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Experimental and simulated neon spectra in the 10-nm wavelength region from tokamak
and reversed field pinch plasmas
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Experimental neon spectra~in the 10-nm region!, from the tokamak Tore Supra and the reversed field pinch
experiment RFX, have been simulated. The spectra include lines from three neon ionization states, namely
Ne71, Ne61, and Ne51 ions. Collisional radiative models have been built for these three Ne ions, considering
electron collisional excitation and radiative decay as populating processes of the excited states. These models
give photon emission coefficients for the emitted lines at electron density and temperature values correspond-
ing to the experimental situations. Impurity modelling is performed using a one-dimensional impurity transport
code, calculating the steady-state radial distribution of the Ne ions. The Ne line brightnesses are evaluated in
a post-process subroutine and simulated spectra are obtained. The parts of the spectra corresponding to a single
ionization state do not depend on the experimental conditions and show good agreement with the simulated
single ionization state spectra. On the other hand, the superposition of the three spectra depends on the
experimental conditions, as a consequence of the fact that the ion charge distribution depends not only on the
radial profiles of the electron density and temperature, but also of the impurity transport coefficients. Simula-
tions of the Ne spectra~including transport! give confidence in the atomic physics calculations; moreover, they
allow the determination of the transport coefficients in the plasma region emitting the considered ionization
states.@S1063-651X~99!14510-0#

PACS number~s!: 52.55.Ez, 52.55.Fa, 32.30.Rj
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I. INTRODUCTION

Gaseous impurity injection is frequently used in tokam
devices to obtain plasmas with large radiation losses~‘‘ra-
diative layer’’ scenarios!. In these devices, the input energ
is absorbed in the plasma center, flows radially to the plas
border and is then deposited on the limiters, i.e., on to
dally and/or poloidally localized surfaces defining the la
closed magnetic surface~LCMS!. With increasing input
power, the limiter heating can become too large and the
duced plasma pollution becomes intolerable. The purpos
the gas injection~neon being the most frequently used e
ment! is to produce a toroidally and poloidally uniform pe
ripheral radiative mantle, having as a consequence a unif
deposition of the input energy on the walls and theref
reduced thermal loads and plasma pollution. The problem
these experiments is to obtain the maximum radiated en
while, at the same time, minimizing the supplementary c
tral plasma pollution, due to the impurity injection itse
Smearing out the plasma energy with gaseous injectio
useful also in devices equipped with divertors, since the
vertor plate heating is always localized. The interest of th
gas scenarios has been increased by the fact that the pl
performances improve when the high density limit is a
proached; indeed, a new regime@the radiative improved~RI!
mode#, with increased energy confinement time, has b
found in the Textor tokamak, and subsequently confirmed
other tokamaks@1#.

In these recent neon injection experiments, no exten
PRE 601063-651X/99/60~4!/4760~10!/$15.00
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spectroscopic emission study has been reported. Howe
spectroscopic measurements were reported by Huanget al.
@2# in the Text tokamak; a fewn52 –n53 line intensity
ratios for NeVII ~n being the principal quantum numbe!
were measured in an experiment devoted to a spectrosc
study of O, F, and Ne Be-like ion emission. In the ‘‘radiativ
layer’’ experiments, the neon injection is generally mon
tored by the spectroscopic detection of only one strong
ripheral line~e.g., one of the components of the NeVIII dou-
blet at 77 nm!; its global effects are deduced by th
increments, following the injection, of the following thre
signals: the bolometric signal~giving directly the radiated
power!, the visible bremsstrahlung continuum emission, a
the continuum soft x-ray emission~the last two signals are
connected with the increased core plasma effective cha
Zeff , due to the increased central Ne density!. Sometimes,
when a neutral beam is available, the central density of
fully stripped Ne ions has been deduced by charge excha
recombination~CXR! spectroscopy, i.e., by the observatio
of a visible transition~e.g., then511 to n510 transition at
525 nm of the H-like Ne ions!, produced by CXR of the fully
stripped ions with the beam neutrals@3#.

Quantitative analysis of the impurity doped discharges
generally performed simulating the experimental signals b
one-dimensional~1D! impurity transport code, where poloi
dal symmetry of the impurity density is supposed. In the c
of divertor plasmas~e.g., in Asdex-U@4#!, which are poloi-
dally asymmetric, the simulated results are applicable onl
the equatorial plane~i.e., in a region where 2D effects can,
some extent, be neglected!. A simplified recycling and
4760 © 1999 The American Physical Society
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PRE 60 4761EXPERIMENTAL AND SIMULATED NEON SPECTRA IN . . .
pumping model is used to achieve a realistic description
the neon source function. Simulations coupling a c
plasma impurity transport code with a divertor impuri
transport code have also been reported@5#, thus taking into
account both core and divertor plasma experimental data

Similar gaseous impurity injection experiments have be
performed, for the same reason, in reversed field pinch
vices @6#. It must be observed that in these devices
plasma configuration is limited directly by the vessel, a
that the toroidal symmetry can be destroyed by interacti
associated with the locking in phase of magnetic pertur
tions that are strongly localized at the wall in a single tor
dal cross section.

Experimental Ne emission studies have been reporte
the past also foru-pinch plasmas, e.g., by Lang@7#. Relative
brightnesses of both then52 –n52 and then52 –n53
NeVII lines have been interpreted by Lang using collisio
radiative ~CR! models developed for astrophysical plasm
@8,9#. These CR models have been used to diagnose s
flare plasmas from the experimental observation of l
brightness ratios depending either on the electron densitne
or on the electron temperatureTe @10#. Additionally, a few
n52 –n52 line ratios of NeVI have been studied in sola
flares@11#.

As evident from the discussion above, knowledge of
relevant Ne atomic physics is an essential prerequisite; h
ever, most of the atomic physics data come from theoret
models, with only a few experimental values available. It
one of the main aim of this paper to check the validity of t
most recent~and presumably most reliable! atomic physics
data calculations for neon, by comparing experimental
spectra~in the 10-nm region!, obtained in the tokamak Tor

FIG. 1. Experimental~top! and simulated~bottom! neon spectra,
between 6.0 and 13.5 nm, from RFX plasmas. The brightnessesBnor

are normalized to the strongest 98.2-nm NeVIII line. The strongest
lines are identified~carbon lines are in the second order!.
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Supra~TS! and in the reversed field pinch RFX, with up
dated simulations. The two devices have been chosen
cause they have central electron temperatures differing b
least one order of magnitude~but similar electron densities!.
As far as the electron density is concerned, our observat
are unique in that they are in the high density end of
transition region between solar andu-pinch spectra. Both
devices are presented in Sec. II, along with examples of
perimental spectra. These include lines from Ne71, Ne61,
and Ne51 ions, i.e., lines emitted from neon ions of the L
like, Be-like, and B-like isoelectronic sequences. CR mod
have been built for these three Ne ions, considering elec
collisional excitation and radiative decay as the populat
processes of the excited states. Photon emission coeffic
(PEC) are given for the lines emitted by the excited levels
ne and Te values corresponding to the experimental situ
tions. The CR models are discussed in Sec. III, where
particular, the included levels and atomic physics data
discussed.PEC and electron collision excitation rate coeffi
cients Qexc are compared with previously reported value
Impurity modeling, briefly described in Sec. IV, is performe
with a 1D impurity transport code, calculating the stead
state radial distribution of the Ne ions. The Ne line brigh
nesses are evaluated in a post-process subroutine and
lated spectra are obtained. It will be shown in Sec. V that
parts of the spectra corresponding to a single ionization s
do not depend on the experimental~transport! conditions:
each CR model can, therefore, be studied individually and
validity established. On the other hand, the relative am
tudes of the three ‘‘independent’’ spectra depend on the

FIG. 2. Experimental~top! and simulated~bottom! spectra be-
tween 8.5 and 12.5 nm, from TS plasmas with the ergodic dive
activated. The brightnessesBnor are normalized to the stronges
10.61-nm NeVII line. The strongest lines are identified.
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4762 PRE 60M. MATTIOLI et al.
perimental conditions, as a consequence of the fact tha
ion charge distribution depends not only on the radial p
files of ne and Te , but also on the radial profiles of th
impurity transport coefficients~namely, diffusion coefficient
D and inward convection velocityV). As usual in this type
of study, the final choice of transport coefficients is n
unique; we have constrained it using results of previo
transport simulations of intrinsic~carbon and oxygen! impu-
rities in both devices. Finally, concluding remarks are giv
in Sec. VI.

II. EXPERIMENTAL DATA

A. Neon spectra from the reversed field pinch RFX

RFX is a large reversed field pinch~minor radius a
50.46 m, major radiusR52.0 m) designed to operate with
plasma currentI p up to 2 MA ~currently operated withI p
50.521 MA). The central toroidal magnetic field is 0.5–
T, and no additional heating system is installed. The inco
vacuum vessel is almost completely covered with carb
tiles; carbon and oxygen are, therefore, the main impurit
metals being reduced to very low levels. The impurity co
tent is obtained, as a post-process of the 1D impurity tra
port code, by coupling absolutely calibrated visible brem
strahlung emission~at wavelengths around 523.8 and 679
nm!, soft x-ray data, and XUV spectroscopy@12#.

Thene(r ) andTe(r ) profiles, needed as input data for th
impurity transport code, are obtained, respectively, by a m
tichord CO2 laser interferometer and by a Thomson scatt
ing system coupled with a Si-Li x-ray detector@12,13#.

The extreme grazing incidence vacuum spectromete
equipped with two microchannel plate detectors and ha

TABLE I. Ne VII collisional excitation rate coefficient
computed at 82 eV byCROSS and by using published effectiv
collision strengths@23,24,25#. The levels are indicated by the
position in the energy level hierarchy: 1-2s2 1S0 ;
2,3,4-2s2p 3P0,1,2; 5-2s2p 1P1 ; 11-2s3s 3S1 ; 12-2s3s 1S0 ;
17,18,19– 2s3d 3D1,2,3; 20-2s3d 1D2 ; and 21,22,23-2p3s 3P0,1,2.
The percentage difference betweenCROSSand the other calculation
is also shown. Numbers in square brackets indicate powers of

Transition CROSS
Ramsbottom

@23#
Berrington
@24, 25#

Percent
difference

1–2 7.64@211# 1.21@210# 9.80@211# 236/222
1–3 1.24@210# 3.64@210# 2.94@210# 266/258
1–4 3.80@210# 6.05@210# 4.89@210# 237/222
1–5 1.54@28# 1.47@28# 1.52@28# 14/11
2–11 3.30@211# 4.82@211# 231
3–11 3.40@211# 4.83@211# 230
4–11 3.36@211# 4.83@211# 230
2–17 6.25@210# 5.23@210# 120
2–18 2.39@211# 3.46@211# 230
3–18 4.86@210# 4.07@210# 120
3–19 3.17@211# 3.98@211# 220
4–17 1.93@211# 2.19@211# 212
5–12 2.06@211# 3.59@211# 243
5–20 7.55@210# 6.33@210# 119
S~2,3,4!–
S~21,22,23!

9.1@211# 9.6@211# 25
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central line of sight@14#. In the 10-nm region, the spectra
range covered by one detector is;4 nm, with a spectral
resolution~full width at half maximum! of ;0.02 nm. It has
been possible to extend the spectral range by superpo
spectra from similar discharges. The experimental Ne spe
have been obtained with a detector integration time of 20
The instrumental response at different wavelengths has b
relatively calibrated against an x-ray source at theKa lines
of C, N, C, B, and Be. Additionally, the pixel sensitivit
calibration~independent of wavelength! has been measure
by varying the position of the spectrum along the multicha
nel plate detector, and controlling the ratio of a few lin
emitted by the same ionization state.

Figure 1~top! shows a Ne spectrum between 6.0 and 1
nm for a plasma withne(0)5431019m23 and Te(0)
5210 eV. This spectrum is the superposition of four spec
obtained in similar discharges by displacing the detector c
riage. In addition to the injected Ne lines, intrinsic C lin
are also clearly visible. They are the second and third or
of the CVI Lyman-a ~Lya! line, at 6.74 and 10.21 nm, re
spectively, and the second order of the resonance and in
combination~R and I! CV lines, at 8.054 and 8.146 nm
respectively. Two line intensity ratios have an atomic ph
ics interest: theI to R ratio ~called theG ratio!, having a
value 0.5—0.6 in these plasma conditions, and the ra
CVI Lya/CV R, with a value of the order of 1.7–2. Ex
pected oxygen OVI lines ~at 11.58 and 12.98 nm! are in this
spectrum near the background level.

B. Neon spectra from the TS tokamak

TS is a circular cross section tokamak with supracondu
ing toroidal magnetic coils. It has a major radiusR
52.25– 2.4 m and a minor limiter radiusaL50.7– 0.8 m,
with a maximum plasma current ofI p52 MA and toroidal
magnetic field ofBt54.2 T. All the exposed surfaces withi
the vacuum vessel are covered by carbon tiles. It is poss

n.

TABLE II. The Li-like configurations used in the model, givin
rise to the 76 NeVIII levels considered.

Li-Like Ne ions ~76 levels!

1s22s 1s2s2

1s22p 1s2s2p
1s23s 1s2s3s

1s2s3p
1s23p

1s2s3d
1s23d

1s2s4s
1s24s 1s2s4p
1s24p 1s2s4d
1s24d 1s2s4 f
1s24 f
1s25s
1s25p
1s25d
1s25 f
1s25g
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to activate an ergodic divertor~ED!, destroying the magnetic
surfaces in the edge plasma with a weak resonant mag
perturbation.

The ne(r ) profiles are obtained by adjusting the spatia
resolved vertical Thomson scattering data to the five vert
infrared interferometer channels, with the addition of perip
eral data from microwave reflectometry.Te(r ) profiles come
from Thomson scattering and electron cyclotron emiss
data.

Before the neon injection, the impurity content is large
dominated by carbon and oxygen, with negligible amounts
metals~mainly iron or copper!. The impurity content is again
obtained, as a post-process of the 1D impurity transp
code, by coupling absolutely calibrated visible bremsstr
lung emission~at a wavelength around 523.8 nm!, soft x-ray
data, and XUV spectroscopy. The TS XUV spectromete
of the same type as that used on RFX, the line of sight be
also here central. A longer integration time of 200 ms w
used. The instrument response has been calibrated a
scribed above for RFX.

TABLE III. The Be-like configurations used in the model, giv
ing rise to the 116 NeVII levels considered.

Be-like Ne ions~116 levels!

1s22s2 1s22p2

1s22s2p 1s22p3s
1s22s3s 1s22p3p
1s22s3p 1s22p3d
1s22s3d 1s22p4s
1s22s4s 1s22p4p
1s22s4p 1s22p4d
1s22s4d 1s22p4 f
1s22s4 f
1s22s5s
1s22s5p
1s22s5d
1s22s5 f
1s22s5g

TABLE IV. The B-like configurations used in the model, givin
rise to the 228 NeVI levels considered.

B-like Ne ions~228 levels!

2s22p 2p3

2s23s 2s2p3s
2s23p 2s2p3p
2s23d 2s2p3d
2s24s 2s2p4s
2s24p 2s2p4p
2s24d 2s2p4d
2s24 f 2s2p4 f
2s25s 2s2p5s
2s25p 2s2p5p
2s25d 2s2p5d
2s25 f 2s2p5 f
2s25g
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Figure 2~top! shows a Ne spectrum between 8.5 and 1
nm. It has been obtained in an ohmic plasma with the
activated, the main plasma parameters being:I p51.2 MA,
Bt53.3 T, ne(0)54.531019m23, Te(0)51.7 keV. No in-
trinsic impurity line is above the background level in th
spectrum.

III. ATOMIC STRUCTURE CALCULATIONS AND
COLLISIONAL-RADIATIVE MODELS

We describe in this section how the~steady-state!
collisional-radiative ~CR! photon emission coefficient
(PEC) have been computed for Li-, Be-, and B-like neon io
~i.e., respectively, Ne71, Ne61, and Ne51). Each ion has
been treated independently from the others. Ionization
recombination into and out of the ground and excited ene
levels of each ion have been ignored. The steady state l
populations are found by inverting the full CR rate matrix f
each ion. The collisional excitation data of the present w
are computed in the distorted-wave approximation~DWA!.

The atomic data used in constructing the emission mod
for each ion in the present work are generated fromab initio
atomic structure calculations with the Hebrew Univers
Lawrence Livermore Atomic Codes~HULLAC !. The atomic
structure calculations are performed with the graphical an
lar momentum coupling codeANGLAR @15# and the fully
relativistic parametric potential codeRELAC @16–18#. For a
given ion, RELAC solves the Dirac equation by varying a
analytic ionic potential@18#, in order to minimize the aver-
age energy of a configuration~or of a set of configurations!.
Once the zeroth-order wave functions are minimized,
configuration-averaged energy of each configuration~or of
the set of configurations! has been found, andRELAC calcu-
lates the multiconfiguration, intermediate-coupling ener
eigenvalues of the fine-structure levels. Inclusion of high
order energy corrections~Lamb shift, Breit interaction, etc.!
is discussed elsewhere@19#. Radiative transition rates ar
then computed for any requested multipole operator acc
ing to the formalism in@20#. The transition rate calculation
by RELAC is carried out in the Coulomb gauge~thus in the

FIG. 3. Photon emission coefficients (PEC, photons m3 s21! as
functions ofTe for the following NeVIII lines: 8.81 nm~dashed line,
s!, 9.82 nm~solid line,* !, and 10.3 nm~dot-dashed line,3!. Lines
are from the present work, and symbols are from Cochrane
McWhirter @28#.
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4764 PRE 60M. MATTIOLI et al.
dipole velocity form of the transition operator matrix el
ment @20#!, and explicitly includes retardation effects@21#.
RELAC’s full multiconfiguration wave functions are used
compute the radiative transition rates; therefore, configu
tion mixing affects the calculated oscillator strengths. Co
parisons with the dipole allowedA rates of Kingstonet al.
@9# show agreement to better than 5% for all transitions.

RELAC’s wave functions are used in the quasirelativis
codeCROSS@22# to compute collisional excitation cross se
tions between all the levels of a given ion in the DW
CROSSis able to accomplish this by using the factorizati
theorem of Bar-Shalom, Klapisch, and Oreg, in conjunct
with a semiempirical interpolation scheme@22# for the radial
integrals required by the ‘‘factored’’ collision operator. Th
distorted-wave cross sections are then integrated over a M
wellian distribution of free-electron energies to determine
final impact excitation rate coefficients. In particular, f
NeVII , comparison of the present collisional excitation ra
coefficients for 2s2p 3P– 2s3d 3D and 2s2p 3P– 2p3s 3P
with sophisticatedR-matrix calculations by Ramsbottom
et al. @23# show a consistent level of agreement to620%.
Othern52 –n53 excitations show a similar level of agre
ment. Comparisons withR-matrix calculations of collision
strengths forDn50 (n52 –n52) electron-impact excita
tions @23–25# have shown agreement to better than65% for
the 2s2 1S– 2s2p 1P transition, and a consistent 30–50
underestimate byCROSSof the 2s2 1S– 2s2p 3P transitions.
These data are summarized in Table I. We have there
adopted for the three NeVII 2s2 1S– 2s2p 3P transitions the
rates of Ramsbottomet al. @23#. Doing this, we find that the
11.67/10.61-nm and 12.76/10.61-nm line emission ratios
the present work are nearly identical with those of McKeo

FIG. 4. Photon emission coefficients (PEC, photons m3 s21! as
functions ofTe ~top, for ne5331019 m23) and ofne ~bottom, for
Te586 eV), for the following NeVII lines: 9.75 nm~dot-dashed line
and* !, 10.61 nm~upper solid line ands!, 11.67 nm~dashed line
and3!, and 12.76 nm~lower solid line and1!. Lines are from the
present work, and symbols from Keenanet al. @8# and Kingston
et al. @9#
a-
-

n

x-
e

re

f

et al. @26#, who calculated the ratios of these NeVII lines
using the complete set ofR-matrix calculations of Ramsbot
tom et al. @23#. The 9.75/10.61-nm line emission ratio of th
present work differs from theirs by110% at an electron
density of 1018m23 and25% at 1019m23. This high level of
agreement in relative line emissivities, and the excell
agreement between the simulations and data in Figs. 1 an
justify our choice of excitation rate coefficients for the NeVII

model.
The electron impact excitation rate coefficients and

radiative transition probabilities are then entered into the
model. The relative populations for the levels of each ion
steady state are found by solving the coupled set of
equations

nj H(
i , j

M

~Aj ,i1neQj ,i
d !1(

k. j

M

neQj ,k
e J

5(
k. j

M

nk~Ak, j1neQk, j
d !1(

i , j

M

nineQi , j
e , ~1!

where nj is the relative population of levelj, Qj ,i is the
collisional rate coefficient from levelj to level i for excita-
tion ~e! or de-excitation~d!, Aj ,i is the radiative transition
probability from levelj to level i, and M is the number of
fine structure levels in the model for each ion. The config
rations and the number of energy levels considered for e
ion are listed in Tables II–IV. All electric and magnetic d
pole and quadrupole radiative transitions (E1, M1, E2, and
M2), as computed byRELAC, are taken into account. Th
resulting photon emission coefficient (PEC) for a given tran-
sition is

Pj ,i5
nj

ne
( Aj ,i , ~2!

where the sum over theA rates is over all multipoles con
necting the two levels in question, and the electron den

FIG. 5. Photon emission coefficients (PEC, photons m3 s21! as
functions ofTe ~top, for ne5131019 m23) and ofne ~bottom, for
Te563 eV), for the following NeVI lines: 12.26 nm~solid line!,
12.11 nm~dashed line!.
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PRE 60 4765EXPERIMENTAL AND SIMULATED NEON SPECTRA IN . . .
ne is divided out of the model. The resulting units are
photons m3 sec21. The CR level populations have been ca
culated at electron temperatures of 20%, 40%, 60%, 8
100%, and 120% of the first ionization potential for ea
charge state, and at six electron densities fromne51018 to
631019m23. Emission from B- and Be-like ions has als
been computed at 5, 10, 30, and 50% of the ionization
ergy. The level populations found from Eq.~1! are normal-
ized for each ion according to

(
j 51

M

nj51, ~3!

where the sum runs over all levels of a given ion. The c
culated transition energies for EUV transitions of the pres
work can differ from experimental values by as much as
~RELAC is a relativistic code designed to calculate the str
ture of high-Z atoms @18,19#!. The CR intensities for the
transitions between two energy levels have been comp
as described. To model the experimental spectra, meas
transition energies have been used@27#.

The lines detected in the 10-nm region are all due ton
52 –n53 transitions. The ‘‘total’’ PEC summed over the
fine structure components, are now presented and comp
with previously reported values.

FIG. 6. The simulated spectrum of Fig. 1~bottom! is decom-
posed in three spectra, each emitted by a single Ne ionization s
From top to bottom: NeVIII , NeVII , and NeVI spectra.
,

n-

l-
t

-

ed
red

red

In Fig. 3, the PEC of the NeVIII 2s-3p, 2p-3d, and
2p-3s lines are given as functions ofTe , the wavelengths
being, respectively, 8.81, 9.82, and 10.3 nm. They are
creasing functions ofTe , as is always the case forDn51
transitions. Moreover, up to electron densities in t
1020m23 range, thePEC are independent ofne . Cochrane
and McWhirter@28# have proposed formulas to evaluate t
excitation ratesQexc from the ground level to the 3s, 3p,
and 3d levels. The fact that thesePEC are independent ofne
implies that, in the indicatedne range, the 2p 2P levels have
negligible population and do not contribute to then53 level
population. Since, moreover, cascades from higher levels
negligible, theQexc values of Cochrane and McWhirter@28#
can be compared with thePEC of our CR model, as shown in
Fig. 3. The agreement is very good.

For NeVII , n52 andn53 level populations are given b
Lang@7# and Keenanet al. @8#. It is straightforward to get the
PEC of the lines emitted from the excited levels, since t
transition probabilities are also given. In Fig. 4, thePEC of
the n52 –n53 lines emitted by the 2s2p 1P– 2s3s 1S,
2s2 1S– 2s3p 1P, 2s2p 1P– 2s3d 1D, and 2s2p 3P
– 2s3d 3D transitions are given as functions ofTe ~top! for
ne5331019m23, and as functions ofne ~bottom! for Te
586 eV. The corresponding wavelengths are, respectiv
12.76, 9.75, 11.67, and 10.61 nm. The curves of Fig. 4
fixed ne ~top! are increasing functions ofTe , as is expected
for Dn51 transitions. On the other hand, Fig. 4~bottom!
shows an increasing behavior for the 10.61-nm trip
whereas the otherPEC decrease withne . This is due to the
well known effect of increasing population in the triplet le
els and of decreasing population of singlet levels, as a c
sequence of electron collisions~the ground level, the only
one populated at very lowne , being singlet!.

Lang et al. @10# have calculated the ratios of the thre
singlet-singlet lines to the 10.61-nm triplet-triplet lines
functions ofne ; these ratios show the existence of twone
ranges. In the low-density range~corresponding to sola
plasma densities! the ratios are of the order of 1–2~for Te
;50– 200 eV); they decrease to 0.2–0.3 in the highne range
~practically independent ofTe). The u-pinch measurement
of Lang @7# fall in this ne range. The transition region i
between 1017 and 1019m23. Consequently, the curves of Fig
4 correspond to the upper half of the transition region. La
@7# and Langet al. @10# have used the CR model of Keena
et al. @8# and Kingstonet al. @9#; the plotted points in Fig. 4
are taken from these calculations. The agreement for
10.61-, 11.67-, and 12.76-nm lines is quite good, the val
from our model being generally higher by a factor betwee
and 1.5. On the other hand, for the 9.75-nm line the disag
ment is clearly larger~the differences being of the order o
2!. This point has been discussed by Langet al. @10#, who
concluded that theirPEC values should be increased by
factor of 1.9 to get satisfactory 97.5/10.31 line intensity
tios, both in solar andu-pinch plasmas. As stated above, o
calculated line intensity ratios also show excellent agreem
with those in the recent work by McKeownet al. @26#.

In Fig. 5, for NeVI, the PEC values of the two stronges
lines in the 10-nm range are plotted: the 12.26-nm l
~2s22p 2P– 2s23d 2D transition! and the 12.11-nm line
~2s2p2 4P– 2s2p3d 4D transition!. A transfer of population
between systems of different multiplicity also appears in t

te.
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FIG. 7. Transport simulation for TS ergodi
divertor plasmas. Radial profiles of~a! ne ~solid
line! andTe ~dashed line!, obtained by fitting the
experimental data;~b! diffusion coefficientD and
inward convection velocityV ~solid and dashed
line, respectively!; ~c! Ne ion densitiesnz , nor-
malized to the total Ne-ion density~solid line!;
charge states from Ne51 to Ne101 are shown
@Ne101 dot-dashed line, Ne81–Ne91 ~*3! dashed
lines, Ne51–Ne71 ~*6! solid lines#; ~d! emissivi-
tiesE of the three NeVIII , NeVII , and NeVI ‘‘ref-
erence’’ lines at 9.82, 10.61, and 12.26 nm~re-
spectively, solid, dashed, and dot-dashed lin!,
normalized to the largest peak emissivity.
le
at

in

is

a
t.
e

th

n
e
p
c

a

f

n
ly,

ed
the
nd

e for
ined,
the
figure. For the B-like sequence the ground state is doub
and the quartet system levels are progressively popul
with increasingne . It is for this reason that in Fig. 5~bot-
tom! the 12.11/12.26 line intensity ratio decreases with
creasingne , bothPEC increasing withTe , since both transi-
tions areDn51; in solar plasma line intensity ratio analys
~e.g., Keenanet al. @11,29#!, only n52 –n52 line ratios
have been considered.

IV. IMPURITY MODELING

The one-dimensional~1D! impurity transport simulation
codes, used to simulate the TS and RFX experiments,
similar, differing only slightly in the numerical treatmen
Both describe, for a given atomic species, in cylindrical g
ometry, ionization, recombination, and radial transport of
ions of chargez and densitynz @30#.

For neon, the electron-induced ionization rate coefficie
are taken from the Queen’s University of Belfast assessm
@31#. Radiative recombination is treated using the H-like a
proximation, modified to take into account that the valen
shell can be partially occupied@32#. As far as dielectronic
recombination is concerned, the treatment by Sobelm
Vainshtein, and Yukov is followed@33#. The corresponding
data for the intrinsic impurities~carbon and oxygen! have
t,
ed

-

re

-
e

ts
nt
-
e

n,

been discussed by Carraroet al. @30#
The impurity flux densityGz is expressed as the sum o

both diffusive and inward convective terms

Gz~r !52D~r !¹nz~r !2V~r !nz~r !, ~4!

where D(r ) and V(r ) are the radially dependent diffusio
coefficient and inward convection velocity, respective
both taken independent of the chargez of the ions. For the
special case of a radially constantD, taking V(r )
5(r /a) VA ~a being the last mesh radius! yields at steady
state a Gaussian profile for the total impurity density,nt(r )
5nt(0)exp(2Sr2/a2), with a peaking parameter S
5aVA/2D. Experimental electron density,ne(r ), and tem-
perature,Te(r ), profiles are used to evaluate the requir
atomic physics rate coefficients. For both devices,
steady-state ion radial distribution is obtained for Ne, O, a
C. The transport coefficients are assumed to be the sam
the three elements, and their radial dependence is obta
in each device, in order to simulate simultaneously both
Ne spectra and the available intrinsic impurity data~as done,
e.g., by Carraroet al. @30#!.
-

l

-

FIG. 8. Transport simulations for RFX plas
mas. Radial profiles of:~a! ne ~solid line! andTe

~dashed line!, obtained by fitting the experimenta
data;~b! diffusion coefficientD and inward con-
vection velocityV ~solid and dashed line, respec
tively!; ~c! Ne ion densitiesnz , normalized to the
total Ne ion density~solid line!; charge states
from Ne51 to Ne81 are shown@Ne81 dashed line,
Ne51–Ne71 ~*4! solid lines#; ~d! emissivitiesE of
the three NeVIII , NeVII , and NeVI ‘‘reference’’
lines at 9.82, 10.61, and 12.26 nm~respectively,
solid, dashed, and dot-dashed line!, normalized to
the largest peak emissivity.
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V. SIMULATION OF THE NEON SPECTRA

The simulated spectra are shown in Figs. 1~bottom! and 2
~bottom!, for RFX and TS respectively. They have been o
tained as discussed later in this section. In both cases
experimental and simulated spectra are normalized to
strongest line: the 9.82-nm NeVIII line (2p 2P– 3d 2D tran-
sition! in Fig. 1, and the 10.61-nm NeVII line
~2s2p 3P– 2s3d 3D transition! in Fig. 2. In Fig. 6, the simu-
lated spectrum of Fig. 1 has been decomposed, from to
bottom, in three partial spectra, including, respectively, o
the NeVIII , NeVII , and NeVI lines. For each sequence, no
malization is to the strongest line: 9.82 nm for NeVIII , 10.61
nm for NeVII , and 12.26 nm for NeVI

(2s22p 2P– 2s23d 2D transition!.
The simulated Li-like NeVIII spectrum seems satisfactor

in particular, the ratios of the three lines of Fig. 3 agree w
with the observations. The simulated Be-like NeVII spectrum
also has satisfactory agreement with the observed featur
Fig. 1. This level of agreement is only achieved when
DWA excitation rate coefficients for 2s2 1S– 2s2p 3P are
‘‘updated’’ with R-matrix data. The result of this update is
enhance the 10.61-nm (2s2p 3P– 2s3d 3D transitions! fea-
ture relative to the 11.67-nm (2s2p 1P– 2s3d 1D) and the
9.75-nm (2s2 1S– 2s2p 1P) lines. For the B-like spectrum
the agreement between experiment and simulation can
considered satisfactory. It is worthwhile to underline that,
the TS spectrum of Fig. 2, the relative ratios of the strong
lines of the three isoelectronic sequences are different,
the comparison between experiment and simulation for
individual ionization states is still satisfactory.

Since the simulated spectra including all three Ne ioni
tion states depend on the transport coefficients~because the
ion charge distribution depends not only on the profiles ofne
and Te , but also of the impurity transport coefficients!, we
shall now briefly present the details of the transport simu
tions for the two discharges discussed in this paper.

Previous simulations of impurity transport on TS with t
ergodic divertor activated have shown the necessity to
creaseD(r ) ~by a factor of 3 to 5, compared to Ohmic lim
iter discharges! in the peripheral ergodic layer,V(r ) being
kept always linear. Figure 7 shows, for the TS plasma, ra
profiles of the following:~a! ne andTe ; ~b! D andV; ~c! a
few Ne-ion densities (Ne51 to Ne101), normalized to the
total Ne ion density; and~d! the emissivities of the three
‘‘reference’’ lines~NeVIII : 9.82 nm; NeVII : 10.61 nm; NeVI:
12.26 nm!, normalized to the largest peak emissivity. It mu
be stressed here that the simulated Ne spectrum of Fi
~bottom! is obtained assuming the same radial dependenc
the transport parameters as in previous TS simulations,
that required to satisfy the experimental H-like and He-like
ion line ratio values@30,34#. The peripheralD(r ) increase is
‘‘adjusted’’ to have the correct line intensity ratio of th
three strong reference Ne lines. In the plasma core, theD(r )
and V(r ) profiles correspond to a peaking factorS of the
order of 2.0, required, as explained in Sec. II, by the C an
experimental data analysis. From the analysis of laser bl
off injection experiments in TS@34,35#, the existence of a
reduced transport coefficient core region has been inferre
has not been possible to take this into account in the pre
simulation, since the analyzed steady-state impurity distri
-
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tion is essentially sensitive only to the peaking factorS. The
visible bremsstrahlung and soft x-ray emissivities give
central impurity content, whereas the simulation of the CVI
and CV line brightnesses gives the peripheral C content. T
assumed diffusion coefficient is compatible with the Ne pe
etration time to the center at the beginning of the inflow.

Previous studies in RFX@12,13# have indicated that the
diffusion coefficientD(r ) of both filling gas and impurities
is a decreasing function of radius in the most external plas
region near the wall; this has been taken as a constraint in
RFX simulations. This radial dependence, which is oppo
to that usually reported in tokamaks, is compatible with
transport mechanism based on parallel transport along
chastic magnetic field lines in the core region@13#. Thene(r )
andTe(r ) profiles @shown in Fig. 8~a!# are very flat, but the
fact that the experimental CVI Lya/CV R line-intensity ratio
has a value of approximately 2 implies a peaking towards
center of the impurity profiles. Using only C-ion emissio
data, this ratio had been previously simulated~e.g., Carraro
et al. @12#!, taking D and VA , respectively, in the range o
10–20 m2 s21 and of 100 m s21, with peaking factorsSof the
order of 1 to 2. As already mentioned, bothD and VA had
been taken constant up tor /a>0.8, and then decreased b
about one order of magnitude aroundr /a>0.9. In this way,
the total ion density profile is a regularly decreasing funct
of radius.

The first simulations of the neon behavior in RFX wi
these transport assumptions did not agree with the spec
in Fig. 1; the 10.61-nm NeVI line was about one half a
intense as the 9.82-nm NeVIII line, i.e., as intense as th
10.3-nm NeVIII line (2p 2P– 3s 2S transition!. The only way
to obtain a satisfactorily simulated spectrum has been
‘‘flatten’’ the total Ne ion density profile in the outer plasm
half. Since increased diffusion and/or reduced convection
required for this purpose, we have reducedV(r ) to a con-
stant value of 30 m/s in the outer plasma half to obtain
simulated spectrum of Fig. 1~bottom!. The finalD(r ) and
V(r ) profiles are shown in Fig. 8~b!. A C VI Lya/CV R ratio
of about 1.7 and aG ratio of 0.53, quite near the experimen
tal values~taking into account errors on the line intensi
ratio of the order of 10–20%! have been obtained. The N
ion radial density profiles and the emissivities of the three
‘‘reference’’ lines are shown, respectively, in Figs. 8~c! and
8~d!.

VI. CONCLUSION

Neon injections have been performed in the reversed fi
pinch RFX and in the TS tokamak, with the purpose of p
ducing peripheral radiative layers spreading uniformly t
thermal load on the walls. Examples of experimental a
simulated neon spectra in the 10-nm range are presente
both devices. These spectra include lines from Ne71, Ne61,
and Ne51 ions, i.e., lines emitted from neon ions of the L
like, Be-like, and B-like isoelectronic sequences. CR mod
have been built for these three Ne ions, considering elec
collisional excitation and radiative decay as populating p
cesses of the excited states. The outcome of these cal
tions are photon emission coefficients for the lines emit
by the excited levels, forne andTe values corresponding to
the experimental conditions. Impurities are modeled with
1D impurity transport code, calculating the steady-state
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dial distribution of the Ne ions. The Ne line brightnesses
evaluated in a post-process subroutine and simulated sp
are obtained. Three ionization states contribute to the exp
mental spectra, but it appears that the parts of the spe
corresponding to a single ionization state do not depend
the experimental conditions. The agreement between exp
mental and simulated single ionization spectra is good, t
giving confidence in the atomic data set. On the other ha
the superpositions of the three single ion spectra depen
the experimental conditions, as a consequence of the fact
the ion charge distribution depends not only on thene andTe
profiles, but also on the impurity transport coefficient profi
@namely, the diffusion coefficientD(r ) and the inward con-
vection velocityV(r )# in the plasma region where the co
sidered ionization states are emitting. As usual, the dete
nation of the transport coefficients is not unique. For b
devices an assumption on the radial dependence of on
these coefficients was necessary; this choice has been
on the basis of previous transport studies. On TS, the inw
convection velocityV(r ) has been taken linear andD(r )
adjusted~increased! in the edge ergodic region to satisfy th
experimental Ne data. On the other hand, on RFX,D(r ) was
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assumed to be radially constant, except in the most exte
plasma region near the walls, whereD(r ) rapidly decreases
Subsequently,V(r ) has been adjusted~reduced in the outer
plasma half! to satisfy the experimental Ne data. Outside t
considered Ne emitting region, both coefficients are dedu
by simulating intrinsic~carbon and oxygen! impurities.

On RFX, it has been concluded, from the simulation
the Ne spectrum in the 10-nm region, that the Ne den
profile is almost flat forr /a values between 0.60 and 0.8
On the other hand, impurity peaking towards the center
been inferred from one of the C line intensity ratios. On T
during the analyzed Ne injection, the ED was activated.
increased diffusion has been inferred in the peripheral
godic layer, as previously deduced from CVI and CV line
intensity ratio analysis@30,34#.
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