for
populating the 2p3/2 level. The maximum value depends on the
ratio of these coefficients and, as expected, is quite smaller when
using rate data from Ref. [11]. It is, moreover, an inverse function of
Te. At large ne values, pi becomes again equal to 0.5, since the
probability of collisions becomes comparable with the probability of
radiative decay of the two 2p levels. The ratio pi is discussed more
extensively in Refs [11], [13] and [14].

The Balmer alpha and beta spectral lines consist of seven fine
structure components grouped to give the appearance of a doublet.
p2 and p3 are the ratios of the sum of the components decaying to
j=3/2, n=2 levels to the sum of the other components decaying to
j=l/2, n=2 levels. The two ratios P2 and p3 are shown as functions of
ne in figure 1 (middle and right, respectively) for a plasma without
recombination at Te=Ti=200 eV. The solid and dashed lines are
obtained using for the n=3 or n=4, An=0 excitation rate coefficients
those proposed in Refs [11] and [14], respectively. As for Lyman
alpha, there are, as a function of ne, coronal and Boltzmann regimes,
with a transition region in-between. These ratios are discussed more
extensively in Ref. [14].

The transition between the coronal and Boltzmann regimes is
visualised clearly in figure 2, where the relative fractional
populations of the excited levels fi are plotted for carbon as
functions of n e . For any excited state i, fi is given by the ratio
ni/nhy divided by the statistical weight gi. A carbon plasma without
recombination, at Te=Ti=200 eV, is considered. The left, middle and
right figures are, respectively, for the n=2, n=3 and n=4 levels. Solid,
dashed, dot-dashed and dotted lines refer, respectively, to s, p, d
and f levels. Separated straight lines show the coronal regime at low
ne. When the lines join together, at large ne values, the Boltzmann
regime is attained. Obviously the density range of the three
transition regions is in agreement with the shapes of the curves in
figure 1, the transition region being much wider for n=2. The
vertical dot-dashed lines of figure 2 show the critical density for
statistical equilibrium among the sublevels 1, j of level n in H-like
ions, evaluated by Sampson (formula 34 of Ref. [25]). The agreement
is excellent; it has to be noted that, for n=5, an extrapolation of the
An=0 transition rate coefficients has been used satisfying the
Sampson1 s criterion for the statistical populations.



Inclusion of excitation from n=2 to n=3 levels and of ionisation
from the same n=2 excited levels begins to modify noticeably the
excited state densities ni only at electron densities of the order of
1023 m-3 t i>Gv a t electron densities much larger than those found in
the fusion devices considered in this paper. For an application to
very large ne, our model should be refined as far as the inclusion of
collisions from excited states is concerned. Also, levels with n larger
than 5 should be included.

In impurity simulations, instead of solving the CRM system at
each mesh point, it is much faster to evaluate the emissivities of the
lines as the sum of three terms, due to electron excitation from
ground state, RR and CXR, respectively. Photon emissivity
coefficients Qph are associated to these three processes. They are
equal to the photon emission per unit volume divided by the
product of the densities of the two collision partners. Figure 2 shows
that the ground state density can be taken equal to nhy, since the fi
values are always much smaller than one. The Qph coefficients have
been obtained by solving three times the balance equation system
by considering only excitation from the ground state, RR or CXR.
Examples of these coefficients, as functions of Te, for ne=l()19 and
1020 m -3 (solid lines and stars, respectively), are given in figure 3
for C VI Lyman a and Balmer a lines. As expected from the previous
discussion and from figures 1 and 2, the ne dependence is quite
weak and undistinguishable with the used axis scales.

3. COLLISIONAL RADIATIVE MODEL FOR HE-LIKE IONS

Electron impact excitation of He-like ions has been reviewed
recently by Dubau [26]. He concluded that, for transitions from Is 2

to Is21 the review carried out by Kato and Nakazaki [27] is
appropriate, and suggests to use their compilations. For transitions
from Is 2 to lsnl with n=3, 4 and 5, he suggests to use the excitation
rates proposed by Sampson et al. [28] for the calculation of radiative
cascade contributions. For low nuclear charge Z, Is21-ls21'
transitions are important for low density plasma diagnostics
because, similarly to the 2s 1/2 level of H-like ions, the Is2s 3si and
Is2s lSo levels have small radiative decay probabilities, are highly
populated and can be further excited by electon impact. Ref. [26]
considers the calculations by Zhang and Sampson [29] for these
transitions. We have compared them with those proposed in Refs [3]
and [6]. We found good agreement between the different rate
coefficients for the transitions without change of spin (the strongest
ones) and satisfactory agreement for the transitions with change of
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spin. The rates proposed by Itikawa et al. [3] were chosen. For the
Is31-ls31' transitions the only available data are from Ref. [6]. Since
no data were found for Is41-ls41' and Is51-ls51' transitions, an
extrapolation was needed. Only the strongest transitions without
change of spin were included for n=4 and n=5. Electron collision
rates between j-levels of Is2p ^ P Q ^ I ^ and also proton excitation
collisions for all n=2, An=O transitions were taken to be zero
following Doyle [30]. As for H-like ions, to test the influence of the
excited state population, excitation rates from n=2 to n=3 levels
have been also included, since these are the strongest rates from the
most populated excited states. Similarly the influence of ionisation
from the same n=2 excited levels is considered. The required rate
coefficients are, respectively, from Refs [28] and [9]. The rate
coefficients from Ref. [9] have been divided by two, since, as
discussed in the previous section for carbon and oxygen H-like ions,
the same discrepancy is found for the ionisation rate coefficients
from the ground state of He-like ions between Ref. [9] and Ref. [10].

As far as transition probabilities are concerned, they are
obtained from Refs [31,32,33], in which the needed transition
probabilities or the absorption oscillator strengths can be found.

RR has been evaluated in the same way as for H-like ions. The
excited states are considered to be H-like [18] and the 1-distribution
over singlet and triplet levels is according to the statistical weights.
Dielectronic recombination (DR) processes for populating singly 1-
resolved excited levels of the He-like ions have been included
according to Badnell [34]. DR processes into levels with n larger than
5 have been neglected. They amount to about 30% of the total DR
rate coefficient. This could appear as a quite rough approximation,
but it can be assumed to be sufficient, since DR gives in all cases
little contribution to the line emissivities.

Theoretical CXR cross sections for low energy collisions of H-
like carbon ions with hydrogen have been evaluated by Shimakura
et al. [35]. Total cross sections and partial 1 contributions are
calculated for both the triplet and singlet manifolds. CXR populates
in this case both Is41 and Is31 levels (the Is4s channel is the
dominating one towards low energies, below 0.1 keV/amu). The
cross sections calculated from the singlet and triplet manifolds are
then weighted by 25 and 75% and summed to determine the overall
electron capture cross sections. This overall cross section contributes
statistically (by 25 and 75%) to the population of singlet and triplet
levels of the recombined He-like ions, hypothesis verified
experimentally by Suraud et al. [36]. The rate coefficients have been
obtained by integration over Maxwellian distributions with equal
temperatures Ti for carbon ions and hydrogen or deuterium atoms.
The total rate coefficients agree very well with the corresponding
rates proposed in Ref. [19]. To the best of our knowledge,



calculations as those of Ref. [35] are not available for recombining
H-like oxygen ions. We have used the total rate coefficients
proposed in Ref. [19]. According to Ref. [37], the most populated
levels are those with n=5. Therefore, CXR rate coefficients of H-like
oxygen ions are distributed statistically between singlet and triplet
n=5 levels of recombined He-like oxygen ions. One of the main
interests of this paper being on the resonance and intercombination
lines and on their ratio, we shall compare for carbon ions this last
hypothesis of 1-distribution with the detailed 1-distribution,
following Ref. [35]. It will be shown that the ratio of the two lines is
not much affected by the 1-distribution hypothesis. This is due to
the fact that 75% of the recombinations populate triplet levels. They
decay to the ground state through the I line, the only line
connecting triplet to singlet levels. Clearly this would not be true for
the ratio of other lines with higher upper levels.

Inner-shell ionisation of Li-like ions can produce excited Is2s
He-like ions (respectively, 25% singlet and 75% triplet). This process
has been considered by Mewe and Schrijver [38], but we preferred
the more recent ionisation rates found in Ref. [39]. Anyhow, in all
fusion plasma simulations we have performed, this effect has been
found to be negligible.

For He-like ions, the CRM does not differ from the one
described in the previous section for H-like ions. The plasma now
contains a small fraction of C or O impurity H-like, He-like and Li-
like ions with known number densities nhy, nhe, and nil. ni is the
population density of the level i of the He-like ions (according to the
previous discussion, 31 levels are included, since only the three
Is2p 3po,l,2 levels are j-resolved). Equations (1) and (2) are still
used, replacing only nstr by nhy and nhy by nhe- DE recombination
determines a supplementary term in Eq. (2) equal to Rdie(i) nhy ne,
where Rdie(i) the rate coefficient for DR into the level i. For the two
Is2s levels a supplementary term is necessary in Eq. (2), which is
equal to Sision(i) nii ne, where Sision(i) is the rate coefficient for
innershell ionisation into the level i. The final constraint becomes
now ]>\rii = nhc. As for H-like ions, the system is solved, the photon

emissivity of any selected line is calculated and, subsequently, the
model is verified for a uniform plasma, by varying ne and Te in
ranges corresponding to both astrophysical and laboratory plasma
conditions.

Emission of He-like ions from astrophysical and laboratory
plasmas (essentially from excited levels Is21, l=s,p) has been studied
for a long time [40]. In low density astrophysical plasmas, two line
ratios are used, respectively, for n e and Te diagnostics: the R-ratio,
R = IF/Il, and the G-ratio, G=(IF + I I ) / I R , where IF, II, IR are,
respectively, the intensity of the forbidden, intercombination and
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resonance lines. The upper levels of these lines are, respectively,
Is2s 3s i , Is2p 3pi and Is2p Ipi , and the common lower level is
the ground state. As for H-like ions, coronal, intermediate and
Boltzmann level distributions exist as functions of ne, but the
situation is more complicated than for H-like ions since there are
two long lived states with different critical densities for collisional
depopulation, namely Is2s 3si andls2s lSo, the latter decaying to
the ground state by two photon continuum emission with intensity
I2ph- Moreover, at larger ne, after collisional mixing of the triplet
levels, there is another collisional mixing between excited singlet
and triplet levels, resulting in a loss of the I line intensity with
respect to the R line. At still higher ne, the singlet states can be
depopulated, and both states attain the Boltzmann distribution. The
R line transition probability is very large and, consequently, the
critical density is much larger for singlet than for triplet states. The
different regions are apparent in figure 4 (left, carbon, Te=125 eV),
where the relative intensities of the four lines (R,I,F,2ph) from the
Is21 levels are plotted as functions of ne. As is always the case for
this type of characterisic densities, the critical values and the
density regions move to higher ne with increasing nuclear charge.
They increase roughly by a factor of ten in going from carbon to
oxygen. The different density regions are also apparent in figure 5,
similar to figure 2 for H-like carbon. In figures 5 left and right, the
relative fractional populations fi (defined in the previous section)
are plotted for carbon at Te=125 eV as functions of ne for triplet
and singlet n=2 levels, respectively. The dashed and solid lines are
for the Is2s and Is2p, j=l levels, respectively. Note the practically
identical fi for the two Is2p 3po;2 levels (left, dot-dashed line), not
decaying to the ground state. The dashed line of figure 4 (left) show
the effect of adding ionisation from the n=2 levels, affecting
predominantly the more populated triplet states. The I line is
reduced with respect to the R line in the intermediate density
region and the reduction of the I line, as a consequence of
depopulating collisions, is shifted to lower densities. The influence of
this stepwise ionisation is larger for carbon than for oxygen.
Inclusion of excitations without change of spin from n=2 to n=3
levels begins to modify the triplet excited states starting from
approximately the same ne value as for stepwise ionisation, but this
does not affect the G-ratio, since these excitations (contrary to
stepwise ionisations) are not depopulating collisions.

At the electron densities of the laboratory plasmas considered
in this paper, the F line is quenched by collisions and the G-ratio
becomes G=II/IR. Since in the following also the low density region
is considered, the original G-ratio will be called Gaph=(lF+WlR. The
vacuum UV triplet Is2p 3Po,l,2 - Is2s 3Si is also detected in fusion
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devices. The three line intensities are called I3P0, I3P1 and I3P2,
the third one being the strongest and the other two being generally
unresolved for carbon. The variations of the various line ratios as
functions of ne for a carbon plasma at Te=125 eV are shown in
figure 4 (middle) for R/10, G and Gaph and in figure 4 (left) for
I2ph/IR, I3P2/II /5 and (I3P1 + I3PO)/I3P2- Here, again, the
different density regions are easily recognizable. The two ratios
involving the triplet lines are not modified in the intermediate ne
region (when G is large), but vary only at approximately ne=1022
m~3 in case of carbon, i.e., coincidently with the collisional losses of
triplet levels. This is the n e region covered by e-pinches. In these
devices depopulating rates have been measured from triplet
studies for the atomic species from carbon to neon, e.g., in Ref. [41].
Outside the transition region, the line ratios involving triplet lines
can be evaluated easily taking into account the different populating
mechanisms of the Is2p 3pQ;i)2 levels, observing that both
collisions from the ground state and from the Is2s 3 s i level
populate the Is2p 3 P Q ) I ) 2 levels according to their statistical
weights. Both magnitudes and ne dependences of R and Gaph agree
well with recent astrophysical results for carbon and oxygen [30,
42]. As already said, R and Gaph are used in astrophysics,
respectively, as ne and Te diagnostics. At tokamak and reversed
field pinch densities, Gaph=G and the Te dependence of the latter
has been studied in the TFR tokamak for carbon and oxygen from
the space resolved profiles of the R and I lines [43]. To show the
weak ne sensitivity of Gaph and G (for the latter, obviously, only
after the F line quenching) in the coronal and intermediate density
region, in figure 6 Gaph (left) and G (right) are plotted for carbon as
function of Te for ne varying between 10*6 and 1021 m~3.

Up to now recombination from H-like to He-like ions has not
been included. It has been considered for the carbon G ratio at ne =
1020 m~3 in the cases presented in figure 7. In figure 7 (left) the
solid line represents the case without recombination (already shown
in figure 6 right), the dashed line is obtained by adding RR and DR
with nhy/nhe at ionisation equilibrium (IE). The dot-dashed line is
obtained using for RR and DR the old formulae proposed by Mewe
and Schrijver [38], which overestimated the combined effect of RR
and DR. Finally, the dotted line shows the effect of adding stepwise
ionisation of the n=2 levels to the reference (solid line) case. In
figure 7 (right) the effect of CXR at IE is considered, starting from
the reference solid line without CXR (dashed line of figure 7 left).
The other curves are obtained by adding a neutral hydrogen density
nn- The dashed, dot-dashed and dotted lines are, respectively, for
nn /ne=10'5 , 10~4 and 10-3. As already said at the beginning of this
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section, for CXR of H-like carbon ions the n,l resolved calculations by
Shimakura et al. [35] are used. The same calculations are not
available for CXR of H-like oxygen ions; we have, therefore, assumed
statistical distribution between the n=5 triplet and singlet levels.
This assumption is tested in the case of carbon, by taking CXR
statistically distributed over n=4 triplet and singlet levels. The
crosses are obtained for nn/ne=10~3; the difference with the dotted
curve indicates that the symplifying assumption of a statistical
distribution is justified, at least as far as G is concerned. Figure 8 is
the same as figure 7 for oxygen.

In the plasma core of fusion devices, nn/ne ratios larger than
10~5 are quite unusual, the only exception being low density (ne of
the order of 1019 nr3) tokamak plasmas heated by neutral
hydrogen isotope beams. On the other hand, neutral densities are
large at the plasma edge and CXR related effects (discussed in
sections 5 and 6) do not correspond to the situation shown in figures
7 and 8. Moreover, as a consequence of outward radial transport, H-
like ions can reach the low temperature edge without
recombination. In some experimental conditions, nn and nhy are
sufficiently high to produce large CXR effects on the G-ratio.

Similarly to figure 3, in figure 9 the carbon R and I lines are
considered. The photon emissivity coefficients Qph for electron
excitation from the ground state, for RR plus DR and for CXR, are
plotted as functions of Te for ne=10l9 and 10^0 m-3 (solid lines
and stars, respectively). As expected, the ne dependence is always
quite weak.

Finally, experimental data on the triplet ratio
(I3P1+I3PO)/I3P2 (which is equal to 0.60 for carbon in the coronal
and intermediate density regions; see figure 4 right), have been
reported in Ref. [44] from the TJ-I tokamak. Values smaller than 0.6
have been reported for central lines of sight. A model has been built
to explain this result, on the basis of CXR processes using the same
data we have used. We don't agree with their model indicating that
the Is2p 3p2 level is not statistically populated with respect to the
Is2p ^PQ,! levels. Their result comes from the fact that they have
considered (wrongly) that the triplet levels lsns n=3,4 (i.e., those
predominantly populated by CXR) decay only on the Is2p 3p2 level
and, moreover, they neglected decays to the Is2p 3si level, which,
as already said, is quenched by collisions populating statistically the
Is2p 3po>i,2 levels. The triplet ratios are found equal to 0.60 for
carbon and to 0.28 for oxygen in all cases, with and without
neutrals, up to n e of the order of 10 2 1 m'3. This is also the case for
the experimental brightness simulations to be reported in sections 5
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and 6. Consequently, the experimental results of Ref. [44] cannot be
explained by CXR with neutrals.

4. IMPURITY MODELLING

The one dimensional (1-D) impurity transport simulation
codes, used to simulate the TS and RFX experiments, are similar,
differing only slightly in the numerical treatment. Both describe, for
a given atomic species, in cylindrical geometry, ionisation,
recombination and radial transport of the ions of charge z and
density nz [45,46].

The ionisation rate coefficiets are taken from the Queen's
University of Belfast assessements [10], with some updating from
Ref. [47]. As already mentioned, RR is treated using the H-like
approximation, modified to take into account that the valence shell
can be partially occupied [18]. As far as DR is concerned, for
recombining H-like and He-like ions the formulae proposed in Ref.
[39] (and also discussed in Ref. [18]) are used, whereas, for less
ionised recombining ions, the recently published data from Badnell
[48, 49] are included in the code. For CXR with neutral hydrogen
isotopes, as already said, the Oak Ridge assessement formulae are
used [19].

The impurity flux density r z is expressed as the sum of both
diffusive and convective terms

rz(r) = - D(r) Vnz(r) - V(r) nz(r) (3)

where D(r) and V(r) are the radius dependent diffusion coefficient
and inward convection velocity, respectively, both taken
independent of the charge z of the ions. Taking V(r)=(r/a)VA, where
a is the last mesh radius, a few centimetres outside the last closed
flux surface (LCFS), and assuming both D and VA to be radially
constant, yields at steady state a Gaussian profile for the total
impurity density nt(r) = nt(0) exp(-S r 2 / a 2 ) , with a peaking
parameter S= aVA /2D. An impurity confinement time is for
particle transport along the field lines can also be added in the
peripheral region.

Electron density neU) and temperature Te(r) profiles are
needed to evaluate the required atomic physics rate coefficients.
Since no experimental data are available for the neutral density
profiles, they will be inferred in order to get simulations of
satisfactory quality.
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5. EXPERIMENTAL DATA FROM THE TS TOKAMAK

TS is a circular cross section tokamak with supraconducting
toroidal magnetic coils. It has a major radius R=2.25-2.4 m and a
minor limiter radius aL=0.7-0.8 m, with a maximum plasma current
Ip=2 MA and toroidal magnetic field Bt=4.2 T. All the exposed
surfaces within the vacuum vessel are covered by carbon tiles. It is
possible to activate an ergodic divertor (ED), destroying the
magnetic surfaces in the edge plasma with a weak resonance
perturbation.

The ne(r) profiles are obtained by adjusting the spatially
resolved vertical Thomson scattering data to the five vertical IR
interferometer channels, with the addition of peripheral data from
microwave reflectometry and reciprocating Langmuir probes. Te(r)
profiles come from Thomson scattering and electron cyclotron
emission data, along with peripheral values from reciprocating
Langmuir probes.

In the TS simulations, as a first step, all the detected atomic
species are simulated using the 1-D code. Subsequently, a post-
process subroutine is used to determine the global impurity content
(and the related effective charge Zeff) [50]. It couples absolutely
calibrated visible bremsstrahlung emission (at a wavelength around
523.8 nm), soft X-ray data and XUV spectroscopy. The soft X-ray
detector sensitivity has been roughly estimated from the
manufacturer data and corrected empirically to agree with the
numerical simulations in a variety of experimental situations with
soft X-ray signals of quite different levels. The XUV spectrometer
[51] has been absolutely calibrated in the 20-120 A region using an
ultra-soft X-ray source, with a proportional counter as absolute
detector. The precisions both absolute and relative on the
calibration points at the wavelengths of the Ka lines of the light
targets (from Li to Mg) is of the order of ±25%. For the simulations
to be discussed in the following, the absolute brightness of the C VI
Lyoc line is used as a reliable normalisation for the carbon content.
C5+ is the last, line emitting C ion and Lya, even if it is not a
"central" line, is always free from edge effects leading to
inhomogeneities. The Lya/R and G ratios are also used in the carbon
simulations. For the latter, the lines being separated in wavelength
by only 0.5 A, the sensitivity can be taken as constant, whereas for
the former, the lines being separated by 6.5 A, the. sensitivity
variation with wavelength must be considered. As a consequence,
the experimental Lya/R ratio (in count number) must be divided by
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1.2±0.1. This uncertainty, added to that of the Te radial profile
between 0.75-1.0 aL, limits somewhat the possibility of a precise
evaluation of the transport parameters.

To show the effect of the discussed updating of the CRM, the
already published analysis of experimental data from two TS
configurations will be revisited in the next subsections, allowing
improved quantitative determination of the transport parameters.

5.1 Carbon transport in plasmas limited by an outboard limiter

As discussed in Ref. [52], with the aim of studying the
impurity production mechanisms and their probability to penetrate
into the core plasma, a series of discharges were performed on TS in
which the main plasma-wall interaction was limited to one poloidal
and toroidal location, i.e., to an outboard limiter, which was the sole
source of impurities (essentially carbon). The main diagnostic was a
visible endoscope, allowing absolute intensity calibrated CCD camera
images of the entire limiter to be obtained at selected wavelenghts.
The first step in the data analysis is to calculate the DO, Cl+, and C2+
total limiter fluxes from the CCD images. Subsequently, the 3-D
spatial distribution of impurity charge state in the scrape-off layer
(SOL) and near-edge core regions is obtained using the BBQ_code,
leading to the conclusion that, while chemical sputtering is essential
to explain the limiter images, it does not contribute much to the
central impurity content (for which physical sputtering is more
important).

The 3-D BBQ. transport model provides boundary conditions
for the 1-D impurity transport code. Usually in the latter the
incoming impurities are chacterized as a flux of monoenergetic
neutrals incident at the last grid radius (either at the last closed flux
surface (LCFS) or a few centimeters away in the SOL). In fact, the
impurities enter the core region both as neutrals with a velocity
distribution, and as cold ions distributed poloidally in the edge
region. As a result, the impurity density in the region inside the
LCFS, to a depth of approximately 10 mm, is poloidally asymmetric.
BBQ.follows the evolution of impurities produced at the limiter until
either they strike the walls (including redeposition on the limiter)
or they penetrate approximately 10 mm deep into the core plasma
past the LCFS. BBQ gives the latter as fluxes of Cz+ which pass
through a magnetic surface with a minor radius 10 mm smaller than
aL- The particles enter this region at varying toroidal and poloidal
locations. These fluxes must, therefore, be toroidally and poloidally
averaged to fit into the 1-D radial transport framework, which takes
a last grid radius 40 mm larger than aL- For these particular

simulations the CO flux is explicitly put in the grid point
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corresponding to aL, whereas the Cz+ fluxes are spread as volume
sources (treated numerically explicitly) over a few grid points
covering about 12 mm inside the LCFS. The central carbon content is
evaluated as previously discussed. It is quite insensitive to the
diffusion coefficient D, but sensitive to the peaking factor S, through
the C VI Lya brightness. To recover this carbon content, the BBQ.
fluxes must be multiplied by a numerical coefficient Cfiux- Given all
the uncertainties (both experimental and numerical), the model is
considered valid if Cfiux is found to be of the order of one. The
physical sputtering yields which are required are discussed in detail
in Ref. [52], and the values are within the range considered
acceptable when compared with basic sputtering data. Moreover, it
has to be noted that the inclusion of a 40 mm wide SOL is essential
to obtain Cfiux of the order of one. Without it, most of the carbon
source is immediately lost at the LCFS of radius aL.

The effect of varying the transport parameters is considered
now for the steady state deuterium discharge extensively studied in
Ref. [52]: Ip=1.24 MA, Bt=3.75 T, Ro=2.44 m and aL=0.69 m. The n e

and Te central values are 5.5 10 * 9 n r 3 and 2.2 keV, respectively,
whereas the central carbon density is estimated to be equal to 2.5
1017 m'3. The results of a few simulations are presented in Table 1,
where D and S are varied (the inward neutral velocity is always
taken equal to 5 103 m/s, in the upper end range of physically
acceptable values). The experimental values of the C VI Lya
brightness and of the Lya/R and G ratios are, respectively, equal to
7+1 10l 7 photons/m2/s/sr, 1.8±0.15, 0.425+0.025.

TABLE 1
SIMULATION OF THE CARBON LINE INTENSITY RATIOS Lya/R AND G

ALONG WITH THE NORMALISATION FACTORS Cfiux AND THE C VI
Lya BRIGHTNESSES (in 101 7 ph/m^/s/sr units)

D(m2/s)
1.5
1.5
1.5
1 0
1.0
1.0
0.5
0.5
0.5

S
1.5
1.0
0.5
1.5
1.0
0.5
1.5
1.0
0.5

BC VI
5.4
7.5
9.5
4.6
6.3
8.5
4.3
5.1
7.1

Lya / R
1.82
1.65
1,55
2.00
1.80
1.65
2.25
2.10
1.85

G
0.41
0.41
0.41
0.44
0.44
0.44
0.48
0.48
0.48

Cfiux
0.95
1.55
2.15
0.65
1.05
1.65
0.45
0.60
0.85
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Nine simulations are performed, taking three values for both
D and S. As far as the G ratio (depending on transport only through
D) is concerned, values outside the uncertainty range are obtained
for D=0.5 m2 /s. Considering only the other two D values, satisfactory
agreement for both Lya/R and the Lya brightness is obtained only
for D=l m^/s and S=l (the linear inward convection velocity being
equal at the periphery to about 3 m/s). It is necessary to stress that
in all cases the CflUx value necessary to recover the central carbon
content is is not very different from 1.

A second series of simulations has been performed for
another discharge at lower electron density. The ne and Te central
values are now, respectively, equal to 2.8 1019 rn'3 and 2.9 keV,
whereas the central carbon density is estimated equal to 6.5 1017
m~3. The global agreement between experiments and simulations is
not as good as in the previous case, particularly since the Te profile
is now a quite sensitive parameter for the simulation of the smaller
G ratios (comprised now between 0.3 and 0.35, whereas the Lya/R
ratios are practically unchanged). A peaking parameter S of the
order of 2 is required, whereas D can be varied between 0.7 and 1.3
m2/s . Also in this case the Cflux values are satisfactory, being
always comprised between 1 and 2.

5.2 Carbon transport in plasmas with the ergodic divertor activated

The characteristics of ED plasmas in TS have been discussed,
e.g., in Ref. [53]. The ED strongly modifies the plasma edge. Between
the various resulting effects, we are interested in this subsection in
the capability to screen impurities [54], and in the impurity
transport modifications required to explain this screening, which is
due to a combined effect of increased transport in the ergodic layer,
of increased recycling and of a modified impurity source term. In
Ref. [55], the impurity content and the two transport parameters
were evaluated for a series of deuterium discharges with Ip=1.4
MA, Bt=3.16 T, Ro=2.4 m and aL=0.75 m. The ED current is switched
on at the middle of the 6 s long Ip plateau, after steady state
conditions are reached, and then sustained until the end of the
plateau. In this second phase of the discharge the ne and Te central
values are, respectively, equal to 3.2 1019 m - 3 and 2.4 keV,
whereas the central carbon density is estimated to be of the order
of 1. 10 1 7 m~3. With respect to the pre-ED situation, ne(0) is
reduced by 20% and Te(0) is practically unchanged, whereas the
central carbon density is approximately reduced by a factor of
three. It has to be recalled that, as a consequence of the strong wall
pumping with the ED on, a large preprogrammed deuterium gas
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injection is necessary. The modifications of the ne and Te profiles
have been discussed in Refs [53] and [56]. For the following
discussion it is only necessary to recall that the Te profile is flat
(with Te values between 50 and 100 eV from Thomson scattering)
in the ergodic layer (i.e. for plasma radii comprised between about
0.69 and 0.75 m) and that the bolometric profile shows a poloidal
asymmetry on the plasma low field side, where the ED coils are
located.

Concerning the brightnesses of the three carbon lines needed
for the transport studies (C VI Lya, C V R and C V I), they have time
evolutions typical of ED plasmas [54]. Both Lya and the R line
decrease with the ED, but their ratio changes approximately from
1.8 to 0.9. On the other hand, the I line is roughly constant, the G
ratio increasing approximately from 0.35-0.4 to 0.55-0.6. In Ref.
[55] it was shown that, to obtain Lya/R of the order of one, it is
necessary to increase either parallel or perpendicular transport in
the edge, or both simultaneously. This region, with increased D-
values (by a factor of three to five) or with a finite (in the ms range)
confinement time xs for particle transport along the field lines,
extends radially from r=0.65 m until the last mesh radius r=0.78 m
(30 mm larger than the limiter radius before the ED activation). The
simulations have been repeated to verify that the old conclusions
are still valid with the revised updated atomic data. The procedure
followed is the same as in the previous subsection, taking into
account the presence, with the ED on, of a highly recycling
peripheral ergodic layer, and imposing as boundary conditions the
incoming neutral flux on the last mesh.

Results of simulations increasing only D values are presented
in figure 10. It shows, from left to right, the radial profile of total
carbon ion density nt (along with the profiles of the ion densities
nz), the Lya, R and I line emissivity profiles and, finally, the D and
V radial profiles (solid and dashed lines, respectively), implying a
peaking factor S=l in the core plasma. The Lya /R ratio is 0.9, as
experimentally found, whereas the G ratio, equal to 0.38, is too low
with respect to the experimental value. Similar conclusions can be
reached with finite %s values (e.g., 1.5 ms between 0.72 and 0.78 m,
2 ms between 0.68 and 0.72 m, and 4 ms between 0.64 and 0.68 m).
Lya/R is always equal to 0.9, whereas the G ratio is equal to 0.45.
The G ratio, an inverse function of Te (as shown in section 4), is
larger than in the previous simulation, since parallel transport,
contrary to perpendicular transport, does not displace the emitting
shells inwards. As in Ref. [55], the only way to recover the
experimental G ratio value between 0.55-0.6 is to introduce CX
recombination with neutral deuterium. It is not clear, at the
moment, if these neutrals are poloidally homogeneous or
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inhomogeneous. In the latter case the horizontal line of sight of the
XUV spectrometer should cross the inhomogeneity. It should be
remembered that, as a consequence of the strong gas puffing, a
large amount of peripheral neutrals (more or less poloidally
homogeneous) is not unexpected. Moreover, these neutrals might be
localised in the enhanced radiation region on the low field side. This
region could be considered as an "external" Marfe, and, in a
"classical" (internal) Marfe, effects associated with CX recombination
with neutrals have been reported on the visible 5290 A C VI line
[56]. Therefore two different simulations have been performed. In
the first one, as in Ref. [55], the neutrals are poloidally
homogeneous: the ionisation degree of the carbon ions is affected
(reduced) in the edge, as a consequence of the increased
recombination. In the second simulation the radial charge state
distribution is the same as in the absence of neutrals (i.e., that
shown in figure 10), but the line brightnesses are recalculated by a
post-process subroutine in the presence of a peripheral outward
neutral deuterium layer, which is supposed to be crossed only once
by the line of sight of the spectrometer. Physically it is assumed
that highly ionised carbon ions, drifting radially outwards (without
much RR and DR), penetrate into the inhomogeneity undergoing CXR
processes. The results of these two simulations are presented in
figure 11, where, from left to right, the Lyoc, R and I line emissivity
profiles are shown for the case of poloidally homogeneous or
poloidally inhomogeneous neutral profiles along with the neutral
density profile. The required neutral densities are very large, well
in the 10I7 m~3 range. In both cases the line ratios are satisfactory;
for the poloidally homogeneous case Lya/R and G are, respectively,
equal to 0.95 and to 0.57, whereas in the second case these ratios
are, respectively, 0.93 and 0.58. Figure 11 shows that in both cases
all the three line emissivities show tails or bumps in the edge region
and, as expected from the CX photon emissivity coefficients shown
in figure 9, the effect is maximised for the I line and, consequently,
the G ratio for emissivities is increased in the periphery well above
one.

To conclude, it is not possible, with the available XUV line
brightness data (limited to a central line of sight), to discriminate
between the two considered cases. It must to be noted that standard
neutral density calculations always predict profiles rapidly
decreasing radially inwards (with typical e-folding lengths in the
0.01 m range). The initial simulations were performed with profiles
of this kind, but, since neutral densities in the 1017 m~3 range are
necessary around r=0.7 m, it appeared clearly that such profiles
give unrealistically too many neutrals at the boundary. The chosen
neutral profile has the required magnitude around r=0.7 m, but the
increase towards larger radii is leveled off.
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6. EXPERIMENTAL DATA FROM THE REVERSED FIELD PINCH RFX

RFX is a large Reversed Field Pinch (minor radius a=0.46 m,
major radius R=2. m) designed to operate with plasma current Ip up
to 2 MA and currently operated with Ip = 0.5-1 MA [57]. The
central toroidal magnetic field is about 0.6 T, much smaller than in
tokamaks and no additional heating system is installed. The inconel
vacuum vessel is almost completely covered with carbon tiles;
carbon and oxygen are, therefore, the main impurities, metals being
reduced to very low levels. Boron and nitrogen also produce little
contamination of the plasma, affecting the emission spectrum only
immediately after a boronisation procedure or maintenance
operations, implying nitrogen flow into the vessel.

As it will be discussed in the following, in RFX Zeff is
evaluated by determining the impurity content by simulating the
absolute brightnesses of the strongest lines of the detected
elements. Other more direct techniques of measuring Zeff, such as
measurement of the continuum bremsstrahlung emission in line
free regions of the visible (523.5 nm) or near infrared (1040 nm)
spectra, have so far be found unreliable in RFX; indeed, the emission
in these regions is too large to be due only to bremsstrahlung,
possibly contaminated by molecular emission.

For the currently explored Ip range, the following plasma
parameters are obtained: electron densities in the range 2-8 1019
m~3, electron temperatures in the range 300-400 eV, and energy
confinement times of approximately 1-2 ms [57]. Plasma wall
interaction in RFX is characterised by the presence of locked modes
[58], which cause in all of the RFX discharges a large kink of the
plasma column, driving a large power flux onto the walls. In the
high Ip discharges, the surfaces of the wall facing the perturbation
may reach the sublimation temperatute, so that carbon blooms are
frequently observed [59].

The time behaviour of carbon and oxygen Lyoc and R lines is
monitored by an absolutely calibrated Multi Layer Mirror [MLM]
duochromator with a time resolution of about 100 (is [60]. The same
brightnesses are also measured with a 2 m grazing incidence
spectrometer in a different toroidal position with 20 ms time
resolution [51], and absolutely calibrated via the branching ratio
technique and against a soft X-ray source [46]. The brightnesses
given by the two instruments agree within 50%.

As already said, the analysis to deduce carbon and oxygen
content in RFX is carried out by comparing the experimental line
spectrum with the predictions of a 1-D impurity transport code,
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determining the ion radial profiles. Since the most populated charge
states are the H-like and He-like ones, the lines to be utilised for
both elements are Lyoc, R, I, and the 2p-2s triplet.

Experimental steady state profiles or time evolutions of Te
and n e are used in the calculations, while D and V are varied to
obtain the best simulation of the experimental brightnesses. Total
carbon and oxygen contents are determined by the measured
influxes imposed as boundary conditions at the wall (last mesh).

The experimental Lyot/R ratios are in the range 1-3 for
carbon and in the range of 0.2-0.4 for oxygen, whereas the carbon
G-ratio is generally large, in the range 0.45-0.7, with estimated
errors for carbon ratios of about 10%. Oxygen Lyoc brightnesses are
above the sensitivity limit of the instrument only in high Ip
discharges, as well as the carbon Lyy and Lyp lines (their ratio being
0.3-0.4).

To reproduce the experimental carbon and oxygen Lya/R
ratios, radially constant D values in the range 10-20 m^/s and edge
VA values in the range 40-90 m/s are required. It has to be noted
that D is quite sensitive to the oxygen Lya/R ratio, whereas the
peaking factor S is sensitive to the corresponding carbon ratio. This
is due to the fact that, at a given central Te value, diffusion
determines the central charge state and, consequently, the oxygen
Lya brightness. On the other hand, the carbon Lya emissivity is
centrally peaked (sometimes slightly shallow), whereas the
corresponding R line emissivity peaks around r/a=0.5, determining
the fact that their brightness ratio is sensitive to S. All this is
apparent in figure 12, where examples of ion and line emissivity
distributions (left and right, respectively) are given for carbon (top)
and for oxygen (bottom).

The larger D values are obtained when the oxygen Lya/R
ratio is low (approximately 0.3 when Te(0)=400 eV), whereas the
larger V values are obtained when the corresponding carbon ratio is
high (approximately 1.8 when Te(0)=400 eV).

To simulate the measured G-ratios, CXR with neutral
hydrogen has to be considered [46]. In particular, experimental
values are well reproduced if the neutral density nn is supposed to
be 10-2 ne(0) at the wall, 10"3 ne(0) at r/a=0.75 and 10"6 ne(0) on
axis, with an exponential decay. This nn profile is compatible with
the indications from the RFX Neutral Particle Analyzer. Moreover,
the presence of relatively large iin-values in RFX may be associated
to the high recycling of hydrogen, the fuelling gas, at the walls.

An example of the comparison between simulations and
experimental data during the entire duration of the discharge is
given in figure 13, where three relative line brightnesses and the
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absolute effective charge Zeff are plotted as functions of time (the
solid and dotted lines are for the experiments and the simulations,
respectively). The three considered lines are: the strongest
component of the C V 2p-2s triplet (at 227.1 nm), the O VII R line
(at 2.16 nm), and the O VIII Lyaline (at 1.897 nm), blended with
the O VII 3p-ls singlet line (at 1.863 nm) The evolution of the
entire discharge has been simulated taking D=20 m^/s and VA=45
m/s. The ion and emissivity distributions of figure 12 correspond to
the central phase of this discharge. Sudden increases of the impurity
influxes from the walls, by a factor of 8 for carbon and 4 for oxygen,
have to be assumed to reproduce the experimental enhancement of
the emission during the carbon bloom between 0.07 and 0.09 s.
During this time interval Zeff increases from 1.3 up to 2.

Finally, as far as the C V 2p-2s triplet is concerned, the ratio
U3Pl+l3PO)/l3P2 is experimentally found to be always equal to
0.60, as expected for RFX electron densities from the discussion at
the end of section 3.

7. CONCLUSION

The published literature on atomic data for the H-like and He-
like isoelectronic sequences has been reviewed. Collisional radiative
models have been built for carbon and oxygen ions belonging to the
same sequences. For both sequences, excited levels up to n=5 are
included. Photon emissivity coefficients (for electron excitation from
the ground state, for RR plus DR, and for CXR) are evaluated for the
most important lines, e.g., the Lyman and Balmer series lines for H-
like ions and the resonance and intercombination lines for He-like
ions. Before simulating plasma emission from fusion devices with
non uniform density and temperature, the models are verified, and
in some way validated, for a uniform plasma, by varying ne and Te
in ranges corresponding to both astrophysical and laboratory
plasmas.

The CRM are needed for the simulation of experimental line
brightnesses and emissivities from fusion devices. The impurity ion
radial distribution is obtained using a one dimensional transport
code with two radius dependent transport parameters: a diffusion
coefficient D and an inward convection velocity V. Reliable atomic
data are a prerequisite to the impurity simulations, since they are
supposed to be well known and adjustement of the simulations to
the experimental line and/or continuum brightnesses and
emissivities is done by varying only D and V. Examples of
quantitative interpretation of experimental spectroscopic data from
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two fusion devices (the TS Tokamak and the Reversed Field Pinch
RFX) are given.

As a consequence of the order of magnitude difference in the
central electron temperature in the two devices, the sensitivity of
the H-like and He-like ion emissions to the transport parameters is
different. In tokamaks, where the central electron temperatures Te
is in the keV range, both carbon and oxygen are fully ionised.
Emission from H-like and He-like ions (the most ionised ions of
these elements emitting line radiation) comes from a peripheral
region (where Te is in the range of a few hundred eV), generally
free from poloidai and toroidal asymmetries. The brightnesses of
the H-like and He-like ion isoelectronic sequences are "reliable", in
the sense that they can be used to deduce from numerical
simulations the central carbon and oxygen contents. Taking into
account also visible bremsstrahlung and soft X-ray emissions, it
appears that the peaking factor S is a more sensitive transport
parameter than the diffusion coefficient D. Carbon Lya/R ratios of
the order of one indicate a variation (increase) of D between the C
VI and C V emitting layers.

In reversed field pinch plasmas, on the other hand, central Te
values are much lower (of the order of 300-400 eV), and full
stripping of C and O ions is not attained. In this case, the central
ionisation degree, and consequently also the H-like and He-like ion
brightnesses, are not only sensitive to the Te value, but also directly
sensitive to the impurity transport in the central region. As far as D
is concerned, the most sensitive parameter is the oxygen Lya/R
ratio, whereas, as far as S is concerned, the most sensitive
parameter is the carbon Lya/R ratio.

For TS, carbon content and transport parameters have been
obtained in two experimental situations: a) small plasmas limited by
an outboard limiter and b) plasmas with the ED activated. For the
latter the large G-ratios imply the existence at the ergodic edge of
neutral hydrogen isotope densities well in the 10*7 m~3 range. It
has not been possible to conclude if these neutrals are poloidally
symmetric or asymmetric, since only the experimental brightness
along a central line of sight is available.

For RFX, general considerations are presented on the
transport parameters required for good simulation of the
experimental line brightnesses and of their ratios. In this device the
visible and near infrared continuum emissions are unreliable and
the effective charge Zeff is given by the impurity simulations. The
entire duration of one particular discharge has been simulated,
including a carbon bloom towards the end. This time resolved line
brightness simulation gives also the time evolution of Zeff.
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The TS and RFX core plasma D-values differ by an order of
magnitude, being in the range of 1 and 10 m^/s , respectively. This
is not unexpected, given the energy confinement times obtained in
these two devices: in the few hundred ms range in TS and in the ms
range in RFX. On the other hand, the peaking factor S is of the order
of unity in both devices.

REFERENCES

[1] "Atomic and Plasma-Material Interaction Processes in
Controlled Thermonuclear Fusion", Janev R.K.and Drawin
H.W. Editors (Elsevier Science Publishers Amsterdam,
1993).

[2] SUMMERS H. and VON HELLERMANN M., in Ref. [1], p 87.
[3] ITIKAWA Y., HARA S., KATO T. et al., Atomic Data

Nuclear Data Tables 31 149 (1985).
[4] GOLDEN L. B., CLARK R. H. E., GOETT S. J. and SAMPSON D.

H., Astrophys. J. Suppl. 45 603 (1981).
[5] CLARK R. H. E., SAMPSON D. H. and GOETT S. J., Astrophys.

J. Suppl. 49 545 (1982).
[6] SHEVELKO V. P., VAINSHTEIN L. A. and YUKOV E. A.,

Physica ScriptaT28 39 (1989).
[7] AGGARWAL K. M. and KINGSTON A. E., J. Phys. B: At. Mol.

Opt. Phys. 24 4583 (1991).
[8] CALLAWAY J., Atomic Data Nuclear Data Tables 5_7 9

(1994).
[9] SAMPSON D. H. and ZHANG H. L, Astrophys. J. 215. 516

(1988).
[10] BELL K.L., GILBODY H.B., HUGHES J.G. et al. J. Phys. Chem.

Ref. Data 12 891 (1983).
[11] LJEPOJEVIC N. N.,HUTCHEON R. J. and MCWHIRTER. W. P.,

J. Phys. B: At. Mol. Phys. 17 3057 (1984).
[12] ZYGELMAN B. and DALGARNO A., Phys. Rev. A 31 4085

(1987).
[13] TALLENTS G. J., J. Phys. B: At. Mol. Phys. 17 3677 (1984).
[14] TALLENTS G. J., J. Phys. B: At. Mol. Phys. 13. 3299 (1985).
[15] SHEVELKO V. P., URNOV A. M. and VINOGRADOV A. V., J.

Phys. B: At. Mol. Phys. 9 2859 (1976).
[16] SHEVELKO V. P., SKOBOLEV I. Yu. and VINOGRADOV A. V.,

Physica Scripta 1£> 123 (1977).
[17] WIESE W.L., SMITH M.W. and GLENNON B.M., "Atomic

Transition Probabilities, Volume 1, Hydrogen through
Neon", (NSRDS-NBS-4, Washington DC,1966).

25



[18] MATTIOLI M. unpublished CEN Cadarache Laboratory
Report EUR-CEA-FC 1346 (1988).

[19] "Collisions of Carbon and Oxygen Ions with Electrons, H,
H2 and He", Phaneuf R.A., Janev R.K. and Pindzola N.R
Editors, (Oak Ridge National Laboratory, 1987) ORNL-
6090/V5.

[20] FRITSCH W. and LIN C. D., Phys. Rev. A 29_ 3039 (1984).
[21] JANEV R. K., PHANEUF R. A., TAWARA H. and SHIRAI T.,

Atomic Data Nuclear Data Tables 55 201 (1993).
[22] GREEN T. A., SHIPSEY E. J. and BROWNE J. C, Phys. Rev. A

25. 1364 (1982).
[23] SHIPSEY E. J., GREEN T. A., and BROWNE J. C, Phys. Rev. A

21821 (1983).
[24] MATTIOLI M., PEACOCK N.J., SUMMERS H.P. et al., Phys

Rev. A4Q_ 3886 (1989).
[25] SAMPSON D. A., J. Phys. B: At. Mol. Phys. 1Q_ 749 (1977).
[26] DUBAU J., Atomic Data Nuclear Data Tables ^7 21 (1994).
[27] KATO T. and NAKAZAKI S., Atomic Data Nuclear Data

Tables 42 313 (1989).
[28] SAMPSON D. H., GOETT S. J. and CLARK R. E. H., Atomic

Data Nuclear Data Tables 29 467 (1983).
[29] ZHANG H. and SAMPSON D. H., Astrophys. J. Suppl. 6_3_

487 (1987).
[30] DOYLE J. G., Astron. Astrophys. &7 183 (1980).
[31] SCHIFF B., PEKERIS C. L. and ACCAD Y., Phys. Rev. A 4

885 (1971).
[32] LIN C. D., JOHNSON W. R. and DALGARNO A., Phys. Rev. A

15. 154 (1977).
[33] KONO A. and HATTORI S., Phys. Rev. A1Q 2093 (1984).
[34] BADNELL N.R., Calculations available on ADAS Files

ADF09. For explanations see "ADAS User Manual" by
Summers H. P., unpublished JET Report JET-IR(94)06.

[35] SHIMAKURA N., KOIZUMI S., SUZUKI S. and KIMURA M.,
Phys. Rev. A 45 7876 (1992).

[36] SURAUD M. G., HOEKSTRA R., DEHEER F. J. et al., J. Phys.
B: At. Mol. Opt. Phys. 24 2543 (1991).

[37] KIMURA M., KOBAYASHI N., OHTANI S., and TAWARA H.,
J. Phys. B: At. Mol. Opt. Phys. 20 3873 (1987).

[38] MEWE R. and SCHRIJVER J., Astron. Astophys. £5_ 99
(1978)

[39] ARNAUD M. and ROTHENFLUG R., Astron. Astrophys.
Suppl. 6.0 425 (1985).

[40] GABRIEL A. H. and JORDAN C, "Case Studies in Atomic
Collision Physics" Vol. 2, McDaniel and McDowell Editors
(North Holland, Amsterdam, 1972), 211.

26



[41] ENGELHARDT W., KOPPENDORFER W. and SOMMER J.,
Phys. Rev. A6_ 1908 (1972).

[42] KEENAN F. P., TAYAL S. S. and KINGSTON A. E., Solar
Physics 22 75 (1984).

[43] TFR GROUP, DOYLE I.G., and SCHWOB J.L. J. Phys. B: At.
Mol. Phys. I S 813 (1982).

[44] MCCARTHY K. J., ZURRO B., BURGOS C. et al., Phys. Rev. E
52 6671 (1995).

[45] TFR GROUP, Nucl. Fusion 25. 981 (1985).
[46] CARRARO L, PUIATTI M. E., SATTIN F. et al., Nucl. Fusion

accepted for publication.
[47] LENNON M.A., BELL K.L, GILBODY H.B. et al., J. Phys.

Chem. Ref. Data 17 1285 (1988).
[48] BADNELL N.R., Physica ScriptaT2& 33 (1989).
[49] BADNELL N.R., Phys. Rev. A 4£ 660 (1992).
[50] GUIRLET R., MATTIOLI M., DEMICHELIS C. et al., 21th EPS

Conference on Controlled Fusion and Plasma Physics
(Montpellier,1994) V0I.I8B, Part III, European Physical
Society (1994) 1280.

[51] SCHWOB J.L., WOUTERS A.W., SUCKEWER S. and
FINKENTHAL M., Rev. Sci. Insrum. 5_£ 1601 (1987).

[52] TOBIN S.J., HOGAN J. T., DEMICHELIS C. et al., Plasma
Phys. Control. Fusion i £ 251 (1996).

[53] DEMICHELIS C, GROSMAN A., GARBET X. et al., Nucl.
Fusion 15_H33 (1995).

[54] BRETON C, DEMICHELIS C, MATTIOLI M. et al., Nucl.
Fusion 1 1 1774 (1991).

[55] MATTIOLI M., DEMICHELIS C. and MONIER-GARBET P.,
Nucl. Fusion i i 807 (1995).

[56] HESS W., DEMICHELIS C, MATTIOLI M. et al., Plasma
Phys. Control. Fusion 17 951 (1995).

[57] ANTONI V., APOLLONI L, BAGATIN M. et al., in Plasma
Physics and Controlled Nuclear Fusion Research 1994
(Proc. 15th Int. Conf. Seville, 1994) Vol. 2, IAEA, Vienna
(1995) 405.

[58] ANTONI V., BELLINA R, BOLZONELLA T. et al., 22th EPS
Conference on Controlled Fusion and Plasma Physics
(Bournemouth,1995) Vol.l9C, Part IV, European Physical
Society (1995) 181.

[59] CARRARO L, CASAROTTO E., PUIATTI M.E. et al., 22th EPS
Conference on Controlled Fusion and Plasma Physics
(Bournemouth,1995) Vol.l9C, Part II, European Physical
Society (1995) 317.

[60] CARRARO L, CHKHALO N.I., KRUGLYAKOV E.P. et al., to
be published in Rev. Sci. Insrum.

27



FIGURE CAPTIONS

Fig. 1 Relative intensities for carbon (Te=Ti=200 eV) of the
Lyman alpha pi, Balmer alpha p2 and Balmer beta p3 fine structure
components as functions of ne: (left) pi, the solid, dashed and dot-
dashed lines are obtained using using for the n=2, An=O excitation
rate coefficients those proposed in Refs [12], [11] and [14],
respectively; (middle) p2> the solid and dashed lines are obtained
using for the n=3, An=0 excitation rate coefficients those proposed in
Refs [11] and [14], respectively; (right) p3, solid and dashed lines
same as for middle for the n=4, An=O excitation rate coefficients.

Fig. 2 Relative fractional populations of the excited levels fi
for H-like carbon ions (Te=Ti=200 eV) as functions of ne: (left) n=2;
(middle) n=3; (right) n=4. Solid, dashed, dot-dashed and dotted lines
refer to s,p,d,f levels, respectively. The vertical dot-dashed lines
show the critical density for statistical equilibrium according to
Sampson [25],

Fig. 3 From left to right, excitation (by electrons from the
ground state), recombination and charge exchange photon
emissivity coefficients Qph for H-like carbon Lyman alpha (top) and
Balmer alpha (bottom) as functions of Te. Solid lines and stars
(undistinguishable with the used axis scales) are for ne=10l9 and
lO^O m~3, respectively.

Fig. 4 For He-like carbon (Te=125 eV) as functions of ne: (left)
relative intensities of the four lines (R, I, F and 2ph) from the Is21
levels to the ground state, the dashed lines are obtained adding
stepwise ionisation from the Is21 levels; (middle) line ratios R/10,
Gaph and G; (right) line ratios I2ph/IR> 13 P2 / I l / 5 and
(I3P1+I3PO)/I3P2-

Fig. 5 Same as figure 2 for He-like carbon (Te=125 eV) excited
levels; (left) solid line: Is2p 3?i level, dot-dashed line: Is2p ^ P Q ^
undistinguishable levels, and dashed line: Is2s 3si level; (right)
solid line: Is2p Ipi level and dashed line: Is2s lSo level.

Fig. 6 Line ratios for He-like carbon as functions of Te for the
indicated ne values without recombination: (left) Gaph; (right) G.

Fig. 7 Line ratio G for He-like carbon as functions of Te for rie=
lO^O rn'3; (left) solid line: reference case without recombination,
dashed line: with RR+DR at IE, dot-dashed line: with RR+DR at IE
according to Ref. [38], dotted line: stepwise ionisation added to the
reference case; (right) with CXR, always at IE, solid line: reference
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case with RR+DR at IE, dashed, dot-dashed and dotted lines: with
nn /n e=10"5 , 10~4 and 10"3, respectively. The crosses on left are
obtained for the same conditions as for the dotted curve, assuming
CXR statistically distributed over n=4 triplet and singlet levels.

Fig. 8 Same as figure 7 for He-like oxygen.
Fig. 9 Same as figure 3 for He-like carbon lines R (top) and I

(bottom). Solid lines and stars (most of the time undistinguishable
with the used axis scales) are for ne=10l9 and 1020 m~3,
respectively.

Fig. 10 Simulations of TS plasmas with ED activated, without
CXR. From left to right: total carbon ion density nt along with ion
densities n z as functions of the plasma radius; radial emissivity
profiles E for the Lya, R and I lines; D and V radial profiles (solid
and dashed lines, respectively).

Fig. 11 Simulations of TS plasmas with ED activated with CXR.
From left to right: same as figure 10 (middle) for poloidally
homogeneous and poloidally inhomogeneous nn profiles; radial nn
profile used for both simulations (see the text for details).

Fig. 12 Simulations of RFX plasmas for carbon ions (top) and
oxygen ions (bottom) as functions of the plasma radius. Left: ion
densities nz as functions of the plasma radius; right: radial
emissivity profiles E for the Lya , R and I lines.

Fig. 13 Simulations of a RFX discharge as function of time.
From top to bottom: relative brightnesses of the strongest
component of the C V 2p-2s triplet (at 227.1 nm), of the O VII R line
(at 2.16 nm), of the O VIII Lya line (at 1.897 nm), blended with the
O VII 3p-ls singlet line (at 1.863 nm), and, finally, the absolute
effective charge Zeff. The solid and dotted lines are for the
experiments and the simulations, respectively. The evolution of the
entire discharge has been simulated taking D=20 m 2 / s and VA=45
m/s.
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