PHYSICAL REVIEW E VOLUME 60, NUMBER 4 OCTOBER 1999

Experimental and simulated neon spectra in the 10-nm wavelength region from tokamak
and reversed field pinch plasmas

M. Mattioli,* K. B. Fournier? L. Carraro® C. DeMichelis' P. Monier-Garbet,M. E. Puiatti® F. Sattin® P. Scarirt and
M. Valisa®
1Association EuratomCEA sur la Fusion, Deartement de Recherches sur la Fusion CogégpCentre d’ Etudes de Cadarache,
F-13108 St. Paul-lez-Durance Cedex, France
2Lawrence Livermore National Laboratory, P.O. Box 808, L-41 Livermore, California 94550
3Consorzio RFX, Corso Stati Uniti 4, 1-35127 Padova, Italy
(Received 8 April 1999

Experimental neon spectta the 10-nm regio)) 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
Ne'", Neé**, and N&" 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 spectréncluding transpoitgive confidence in the atomic physics calculations; moreover, they
allow the determination of the transport coefficients in the plasma region emitting the considered ionization
states[S1063-651%99)14510-0

PACS numbes): 52.55.Ez, 52.55.Fa, 32.30.Rj

[. INTRODUCTION spectroscopic emission study has been reported. However,
spectroscopic measurements were reported by Heaad
Gaseous impurity injection is frequently used in tokamak{2] in the Text tokamak; a femm=2-n=3 line intensity
devices to obtain plasmas with large radiation los¢es-  ratios for Nevii (n being the principal quantum number
diative layer” scenarios In these devices, the input energy Were measured in an experiment devoted to a spectroscopic
is absorbed in the plasma center, flows radially to the plasmgtudy of O, F, and Ne Be-like ion emission. In the “radiative
border and is then deposited on the limiters, i.e., on toroilayer’ experiments, the neon injection is generally moni-
dally and/or poloidally localized surfaces defining the lasttored by the spectroscopic detection of only one strong pe-
closed magnetic surfacé.CMS). With increasing input ripheral line(e.g., one of the components of the We dou-

power, the limiter heating can become too large and the in_bIet at 77 nm; its global effects are deduced by the

duced plasma pollution becomes intolerable. The purpose Jperements, following the injection, of the following three

the gas injectionineon being the most frequently used ele_S|gnaIs. the pglometnc signabjiving d|r¢ctly the rad.'atEd
) . . : powey, the visible bremsstrahlung continuum emission, and
men) is to produce a toroidally and poloidally uniform pe- . o .
.. the continuum soft x-ray emissiathe last two signals are

" . 'Yonnected with the increased core plasma effective charge
deposition of the input energy on the walls and therefor_ezeﬁ, due to the increased central Ne densi§ometimes,

reduced thermal loads and plasma pollution. The problem ity he, 3 neutral beam is available, the central density of the
these experiments is to obtain the maximum radiated energyily stripped Ne ions has been deduced by charge exchange
while, at the same time, minimizing the supplementary ceniecombination(CXR) spectroscopy, i.e., by the observation
tral plasma pollution, due to the impurity injection itself. f g visible transition(e.g., then=11 ton= 10 transition at
Smearing out the plasma energy with gaseous injection i§25 nm of the H-like Ne ions produced by CXR of the fully
useful also in devices equipped with divertors, since the distripped ions with the beam neutrdBj.
vertor plate heating is always localized. The interest of these Quantitative analysis of the impurity doped discharges are
gas scenarios has been increased by the fact that the plasgenerally performed simulating the experimental signals by a
performances improve when the high density limit is ap-one-dimensional1D) impurity transport code, where poloi-
proached; indeed, a new regirftee radiative improvedRIl)  dal symmetry of the impurity density is supposed. In the case
moded, with increased energy confinement time, has beewf divertor plasmasge.g., in Asdex-U4]), which are poloi-
found in the Textor tokamak, and subsequently confirmed irdally asymmetric, the simulated results are applicable only to
other tokamaks$1]. the equatorial plan@.e., in a region where 2D effects can, to
In these recent neon injection experiments, no extensiveome extent, be neglectedA simplified recycling and
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FIG. 1. Experimentaltop) and simulatedbottom neon spectra,
between 6.0 and 13.5 nm, from RFX plasmas. The brightn&ses
are normalized to the strongest 98.2-nm\Neline. The strongest
lines are identifiedcarbon lines are in the second order

FIG. 2. Experimentaltop) and simulatedbottonm) spectra be-
tween 8.5 and 12.5 nm, from TS plasmas with the ergodic divertor
activated. The brightnessds,,, are normalized to the strongest

pumping model is used to achieve a realistic description oft0-61-"m Nevi line. The strongest lines are identified.

the neon source function. Simulations coupling a core
plasma impurity transport code with a divertor impurity Supra(TS) and in the reversed field pinch RFX, with up-
transport code have also been repoftgi thus taking into  dated simulations. The two devices have been chosen be-
account both core and divertor plasma experimental data. cause they have central electron temperatures differing by at
Similar gaseous impurity injection experiments have beereast one order of magnitudbut similar electron densitigs
performed, for the same reason, in reversed field pinch deAs far as the electron density is concerned, our observations
vices [6]. It must be observed that in these devices theare unique in that they are in the high density end of the
plasma configuration is limited directly by the vessel, andtransition region between solar arédpinch spectra. Both
that the toroidal symmetry can be destroyed by interactionglevices are presented in Sec. Il, along with examples of ex-
associated with the locking in phase of magnetic perturbaperimental spectra. These include lines from’NeNe®™,
tions that are strongly localized at the wall in a single toroi-and N&* ions, i.e., lines emitted from neon ions of the Li-
dal cross section. like, Be-like, and B-like isoelectronic sequences. CR models
Experimental Ne emission studies have been reported ihave been built for these three Ne ions, considering electron
the past also fop-pinch plasmas, e.g., by Laig@]. Relative  collisional excitation and radiative decay as the populating
brightnesses of both the=2-n=2 and then=2-n=3 processes of the excited states. Photon emission coefficients
Nevil lines have been interpreted by Lang using collisional(Pgc) are given for the lines emitted by the excited levels for
radiative (CR) models developed for astrophysical plasmasn, and T, values corresponding to the experimental situa-
[8,9]. These CR models have been used to diagnose soléions. The CR models are discussed in Sec. lll, where, in
flare plasmas from the experimental observation of lingparticular, the included levels and atomic physics data are
brightness ratios depending either on the electron density discussedPgc and electron collision excitation rate coeffi-
or on the electron temperatufig, [10]. Additionally, a few  cients Q. are compared with previously reported values.
n=2-n=2 line ratios of Nevi have been studied in solar Impurity modeling, briefly described in Sec. 1V, is performed
flares[11]. with a 1D impurity transport code, calculating the steady-
As evident from the discussion above, knowledge of thestate radial distribution of the Ne ions. The Ne line bright-
relevant Ne atomic physics is an essential prerequisite; howiesses are evaluated in a post-process subroutine and simu-
ever, most of the atomic physics data come from theoreticdited spectra are obtained. It will be shown in Sec. V that the
models, with only a few experimental values available. It isparts of the spectra corresponding to a single ionization state
one of the main aim of this paper to check the validity of thedo not depend on the experimentalansport conditions:
most recentand presumably most reliablatomic physics each CR model can, therefore, be studied individually and its
data calculations for neon, by comparing experimental Nevalidity established. On the other hand, the relative ampli-
spectra(in the 10-nm regio)) obtained in the tokamak Tore tudes of the three “independent” spectra depend on the ex-
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TABLE 1. Newvn collisional excitation rate coefficients TABLE II. The Li-like configurations used in the model, giving
computed at 82 eV byrossand by using published effective rise to the 76 Neiil levels considered.
collision strengths[23,24,23. The levels are indicated by their

positon in the energy level hierarchy: 1s2!S;; Li-Like Ne ions (76 levels
2,3,4-32p 3Py 1 5 5-252p 'Py; 11-2s3s3S;; 12-2s3s 'Sy; " "
17,18,19-33d 3D, , 5; 20-253d'D,; and 21,22,23-@3s 3Py ; ,. 1s"2s 1s2s
The percentage difference betwemrpssand the other calculations 1s°2p 1s2s2p
is also shown. Numbers in square brackets indicate powers of ten. 1s°3s 1s2s3s
1s2s3p
Ramsbottom Berrington  Percent 1s%3p
Transition CROSS [23] [24, 259 difference 1s2s3d
1-2 7.64—11] 1.21-10] 9.80-11] -36/-22 1s°3d
1-3 124-10] 3.64-10] 2.94-10] —66/~58 , 1s2sds
1-4 3.80-10] 6.09-10] 4.89-10] —37/-22 1s'4s 1s2s4p
1-5 154-8] 1.47-8] 154-8] +4/+1 1s74p 1s2s4d
2-11 3.30-11] 4.87-11] 31 1s 4d 1s2saf
3-11 3.40-11] 4.83-11] -30 1324f
4-11 3311 4.89-11] -30 1s75s
2-17 6.25-10] 5.23-10] +20 1s’5p
2-18 2.39-11] 3.46-11] -30 1525""
3-18 4.86—10] 4.07-10] +20 1525f
3-19 3.17-11] 3.9-11] -20 1559
4-17 1.98-11] 2.19-11] —-12
5-12 2.06-11] 3.59-11] —43
5_20 7.56—10] 6.33—10] +19 central line of sigh{14]. In the 10-nm region, the spectral
3(2,3,4— 9.0-11] 9.6-11] -5 range covered by one detector 44 nm, with a spectral
3(21,22,23 resolution(full width at half maximum of ~0.02 nm. It has

been possible to extend the spectral range by superposing
_ - spectra from similar discharges. The experimental Ne spectra
perimental conditions, as a consequence of the fact that the;ye peen obtained with a detector integration time of 20 ms.
ion charge distribution depends not only on the radial prorhg jnstrumental response at different wavelengths has been
_flles qf Ne and Te, bUt. 6.“50 on the ra_dlal _prof|les _Of the relatively calibrated against an x-ray source at ikhe lines
impurity transport coefficienténamely, diffusion coefficient of C, N, C, B, and Be. Additionally, the pixel sensitivity
Df ar:d (;nw?hrd cf:_on\llecr?o_n vel?ctlty). As tusua:cf.ln. th'ts type tcalibration(independent of wavelengtihas been measured
of stu .y, eh inal ¢ oLce' od r:{emspor coe I;uer;s IS o by varying the position of the spectrum along the multichan-
unique, we nave constrained 1t using results ol previoug,q plate detector, and controlling the ratio of a few lines
transport simulations of intrinsiccarbon and oxygenmpu- emitted by the same ionization state
rities in both devices. Finally, concluding remarks are given Figure 1(top) shows a Ne spectrurﬁ between 6.0 and 13.5
in Sec. V1. nm for a plasma withn,(0)=4x10*m™3 and T,(0)
=210eV. This spectrum is the superposition of four spectra
obtained in similar discharges by displacing the detector car-
A. Neon spectra from the reversed field pinch RFX riage. In addition to the injected Ne lines, intrinsic C lines
. . . . . are also clearly visible. They are the second and third order
RFX is a_Iarge _reversed field _plnchnlnor radlusf’;l of the Cvi Lyman« (Lya) line, at 6.74 and 10.21 nm, re-
=0.46m, major radiuR=2.0m) designed to operatelwnh a spectively, and the second order of the resonance and inter-
plasma current, up to 2 MA (currently operated with, ¢, mpination(R and 1) Cv lines, at 8.054 and 8.146 nm,

=0.5-1MA). The central toroidal magnetic field is 0.5-1 \ogectively. Two line intensity ratios have an atomic phys-
T, and no additional heating system is installed. The incone]

. ) cs interest: thd to R ratio (called theG ratio), having a
vacuum vessel is almost completely covered with carbo

. o DOWalue 0.5—0.6 in these plasma conditions, and the ratio
tiles; carbon and oxygen are, therefore, the main impuritiesg , Lya/CVR, with a value of the order of 1.7—2. Ex-

metals being reduced to very low levels. The impurity CON-hacted oxygen O lines (at 11.58 and 12.98 nnare in this
tent is obtained, as a post-process of the 1D impurity transépectrum near the background level.

port code, by coupling absolutely calibrated visible brems-
strahlung emissioifat wavelengths around 523.8 and 679.0
nm), soft x-ray data, and XUV spectroscofi2].

Theng(r) andT(r) profiles, needed as input data for the TS is a circular cross section tokamak with supraconduct-
impurity transport code, are obtained, respectively, by a muling toroidal magnetic coils. It has a major radiu®
tichord CQ laser interferometer and by a Thomson scatter=2.25-2.4m and a minor limiter radius =0.7-0.8m,
ing system coupled with a Si-Li x-ray detec{d2,13. with @ maximum plasma current ¢f,=2 MA and toroidal

The extreme grazing incidence vacuum spectrometer imagnetic field o8,=4.2 T. All the exposed surfaces within
equipped with two microchannel plate detectors and has the vacuum vessel are covered by carbon tiles. It is possible

Il. EXPERIMENTAL DATA

B. Neon spectra from the TS tokamak
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TABLE Ill. The Be-like configurations used in the model, giv- 5x10-16
ing rise to the 116 Neil levels considered.
Be-like Ne ions(116 levels

1s%2s? 1s22p? —
1s22s2p 1s?2p3s &
1s?2s3s 1s?2p3p % 10-16]
1s?2s3p 1s?2p3d g
1s?2s3d 1s°2p4s
1522s4s 1s22p4p
1s22s4p 1s22p4d
1s?2s4d 1s22paf
1s?2s4f 2x10-17 ‘
1s?2s5s 40 100 300
1s22s5p Te [eV]
1s?2s5d FIG. 3. Photon emission coefficient®g., photons ms %) as
1s%2s5f functions ofT,, for the following Nevii lines: 8.81 nm(dashed line,
1s°2s5g 0), 9.82 nm(solid line*), and 10.3 nr{dot-dashed linex). Lines

are from the present work, and symbols are from Cochrane and
McWhirter [28].

to activate an ergodic divertdED), destroying the magnetic

) . . Figure 2(top) shows a Ne spectrum between 8.5 and 12.5
surfacte)zs n the edge plasma with a weak resonant magnethqn. It has been obtained in an ohmic plasma with the ED
perturbation.

The ng(r) profiles are obtained by adjusting the spatially act:|v§1 t3e$ :]h?Or)njzn Sgﬁs()rﬂ%l?? ra}rm(e(;t?r:slb; Lraeg\:/lﬁgﬂﬁ
resolved vertical Thomson scattering data to the five vertic ritnsic. imbureity Iine. is above tr’1e Eackgrc;und Iével in this
infrared interferometer channels, with the addition of periph-spectrum
eral data from microwave reflectometil,(r) profiles come '
from Thomson scattering and electron cyclotron emission
data.

Before the neon injection, the impurity content is largely
dominated by carbon and oxygen, with negligible amounts of \We describe in this section how thésteady-state
metals(mainly iron or coppex The impurity content is again  collisional-radiative (CR) photon emission coefficients
obtained, as a post-process of the 1D impurity transportp_.) have been computed for Li-, Be-, and B-like neon ions
code, by coupling absolutely calibrated visible bremsstrah¢j e, respectively, N&, Ne®*, and N&). Each ion has
lung emission(at a wavelength around 523.8 Wnsoft x-ray  peen treated independently from the others. lonization and
data, and XUV spectroscopy. The TS XUV spectrometer isecombination into and out of the ground and excited energy
of the same type as that used on RFX, the line of sight beingsvels of each ion have been ignored. The steady state level
also here central. A longer integration time of 200 ms wasyopulations are found by inverting the full CR rate matrix for
used. The instrument response has been calibrated as G&sch ion. The collisional excitation data of the present work
scribed above for RFX. are computed in the distorted-wave approximaibivA).

The atomic data used in constructing the emission models

TABLE IV. The B-like configurations used in the model, giving for each ion in the present work are generated fadminitio

IIl. ATOMIC STRUCTURE CALCULATIONS AND
COLLISIONAL-RADIATIVE MODELS

rise to the 228 Nei levels considered. atomic structure calculations with the Hebrew University
Lawrence Livermore Atomic Codd$lULLAC). The atomic
B-like Ne ions(228 levels structure calculations are performed with the graphical angu-

lar momentum coupling codeNGLAR [15] and the fully

ZSEZp 2p’ relativistic parametric potential codeeLAC [16—18. For a
25235 2s2p3s given ion, RELAC solves the Dirac equation by varying an
2s°3p 2s2p3p analytic ionic potentia[18], in order to minimize the aver-
2s”3d 2s2p3d age energy of a configuratidor of a set of configurations
2s%4s 2s2p4s Once the zeroth-order wave functions are minimized, the
2s%4p 2s2p4p configuration-averaged energy of each configuration of
2s%4d 2s2p4d the set of configurationshas been found, anRELAC calcu-
2s%4f 2s2p4f lates the multiconfiguration, intermediate-coupling energy
2s?5s 2s2p5s eigenvalues of the fine-structure levels. Inclusion of higher-
2s?5p 2s2p5p order energy correctiond.amb shift, Breit interaction, etg.
2s?5d 2s2p5d is discussed elsewhefd 9]. Radiative transition rates are
2525f 2s2p5f then computed for any requested multipole operator accord-
25?59 ing to the formalism i 20]. The transition rate calculation

by RELAC is carried out in the Coulomb gaudthus in the
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1018 1019 gx1019 FIG. 5. Photon emission coefficient®{., photons ms %) as
n [m3] functions of T, (top, for n,=1x10"m™3) and ofn, (bottom, for

T.=63¢eV), for the following Nevl lines: 12.26 nm(solid line),
FIG. 4. Photon emission coefficientB¢c, photons ms™%) as  12.11 nm(dashed ling
functions of T, (top, for ng=3x10"m3) and ofn, (bottom, for
T.=86eV), for the following Nevii lines: 9.75 nm(dot-dashed line et al. [26], who calculated the ratios of these Ne lines
and*), 10.61 nm(upper solid line andD), 11.67 nm(dashed line  ysing the complete set &matrix calculations of Ramsbot-
andX), and 12.76 nnilower solid line and+). Lines are from the  tom et al.[23]. The 9.75/10.61-nm line emission ratio of the
present work, and symbols from Keenahal. [8] and Kingston present work differs from theirs by-10% at an electron
etal.[9] density of 188m~2and —5% at 16°m™3. This high level of
agreement in relative line emissivities, and the excellent
dipole velocity form of the transition operator matrix ele- agreement between the simulations and data in Figs. 1 and 2,
ment[20]), and explicitly includes retardation effedt@1].  justify our choice of excitation rate coefficients for the We
RELAC's full multiconfiguration wave functions are used to model.
compute the radiative transition rates; therefore, configura- The electron impact excitation rate coefficients and the
tion mixing affects the calculated oscillator Strengths_ Com_radia.tive transition prObab”itieS are then entered into the CR
parisons with the dipole alloweA rates of Kingstoret al. model. The relative populations for the levels of each ion at
[9] show agreement to better than 5% for all transitions. ~ Steady state are found by solving the coupled set of rate
RELAC's wave functions are used in the quasirelativistic €quations
codecross[22] to compute collisional excitation cross sec-
tions between all the levels of a given ion in the DWA.
CROSsSis able to accomplish this by using the factorization
theorem of Bar-Shalom, Klapisch, and Oreg, in conjunction " "
with a semiempirical interpolation scherf22] for the radial
integrals required by the “factored” collision operator. The :g«j ”k(Ak,J“L”ng,i)“L; nineQy; , @)
distorted-wave cross sections are then integrated over a Max-
wellian distribution of free-electron energies to determine theyhere n; is the relative population of level Q;; is the
final impact excitation rate coefficients. In particular, for collisional rate coefficient from levdlto leveli for excita-
Nevil, comparison of the present collisional excitation ratetion (e) or de-excitation(d), A, is the radiative transition
coefficients for 22p 3P—2s3d °D and 22p *P-2p3s P probability from levelj to leveii, andM is the number of
with sophisticatedR-matrix calculations by Ramsbottom fine structure levels in the model for each ion. The configu-
et al. [23] show a consistent level of agreementt@0%.  rations and the number of energy levels considered for each
Othern=2-n=3 excitations show a similar level of agree- jon are listed in Tables II-IV. All electric and magnetic di-
ment. Comparisons witlR-matrix calculations of collision pole and quadrupole radiative transitionsl( M1, E2, and
strengths forAn=0 (n=2-n=2) electron-impact excita- M2), as computed byrELAC, are taken into account. The

tions[23-25 have shown agreement to better thes% for  resulting photon emission coefficier®£c) for a given tran-
the 252 1S-2s2p P transition, and a consistent 30—50% sition is

underestimate bgrossof the 2s?> 1S—2s2p 3P transitions.
These data are summarized in Table |. We have therefore n;
P; -=n—2 A,
e

M M
d
Nt 2 (Ai+nQ%) + X neQF,
i<j k>j

adopted for the three Nai 2s? 1S—2s2p 3P transitions the @
rates of Ramsbottorat al.[23]. Doing this, we find that the
11.67/10.61-nm and 12.76/10.61-nm line emission ratios ofvhere the sum over thA rates is over all multipoles con-

the present work are nearly identical with those of McKeownnecting the two levels in question, and the electron density



PRE 60 EXPERIMENTAL AND SIMULATED NEON SPECTRAIN . .. 4765
Bior . [ In Fig. 3, the Pgc of the Nevii 2s-3p, 2p-3d, and
1 Ne Vil 2p-3s lines are given as functions df,, the wavelengths
0.8 L being, respectively, 8.81, 9.82, and 10.3 nm. They are in-
T creasing functions ofr, as is always the case fdtn=1
06 | transitions. Moreover, up to electron densities in the
i 10°°m~3 range, thePgc are independent ofi,. Cochrane
0.4} and McWhirter[28] have proposed formulas to evaluate the
02 i excitation rateQ.,. from the ground level to the 3 3p,
T and 3 levels. The fact that thede- are independent af,
0B \ER! implies that, in the indicated, range, the B 2P levels have
nor ¢ [T SAREARRRA AR negligible population and do not contribute to the 3 level
E NeVHl population. Since, moreover, cascades from higher levels are
08 f negligible, theQ.,. values of Cochrane and McWhirtg28]
i can be compared with tHeg: of our CR model, as shown in
06 : Fig. 3. The agreement is very good.
04 | ] For Nevil, n=2 andn=3 level populations are given by
i | Lang[7] and Keenart al.[8]. It is straightforward to get the
0.2 | Pec of the lines emitted from the excited levels, since the
0 : IR J L transition probab_ilities are also given. In Filg. 4, tﬁgclof
nor 4 [T I RREmsmma the; rl1=2—n:;3, lines emlltted by t?e 2p “P-2s3s 3S,
- NV 2s° S-2s3p “P, 2s2p “P-2s3d “D, and X2p °P
08 | —2s3d 3D transitions are given as functions B (top) for
s ne=3x10"m™3, and as functions of, (bottom for T,
06 | =86eV. The corresponding wavelengths are, respectively,
04 L 12.76, 9.75, 11.67, and 10.61 nm. The curves of Fig. 4 at
. ] fixed n, (top) are increasing functions &f,, as is expected
0.2} ] for An=1 transitions. On the other hand, Fig.(ottom
0k i .ll | N shows an increasing behavior for the 10.61-nm triplet,
6 7 8 9 10 11 12 13 whereas the othePg decrease witm,. This is due to the
A [nm] well known effect of increasing population in the triplet lev-

FIG. 6. The simulated spectrum of Fig.(fhottom) is decom-

els and of decreasing population of singlet levels, as a con-
sequence of electron collisiorithe ground level, the only

posed in three spectra, each emitted by a single Ne ionization statene populated at very low,, being singlet
From top to bottom: N&ui, Nevii, and Nevi spectra.

Lang et al. [10] have calculated the ratios of the three
singlet-singlet lines to the 10.61-nm triplet-triplet lines as

n is divided out of the model. The resulting units are infunctions ofn,; these ratios show the existence of twp
photons msec . The CR level populations have been cal-ranges. In the low-density rangeorresponding to solar
culated at electron temperatures of 20%, 40%, 60%, 80%plasma densitigsthe ratios are of the order of 1«for T,
100%, and 120% of the first ionization potential for each~50-200eV); they decrease to 0.2—0.3 in the highange

charge state, and at six electron densities frgm 10 to

(practically independent of ). The #-pinch measurements

6x10m~3 Emission from B- and Be-like ions has also of Lang [7] fall in this n, range. The transition region is
been computed at 5, 10, 30, and 50% of the ionization enbetween 1¢/ and 16°m 2. Consequently, the curves of Fig.

ergy. The level populations found from E(.) are normal-

ized for each ion according to

4 correspond to the upper half of the transition region. Lang
[7] and Langet al.[10] have used the CR model of Keenan
et al.[8] and Kingstoret al. [9]; the plotted points in Fig. 4
are taken from these calculations. The agreement for the

10.61-, 11.67-, and 12.76-nm lines is quite good, the values
from our model being generally higher by a factor between 1
and 1.5. On the other hand, for the 9.75-nm line the disagree-
where the sum runs over all levels of a given ion. The cal-ment is clearly largefthe differences being of the order of
culated transition energies for EUV transitions of the preseng). This point has been discussed by Lagtal. [10], who
work can differ from experimental values by as much as 5%concluded that theiPgc values should be increased by a
(RELAC is a relativistic code designed to calculate the struc{factor of 1.9 to get satisfactory 97.5/10.31 line intensity ra-
ture of highZ atoms[18,19). The CR intensities for the tios, both in solar and-pinch plasmas. As stated above, our
transitions between two energy levels have been computechlculated line intensity ratios also show excellent agreement
as described. To model the experimental spectra, measuredth those in the recent work by McKeowet al. [26].
transition energies have been u$éd]. In Fig. 5, for Nevi, the P values of the two strongest
The lines detected in the 10-nm region are all duento lines in the 10-nm range are plotted: the 12.26-nm line
=2-n=3 transitions. The “total” Pgc summed over the (2s?2p ?P-2s23d ?D transition and the 12.11-nm line
fine structure components, are now presented and comparé@s2p? *P—2s2p3d “D transition. A transfer of population
with previously reported values. between systems of different multiplicity also appears in this

M
> n=1, 3
=1
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() FIG. 7. Transport simulation for TS ergodic
divertor plasmas. Radial profiles ¢) n. (solid
line) and T, (dashed ling obtained by fitting the
o experimental data}p) diffusion coefficientD and
- : : inward convection velocity (solid and dashed
0 04 08 line, respectively, (c) Ne ion densities,, nor-
malized to the total Ne-ion densitysolid line);
charge states from Né to Ne'®" are shown
L e R R [Net®" dot-dashed line, Né —Ne&** (*3) dashed
E Co0W lines, N&"—Ne&'* (*6) solid lineg; (d) emissivi-

v L ties E of the three Nevni, Nevil, and Nevi “ref-

05 /AN erence” lines at 9.82, 10.61, and 12.26 rire-
A AR spectively, solid, dashed, and dot-dashed)line
normalized to the largest peak emissivity.

D [m2/s]; V [2 m/s]

ne [1019 m37 ; Te [0.5 ke V]

1y ~ N

0 ’ SO
0.5 0.6 0.7 0.8
T [m]

figure. For the B-like sequence the ground state is doubleheen discussed by Carragp al. [30]

and the quartet system levels are progressively populated The impurity flux densityl’, is expressed as the sum of
with increasingn,. It is for this reason that in Fig. Bot-  both diffusive and inward convective terms

tom) the 12.11/12.26 line intensity ratio decreases with in-

creasingn,, both P increasing withT,, since both transi-

tions areAn=1; in solar plasma line intensity ratio analysis I,(r)==D(r)Vn,(r)=V(r)nyr), (4)
(e.g., Keenaret al. [11,29), only n=2-n=2 line ratios

have been considered.

whereD(r) and V(r) are the radially dependent diffusion
IV. IMPURITY MODELING coefficient and inward convection velocity, respectively,

Th di ional1D) | ity t ¢ simulati both taken independent of the chargef the ions. For the
€ one-dimension impurity trahsport simufation %Jecial case of a radially constar®D, taking V(r)
codes, used to simulate the TS and RFX experiments, ar_(r/a) V, (a being the last mesh radiugields at stead
similar, differing only slightly in the numerical treatment. A 9 y y

Both describe, for a given atomic species, in cylindrical ge-State @ Gaussian profile for the total impurity densityy)

ometry, ionization, recombination, and radial transport of the™ nt(O)exp(—Srzlaf), with ~a peaking parameterS
ions of chargez and densityn, [30]. =aV,/2D. Experlmgntal electron densitye(r), and tem-

For neon, the electron-induced ionization rate coefficientPerature,Te(r), profiles are used to evaluate the required
are taken from the Queen’s University of Belfast assessmer@tomic physics rate coefficients. For both devices, the
[31]. Radiative recombination is treated using the H-like ap.steady-state ion radial distribution is obtained for Ne, O, and
proximation, modified to take into account that the valenceC. The transport coefficients are assumed to be the same for
shell can be partially occupief@2]. As far as dielectronic the three elements, and their radial dependence is obtained,
recombination is concerned, the treatment by Sobelmarip each device, in order to simulate simultaneously both the
Vainshtein, and Yukov is followe@33]. The corresponding Ne spectra and the available intrinsic impurity d&ta done,
data for the intrinsic impuritiegcarbon and oxygenhave e.g., by Carraret al.[30]).

15

~

FIG. 8. Transport simulations for RFX plas-
mas. Radial profiles of@) n, (solid line) and T,
(dashed ling obtained by fitting the experimental
data;(b) diffusion coefficientD and inward con-
vection velocityV (solid and dashed line, respec-
tively); (c) Ne ion densities,, normalized to the
total Ne ion density(solid ling); charge states
from Ne™ to N+ are showr]Ne®™ dashed line,
Ne>*—Né&'™ (*4) solid lineg; (d) emissivitiesE of
the three Nei, Nevii, and Nevi “reference”
lines at 9.82, 10.61, and 12.26 nimespectively,
solid, dashed, and dot-dashed Jingormalized to
the largest peak emissivity.

D [m2/s] ; V [3 m/s]

f=1

ne [1019 m-3]; Te [50 eV]
(3%
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V. SIMULATION OF THE NEON SPECTRA tion is essentially sensitive only to the peaking facgoiThe

. N visible bremsstrahlung and soft x-ray emissivities give the
The simulated spectra are shown in Figébdttom) and 2 conra) impurity content, whereas the simulation of the C

(bottom), for RFX and TS respectively. They have been ob-anq Cv line brightnesses gives the peripheral C content. The
tained as discussed later in this section. In both cases th&sumed diffusion coefficient is compatible with the Ne pen-
experimental and simulated spectra are normalized to thetration time to the center at the beginning of the inflow.
strongest line: the 9.82-nm Nai line (2p ?P—3d 2D tran- Previous studies in RFX12,13 have indicated that the
sition) in Fig. 1, and the 10.61-nm Ne line diffusion coefficientD(r) of both filing gas and impurities
(2s2p 2P—-2s3d 3D transition in Fig. 2. In Fig. 6, the simu- is a decreasing function of radius in the most external plasma
lated spectrum of Fig. 1 has been decomposed, from top teegion near the wall; this has been taken as a constraint in the
bottom, in three partial spectra, including, respectively, onlyRFX simulations. This radial dependence, which is opposite
the Nevi, Nevi, and Nevi lines. For each sequence, nor- to that usually reported in tokamaks, is compatible with a
malization is to the strongest line: 9.82 nm for Wi, 10.61  transport mechanism based on parallel transport along sto-
nm for Nevi, and 1226 nm for N chastic magnetic field lines in the core reg[d3]. Theng(r)
(2s%2p 2P-2s23d 2D transition. andT(r) profiles[shown in Fig. 8a)] are very flat, but the
The simulated Li-like Neviil spectrum seems satisfactory; fact that the experimental @ Ly «/Cv R line-intensity ratio
in particular, the ratios of the three lines of Fig. 3 agree wellhas a value of approximately 2 implies a peaking towards the
with the observations. The simulated Be-like Wespectrum ~ center of the impurity profiles. Using only C-ion emission
also has satisfactory agreement with the observed features #ft@ this ratio had been previously simulatedy., Carraro
Fig. 1. This level of agreement is only achieved when the®t & [12])'}1&"'”9 D and Vli'l respectively, in the range of
DWA excitation rate coefficients for & 'S—2s2p 3P are  10-20 ms " and of 100 ms*, with peaking factorS of the
“updated” with R-matrix data. The result of this update is to °rder of 1 to 2. As already mentioned, bdthandV, had
enhance the 10.61-nm €2p 3P—2s3d 3D transitions fea- been taken constant up FaSaz 0.8, and then decr(_aased by
ture relative to the 11.67-nm 62p ‘P—2s3d !D) and the about one order (_)f mag_nltl_Jde aroun@=0.9. In thIS way,
9.75-nm (22 1S—-2s2p 'P) lines. For the B-like spectrum, the to'gal ion density profile is a regularly decreasing function
the agreement between experiment and simulation can gy radius. , o ,
considered satisfactory. It is worthwhile to underline that, in  1he first simulations of the neon behavior in RFX with
the TS spectrum of Fig. 2, the relative ratios of the stronges1€S€ transport assumptions did not agree with the spectrum
lines of the three isoelectronic sequences are different, byf Fi9- 1; the 10.61-nm Nei line was about one half as

the comparison between experiment and simulation for thd!t€nse as the 9.82-nm Nei line, i.e., as intense as the
individual ionization states is still satisfactory. 10.3-nm Nevin line (2p “P—3s “Stransitior). The only way

Since the simulated spectra including all three Ne ionizal® obtain a satisfactorily simulated spectrum has been to

tion states depend on the transport coefficiéhecause the  fatten” the total Ne ion density profile in the outer plasma
ion charge distribution depends not only on the profileaof half. Since increased diffusion and/or reduced convection are

andT,, but also of the impurity transport coefficientsve ~ '€quired for this purpose, we have reducé() to a con-
shall now briefly present the details of the transport simulaStant value of 30 m/s in the outer plasma half to obtain the
tions for the two discharges discussed in this paper. simulated spectrum of Fig. (bottom. The final D(r) and
Previous simulations of impurity transport on TS with the V(r) profiles are shown in Fig.(8). A Cvi Lya/Cv R ratio
ergodic divertor activated have shown the necessity to in®f about 1.7 and & ratio of 0.53, quite near the experimen-
creaseD(r) (by a factor of 3 to 5, compared to Ohmic lim- tallvalues(takmg into account errors on thelllne intensity
iter dischargesin the peripheral ergodic layex/(r) being ratio of the order of 10—-20%thave been obtained. The Ne

kept always linear. Figure 7 shows, for the TS plasma, radia{llon radial d:ar}sity profiles and the emissivities of the three Ne
profiles of the following:(a n, andT,; (b) D andV; (c) a reference” lines are shown, respectively, in FiggcBand
few Ne-ion densities (N& to Net®"), normalized to the 8(d).
total Ne ion density; andd) the emissivities of the three
“reference” lines(Nevil: 9.82 nm; Nevii: 10.61 nm; Nevi:

12.26 nm, normalized to the largest peak emissivity. It must  Neon injections have been performed in the reversed field
be stressed here that the simulated Ne spectrum of Fig. @inch RFX and in the TS tokamak, with the purpose of pro-
(bottom) is obtained assuming the same radial dependence efucing peripheral radiative layers spreading uniformly the
the transport parameters as in previous TS simulations, i.ethermal load on the walls. Examples of experimental and
that required to satisfy the experimental H-like and He-like Csimulated neon spectra in the 10-nm range are presented for
ion line ratio value$30,34. The peripheraD(r) increase is both devices. These spectra include lines fronf NéNe®",
“adjusted” to have the correct line intensity ratio of the and N&" ions, i.e., lines emitted from neon ions of the Li-
three strong reference Ne lines. In the plasma coreDtfr¢ like, Be-like, and B-like isoelectronic sequences. CR models
and V(r) profiles correspond to a peaking factSrof the  have been built for these three Ne ions, considering electron
order of 2.0, required, as explained in Sec. Il, by the C and Q@ollisional excitation and radiative decay as populating pro-
experimental data analysis. From the analysis of laser bloweesses of the excited states. The outcome of these calcula-
off injection experiments in T$34,35, the existence of a tions are photon emission coefficients for the lines emitted
reduced transport coefficient core region has been inferred. By the excited levels, fon, and T, values corresponding to
has not been possible to take this into account in the presetiie experimental conditions. Impurities are modeled with a
simulation, since the analyzed steady-state impurity distribuiD impurity transport code, calculating the steady-state ra-

VI. CONCLUSION
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dial distribution of the Ne ions. The Ne line brightnesses areassumed to be radially constant, except in the most external
evaluated in a post-process subroutine and simulated specisiasma region near the walls, whddér) rapidly decreases.
are obtained. Three ionization states contribute to the experSubsequentlyy/(r) has been adjuste@educed in the outer
mental spectra, but it appears that the parts of the spectgasma half to satisfy the experimental Ne data. Outside the
corresponding to a single ionization state do not depend ononsidered Ne emitting region, both coefficients are deduced
the experimental conditions. The agreement between expeidy simulating intrinsic(carbon and oxygernimpurities.

mental and simulated single ionization spectra is good, thus On RFX, it has been concluded, from the simulation of
giving confidence in the atomic data set. On the other handhe Ne spectrum in the 10-nm region, that the Ne density
the superpositions of the three single ion spectra depend qurofile is almost flat for/a values between 0.60 and 0.85.
the experimental conditions, as a consequence of the fact th@n the other hand, impurity peaking towards the center has
the ion charge distribution depends not only onith@ndT,  been inferred from one of the C line intensity ratios. On TS,
profiles, but also on the impurity transport coefficient profilesduring the analyzed Ne injection, the ED was activated. An
[namely, the diffusion coefficierD(r) and the inward con- increased diffusion has been inferred in the peripheral er-
vection velocityV(r)] in the plasma region where the con- godic layer, as previously deduced fromviCand Cv line
sidered ionization states are emitting. As usual, the determintensity ratio analysi$30,34].

nation of the transport coefficients is not unique. For both

devices an_a_ssumption on the radia_l depgndence of one of ACKNOWLEDGMENT
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